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Abstract 

 This report thoroughly presents our graduation project; the milestone of our 

engineering study. It collimates the knowledge we gained in the past five years. From 

different perspectives we investigated different electronic circuits and systems, encountered 

practical design challenges, practiced surveying the literature related to IC chip design field 

and learned how to utilize the acquired experience in developing a fully functional baseband 

filter and analog to digital converter. 
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Executive Summary 

 This report is divided to two parts, part one is concerned with the design and 

simulation process of a baseband filter, part two is concerned with the design and simulation 

of an analog to digital converter, both compliant to the TV Tuner specifications. 

 In chapter 2 we deal with filter modeling so we will discuss filter types, response and 

parameters. Chapter 3 will investigate filter implementation, different properties used to 

assess its performance and the selection process of an OTA. 

 The approximations of the filter response using MATLAB, biquadratic section, ideal 

and non-ideal models simulation are the topics conferred in chapter 4. The design of a folded 

cascode OTA is discussed in steps in chapter 5. 

 The results of SPICE simulation for the OTA and filter such as IIP3, HD3 and noise 

are disclosed in chapter 6. 

Part two of the report starts at chapter 7 by illustrating the state of the art in the field of the ΣΔ 

modulators and discussing a few published designs. 

Chapter 8, we will explain the basic concepts of the ΣΔ modulators. First, we will introduce the 

structure of the modulator and its linear model. Afterwards, we will explain the noise shaping 

concept through the first order modulator. Then, we will introduce higher order modulators 

and their effect on the NTF. Finally, the in band quantization noise power expression is 

illustrated. 

Chapter 9, we will show the system level design and its verification. First, we started 

by explaining the design methodology for ΣΔ modulators. Afterwards, we explained the 

system parameters chosen in our system and the reasons behind choosing them. The first 

parameter is choosing continuous architecture. The second parameter is choosing the 

architecture suitable for our application. Afterwards we explained the reasons behind 

choosing the 1.5 bit DAC, OSR, and the system order which satisfy the desired ENOB. 

Second, we showed a 5th order continuous ΣΔ modulator   Simulink model and we verified 

that it provides the desired ENOB. Finally, we introduced a spice behavioral model for the 

modulator and we also verified that it provides the desired ENOB 



 
 

Chapter 10, in this chapter we showed the circuit level implementation of the various 

components used to build the spice behavioral model. First, we illustrated the comparator 

implementation and its verification tests. Second, we illustrated the experimented DAC 

architectures; resistive DAC and current steering DAC. Afterwards, we illustrated the 

multiple issues that we faced in designing the current steering DAC and its implementation. 

Finally, we illustrated the Op Amp used in implementing the loop filters. 

Chapter 11, shows the implemented system simulation results. 

Chapter 12, illustrates the future improvements we are seeking in our design. 
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1 Introduction Base Band Filter and ADC 

I. Introduction 

Digital video broadcasting standards are either implemented or in the process of 

implementation across many countries. Soon Egypt would implement the DVB standard and 

if we to contribute to the process by providing initial designs for a digital TV tuner in our 

graduation product we may be able to plant a seed for further improvement so that Egypt 

would be a hub for broadcasting technologies.  

Also the field of analog design is not as popular as other engineering fields in Egypt, 

so our work stresses the importance of this field and hopefully more students would get to 

know it through our work. Also, we want to pave the way to the entrance of the analog design 

industry in Egypt by providing the capable human resources. 

Multimedia broadcasting is a very demanding field. Old standards are not sufficient 

for the increased video and audio quality, which require huge data rates. Digital standard like 

ATSC, DVB and ISDBT were developed to meet the new requirements. These standards 

represent different geographical regions, ATSC (North America), DVB-T (Europe, Australia 

and Taiwan) and ISDB (Japan). The existence of many standards challenges the IC designers 

in the production of an efficient chip that can meet the different requirements. 

 Although these systems outputs are digital, the front end of the TV tuner is composed 

of  RF section then the baseband chain ending with the analog to digital converter to make 

the transition to the digital domain. This report will discuss two components of the baseband 

chain namely the baseband filter and the analog to digital converter.  

An analog filter is an integral system component that provides a frequency selective 

function to stop/allow a certain set of frequencies with a given attenuation/gain.Digital filters 

are also available but they are limited to low frequencies so in digital systems there would 

always an analog filter. 

Active filters predominates passive filters in availability on ICs for their ability to 

provide higher quality factor and are easier to implement in VLSI systems. The active 

components of the filter are either operational amplifiers or operational transconductance 

amplifiers. 
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 There are much available architecture that utilize Opamps for analog filters, but they 

are unable to provide large bandwidth because of the Opamp’s inherently limited bandwidth. 

So using Opamps to achieve a large bandwidth is a challenging task. 

 Another way to realize an active filter is to use OTAs. OTAs have an edge over 

Opamps, which is its larger bandwidth that allow the design of wideband filters; also they 

have lower power consumption. Another advantage that OTAs have over Opamps is that it 

easier to tune. 

 Using an OTA architecture that we will discuss later in this report we will implement 

a 4th order Chebychev filter with 0.5dB pass band ripples, 30dB stop band attenuation, 6MHz 

cutoff frequency and 12MHz stop band frequency. Now we will move to the next block in the 

system, the analog to digital converter.  

For the analog to digital converter, we are implementing a 5th order continuous sigma 

modulator with an input BW of 32, SNR of 78dB, SNDR 68dB, FOM equals to 0.76 pj/conv. 

and 19 mW power consumption. This ADC provides an effective number of bits (ENOB) 

more than11, to satisfy the DVB standard requirements. The pursuit of high resolution ADCs 

with large BW is highly motivated by the increase of and the density of digital integrated 

circuits which enhances the dominance of digital methods in almost all areas of computing 

and processing.  

Digital methods are characterized by larger noise margins, storage feasibility, 

automation feasibility and benefits from VLSI scalability. Since the physical world is 

originally analog, data converters are needed to interface with digital signal processing end. 

Accordingly, as the speed of the DSP units increases, the speed and the accuracy of the 

converters must increase too.  

 Data converters represent a challenge in the analog design field as they have many 

design aspects and challenges. Besides, their simulation is very challenging; very lengthy 

simulations and sometimes it is impossible to simulate them. Also, their design includes 

analog and digital signal. Accordingly, they suffer from noise and supply coupling. 

 

Data converters are divided according to the sampling rate into two main categories; 

Nyquist-rate converters and Oversampled converters. 
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For the Nyquist-rate coverters, each input sample is separately processed, regardless 

of the earlier input samples. Also, the sampling rate fs can be as low as the Nyquist's 

criterion requirement or somewhat higher according to practical considerations. Practical 

considerations restrict the effective number of bits (ENOB) to about 12. In many 

applications, higher resolution and linearity is required (18 or 20). Nyquist-rate 

converters capable of providing such accuracy will be the counting or the integrating 

ones which are too slow for most signal processing applications.  

For oversampled converters, they use sampling rates much higher than the Nyquist-

rate typically between 8 and 512. Also their operation is based on generating an output 

that utilizes all the preceding input values. Oversampling ADCs are able to achieve over 

20 ENOB resolutions at reasonably high conversion speeds by relying on the higher 

sampling rates property which represents the main trade-off. Accordingly, the 

oversampled converters implementation requires its circuitry to operate faster than the 

Nyquist-rate converters. However the accuracy of the analog components is relaxed 

compared to those used in the Nyquist-rate converters. 

 

 

 

 

 

 

 

 

 

 



 
4 Filter Modeling Base Band Filter and ADC 

II. Filter Modeling 

The filter’s mathematical model is the relation of its output to its input, which is the 

transfer function. We get the transfer function from the Laplace transform of the continuous-

time domain expressions to have the transfer function in the frequency domain, a generalized 

form of the model: 

𝐻(𝑠) =
𝑎𝑛𝑠

𝑛 + 𝑎𝑛−1𝑠
𝑛−1 +⋯+ 𝑎1𝑠 + 𝑎0

𝑠𝑚 + 𝑏𝑚−1𝑠
𝑚−1 +⋯+ 𝑏1𝑠 + 𝑏0

=
𝑁(𝑠)

𝐷(𝑠)
 

Where m ≥ n, ai and bi are real and positive for stability and N(S), D(S) are the numerator and 

denominator polynomial respectively. 

To get the zeros and poles of the system we get the roots of N(S) and D(S), 

 

𝐻(𝑠) = 𝑎𝑛
∏ (𝑠 − 𝑧𝑖)
𝑛
𝑖=1

∏ (𝑠 − 𝑝𝑖)
𝑚
𝑗=1

=
𝑁(𝑠)

𝐷(𝑠)
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A. Filter Types 

Filters have two categories, one concerned with the magnitude of the signal via gain 

or attenuation, while the other category deals with signal phase and delay. 

We focus on the first category as the magnitude of the signal is of primary importance and we 

shall use a low pass filter in our design, so we will discuss the low pass filter and the band 

pass filter. 

1. Low Pass Filter (LPF) 

The LPF allows frequency component between a certain cutoff frequency and zero 

frequency to pass and attenuates higher frequency components. 

As seen in Figure II.1, the frequency bands are divided to pass band, transition band 

and stop band. The pass band ends at ωc  and may have ripples od peak-to-peak value PB , 

the transition band is defined by ωc and ωs , while the stop band starts at ωs and is 

characterized by the stop band attenuation SB. 

 

Figure II.1 Low Pass Filter Response 
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2. Band Pass Filter (BPF) 

The band pass filter allows a limited band of frequencies while attenuating the higher 

and lower components. Similar to the LPF but with double the number of regions, we have a 

stop band at both high and low frequencies, and two transition bands for them.  

 

Figure II.2 Band Pass Filter 
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B. Filter Parameters & Response 

Since we cannot built the ideal response of the filter so the shift between the pass 

band to the stop band will not be instantaneous (i.e. there will be a band called transition band) 

and also the attenuation will be finite so we define the filters according to five parameters: 

Cutoff frequency: 

It is represented by the 3-db bandwidth in ideal filters but in non ideal filters it is defined by 

point where the filter response leaves the error margin  (in butterworth cutoff frequecy is at -

3db as its response is maximally flat) 

Stop band frequency: 

It is the frequency where we reach the maximum attenuation required and it varies from 

system to system according to the channel allocation and spacing 

Pass band ripple: 

it is the variation of amplitude in the error region in pass band response 

Pass band attenuation: 

It is the minimum attenuation in the signal and it defines the stop band frequency 

Roll-off: 

It is defined by the order of the filter where the order represents number of poles in the 

transfer function  

Where a pole is the deminator of the transfer function and cause -20 db/decate decay.  
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1. Butterworth 

It is known as the maximally flat response. 

The frequency response of that filter gives the flattest pass band amplitude, reasonable roll-

off rate but not as good as other filters. 

 

 

 

 

 

 

 

 

This filter gives more linear phase response in the pass-band than Chebyshev and elliptic 

filters can achieve. 

It almost contain a flat passband with no ripple. The rolloff is smooth and monotonic, with a 

low-pass rolloff rate of 20 dB/decade for every pole.  

To get specific stop band requirements higher order versions of that filter are used. 

 

 

 

 

 

 

 

Figure II.3 Butterworth filter response 
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Mathematical Derivation: 

𝑀(𝜔) =
1

√1 + 𝜀2𝜉(𝜔2)
 

𝜉(𝜔2) = 𝜔2𝑛 ,  

𝑀(𝜔) =
1

√1 + 𝜀2𝜔2𝑛
 

 

 

 

 

 

 

 

 

So 𝐴𝑝 is equal to the attenuation at 3db bandwidth and 𝐴𝑠 stop band attenuation are equal 

𝐴𝑝 = 0 − 20 log

(

 
1

√1 + 𝜀2𝜔𝑝
2𝑛

)

 = 10log(1 + 𝜀2𝜔𝑝
2𝑛) 

𝐴𝑠 = 0 − 20 log (
1

√1 + 𝜀2𝜔𝑠
2𝑛
) = 10log(1 + 𝜀2𝜔𝑠

2𝑛) 

So   

𝑛 =
1

2
log (

10(0.1𝐴𝑠−1) − 1

10(0.1𝐴𝑝−1) − 1
)

1

log(
𝜔𝑠
𝜔𝑝
)
 

where n is the order of the filter (note when the order of the filter increase the complexity of 

filter increase) 

 

Figure II.4 3dB cut-off Frequency 
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2. Chebychev 

It is Developed by a mathematician called 

Pafnuti Chebyshev (1821-1894) 

Its mathematical strategy made us able to 

achieve a fast rolloff in filter gain in the 

range of stop band frequencies by 

allowing ripple in pass band frequencies 

or stop band frequency. 

Chebyshev filter represent a trade of 

between the Ripples and the rolloff so as 

we increase the amplitude of the ripples 

which is a bad thing the filter reach stop  

band faster, but if we set the ripples to 0% the filter will have a response like Butterworth 

The Chebyshev filter has a smaller transition region (between start of pass band to the 

start of stop band) than the same order Butterworth filter but it has ripples in its pass band. 

(Note type1 means that ripples are in the pass band) and this small transition region 

(approximately sharp) leads to smaller absolute errors and fast execution rather than the 

Butterworth filter. 

 Types of Chebyshev filters are: 

 

1. Slight dip Chebyshev :  it has a small peak in the pass band and it fall fast initially at 

the stop band  but it has worse transient response than the butter worth 

(Note the ripples depend on the order of filter) 

2. 1-db Chebyshev: it has 1 db pass band ripple. 

3.  2-db Chebyshev: it has 2 db pass band ripple. 

4.  3-db Chebyshev: it has faster fall off than the previous types but it has the lowest 

damping value. 

 

Figure II.5 Chebyshev filter response 
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Mathematical Derivation: 

• 𝑇2(𝜔) =
1

1+𝜀2𝐶𝑛
2(𝜔)

 

• 𝐶𝑛
2(𝜔):Chebyshev polynomial. 

𝐶𝑛(𝜔) = {
cos (𝑛 cos−1(𝜔))                                for 0 ≤ 𝜔 ≤ 1 

cosh (𝑛 cosh−1(𝜔))                              for 𝜔 ≥ 1 
 

In the pass band, 0 ≤ 𝜔 ≤ 1 −→  − 1 ≤ 𝐶𝑛(𝜔) ≤ 1  

So  𝐴𝑝  (Peak-to-Peak ripples in Pass band) 

ranges from: 

1

√1 + 𝜀2
< 𝑇(𝜔) < 1 

So 𝐴𝑝 = 0 − 20 log (
1

√1+𝜀2
) = 10log(1 +

𝜀2)= G from (figure x.x) 

Therefore: 

 log(1 + 𝜀2) = (0.1 ∗ 𝐴𝑝) 

𝜀 = √100.1∗𝐴𝑝 − 1 

Since 𝑇(𝜔𝑠) =
1

√1+𝜀2𝑐𝑜𝑠ℎ2(𝑛∗𝑐𝑜𝑠ℎ−1(
𝜔𝑠
(𝜔0

))
 

Therefore: 

𝑛 =

√1 + 𝜀2𝑐𝑜𝑠ℎ−1(√
1 − 𝐴𝑠
𝐴𝑠
2 ∗ 𝜀2

)

𝑐𝑜𝑠ℎ−1(
𝜔𝑠
(𝜔0

)
 

 

Figure II.6 ripples peak to peak amplitude in chebyshev 
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III. State Of The Art 
 

A. Basic Definitions 

There are many methods to represent higher order filter and two of these representations are 

coupled biquad and multiple-loop feedback. 

These two approaches realize the higher order filter using second and first order sub 

systems so in this section we will give some of the advantages and disadvantages of these 

realizations and will view how the sensitivity of filter and its effect on complexity of filter 

and we will give an example for OTA-C and OPAMP-C 

1. Sensitivity 

First, what is sensitivity in filters? 

Since the electronic filters are composed of transistors capacitors and resistors so any 

parasitic that might add to those component due to some errors in fabrication process will 

lead to some defects (deviations) in the performance of the filter. 

 Since we can use different architectures to implement the same filter so these parasitic can 

act differently so that will lead to different performance for the same parasitic 

So calculating the sensitivity of different architectures will lead to selection of the best 

architectures that fit the needed requirements with the slightest deviations. 

 Therefore, Sensitivity is one of the most critical tests in the comparison between different 

architectures. 
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Consider a component R that is a parameter in function X where X might represent a corner 

frequency, zero or a pole so 𝑋 = 𝑋(𝑅) 

So    𝑠𝑥
𝑝
=
𝑑𝑅/𝑅

𝑑𝑋/𝑋
 

Example to show sensitivity: Consider a corner frequencyw0 where 

 𝑤0 =
1

𝑅1∗𝐶1
 

So  
𝑑𝑤0

𝑑𝑅1
=

1

𝑅1
2∗𝐶1

               Therefore 𝑑𝑤0 =
𝑑𝑅1

𝑅1
2∗𝐶1

 

Divide each side with 𝑤0  therefore 
𝑑𝑤0

𝑤0
=

𝑑𝑅1

𝑅1
2∗𝐶1∗𝑤0

=
𝑑𝑅1∗𝐶1∗𝑅1

𝑅1
2∗𝐶1

=
𝑑𝑅1

𝑅1
 

Therefore, if there is an error equal ±10% in R1 this will lead to an error equal ±10% in 

corner frequency  

In fact the sensitivity we are calculating is only one parameter dependent sensitivity 

as only R affects X but in reality some of the parameters are dependent on each other so that 

will lead to multi-parameter sensitivity which is hard to calculate so we are going to use only 

the single parameter dependencies to differentiate between different architectures. 

 

2. Different Realization for filters 

Cascade realization: 

Since the transfer function looks like 

𝐻(𝑠) =
𝑎𝑛𝑠

𝑛 + 𝑎𝑛−1𝑠
𝑛−1 +⋯+ 𝑎1𝑠 + 𝑎0

𝑠𝑚 + 𝑏𝑚−1𝑠𝑚−1 +⋯+ 𝑏1𝑠 + 𝑏0
=
𝑁(𝑠)

𝐷(𝑠)
 

So if the order of dominator and numerator are even so we can split this transfer 

function into a product of a second order transfer pole zero function and if the order of both 

the numerator and dominator is odd we can split it into second order transfer pole zero 

function, and a first order zero pole function. 
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Where the second order transfer function will be: 

𝐻𝑖(𝑠) =
𝐺

1 +
𝑠/𝜔0
𝑄 + (𝑠/𝜔0)2

 

Where 𝐺 = 𝑎2𝑠
2 + 𝑎1𝑠 + 𝑎0 and 𝐻𝑖(𝑠) = 𝐵𝑖𝑞𝑢𝑎𝑑 block 

So the total transfer function will be equal 

𝐻(𝑆) = ∏
𝑎2𝑠

2+𝑎1𝑠+𝑎0

1+
𝑠/𝜔0
𝑄
+(𝑠/𝜔0)

2

𝑛/2
𝑖=1  = ∏ 𝐻𝑖(𝑠)

𝑛/2
𝑖=1  

Assuming that there is no loading of a block on another block so each block of biquad will 

produce a second-order voltage transfer function and the filter will be formed by cascading of 

these biquad blocks 

In the point view of sensitivity, we assume that only parameter𝑅is in 𝐻𝑖(𝑠) so the sensitivity 

will be equal  𝑠𝑥
𝐻(𝑆)

= 𝑠𝑥
𝐻𝑗(𝑆) ∗ 𝑠𝐻𝑗(𝑆)

𝐻(𝑆)
= 𝑠𝑥

𝐻𝑗(𝑆)
 

so the effect of component 𝑅 in Transfer function is equal to effect of component R in sub 

second order transfer function that contain this parameter 

 

 

 

 

 

Figure III.1 Cascade Realization 
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Multiple loop feedback: 

Multiple loop feedback is like cascade because it also uses the biquad blocks (Second 

order transfer functions) but in Multiple loop there are some resistive feedback connections 

that connect the biquads with each other and this feedbacks are used to decrease the 

sensitivity of the total transfer function  and  here a topology that benefit from multiple loop 

feedback. 

 

 

Figure III.2 Multiple feedback realization 

This topology is called follow the leader feedback and is transfer function is: 

𝐻(𝑆) =
∏ 𝐻𝑖(𝑠)
𝑛
𝑖=1

1 + ∑ ∏ 𝐻𝑗(𝑠)
𝑘
𝑗=1

𝑛
𝑘=1

 

Notice that 𝐻(𝑆) is a function of 𝐻𝑗(𝑠) and we cannot separate between different 𝐻𝑗(𝑠) so  

𝑠𝑥
𝐻(𝑆)

= 𝑠𝑥
𝐻𝑗(𝑆) ∗ 𝑠𝐻𝑗(𝑆)

𝐻(𝑆)
 

So if we could make 𝑠𝐻𝑗(𝑆)
𝐻(𝑆)

 less than 1 so we can reduce sensitivity 
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So after we explained the concept of cascading and multiple loop feedback we can compare 

between the two strategies  

Cascade vs Multiple loop feedback: 

Cascade: 

Advantages: 

 Cascade  is very easy to implement ,efficient 

 Very easy to tune because in Cascade each block is only responsible for a pair of 

zeroes and poles 

Disadvantage: 

 Since the blocks are independent on each other so the sensitivity is affected greatly 

so the higher order filters with tight requirement will be hard to implement as most 

of parasitic affect the pass band 

Multiple Loop feedback: 

Advantage: 

 Have low sensitivity so it can implement higher order filters easy 

Disadvantage: 

 It’s complicated to synthesize 
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3. Single Ended vs Differential 

Most of analog circuits are fully differential rather than single ended and that is 

because using the fully differential input and output reduce noise and favor the dynamic 

range. Because in fully differential circuits we reduce effect of common mode noise that can 

be generated from surrounding components, power supply or ground and also eliminate the 

even harmonics. 

Assume we apply a 𝑉𝑖𝑛 and output relation is 

𝑉𝑜𝑢𝑡 = 𝑎1 ∗ 𝑉𝑖𝑛 + 𝑎2 ∗ 𝑉𝑖𝑛
2 + 𝑎3 ∗ 𝑉𝑖𝑛

3 +⋯    

So if we are fully differential  𝑉𝑖𝑛
+ =

𝑉𝑖𝑛

2
 and 𝑉𝑖𝑛

− =
−𝑉𝑖𝑛

2
 

Therefore 

𝑉𝑜𝑢𝑡
+ = 𝑎1 ∗

𝑉𝑖𝑛

2
+ 𝑎2 ∗ (

𝑉𝑖𝑛

2
)2 + 𝑎3 ∗ (

𝑉𝑖𝑛

2
)3 +⋯    

𝑉𝑜𝑢𝑡
− = −𝑎1 ∗

𝑉𝑖𝑛

2
+ 𝑎2 ∗ (

𝑉𝑖𝑛

2
)
2

− 𝑎3 ∗ (
𝑉𝑖𝑛

2
)3 +⋯    

Therefore  

𝑉𝑜𝑢𝑡 = 𝑎1 ∗ 𝑉𝑖𝑛 +
𝑎3

4
∗ 𝑉𝑖𝑛3 +

𝑎5

16
∗ 𝑉𝑖𝑛5 +⋯    
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4. Active Filters Opamp-RC VS OTA-C 

First, what is the active filter? 

It is the Filter with components such as operational amplifiers, transistors, and it does 

not contain any inductors. Active filters require an external power source for operation. 

 

The main advantage of active filters over passive ones is that since they do not 

contain inductors so the circuit is much smaller as inductor will be very big if we use it in low 

frequencies. 

Most of active filters input impedance is high and the output impedance is low, so 

they can be used to drive low impedance loads at the output.(if the output signal is volt) 

Generally, the load is isolated from the internal circuit, so any changes in the load will not 

affect the characteristics of the filter. 

 

The main parameters of active filters are power gain, gain pass band and cut-off 

frequency. Several drawbacks are inherent to the active filters. The changes in the power 

supply may cause changes in the output signal magnitude and the high frequency ranges are 

limited by the active element properties. Also, feedback loops used for regulating the active 

components may contribute to oscillation and noise. 

 

OPAMP: 

Opamp ideally is an ideal differential voltage controlled voltage source that has infinite gain 

and input impedance and zero output impedance and its input output relation is  

 

𝑣0 = 𝐺(𝑣1 − 𝑣2) 

 

 

However, in reality the input impedance is finite, output impedance is not zero and gain is 

finite and has finite bandwidth 

 

Figure III.3 Opamp model 
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OTA: 

Opamp ideally is an ideal differential voltage controlled current source that has infinite gain, 

input impedance and output impedance and its input output relation is  

 

𝐼0 = 𝑔𝑚(𝑣1 − 𝑣2) 

 

 

However, in reality, the input impedance is finite; output impedance is finite  

Some of characteristics of practical OTA is: 

1. Finite bandwidth 

2. Finite signal to noise ratio 

3. Limited linear input range 

 

 

 

Summary for OPAMP and OTA 

Table 1 Comparison Between OPAMP and OTA 

OPAMP OTA 

Voltage source output Current source output 

Low output impedance High output impedance 

Essential to drive resistive loads Cannot drive resistive loads 

Like OTA+buffer Use capacitive feedback 

Feedback network add noise Transistors are trans-conductors 

 

 

Figure III.4 ideal OTA 

Figure III.5 Non ideal OTA 
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Why favour OTA-C filters over OPAMP-C filters? 

1. In practical OTA-C filters can support much higher frequencies range of 100MHZ 

 

2. OTA-C filters and digital signal processing circuits can be fabricated on the same 

semiconductor chip so we can create hybrid signal processing system on one chip so that 

reduces cost and size and increase reliability of the hardware 

 

3. OTA-C filters are tunable by changing the bias current that alter the value of 𝑔𝑚     But 

we must take in consideration that the realization of OTA-C filters most of the time 

deviates from ideal model more than in Opamp-C because of input and output impedance 

that are finite and also some of parasitic capacitances after fabrication 

 

Example of Opamp-RC: 

Sallen-Key biquad: 

Sallen and key produced a list of active filters in 1954 and many of these circuits are 

very basic and easy to implement. They have been used for decades and here is an example 

using Sallen-key to implement a low pass filter 

 

𝐼1 =
𝐸1 − 𝐸3
𝑅1

𝐼2 =
𝐸3 − 𝐸4
𝑅2

𝐼3

=
𝐸3 − 𝐸2
1/𝑆𝐶1

 

𝑉− = 𝐸2 ∗ 
𝑅𝑎

𝑅𝑎 + 𝑅𝑏
 

𝑉+ = 𝐼2 ∗ 𝑆𝐶2 =
𝐸3−𝐸4

𝑅2
∗ 𝑆𝐶2 

Therefore  

𝐸2
𝐸1
=

µ
𝑅1 ∗ 𝑅2 ∗ 𝐶1 ∗ 𝐶2

𝑆2 + (
1

𝑅1 ∗ 𝐶1
+

1
𝑅2 ∗ 𝐶1

+
1 − µ
𝑅2 ∗ 𝐶2

) 𝑆 +
1

𝑅1 ∗ 𝑅2 ∗ 𝐶1 ∗ 𝐶2

 

 Where  µ = 1 +
𝑅𝑏

𝑅𝑎
 

Figure III.6 Sallen-Key low pass filter 
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Therefore 

𝐺 = µ 

𝜔0 =
1

√𝑅1 ∗ 𝑅2 ∗ 𝐶1 ∗ 𝐶2
 

𝑄 =

1

√𝑅1 ∗ 𝑅2 ∗ 𝐶1 ∗ 𝐶2


1
𝑅1 ∗ 𝐶1

+
1

𝑅2 ∗ 𝐶1
+
1 − µ
𝑅2 ∗ 𝐶2

 

 

In view of sensitivity, 

𝑠𝑅1
𝜔0 =𝑠𝑅2

𝜔0 = 𝑠𝑐1
𝜔0 = 𝑠𝑐2

𝜔0 = −
1

2
 

𝑠µ
𝜔0 = 0 

𝑠𝑅1
𝑄 = −

1

2
+ 𝑄√

𝑅2𝐶2
𝑅1𝐶1

 

𝑠𝑅2
𝑄 = −

1

2
+ 𝑄(√

𝑅2𝐶2
𝑅1𝐶1

+ (1 − µ)√
𝑅2𝐶2
𝑅1𝐶1

) 

𝑠𝐶1
𝑄 = −

1

2
+ 𝑄(√

𝑅1𝐶1
𝑅2𝐶1

+√
𝑅2
𝐶2
∗ 𝑅1𝐶1) 

𝑠𝐶2
𝑄 = −

1

2
(1 − µ)𝑄√

𝑅1𝐶1
𝑅2𝐶2

 

𝑠µ
𝐺 = 1 

𝑠𝑅1
𝐺 = 𝑠𝑅2

𝐺 = 𝑠𝐶1
𝐺 = 𝑠𝐶2

𝐺 = 0 
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OTA-C biquad: 

Example for low pass filter using OTA-C  

 

𝐸3 ∗ 𝑆𝐶1 =𝑔1(𝐸1 − 𝐸2) 

𝐸2 ∗ 𝑆𝐶2 =𝑔2(𝐸3 − 𝐸2) 

𝐸2
𝐸1
=

𝑔1 ∗ 𝑔2
𝐶1 ∗ 𝐶2

𝑆2 +
𝑔2
𝐶2
𝑆 +

𝑔1 ∗ 𝑔2
𝐶1 ∗ 𝐶2

 

𝐺 =
𝑔1 ∗ 𝑔2
𝐶1 ∗ 𝐶2

 

𝜔0 = √
𝑔1 ∗ 𝑔2
𝐶1 ∗ 𝐶2

 

𝑄 = √
𝑔1 ∗ 𝐶2
𝐶1 ∗ 𝑔2

 

In view of sensitivity, 

𝑠𝐶1
𝜔0 =𝑠𝐶2

𝜔0 = −
1

2
,𝑠𝑔1

𝜔0 =𝑠𝑔2
𝜔0 =

1

2
 

𝑠𝑔1
𝑄 =𝑠𝑐2

𝑄 =
1

2
 , 𝑠𝑐1

𝑄 =𝑠𝑔2
𝑄 = −

1

2
 

 

It is clear that if we compared between those to architecture the lower sensitivity will be in 

favour of OTA-C filters but this comparison is not the definite as the sensitivity differs from 

architecture to architecture. 

 

 

 

 

 

 

Figure III.7 OTA-C low pass filter 
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5. Group Delay 

It is the delay between the instant of putting a signal on the input and the instant of observing 

it at the output 

For a filter with transfer functionH(jω) = A(jω)ejϕ(jω), the group delayτ(ω) = −
∂ϕ(ω)

∂ω
. 

Let’s have a simple example for the passive low pass filter in Figure III.8. 

 

H(jω) =
1

1 + 𝑗
ω
ω𝑜

⇒ τ(ω) =
ω𝑜

ω2 +ω𝑜2
=

τ

1 + ω2τ2
 , ω𝑜 =

1

𝑅𝐶
=
1

τ
 

 

 

6. System Linearity 
 

Harmonic Distortion and Total Harmonic Distortion  

The dynamic range of an op amp may be defined in several ways. One of the most 

used ways is to specify harmonic distortion, total harmonic distortion (THD), or total 

harmonic distortion plus noise (THD + N).  

Harmonic Distortion is defined as the ratio of the rms value of the harmonic of 

interest usually the second and the third harmonic to the rms signal level (the fundamental 

frequency). It is often calculated in db but in some applications in is calculated in percentage 

It is measured by applying a pure sine wave to selected component and observing the output 

in the frequency domain using spectrum analyzer.  

So if we try to define Total Harmonic Distortion (THD) it will be the ratio of the rms 

value of all the harmonics to the rms signal level. Generally, we only select the first five or 

six harmonics. 

Because they are significant in the THD measurement. In many practical situations, 

there is negligible error if only the second and third harmonics are included, because they 

have the largest amplitudes rather than the higher order harmonics. 

 

 

 

Figure III.8 RC filter 
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Total harmonic distortion and noise: 

If we want to show the non-linearity in system with more precision, we shall also include the 

noise in our calculation so the definition of dynamic range will be sum of total harmonic 

distortion and the rms value of noise integrated in the region of operation  

So  

THD = 
√v2

2 + v3
2 + v4

2 +⋯

v1
 

 

THD + N = 
√v2

2 + v3
2 + v4

2 + vn2…

v1
 

Where v1, v2, … arethermsamplitudeoftheharmonicsv1, v2, …. 

And vn the noise rms amplitude 

IIP2 and IIP3: 

As we said earlier that when a pure sine wave passes through an active device, it 

produces various harmonic distortion and these distortions values depend on the nature of the 

non-linearity. 

 However, simply measuring harmonic distortion produced by single tone sine waves does 

not give all the information about the non-linearity in the component we are measuring so we 

cannot evaluate component potential performance accurately. 

Since in Most of the systems the bandwidth is divided into channels and each channel 

transmit data on different frequencies so, It is often required to calculate the intermodulation 

distortion (IMD) produced with two or more specified tones applied (simulating an interferer 

from other channels). 

 

In circuits, distortion is commonly measured by applying two pure sinusoids with 

frequencies within the bandwidth of the circuit. Call these frequencies f1 and f2. 

The harmonics produced by those two sinusoids are outside the bandwidth of the circuit;  
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However, there are distortion products at the frequencies f1+f2, f2-f1, 2f1– f2, 2f2 – f1, 

2f1+f2, 2f2+f1 etc., since f1+f2, 2f1+f2 and 2f2+f1 are far away from the two tones so they 

are likely to be filtered but harmonics like 2f1– f2, 2f2 – f1 and f2-f1 are near to signal so 

they cannot be filtered 

So it is clear that this tones will make second and third order intermodulation products. 

 

 
 

 

 

 

 

To get the second and third intercept points we will follow these steps, 

1- Plot the output power versus input power for both second and third intermodulation 

Components as well as for the fundamental component. 

2- Extrapolate the obtained relation from the values when it was linear. 

3- The points of intersection of the IM2 and IM3 with the fundamental are the second 

and third intercept point respectively. 

 

 

 

 

 

 

 

Figure III.9 Position of Second order and Third order IMD 

Figure III.10 IIP3 and IIP2 Representation 



 
26 State Of The Art Base Band Filter and ADC 

Poles and Zeroes: 

As we know that all systems have zeros and poles that effect the bandwidth of the 

overall system so placement of these poles and zeros will lead to the maximum efficiency. 

So let us start with a quick explanation for zeros, poles, and there effect in frequency response 

 First poles: 

The pole is represented by 𝐻(𝑆) =
1

𝑆

𝑤𝑝
+1

  where the frequency response of the system decrease with          

-20 db/decade after frequency 𝑤𝑝  

For example: 

𝐻(𝑆) =
1

𝑆+1
   

So the first decrease in frequency will be at  

𝑤𝑝 = 1 

 

 

 Second Poles: 

The pole is represented by 𝐻(𝑆) =
𝑆

𝑤𝑝
+ 1  where the frequency response of the system increase with       

20 db/decade after frequency 𝑤𝑝  

For example: 

𝐻(𝑆) =
1

𝑆+1
   

So the first increase in frequency will be at  

𝑤𝑝 = 1 

 

 

 

Figure III.12 Representation of zero in frequency 

Figure III.11 Representation of pole in frequency 
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Generally, in any electric circuit the presence of resistances and capacitors, creates a delay τ 

in the time domain that is equal to 𝑅𝐶  and when we shift into the frequency domain this delay 

represents 𝑤 =
1

𝑅𝐶
 which represent the corner frequency of the zero or pole. 

In electronics, we identify the poles at nodes where two or more transistors meet, The pole 

generated at this point is equal to 
1

𝑅𝐶
 where 𝑅 is the equivalent to𝑅𝑒𝑞   seen from this node. The 

capacitance value ‘𝐶′ is equal to the sum of the capacitances connected to this node. The zeros are 

defined by the multipath or the source degeneration where 𝑤 =
1

𝑅𝐶
 where 𝑅 is the resistance of the 

degeneration. 
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B. OTA Cell Selection 

There are many existing circuits for OTA Cells that we need to choose from. In this 

section we will confer three OTA Cells, Raut’s, Nauta’s and folded circuits. We will show 

their advantages and constraints and end up with the selection of one of them for 

implementation. 

1. Raut’s OTA 
 

 

Figure III.13  Raut-OTA 

All the devices are operating in the saturation region so the currents are governed by the 

square law equation and utilizing the half circuit model we get the large signal expressions, 

𝐼𝐴 = 𝐼𝐷5 + 𝐼𝐷7 − 𝐼𝐷6 − 𝐼𝐷8 

𝐼𝐵 = 𝐼𝐷1 + 𝐼𝐷3 − 𝐼𝐷2 − 𝐼𝐷4 

and  𝐼𝑜𝑢𝑡 is the differential output current, 

𝐼𝑜𝑢𝑡 = 𝐼𝐴 − 𝐼𝐵 = 𝑉𝑖𝑛(𝜇𝑛𝐶𝑂𝑋
𝑊4
𝐿4
(𝑉𝑆𝑆 + 𝑉𝑇𝑁) + 𝜇𝑝𝐶𝑂𝑋

𝑊1
𝐿1
(𝑉𝐷𝐷 − |𝑉𝑇𝑃|)) 

𝐼𝑜𝑢𝑡 = 𝑔𝑚𝑉𝑖𝑛, 𝑉𝑖𝑛 = 𝑉1 − 𝑉2 

𝑎𝑛𝑑𝑔𝑚 = (𝜇𝑛𝐶𝑂𝑋
𝑊4
𝐿4
(𝑉𝑆𝑆 + 𝑉𝑇𝑁) + 𝜇𝑝𝐶𝑂𝑋

𝑊1
𝐿1
(𝑉𝐷𝐷 − |𝑉𝑇𝑃|)) 

This clearly shows that 𝐼𝑜𝑢𝑡/𝑉𝑖𝑛 relation is linear. 
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Now we apply the small signal model to the circuit to get the AC relation for the output 

current and input voltage. 

𝑖𝐴 =−(𝑔𝑚5𝑣2 + 𝑔𝑚8𝑣1) 

𝑖𝐵 =−(𝑔𝑚1𝑣1 + 𝑔𝑚4𝑣2) 

𝑖𝑜𝑢𝑡 = 𝑖𝐴 − 𝑖𝐵 = (𝑔𝑚1 − 𝑔𝑚8)𝑣1 + (𝑔𝑚4 − 𝑔𝑚5)𝑣2 

Assuming M1& M5, M4& M8 are matched pairs,𝑔𝑚1 = 𝑔𝑚5 and 𝑔𝑚4 = 𝑔𝑚8, then 

𝑖𝑜𝑢𝑡 = 𝑖𝐴 − 𝑖𝐵 = 2(𝑔𝑚1 − 𝑔𝑚8)𝑣𝑖𝑛, 𝑣𝑖𝑛 =𝑣1 − 𝑣2 

Also we can get the output resistance expression, 

𝑅𝑜𝑢𝑡 =𝑟𝑜1//𝑟𝑜2//𝑟𝑜3//𝑟𝑜4 +𝑟𝑜5//𝑟𝑜6//𝑟𝑜7//𝑟𝑜8 

 

This circuit has no internal nodes, thus large bandwidth can be achieved. Unfortunately the 

circuit exhibits a relatively low output capacitance. 
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2. Assi’s OTA 

 

Figure III.14 Assi-OTA 

Another possible OTA implementation is shown in the Figure III.14 above. The 𝑉𝑟𝑒𝑓voltage is 

used to tune the transconductance of the circuit and VB is a bias voltage. 

We start our analysis with the large signal equations, 

𝐼𝑜𝑢𝑡1 = 𝐼𝐷6 + 𝐼𝐷9 − 𝐼𝐷10 

𝐼𝑜𝑢𝑡2 = 𝐼𝐷7 + 𝐼𝐷8 − 𝐼𝐷11 

𝐼𝑜𝑢𝑡 = 𝐼𝑜𝑢𝑡1 − 𝐼𝑜𝑢𝑡2, 𝑉𝑖𝑛 = 𝑉1 − 𝑉2 

Now we consider M6 & M9 and M10 & M11 to be matched pairs and all transistors are in the 

saturation region, we get, 

𝐼𝑜𝑢𝑡 = −𝑉𝑖𝑛 (𝜇𝑝𝐶𝑂𝑋
𝑊

𝐿
) (𝑉𝐷𝐷 − 𝑉𝑟𝑒𝑓) = −𝑔𝑚𝑉𝑖𝑛 

As in Raut’s OTA, the output current/input voltage relation is linear. The equation clearly 

shows that the transconductance can be tuned via 𝑉𝑟𝑒𝑓. 

The next step is the small signal analysis, 

𝑖𝑜1 = 𝑔𝑚6𝑣1 + 𝑔𝑚9𝑣2 

𝑖𝑜2 = 𝑔𝑚8𝑣1 + 𝑔𝑚7𝑣2 
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𝑖𝑜𝑢𝑡 = 𝑖𝑜1 − 𝑖𝑜2, 𝑣1 =
𝑣𝑖𝑛
2
, 𝑣2 =

−𝑣𝑖𝑛
2

 

𝑖𝑜𝑢𝑡 =
𝑣𝑖𝑛
2
(𝑔𝑚6 + 𝑔𝑚7 − 𝑔𝑚8 − 𝑔𝑚9) ⟹𝑔𝑚 =

1

2
(𝑔𝑚6 + 𝑔𝑚7 − 𝑔𝑚8 − 𝑔𝑚9) 

The output resistance expression, 

𝑅𝑜𝑢𝑡 =𝑟𝑜6//𝑟𝑜9//𝑟𝑜10 +𝑟𝑜7//𝑟𝑜8//𝑟𝑜11 

Similar to Raut’s OTA, Assi’s OTA has no internal node thus allowing wide operating 

frequency range and it excels by it simple tune ability method, still it has relatively low 

output resistance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
32 State Of The Art Base Band Filter and ADC 

3. Folded Cascode OTA 

 

 

 

 

 

 

 

 

 

The small signal analysis for the half circuit model, 

Assuming no current flows in M6 and M7, also       

(𝑔𝑚5 +
1

𝑟𝑜5
) ≪ 𝑟𝑜3//𝑟𝑜4  so no current flows in M3 

and M4. 

𝑖𝑜𝑢𝑡1 = −𝑖1 = 𝑖2 = 𝑣𝑥 (𝑔𝑚5 +
1

𝑟𝑜5
) 

𝑖1 = 𝑔𝑚1(𝑣2 − 𝑖1𝑅𝑒𝑞1) +
𝑣𝑥 − 𝑖1𝑅𝑒𝑞1

𝑟𝑜1
 

𝑖1(1 + 𝑅𝑒𝑞1(𝑔𝑚1 +
1

𝑟𝑜1
)) = 𝑔𝑚1𝑣2 +

𝑣𝑥
𝑟𝑜1

 

𝑖1(1 + 𝑅𝑒𝑞1(𝑔𝑚1 +
1

𝑟𝑜1
)) = 𝑔𝑚1𝑣2 −

𝑖𝑜𝑢𝑡1

𝑟𝑜1(𝑔𝑚5+
1

𝑟𝑜5
)
 

𝑖1 (1 + 𝑅𝑒𝑞1(𝑔𝑚1 +
1

𝑟𝑜1
) +

1

𝑟𝑜1 (𝑔𝑚5 +
1
𝑟𝑜5
)
) = 𝑔𝑚1𝑣2 

Figure III.16 Small signal model of folded cascode 

Figure III.15 Folded Cascode OTA 
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1

𝑟𝑜1
≪ 𝑔𝑚1𝑎𝑛𝑑

1

𝑟𝑜1 (𝑔𝑚5 +
1
𝑟𝑜5
)
≪ 1 

𝑖𝑜𝑢𝑡1 ≈
𝑔𝑚1𝑣2

1 + 𝑅𝑒𝑞1𝑔𝑚1
 

Similarly, 

𝑖𝑜𝑢𝑡2 =
𝑔𝑚2𝑣1

1 + 𝑅𝑒𝑞2𝑔𝑚2
 

𝑖𝑜𝑢𝑡 = 𝑖𝑜𝑢𝑡1 − 𝑖𝑜𝑢𝑡2, 𝑣1 =
−𝑣𝑖𝑛
2
𝑎𝑛𝑑𝑣2 =

𝑣𝑖𝑛
2

 

𝑖𝑜𝑢𝑡 =
𝑔𝑚1𝑣𝑖𝑛

1 + 𝑅𝑒𝑞1𝑔𝑚1
, 𝑤ℎ𝑒𝑟𝑒𝑅𝑒𝑞1 = 𝑟𝑜2//𝑅𝑜𝑛 

For𝑅𝑒𝑞1 ↑, 𝑖𝑜𝑢𝑡 ≈𝑔𝑚1𝑣𝑖𝑛 , so the degeneration has a linearizing effect on the 

transconductance of the OTA. 

𝑅𝑜𝑢𝑡 = (𝑟𝑜5(1 + 𝑔𝑚5(𝑟𝑜3//𝑟𝑜4)) + (𝑟𝑜3//𝑟𝑜4))//(𝑟𝑜6(1 + 𝑔𝑚6𝑟𝑜7) + 𝑟𝑜7) 

This circuit has an internal node which limits its bandwidth compared to the previous ones, 

but the cascode stage provides large output resistance and isolates the input stage from the 

output. The control voltage allows for fine tuning of the gm value for calibration after 

manufacturing. 
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Noise: 

Noise is modelled as voltage offset   

 

 

 

 

 

𝐼𝑛2̅ = 4𝑘𝑇𝛾𝑔𝑚𝑉𝑛2̅̅̅̅ =
𝐼𝑛2̅

𝑔𝑚2
𝑉𝑛2̅̅̅̅ =

4𝑘𝑇𝛾

𝑔𝑚
 

Calculation of noise in folded cascade: 

Since the cascade has low noise, so we neglect the effect of M5, M6, M3 and M4 

Small signal model to calculate noise for M9 

Assuming direction of  𝑖1 is from M3 to M9 

𝑔𝑚9𝑣𝑑𝑐 +
𝑣𝑦

𝑟09
= 𝑖1 

−𝑔𝑚3𝑣𝑦 +
−𝑣𝑦

𝑟03
= 𝑖1 

−𝑖1
1
𝑟03
+ 𝑔𝑚3

= 𝑣𝑦 

𝑔𝑚9𝑣𝑑𝑐 +
−𝑖1

(
1
𝑟03
+ 𝑔𝑚3)𝑟09

= 𝑖1 

𝑔𝑚9𝑣𝑑𝑐 = 𝑖1 +
𝑖1

(
1
𝑟03
+ 𝑔𝑚3)𝑟09

 
Figure III.18 Noise in folded cascode 

Figure III.17 Noise model in transistors 
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𝑔𝑚9

1 +
1

(
1
𝑟03
+ 𝑔𝑚3)𝑟09

=
𝑖1
𝑣𝑑𝑐

 

−𝑔𝑚5𝑣𝑥 −
𝑣𝑥
𝑟05
= 𝑖2 

𝑣𝑥
𝑟011

+
𝑣𝑥
𝑟07
= 𝑖2 

Therefore   
1

𝑟011
+

1

𝑟07
=−𝑔𝑚5 −

1

𝑟05
  and there is no negative resistance therefore 𝑖2 = 0 and 

−𝑖1 = 𝑖𝑜𝑢𝑡 

So  𝑔𝑚9𝑣𝑑𝑐 = −𝑖𝑜𝑢𝑡(1 +
1

(
1

𝑟03
+𝑔𝑚3)𝑟09

) 

𝑖𝑜𝑢𝑡
𝑣𝑑𝑐

=
−𝑔𝑚9

(1 +
1

(
1
𝑟03
+ 𝑔𝑚3) 𝑟09

)
≈ −𝑔𝑚9 

Moreover, Rout is approximately equal Rout cascade  

 𝑅𝑜𝑢𝑡 = (𝑟𝑜3(1 + 𝑔𝑚3𝑟𝑜9) + 𝑟𝑜9)//(𝑟𝑜5(1 + 𝑔𝑚5𝑅𝑒𝑞) + 𝑅𝑒𝑞)  Where   𝑅𝑒𝑞 = 𝑟𝑜7//𝑟𝑜11 

So Noise of M9 and M10:  𝑣𝑚9,10𝑛𝑜𝑖𝑠𝑒 = 2(
4KTγ

𝑔𝑚9,10
𝑅𝑜𝑢𝑡

2𝑔𝑚9,10
2)  

Similarly noise in M7 and M8:  𝑣𝑚8,7𝑛𝑜𝑖𝑠𝑒 = 2(
4KTγ

𝑔𝑚8,7
𝑅𝑜𝑢𝑡

2𝑔𝑚8,7
2)  

M12 and M13: 𝑣𝑚12,13𝑛𝑜𝑖𝑠𝑒 = 2(
4KTγ

𝑔𝑚12,13
𝑅𝑜𝑢𝑡

2𝑔𝑚12,13
2) 

So equivalent input noise 𝑣𝑛𝑜𝑖𝑠𝑒𝑖𝑛𝑝𝑢𝑡 = 4KTγ(
2

𝑔𝑚1,2
+

2𝑔𝑚7,8

𝑔𝑚1,22
+
2𝑔𝑚9,10

𝑔𝑚1,22
+
2𝑔𝑚12,13

𝑔𝑚1,22
) 
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IV. Top Level Design 

A. Response approximation 
 

In this section we show how to approximate the required response and get a transfer function 

that satisfies it. The transfer functions we obtain are normalized to the cut-off frequency ωc . 

1. Butterworth 
 

To be able to calculate the system poles, we need the values of two variables, 𝜀 and n. 

 

Using the values of the n and 𝜀 calculated from the function, the values of the roots of the 

transfer function are generated from the next equation and the following Matlab function, 

𝑠𝑘 = (
1

𝜀
)
(
1
𝑛
)

(sin (
2𝑘 − 1

2𝑛
𝜋) + 𝑗 cos (

2𝑘 − 1

2𝑛
𝜋)) 

function [ n,e ] = ButterNE( flag,Ws,Wp,W0,Ap,As) 

Ws=Ws/W0; 

Wp=Wp/W0; 

  

n=0.5*log10(((10^(0.1*As))-1)/((10^(0.1*Ap))-

1))*(1/(log10(Ws/Wp))); 

n=ceil(n); 

  

if (flag==0) 

    e=sqrt((10^(0.1*Ap)-1)/(Wp^(2*n))); 

else 

    e=sqrt((10^(0.1*As)-1)/(Ws^(2*n))); 

end 

  

end 
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The following piece of code is the main where we input the filter’s required specifications. It 

returns the transfer function and a plot of the filter frequency response. 

 

First we consider the transfer function, as we see it is a 7th order transfer function, it is 

factorised to three 2nd order polynomials and a first order one. 

function [ s2,Gain ] = ButterGen( n,e) 

s1=zeros(1,2*n); 

s2=zeros(1,n); 

Gain=1; 

for k=1:(2*n) 

    s1(k)=((1/e)^(1/n))*(sin(((2*k)-1)*pi/(2*n))+ 

1i*cos(((2*k)-1)*pi/(2*n))); 

end 

i=0; 

for k=1:(2*n) 

    if(real(s1(k))<0) 

    i=i+1; 

    s2(i)= s1(k); 

    end 

end 

for i=1:length(s2) 

    Gain=Gain*(-s2(i)); 

end 

end 

clc; 

clear all; 

close all; 

n=0; 

e=0; 

Ap=0.5; 

As=30; 

W0=4; 

Ws=8; 

Wp=4; 

[n,e] = ButterNE(0,Ws,Wp,W0,Ap,As); 

[poles_vector,k]=ButterGen(n,e); 

H = zpk([],poles_vector,real(k),-1) 

[num,den]=tfdata(H,'v'); 

num=real(num); 

den=real(den); 

H=tf(num,den) 

P = bodeoptions; 

P.PhaseVisible = 'off'; 

P.FreqScale = 'log'; 

bodeplot(H,{0.1 100},P) 
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The 2nd order polynomials are built using biquadratic sections. 

𝐻(𝑠) =
1

(𝑠 + 1.162)(𝑠2 + 2.094𝑠 + 1.351)(𝑠2 + 1.449𝑠 + 1.351)(𝑠2 + 0.5172𝑠 + 1.351)
 

We observe the maximally flat behavior, a unique feature of the Butterworth response in 

Figure IV.1. 

 

Figure IV.1 Butterworth response 
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2. Chebychev 
As we did with the Butterworth analysis, we get 𝜀 and n. 

 

Then we use the obtained values in the following equation using the Matlab code to get the 

poles. 

𝑠𝑘 = 𝑠𝑖𝑛ℎ 𝛽  𝑠𝑖𝑛 (
2𝑘−1

2𝑛
𝜋) + 𝑗 𝑐𝑜𝑠ℎ 𝛽  𝑐𝑜𝑠 (

2𝑘−1

2𝑛
𝜋), where 𝛽 =

1

𝑛
sinh−1

1

𝜀
 

 

 

 

 

 

 

 

 

 

function [n,e] = ChebyNE(Ws,W0,Ap,AsDb) 

  

e=sqrt((10^(0.1*Ap)-1)); 

As=10^(0.05*-AsDb); 

n=(acosh(sqrt((1-As^2)/(As^2*e^2))))/(acosh(Ws/W0)); 

n=ceil(n); 

end 

function [ s,Gain ] = ChebyGen(n,e) 

B=(1/n)*asinh(1/e); 

s=zeros(1,n); 

Gain=1; 

for k=1:n 

    s(k)=-(sinh(B)*sin(((2*k)-

1)*pi/(2*n)))+1i*(cosh(B)*cos(((2*k)-1)*pi/(2*n))); 

end 

for i=1:length(s) 

    Gain=Gain*(-s(i)); 

end 

end 
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The following main outputs the transfer function and plots the response. 

 

We get the 4th order transfer function, 

𝐻(𝑠) =
1

(𝑠2 + 0.8467𝑠 + 0.3564)(𝑠2 + 0.3507𝑠 + 1.064)
 

 

clc; 

clear all; 

close all; 

n=0; 

e=0; 

Ap=1; 

As=30; 

W0=6; 

Ws=12; 

[n,e] = ChepyNE(Ws,W0,Ap,As); 

[poles_vector,k]=ChebyGen(n,e); 

H = zpk([],poles_vector,real(k),-1) 

[num,den]=tfdata(H,'v'); 

num=real(num); 

den=real(den); 

H=tf(num,den) 

P = bodeoptions; 

P.PhaseVisible = 'off'; 

P.FreqScale = 'log'; 

bodeplot(H, {0.1 100},P) 
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Our choice of which response to utilize in our filter depends on the fact that the higher 

the order of the transfer function the more OTAs that we shall use which means more die area 

and higher power consumption. So the verdict is that the Chebychev response needs less 

OTAs to achieve the required specifications (i.e.: to achieve the same roll-off of a 4th order 

Chebychev response, the Butterworth response need a 7th order transfer function) with the 

drawback of 0.5dB ripple compared to the flat response provided by the Butterworth response. 
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B. Biquadratic Section Analysis 
 

 

Figure IV.2 Biquad Architecture 

 

𝑖1 =𝑔𝑚1𝑉𝑖   (1) 

𝑖2 =𝑔𝑚2(𝑉𝑥1 − 𝑉𝑥2)  (2) 

𝑖3 =𝑉𝑜𝑆𝐶2   (3) 

𝑖4 =𝑔𝑚4𝑉𝑜   (4) 

𝑉𝑥1 − 𝑉𝑥2 =
𝑖1−𝑖2−𝑖4

𝑆𝐶1
  (5) 

𝑖3 = 𝑔𝑚3(𝑉𝑥1 − 𝑉𝑥2)  (6) 

Substitute (5) in (2) and rearrange, 

𝑖2 (
𝑆𝐶1 + 𝑔𝑚2
𝑔𝑚2

) =  𝑖1 − 𝑖4(7) 

Substitute (1) & (4) in (7) and rearrange, 

𝑖2 = (𝑔𝑚1𝑉𝑖 − 𝑔𝑚4𝑉𝑜) (
𝑔𝑚2

𝑆𝐶1 + 𝑔𝑚2
)(8) 

Substitute (1), (4) & (8) in (5) 

𝑉𝑥1 − 𝑉𝑥2 =
1

𝑆𝐶1
(𝑔𝑚1𝑉𝑖 − 𝑔𝑚4𝑉𝑜 − (𝑔𝑚1𝑉𝑖 − 𝑔𝑚4𝑉𝑜) (

𝑔𝑚2
𝑆𝐶1 + 𝑔𝑚2

))(9) 
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Substitute (3) & (9) in (6) 

𝑉𝑜𝑆𝐶2 =
𝑔𝑚3
𝑆𝐶1

(𝑔𝑚1𝑉𝑖 − 𝑔𝑚4𝑉𝑜 − (𝑔𝑚1𝑉𝑖 − 𝑔𝑚4𝑉𝑜) (
𝑔𝑚2

𝑆𝐶1 + 𝑔𝑚2
)) 

𝑉𝑜(
𝑆2𝐶1𝐶2
𝑔𝑚3

+ 𝑔𝑚4 −
𝑔𝑚2𝑔𝑚4
𝑆𝐶1 + 𝑔𝑚2

) = 𝑉𝑖(𝑔𝑚1 −
𝑔𝑚1𝑔𝑚2
𝑆𝐶1 + 𝑔𝑚2

) 

Multiply both sides by  𝑆𝐶1 + 𝑔𝑚2) 

𝑉𝑜 (
𝑆2𝐶1𝐶2𝑔𝑚2
𝑔𝑚3

+ 𝑔𝑚4𝑔𝑚2 − 𝑔𝑚2𝑔𝑚4 +
𝑆3𝐶1

2𝐶2
𝑔𝑚3

+ 𝑔𝑚4𝑆𝐶1)

= 𝑉𝑖(𝑔𝑚1𝑔𝑚2 + 𝑔𝑚1𝑆𝐶1 − 𝑔𝑚1𝑔𝑚2) 

𝑉𝑜(
𝑆2𝐶1𝐶2𝑔𝑚2
𝑔𝑚3

+
𝑆3𝐶1

2𝐶2
𝑔𝑚3

+ 𝑔𝑚4𝑆𝐶1) = 𝑉𝑖(𝑔𝑚1𝑆𝐶1) 

𝑉𝑜(
𝑆𝐶2𝑔𝑚2
𝑔𝑚3𝑔𝑚1

+
𝑆2𝐶1𝐶2
𝑔𝑚3𝑔𝑚1

+
𝑔𝑚4
𝑔𝑚1

) = 𝑉𝑖 

𝑉𝑜 (
𝑆2𝐶1𝐶2 + 𝑆𝐶2𝑔𝑚2 + 𝑔𝑚4

𝑔𝑚3𝑔𝑚1
) = 𝑉𝑖 

𝑉𝑜
𝑉𝑖
=

𝑔𝑚3𝑔𝑚1
𝑆2𝐶1𝐶2 + 𝑆𝐶2𝑔𝑚2 + 𝑔𝑚4

 

𝑉𝑜
𝑉𝑖
=

𝑔𝑚3𝑔𝑚1
𝐶1𝐶2

𝑆2 + 𝑆
𝑔𝑚2
𝐶1

+
𝑔𝑚4𝑔𝑚3
𝐶1𝐶2

 

Since the common transfer function of second order low pass filter is represented by 

𝑉𝑜
𝑉𝑖
=

𝜔0
2

𝑆2 + 𝑆
𝜔0
𝑄 + 𝜔0

2
 

Therefore  

𝜔0
𝑄
=
𝑔𝑚2
𝐶1
𝑎𝑛𝑑𝜔0

2 =
𝑔𝑚4𝑔𝑚3
𝐶1𝐶2

 

Calculation of gm and capacitors value: 

Since we got the transfer function H(s) of order 4 using chebyshev approximation where  
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𝐻(𝑠) =
1

(𝑠2 + 0.8467𝑠 + 0.3564)(𝑠2 + 0.3507𝑠 + 1.064)
 

So the transfer function will be divided in to two Biquads (Second order) function  

𝐵𝑖𝑞𝑢𝑎𝑑1 = 
1

(𝑠2 + 0.8467𝑠 + 0.3564)
 

𝐵𝑖𝑞𝑢𝑎𝑑2 = 
1

(𝑠2 + 0.3507𝑠 + 1.064)
 

By equating this by second order low pass transfer function 

𝑉𝑜
𝑉𝑖
=

𝜔0
2

𝑆2 + 𝑆
𝜔0
𝑄 + 𝜔0

2
 

So for Biquad 1 

𝜔0
𝑄
= 0.8467𝑎𝑛𝑑𝜔0

2 = 0.3564 

For Biquad 2 

𝜔0
𝑄
= 0.3507𝑎𝑛𝑑𝜔0

2 = 1.064 

Since this equation is normalized so if we implement it like that the shape of the filter needed 

will be from band 0 to 1 Hz so we de-normalize the transfer function   

So for Biquad 1  

𝜔0
𝑄
= 0.8467 ∗ 𝜔𝑐𝑎𝑛𝑑𝜔0

2 = 0.3564 ∗ 𝜔𝑐
2 

for Biquad 2 

𝜔0
𝑄
= 0.3507 ∗ 𝜔𝑐𝑎𝑛𝑑𝜔0

2 = 1.064 ∗ 𝜔𝑐
2 
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Since cutoff frequency is 6 MHZ  

So for Biquad 1 

𝜔0
𝑄
= 0.8467 ∗ 2𝜋𝑓 = 31.919 ∗ 106𝑎𝑛𝑑𝜔0

2 = 0.3564 ∗ (2𝜋𝑓)2 = 5.0652 ∗ 1014 

for Biquad 2 

𝜔0
𝑄
= 0.3507 ∗ 2𝜋𝑓 = 13.22107 ∗ 106𝑎𝑛𝑑𝜔0

2 = 1.064 ∗ (2𝜋𝑓)2 = 15.01218 ∗ 1014 

By equating those equations with  

𝜔0
𝑄
=
𝑔𝑚2
𝐶1
𝑎𝑛𝑑𝜔0

2 =
𝑔𝑚4𝑔𝑚3
𝐶1𝐶2

 

And assuming 𝐶1 = 𝐶2𝑎𝑛𝑑𝑔𝑚1 = 𝑔𝑚3 = 𝑔𝑚4 for simplicity therefore 

𝜔0
𝑄
=
𝑔𝑚2
𝐶1
𝑎𝑛𝑑𝜔0

2 =
𝑔𝑚3

2

𝐶1
2  

Choosing value of capacitors  𝐶 = 16𝑝𝑓 

For Biquad 1 

𝑔𝑚1 = 𝑔𝑚3 = 𝑔𝑚4 = 510.704 ∗ 10
−6𝐴𝑎𝑛𝑑𝑔𝑚2 = 360.092 ∗ 10

−6𝐴 

For Biquad 2 

𝑔𝑚1 = 𝑔𝑚3 = 𝑔𝑚4 = 622.188 ∗ 10
−6𝐴𝑎𝑛𝑑𝑔𝑚2 = 211.537 ∗ 10

−6𝐴 
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C. Ideal Model Simulation 
 

After we cross-referenced the biquad’s transfer function to the transfer function we 

got from the Matlab simulation, we obtained the values of the transconductances of the 

OTA’s and capacitors in the biquad. Now we need to check if these values give the required 

response when used in a circuit simulation. 

Voltage controlled current sources can be used as an ideal OTA as in Figure IV.3 Ideal 

Filter Schematics , so we only put the values of gm we calculated in previous section in VCCS 

and simulated the circuit 

 At this stage, we do not have to consider the non-ideal behaviour of a practical OTA as we 

only want to check if the values we obtained give the desired response. 

 

 

 

 

 

 

The frequency response correspond to this circuit matches the specification we needed as 

ripples are of amplitude 0.5 dB, stop band attenuation is equal to 30 dB and cutoff frequency 

is equal to 6 MHz 

 

 

 

 

Figure IV.3 Ideal Filter Schematics 

Figure IV.4 Ideal Filter Response 
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D. Non-ideal Model Simulation 
 

In the ideal test of the filter we assumed that the OTA has infinite bandwidth and infinite 

output resistance which is not true so we need to include those non ideal parameters and see 

there effect in the overall response of the filter. 

For the limited bandwidth, we made a pole of 
1

𝑅𝐶
 to simulate the 3db bandwidth of the OTA 

this is done by making and RC low pass filter at the input of the OTA so now the voltage that 

enter the VCCS is bandwidth limited for the Rout we put a resistance at the output of the 

OTA 

 

 

 

 

 

 

 

 

 

 

We assume for simplicity single Rout and Bandwidth for all the OTAs in the system and we 

did not include the parasitic capacitances at the output in the model 

 

 

 

 

Figure IV.5 Non Ideal Filter schematics 



 
48 Top Level Design Base Band Filter and ADC 

After sweeping on the ranges of Rout and OTA bandwidth we reached to a reasonable values 

for those parameters where Rout=1.5 MOhm and BW=1.2 GHz and we got the following 

response  

The pass band is at frequency 6.085 the filter attenuates by 30.14 dB at 12 MHz and the 

ripples are of peak to peak amplitude  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.6 Non Ideal Filter Response 
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V. Folded Cascode OTA Design 
 

This section will go through the steps we followed that lead to our implementation of 

the folded cascade OTA. We will start with the basic differential pair and end with the folded 

cascade OTA. In each step, we will state the benefits we could gain from a certain design and 

the limitation it introduces. 

A. Basic Differential Pair 

 

Figure V.1 Basic Differential Pair 

For the basic differential pair depicted in Figure V.1 Basic Differential Pairwe drew the 

differential output current versus the differential input voltage. 

Now we analyse the effect of the input amplitude on the linearity of the circuit measured by 

the HD3 since it is the strongest distortion component and the differential implementation 

cancels out the second order distortion components. 
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We start with , 

𝐼𝐷1 − 𝐼𝐷2 =
1

2
𝜇𝑛𝐶𝑂𝑋

𝑊

𝐿
𝑉𝑖𝑛√

4𝐼𝑆𝑆

𝜇𝑛𝐶𝑂𝑋
𝑊
𝐿

− 𝑉𝑖𝑛
2  

=
1

2
𝜇𝑛𝐶𝑂𝑋

𝑊

𝐿
𝑉𝑖𝑛√4(𝑉𝐺𝑆 − 𝑉𝑇𝐻)

2 − 𝑉𝑖𝑛
2  

If |𝑉𝑖𝑛| ≪ 𝑉𝐺𝑆 − 𝑉𝑇𝐻, 

𝐼𝐷1 − 𝐼𝐷2 =𝜇𝑛𝐶𝑂𝑋
𝑊

𝐿
𝑉𝑖𝑛(𝑉𝐺𝑆 − 𝑉𝑇𝐻)√1 −

𝑉𝑖𝑛
2

4(𝑉𝐺𝑆 − 𝑉𝑇𝐻)
2

 

≈𝜇𝑛𝐶𝑂𝑋
𝑊

𝐿
𝑉𝑖𝑛(𝑉𝐺𝑆 − 𝑉𝑇𝐻)[1 −

𝑉𝑖𝑛
2

8(𝑉𝐺𝑆 − 𝑉𝑇𝐻)
2
] 

𝑉𝑖𝑛 = 𝑉𝑚 cos𝜔𝑡 

≈𝜇𝑛𝐶𝑂𝑋
𝑊

𝐿
(𝑉𝐺𝑆 − 𝑉𝑇𝐻)[𝑉𝑚 cos𝜔𝑡 −

𝑉𝑚
3𝑐𝑜𝑠3𝜔𝑡

8(𝑉𝐺𝑆 − 𝑉𝑇𝐻)
2
] 

Since 𝑐𝑜𝑠3𝜔𝑡 =
1

4
[3 cos𝜔𝑡 + cos(3𝜔𝑡)], then  

𝐼𝐷1 − 𝐼𝐷2 = 𝑔𝑚 [𝑉𝑚 −
3𝑉𝑚

3

32(𝑉𝐺𝑆 − 𝑉𝑇𝐻)
2
] cos𝜔𝑡 −𝑔𝑚

𝑉𝑚
3 cos(3𝜔𝑡)

32(𝑉𝐺𝑆 − 𝑉𝑇𝐻)
2

 

If 𝑉𝑚 ≫
3𝑉𝑚

3

8(𝑉𝐺𝑆−𝑉𝑇𝐻)2
,  then 

𝐴𝐻𝐷3
𝐴𝐹𝑢𝑛𝑑𝑚𝑒𝑛𝑡𝑎𝑙

≈
𝑉𝑚
2

32(𝑉𝐺𝑆 − 𝑉𝑇𝐻)
2
=

𝑉𝑚
2

32 ∗ 𝑉𝑜𝑑
2 

 

To achieve 60dB HD3 and having𝑉𝑚 = 200𝑚𝑉, we need𝑉𝑜𝑑 ≥ 1.118𝑉. Knowing that the 

voltage supply is 1.2V, the circuit cannot accommodate for a transistor with such huge 𝑉𝑜𝑑 

and we must find another way to achieve the required HD3. 
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B. Differntial Pair with Source Degeneration 
 

A known method for extending the linear range is to introduce source degeneration, Figure V.2 

shows one way of doing this. 

 

 

 

 

 

 

Figure V.2 Differential Pair With Degeneration 

The differential output current versus the differential input voltage relation for a differential 

pair without source dgeneration is depicted in Figure V.3 below. 

 

 

 

 

 

 

 

 

As we can see in in the figure, the linearity of the curve is limited to a very narrow range of 

𝑉𝑖𝑛. 

 

Figure V.3   I-V Charactristics Without Source Degeneration 
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Now we plot the same relation for the source degenerated differential pair. 

 

 

 

 

 

 

 

 

 

It is quite clear from  Figure V.4   at the linearity of the curve was extended over a wider range 

of inputs. 

The HD3 is reduced by a factor of (1 + 𝑁)2 where 𝑁 = 1 + 𝑔𝑚𝑅. Unfortunately, The overall 𝐺𝑚 

of the circuit is reduced by (1 + 𝑁) but we can counter that by increasing the width of the input pair 

although it has some limitations. 

Table 2 Comparison Between Basic Differential Pair and Differential Pair With Degeneration 

Parmeter Basic Differential Pair With Degeneration 

Transconductance(𝑮𝒎) 
√𝟐𝝁𝒏𝑪𝑶𝑿𝑰𝑩

𝑾𝒏

𝑳𝒏
 

𝟏

𝟏 + 𝑵
√𝟐𝝁𝒏𝑪𝑶𝑿𝑰𝑩

𝑾𝒏

𝑳𝒏
 

HD3 𝟏

𝟑𝟐
(
𝒗𝒊𝒅
𝑽𝒐𝒅

)𝟐 𝟏

𝟑𝟐
(
𝒗𝒊𝒅
𝑽𝒐𝒅

)
𝟐

(
𝟏

𝟏 + 𝑵
)
𝟐

 

Current Consumption 2𝑰𝒔𝒔 2(1+N)𝑰𝒔𝒔 

Transistor Dimensions 𝑾

𝑳
 (𝟏 + 𝑵)

𝑾

𝑳
 

 

𝑅𝑜𝑢𝑡 = 𝑅𝐷//(𝑟𝑜1(1 + 𝑔𝑚1𝑅) + 𝑅) 

𝑟𝑜1(1 + 𝑔𝑚1𝑅) + 𝑅 ≫ 𝑅𝐷 , 𝑅𝑜𝑢𝑡 ≈ 𝑅𝐷 

Figure V.4   I-V Characteristics With Source Degeneration 
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This circuit has a limited output resistance, thus we need to introduce an output stage to 

increase the output resistance. 

C. Differential Pair with Cascode Output Stage 
 

This is a more practical circuit for the OTA, as we can get much better output 

resistance and we can achieve the required values for the HD3. In the other hand we found it 

challenging to achieve the desired voltage swing and the required output resistance 

simultaneously, also to achieve the HD3 we have to stick with a range of transconductance 

value that doesnot meet the values that we calculated for the biquad. 

 

Figure V.5  Schematics of Cascode OTA 

 

Output Resistance: 

𝑅𝑜𝑢𝑡 = (𝑟010(1 + 𝑔𝑚10𝑟08) + 𝑟08)//(𝑟𝑜12(1 + 𝑔𝑚12𝑟014) + 𝑟014) 
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Voltage Swing: 

The circuit has a common mode voltage VCM=0.6V, a sine wave input of 400mV peak-to-

peak and 𝑉𝑜𝑢𝑡𝑝𝑢𝑡𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒𝐻𝑒𝑎𝑑𝑟𝑜𝑜𝑚 = 𝑉𝐷𝐷 − (𝑉𝑜𝑑10 + 𝑉𝑜𝑑8) − (𝑉𝑜𝑑12 + 𝑉𝑜𝑑14),  

With minimum value 𝑉𝑜𝑢𝑡𝑝𝑢𝑡𝑚𝑖𝑛 = (𝑉𝑜𝑑14 + 𝑉𝑜𝑑12)  

and maximam value   𝑉𝑜𝑢𝑡𝑝𝑢𝑡𝑚𝑎𝑥 = 𝑉𝐷𝐷 − (𝑉𝑜𝑑10 + 𝑉𝑜𝑑8) 

for proper operation we need𝑉𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒𝐻𝑒𝑎𝑑𝑟𝑜𝑜𝑚 > 400𝑚𝑉at the output stage. 

For the input stage 𝑉𝑖𝑛𝑝𝑢𝑡𝑠𝑤𝑖𝑛𝑔 < 𝑉𝐷𝐷+𝑉𝑇𝑁1 − (𝑉𝑜𝑑6 + 𝑉𝑜𝑑4)  

with a minimum value     𝑉𝑖𝑛𝑝𝑢𝑡𝑚𝑖𝑛= 𝑉𝑔𝑠 + 𝑉𝑜𝑑4  

and maximum value of 𝑉𝑖𝑛𝑝𝑢𝑡𝑚𝑎𝑥 = 𝑉𝐷𝐷 − (𝑉𝑜𝑑6 + 𝑉𝑜𝑑4) + 𝑉𝑇𝑁1. 

To increase the output resistance we need to increase the length of the cacode devices and 

this in turn increases the overdive voltages and eats through the voltage headroom limiting 

the output swing. Also we need M6 and M8 to have the same 𝑉𝐷𝑆 so that the current is copied 

linearly. 

Still we had some good results despite the limited output resistance. As in Figure V.6 we were 

able to achieve a 68.4dB HD3. 

Figure V.6    HD3 in Cascode OTA 



 
55 Folded Cascode OTA Design Base Band Filter and ADC 

As we increase the degeneration resistance we increase the linearity and decrease the 

effective transconductance of the circuit as shown in Figure V.7 below. 

Although this circuit introduces an internal node which limits the bandwidth, the limitations 

we have on the dimensions of the transistors limits the resistances seen from a node and 

limiting poles are far away from the operating range. As depicted in Figure V.8 a 2.8 GHz 

bandwidth was achieved. 

 

Figure V.8    Bandwidth of gm 550 uS in Cascode OTA 

Figure V.7 Sweep Values of the gm in Cascode OTA 
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D. Folded Cascode OTA 

Output Resistance: 

𝑅𝑜𝑢𝑡 = (𝑟010(1 + 𝑔𝑚10𝑟08) + 𝑟08)//(𝑟𝑜12(1 + 𝑔𝑚12𝑟014) + 𝑟014) 

The voltage swing: 

The same as in cascode OTA with the only difference is that instead of using the overdrive 

voltage of the mirroring transistor which is removed in this case and we use the larger 

overdrive between M6 or M8 instead. 

𝑉𝑜𝑢𝑡𝑝𝑢𝑡𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒𝐻𝑒𝑎𝑑𝑟𝑜𝑜𝑚 = 𝑉𝐷𝐷 − (𝑉𝑜𝑑10 +max(𝑉𝑜𝑑8, 𝑉𝑜𝑑6)) − (𝑉𝑜𝑑12 + 𝑉𝑜𝑑14) 

𝑉𝑜𝑢𝑡𝑝𝑢𝑡𝑚𝑖𝑛 = (𝑉𝑜𝑑14 + 𝑉𝑜𝑑12)     ,    𝑉𝑜𝑢𝑡𝑝𝑢𝑡𝑚𝑎𝑥 = 𝑉𝐷𝐷 − (𝑉𝑜𝑑10 + 𝑉𝑜𝑑8) 

𝑉𝑖𝑛𝑝𝑢𝑡𝑠𝑤𝑖𝑛𝑔 < 𝑉𝐷𝐷+𝑉𝑇𝑁1 − (𝑉𝑜𝑑6 + 𝑉𝑜𝑑4)    ,  𝑉𝑖𝑛𝑝𝑢𝑡𝑚𝑖𝑛= 𝑉𝑔𝑠 + 𝑉𝑜𝑑4 

𝑉𝑖𝑛𝑝𝑢𝑡𝑚𝑎𝑥 = 𝑉𝐷𝐷 − (𝑉𝑜𝑑6 + 𝑉𝑜𝑑4) + 𝑉𝑇𝑁1 

Since we are folding the current from the input stage instead of copying it, we have less 

stringent conditions on M6 and M8 and we can limit their 𝑉𝐷𝑆 allowing for a larger output 

swing. Another advantage is that we can allow the cascode devices to eat through some of the 

available headroom as cost for increasing the output resistance by increasing their lengths. 

Figure V.9  Folded Cascode OTA 
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Figure V.10 Common Mode Feedback Circuit 

E. Common Mode Feedback 

In this section we will talk about the implementation of the common feedback architecture 

First why we need a Common mode feedback? 

 To control the common mode voltage at different nodes that can not be stabilized by 

negative differential feedback. This is usually chosen as a referenct volt yielding maximum 

differential gain ,maximum output voltage swing 

 To suppress the common mode components that tends to saturate different stages through 

applying common mode negative feedback 

Implementation steps of Common mode feedback 

 we connect the two outputs to averaging circuit usually resistance which is greater 

that the Rout  

 connect the average voltage to feedback circuit 

 connect feedback circuit to current mirror  

Usually we split the current mirror at the output stage into two so, we can decrease the 

requirement on the gain of the common feedback circuit 

Challenges in common feedback circuits is to calculate the current that pass through 

the split transistor so we connect the output of averaging circuit to VCVS and connect the 

other input of VCVS to the common voltage we need to supply so the output of VCVS will 

be the voltage required to bias the splitted current  

There are many architectures for common mode feedback so we chose a simple one which is 

shown in  
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VI. Spice Simulations 
 

A. Simulation Results for the OTA 
 

We calculated the values of gm for the different OTAs we have in the biquads, the 

values are not close and achieving them using the same OTA circuit would give inconsistent 

results in regard to the output resistance, bandwidth and IIP3. 

To avoid these problems each gm would be achieved using parallel combination of the 

same OTA. The values of the OTAs’ gms is chosen such that they are close and when 

multiplied by an integer value would give the original gms. 

So For Biquad 1 

𝑔𝑚1 = 𝑔𝑚3 = 𝑔𝑚4 = 510.704 ∗ 10
−6𝐴 = 4 ∗ 127.676 ∗ 10−6𝑆 

𝑔𝑚2 = 360.092 ∗ 10
−6𝑆 = 3 ∗ 120.03 ∗ 10−6𝐴 

For Biquad 2 

𝑔𝑚1 = 𝑔𝑚3 = 𝑔𝑚4 = 622.188 ∗ 10
−6𝑆 = 5 ∗ 124.437 ∗ 10−6𝑆 

𝑔𝑚2 = 211.537 ∗ 10
−6𝑆 = 2 ∗ 105.768 ∗ 10−6𝑆 

So it clear that we reduced range of 𝑔𝑚 from 211 ∗ 10−6𝑆 < 𝑔𝑚 < 623 ∗ 10
−6𝑆  to 

105.∗ 10−6𝑆 < 𝑔𝑚 < 128 ∗ 10
−6𝑆  so this will make the implementation much easier 

 

We started from the 127.5 S circuit and decreased its value by increasing the length of the 

triode devices used for degeneration so as to achieve the other gms. Figure VI.1 shows the 

different gms that can be achieved by changing the fore mentioned length.  
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Figure VI.1    Sweep Value of gm in Folded Cascode OTA 

We were able to achieve the requirements of the OTA, and we start by the bandwidth of the 

OTA shown in Figure VI.2  which is 1.027GHz. 

 

Figure VI.2  Bandwidth of gm 120us in Folded Cascode OTA 
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1. HD3 
 

The next series of graphs depict the HD3 values for the four OTAs used. 

 

 

 

 

 

 

 

 

 

Increasing the length of the triode device increases the degeneration which leads to a better 

HD3 as shown in Figure VI.4 below. 

 

 

 

 

 

 

 

 

 

Figure VI.3 HD3 of gm 127.6 uS 

Figure VI.4 HD3 of gm 124.43 uS 
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The amount of degeneration introduced by increasing the length of the triode device reach a 

point where it is limited by the equivalent resistance of the current mirror connected to the 

same source node and this leads to stop in the increase of the HD3 

Figure VI.6 illustrates this phenomena where the decrease in HD3 although the increase of the 

triode device’s resistance  

 

Figure VI.5 HD3 of gm 120.03 uS 

Figure VI.6   HD3 of gm 105.76 uS 
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2. IIP3 
 

We used two test tones to measure the IIP3 using frequencies 1 MHz and 1.04 MHz, as a 

measure for linearity of our system, assuming that there might be an interferer that might 

cause intermodulation and distort our input signal. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure VI.7 IIP3 of gm 127.6 uS 

Figure VI.8 HD3 of gm 124.43 uS 
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Figure VI.9 IIP3 for gm 120.03 uS 

 

 

 

Figure VI.10 IIP3 for gm 105.76 uS 
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Figure VI.12 Phase Margin at Input of Feedback Circuit 

3. Common Mode Feedback Stability 
 

We needed to verify that the common mode feedback did not affect stability so we plotted the 

magnitude and phase at the output of the OTA and the input to the feedback circuit 

It is shown in Figure VI.11 that we achieved phase margin equal to 54 degree at the output of 

OTA 

Figure VI.11 Phase Margin at Output of OTA 

It is shown inFigure VI.12 that phase margin equal to 26.44 degree at input of 

feedback circuit so the circuit is always stable and feedback did not affect it 
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B. System Results 
 

1. Filter response 
 

Now we replaced the non-ideal OTA we used in the filter in previous section with the folded 

cascode OTA, and we got the following response. 

 

Figure VI.13  Filter response 

The filter’s frequency response depicted in Figure VI.13 shows that the Stop band attenuation 

is 32.59dB, pass band ripples is 0.680dB and ωc is 5.722MHz. 

But there is a decrease in ωc from 6MHz and that is due to the finite output resistance of the 

OTAs and the parasitic capacitances.so for compensation we can calculate this ratio of 

parasitic and subtract it from capacitors in the design 

Since the parasitic capacitance seen from input and output are: 

𝐶𝑖𝑛 = 𝐶𝑔𝑠2 + 𝐶𝑔𝑑2 + 𝐶𝑔𝑏2 = 448𝑓𝐹 

𝐶𝑜𝑢𝑡 =𝐶𝑑𝑠10 + 𝐶𝑑𝑔10 + 𝐶𝑑𝑏10 + 𝐶𝑑𝑠12 + 𝐶𝑑𝑔12 + 𝐶𝑑𝑏12 = 24.43𝑓𝐹 

Therefore, we see from output capacitance equal 
𝐶𝑜𝑢𝑡

2
 and from input we see 

𝐶𝑖𝑛

2
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Now we need to subtract from design capacitors a value equal 

 𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑜𝑢𝑡𝑝𝑢𝑡𝑠𝑠𝑒𝑒𝑛𝑎𝑡𝑛𝑜𝑑𝑒𝑜𝑓𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 ∗
𝐶𝑜𝑢𝑡

2
 

+ 

𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑖𝑛𝑝𝑢𝑡𝑠𝑠𝑒𝑒𝑛𝑎𝑡𝑛𝑜𝑑𝑒𝑜𝑓𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 ∗
𝐶𝑖𝑛
2

 

Using the basic biquad connection of Practical OTA’s 

 

𝐶1 Sees two inputs and three outputs so 𝐶1𝑝𝑎𝑟𝑎𝑠𝑖𝑠𝑡𝑐𝑠 = 𝐶𝑖𝑛 +
3

2
∗ 𝐶𝑜𝑢𝑡 = 684𝑓𝐹 ≈ 700𝑓𝐹 

𝐶2 Sees one inputs and one outputs so 𝐶2𝑝𝑎𝑟𝑎𝑠𝑖𝑠𝑡𝑐𝑠 = 
1

2
𝐶𝑖𝑛 +

1

2
∗ 𝐶𝑜𝑢𝑡 = 236𝑓𝐹 ≈ 250𝑓𝐹 

𝐶3 Sees two inputs and three outputs so 𝐶3𝑝𝑎𝑟𝑎𝑠𝑖𝑠𝑡𝑐𝑠 = 𝐶𝑖𝑛 +
3

2
∗ 𝐶𝑜𝑢𝑡 = 684𝑓𝐹 ≈ 700𝑓𝐹 

𝐶4 Sees two inputs and three outputs so 𝐶4𝑝𝑎𝑟𝑎𝑠𝑖𝑠𝑡𝑐𝑠 = 
1

2
𝐶𝑖𝑛 +

1

2
∗ 𝐶𝑜𝑢𝑡 = 236𝑓𝐹 ≈ 250𝑓𝐹 

 

Figure VI.14 Filter implementation using practical gm 
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Therefore, value of capacitors will be 

𝐶1 = 15.3𝑓𝐹𝐶2 = 15.75𝑓𝐹𝐶3 = 15.3𝑓𝐹𝐶4 = 15.75𝑓𝐹    

 The obtained ωc after we compensated for the parasitic capacitances becomes. 

 

 

 

 

 

 

 

The filter’s frequency response depicted in Figure VI.15 shows that the required parameters are 

satisfied. Stop band attenuation is 31.59dB, pass band ripples is 0.5459dB and ωc is 

5.822MHz. 

 

 

 

 

 

 
 

Figure VI.15 Filter response after compensation 
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2. Overall HD3, HD5 
 

The following figures show the HD3 and HD5 for the whole system, with HD3 equal to 

73.4dB and HD5 equal to 63.4dB. 

 

Figure VI.16  Overall HD3 

We did not settle with the HD3 only this time because it was not the dominant component, as 

it shows clearly  in both figures that the 5th harmonic is stronger the 3rd one. 

Figure VI.17  Overall HD5 
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3. Overall IIP3 
 

As shown in Figure VI.18 the overall IIP3 of the filter is 15.4989dBm. As we saw in the 

previous section the values of the IIP3 per OTA lie between 11.5 and 8.07dBm.  

The OTA with 11.5dBm is the one at beginning of the circuit and it is known that the first 

block in a system is the one that has the strongest effect on the overall system linearity. So 

the first block eased the linearity requirements on the next blocks which were already highly 

linear so a high IIP3 was expected. 

From a higher level view the filter is made of two biquads and we chose the one with the 

higher IIP3 to place first.  

 

 

Figure VI.18  Overall IIP3 
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4. Overall Noise 
 

The next figures depict the equivalent input noise and the equivalent output noise 

respectively. 

In Figure VI.19 we see the behavior of equivalent input noise with frequency. To get the in 

band noise we need we integrate the curve from 10 KHz to 12 MHz and the result is 

331.285μV. 

 

 

 

 

 

 

 

Figure VI.19 Overall Input Noise 
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We follow the previous procedure on the equivalent output noise depicted below in 

Figure VI.20 and the result is 194.548μV. 

 

 

 

 

 

 

 

 

 

Based on the total output noise we can find the maximum number of bits for the ADC after 

the filter, 𝑛 = ⌈
200𝑚𝑉

194.548µV
⌉=10 bits. To increase the number of bits by 1 we would need to scale 

up all the gms and capacitance by factor of 4, this proofed to be quite impractical as we scaled 

up the power consumption and the die area by 4. 

To achieve the 1 bit increase so we can support am 11 bits ADC would require a circuit level 

adjustment and unfortunately we ran out of time to try it. 

 

 

 

 

 

 

Figure VI.20  Overall Output Noise 



 
72 Spice Simulations Base Band Filter and ADC 

5. Overall Group Delay 
 

 

Figure VI.21  Overall Group Delay 

The output transient response of the filter depicted in Figure VI.21 above as the black solid line 

curve is contrasted by the input signal as red dotted curve. 

The only difference between the output and the input is a small phase shift in the output curve 

small gain. The phase shift is due to a time delay property of the filter called group delay we 

discussed in an earlier section. 
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C. Transistor Sizing 
 

Table 3 OTA Mosfets Sizing 

Name Width (W) μm Length (L) nm Fingers (F) Multiplier (M) 

M1 6 780 17 1 

M2 6 780 17 1 

M3 32 520 1 1 

M4 32 520 1 1 

M5 2 130 10 1 

M6 2 130 10 1 

M7 2 260 4 1 

M8 2 260 4 1 

M9 40 520 1 1 

M10 40 520 1 1 

M11 24 520 1 1 

M12 24 520 1 1 

M13 1 1040 16 1 

M14 1 1040 16 1 

M15 2 130 8 1 

M16 2 130 4 1 

M17 2 130 8 1 

M18 32 520 1 1 

M19 2 Variable 1 1 

M20 2 Variable 1 1 

M21 3.454 130 1 1 

M22 10.362 130 1 1 

M23 2 130 4 1 

M24 2.383 130 1 1 

M25 7.15 130 1 1 

M26 2 130 4 1 

M27 7.2 130 1 1 

M28 21.6 130 1 1 
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M29 2 130 4 1 

M30 2 130 8 1 

M31 3.345 130 1 1 

M32 1.115 130 1 1 

M33 2 260 4 1 

M34 2 260 4 1 

M35 2 130 2 1 

M36 2 130 2 1 

M37 14.8 130 1 1 
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VII. ΣΔ Modulation Basics 

A. Overview of ΣΔ Structure 

The basic structure of a sigma delta modulator is depicted in Figure VII.1. it consists 

mainly of a feedback loop containing a loop filter and an internal low resolution DAC. The 

analysis of such system will be mathematically complicated so it can be expressed by the 

linearized model shown in Figure VII.2; it consists of a unity gain buffer and an additive 

quantizing noise assuming a perfect operation of the DAC. The output input relation of the 

linearized model can be represented by equation (1) below: 

𝑉(𝑛) = 𝑢(𝑛 − 1) + 𝑒(𝑛) − 𝑒(𝑛 − 1)………(1) 

𝑊ℎ𝑒𝑟𝑒:𝑉(𝑛)𝑖𝑠𝑡ℎ𝑒𝑜𝑢𝑡𝑝𝑢𝑡𝑠𝑎𝑚𝑝𝑙𝑒𝑛𝑢𝑚𝑏𝑒𝑟𝑛 

𝑢(𝑛)𝑖𝑠𝑡ℎ𝑒𝑖𝑛𝑝𝑢𝑡𝑠𝑎𝑚𝑝𝑙𝑒𝑛𝑢𝑚𝑏𝑒𝑟𝑛 

𝑒(𝑛)𝑄𝑢𝑎𝑛𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑒𝑟𝑟𝑜𝑟𝑛𝑢𝑚𝑏𝑒𝑟𝑛 

 The digital output contains a delayed but unchanged replica of the analog input signal 

u and a differential version of the quantization error e. It is clear from the equation above that 

the demodulation operation doesn't need an integrator hence the in-band noise and distortion 

at the receiver will not occur. Also, the differentiation of the error suppresses it at frequencies 

which are small compared to the sampling rate fs. Generally, if the loop filter has a high gain 

in the signal band, the in-band quantization noise will be strongly attenuated; this process is 

called noise shaping. 

 

 

 

 

 

 

Figure VII.2 Linear z domain Model of ΣΔ Modulator Figure VII.1 ΣΔ Modulator 
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One of the most important terms in the sigma delta modulators is the oversampling 

ratio. It is the ratio of sampling faster than the required sampling rate imposed by the Nyquist 

criterion. For a low pass signal with bandwidth𝐹𝐵, the minimum sample rate required for 

perfect reconstruction is twice 𝐹𝐵 . The over sampling ratio then can be expressed as 

illustrated in equation (2):  

     𝑂𝑆𝑅 =
𝑓𝑆

2∗𝑓𝐵
………(2)  

 Higher OSR enables better adequate quantization noise suppression. For a regular 

ADC, the OSR is in the range of 2 or 3 to make the anti-alias filter implementation feasible. 

Figure VII.3 illustrates the anti-alias filter stop band dependence on the OSR. But, for a ΣΔ 

modulator, the OSR is in the range of 30 to get adequate quantization noise suppression. The 

out of band signal in between Fb and Fs is removed digitally. 

 

 

Figure VII.3 Anti-Alias Filter Stop Band Dependence on OSR 
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B. First order delta sigma modulator (MOD1) 

 To simplify the illustration of the basic properties of the ΣΔ Modulators, let us 

consider a first order modulator illustrated in Figure VII.4.  The operation of the sigma delta 

modulator is based on spectrally separating the quantization noise from the signal by noise 

shaping. This is done by building a system with STF approximately equals to one and a NTF 

which resembles a high pass filter response. This leads to increase in the total power of the 

noise, but the in-band noise is reduced effectively. This system behavior is evident in the 

derivation below:                      

The output of the MOD1 linear model can be written as: 

𝑉(𝑧) = 𝑌(𝑧) + 𝐸(𝑧)𝑎𝑛𝑑𝑌(𝑧) = (𝑈(𝑧) − 𝑧−1𝑉(𝑧))/(1 − 𝑧−1) 

(1 − 𝑧−1) ∗ 𝑉(𝑧) = 𝑈(𝑧) − 𝑧−1𝑉(𝑧) +(1 − 𝑧−1)𝐸(𝑧) 

𝑉(𝑧) = 𝑈(𝑧) + ((1 − 𝑧−1)𝐸(𝑧) 

The output can be written as: 

𝑉(𝑍) = 𝑆𝑇𝐹 ∗ 𝑈(𝑍) + 𝑁𝑇𝐹 ∗ 𝐸(𝑍)………(3)  

𝑊ℎ𝑒𝑟𝑒𝑆𝑇𝐹(𝑆𝑖𝑔𝑛𝑎𝑙𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛) = 1, 𝑁𝑇𝐹(𝑁𝑜𝑖𝑠𝑒𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛) = (1 − 𝑧−1) 

 

 

 

Figure VII.4  MOD 1 Linear Model 

As illustrated in equation (3), the magnitude of the NTF will have a high pass 

response and the STF is unity. Accordingly, the quantization noise is separated from the 

signal by noise shaping. 
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C. Higher Order Delta Sigma Modulator 

 To obtain higher SNR, a higher order modulator is needed or higher OSR. 

Implementing higher order ΣΔ modulators can be done simply by replacing the quantizer in 

the first order modulator (MOD1), with another copy of MOD. This operation can be 

repeated to increase the modulator order as till obtaining the desired ENOB. Figure VII.5  

illustrates the implementation of second order ΣΔ modulator. 

 

Figure VII.5 Second Order Modulator 

 

 This second order modulator can be simplified into the block diagram illustrated in 

Figure VII.6.  The second order modulator has an 𝑁𝑇𝐹(𝑧) = (1 − 𝑧−1)2 and 𝑆𝑇𝐹(𝑧) = 𝑧−1. 

The second order modulator noise attenuation is twice as much as the first order one.   

 

 

Figure VII.6 Simplified Second Order Modulator 
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 An obvious way to increase the ENOB of the ΣΔ modulator is using a higher-order 

loop filter; by adding another integrator in the feedback path. Figure VII.7 shows the Nth order 

ΣΔ modulator with a 𝑁𝑇𝐹(𝑧) = (1 − 𝑧−1)𝑁  and 𝑆𝑇𝐹(𝑧) = 𝑧−1 . Figure VII.8 illustrates the 

NTF attenuation improvement by increasing the modulator order.  

 

 

Figure VII.7 Nth Order ΣΔ Modulator 

 

 

Figure VII.8 NTF for Various Modulator Orders 
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D. In-band quantization noise power 

The value of the In-band quantization noise power is inversely proportional to the desired 

signal to noise ratio. The n-band quantization noise power can be approximated to the 

expression illustrated in equation (6). It is clear from equation (6), the main factors to get the 

desired ENOB for a system is increasing the OSR and/or increasing the number of integrators, 

as illustrated in Figure VII.9. 

Accordingly, the Quantization noise is proportional to the (2N+1)th power of OSR. But, 

the main trade-off between the higher order modulator and the lower order one is the stability 

considerations which lowers the possible input range. 

Generally, the in-band noise power is approximately: 

       𝐼𝑄𝑁𝑃 = 𝑞𝑟𝑚𝑠
2 =

𝜋2∗𝐿∗(𝑒𝑟𝑚𝑠
2)

(2𝑙+1)(𝑂𝑆𝑅)2𝐿+1
… (6) 

𝑞𝑟𝑚𝑠 = 𝐼𝑛𝑏𝑎𝑛𝑑𝑛𝑜𝑖𝑠𝑒𝑝𝑜𝑤𝑒𝑟 

𝐿 = 𝑆𝑦𝑠𝑡𝑒𝑚𝑜𝑟𝑑𝑒𝑟(𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑜𝑟𝑠𝑖𝑛𝑡ℎ𝑒𝑙𝑜𝑜𝑝) 

𝑂𝑆𝑅 = 𝑂𝑣𝑒𝑟𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔𝑟𝑎𝑡𝑖𝑜 

𝑒𝑟𝑚𝑠
2 =

∆2

12
= 𝑞𝑢𝑎𝑛𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛𝑒𝑟𝑟𝑜𝑟, 𝑤ℎ𝑒𝑟𝑒∆𝑖𝑠𝑡ℎ𝑒𝑠𝑡𝑒𝑝𝑠𝑖𝑧𝑒𝑜𝑓𝑡ℎ𝑒𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑜𝑟 

 

 

 

 

 

 

 

 

 

Figure VII.9 Peak SQNR vs. OSR for Higher Order Modulators 
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VIII. State Of The Art 

 There are a few parameters defining the SD Modulator, which are used in different 

combinations to achieve the required specifications. The designer has to decide between 

different choices to achieve the specifications, choices as whether to use discrete time (using 

switched capacitors) or Continuous time (CT) sigma delta. 

The technology used limits the sampling frequency, so; in applications where the 

bandwidth is in the range of few megahertz or above, the reduction in the OSR is 

compensated by increasing the order. However, stability issue in high order modulators limits 

the stable input signal range resulting in peak SNR reduction. 

 

One way to avoid stability problem without reducing the input range is to use multi-

stage noise shaping (MASH)  topologies; which  are frequently used for the implementation 

of high order sigma-delta modulators, however, MASH topologies are prone to quantization 

noise leakage requiring high DC gain (op-amps) prevent it. 

In the single stage high order modulators, the DC gain requirement of the op-amps 

can be relaxed at the expense of limited stable input signal range. The difficulty in 

implementing stable single stage modulator at reasonable OSR can be alleviated by using an 

internal multi-bit quantizer (increasing the number of levels of the quantizer) and DAC. 

Although the performance of the sigma delta modulator can be improved by increasing the 

quantizer levels, the nonlinearity caused by the multi-bit DAC (connected to the first 

integrator) is directly referred to the input signal of the modulator and degrades the whole 

performance. 

 

So, there are several different choices have to be made by the designers and different 

approaches are known to be used to achieve nearly the same results. In this section, two 

published designs are going to be discussed, showing the different choices that can be made 

reaching nearly the same specifications of our project. 

First, in [1] , a 6.25 MHz BW, multi bit single-stage, fifth order sigma-delta 

modulator containing 19-levels quantizer is implemented. The low-distortion feed-forward 

architecture is employed. 
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Since using high operating clock frequency dramatically increases power dissipation 

besides the fact that the operating speed is limited by the process technology. In the proposed 

modulator, OSR of 8 is selected considering the process technology and the power budget. 

Amplifiers are the most critical circuits which consumes most of the power in the 

sigma-delta modulator. The designer chose a Single-Stage folded-cascode amplifiers with the 

switched capacitor common-mode feedback (CMFB), to guarantee low-voltage operation. 

Also, since a single-stage modulator is used, the requirement of the op-amp DC gain is 

relaxed and a 48 dB DC gain op-amp is used in the first integrator. 

The final experimental results shows that the peak SNDR & SNR reach 63.7dB and 

64.2 dB respectively. The total power dissipation is 52.2mW with 1.2 V supply voltage, with 

the prototype IC fabricated in a 0.13 um-CMOS process. 

In [2] A CTSD modulator is presented. Fifth-Order CTSD with 4-bit internal quantization 

operating at 320 MHz with OSR of 32 is proposed. 

A feed-forward architecture is selected because it performs stably and consumes less power 

as it requires only one DAC.  A NRZ current feedback DAC is chosen for its insensitivity to 

clock jitter. 

The first integrator achieves 900MHz unity gain bandwidth, 60 dB DC gain and 60 degree 

phase margin and a CMFB circuit is used in which the circuit feeds back to the amplifier with 

current instead of the traditional CMFB architecture. 

The 4-bit feedback DAC is implemented as current steering DAC. 
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The Simulation results show that the peak SNR is 83.69dB and the peak SNDR is 83.02 dB. 

With a signal bandwidth of 5 MHz and sampling frequency equals 320MHz, 13.5 ENOB 

achieved with 19.8mW power consumed from 1.8V supply. 

Moreover, more data about published ADC are summarized in Table 4 

Table 4 Performance Summary of Published ADCs [3] 

 [3] [ISSC 08 27.4 

Kyehyung] 

[ISSCC05 27.1 

Dorrer] 

Peak SNR [dB] 56 76 72 

SNDR [dB] 56 - 71 

Clock Frequency 

[MHz] 

480 256 104 

Bandwidth [MHz] 5 8 2 

Supply [V] 1.5 1.3 1.5 

Power [mW] 6 50 3 

Process 65nm 

CMOS 

65nm CMOS 130nm CMOS 

FOM [pJ/conv] 0.478 0.602 0.23 
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IX. System Level Implementation 

In this section, the design methodology used in building up the fifth order ΣΔ 

modulator will be discussed. The first is getting the system parameters to satisfy the ENOB 

using the  “R. Schreier” MATLAB tool box. The second step is building up a SIMULINK 

model to verify the system parameters chosen. The last step in the system design is building 

up a behavioral system model on spice tool to use it in verifying circuit level simulation.  

 

A. System Synthesis 

1. Design Methodology 

Designing a continuous delta sigma modulator is quite straight forward; the design 

steps shall be summarized in the following diagram: 

 

 

 

1
• Choose a Suitable Modulator Architecture According to the Desired 

Application

2
• Specify the OSR, Number of quantizer level, Order and Number of DAC 

bits Desired to Obtain the System Level ENOB and BW.

3
• Get the weighting coefficients for the Specified Topology to Satisfy the 

NTF and STF corresponding to the Order and OSR.

4
• Perform Time-Domain Simulation and SNR Measurements to Check on 

the Desired Requirements and the Stability Range.
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2. Continuous Time ΣΔ vs. Discrete Time ΣΔ  

Although the discrete time implementation of the Sigma Delta modulators is simpler 

than the continuous time implementation, but the later provides much better performance 

from the point of view of power and the possible input bandwidth. The increasing speed and 

the density of digital integrated circuits create the need of more bandwidth and less power 

which can’t be provided by discrete time implementation. shows a comparison between the 

discrete time implementation and the continuous one. 

 

Table 5 Continuous Time vs. Discrete Time ΣΔ 

Point of Comparison Continuous Time  Discrete Time 

Sampling Frequency Not drastically limited by 

amplifiers GBW 

Limited by the GBW of the 

loop filter amplifiers 

Power Consumption Lower as no high GBW 

Desired 

Higher 

Anti-Aliasing Inherent for narrow-band 

applications 

Needed Explicitly before 

the ADC 

Sampling Errors Shaped by loop errors Appear Directly at ADC 

output 

Clock Jitter Sensitive to clock jitter in 

feedback DAC 

Robust to Clock Jitter 

Loop Delay Modify the loop filter poles 

and zeros  

Very little effect 

Rise-Fall Time Asymmetry Yield even order harmonics 

in the DAC feedback signal 

Very little effect 

Sensitivity to Process 

Variations 

Absolute RC values can 

vary by 30% 

Capacitance ratios can be 

as accurate as 0.5% 
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3. Choosing System Parameters 

Choosing System Architecture: 

The first step on the system design shall be choosing the suitable architecture for the 

system. There exists some well-known state of art configurations mentioned below: 

 Cascaded Integrators with Distributed Feedback (CIFB):   

It consists of N cascade of delaying integrators, with the feedback signal as well as the 

input signal being fed to each integrator input terminal with different weight factor. 

 

The main disadvantage of this architecture is the zeros position of the NTF; they exist 

only at dc (z=1). It was proven that much better SQNR performance can be achieved if these 

zeros are located at nonzero frequencies on the unit circle. The block diagram of the CIFB 

structure is shown in Figure IX.1 . 

 Cascade of Resonators with Distributed Feedback (CRFB): 

It is a modification of the CIFB structure, this system is capable of realizing NTF 

zeros on the unit circle. The first and the second integrator, together with the feedback path 

form a resonator which determines the position of the poles on the unit circle together with 

the weighted constants. The block diagram of the CRFB structure is shown in Figure IX.2 

 Chain of Integrators with weighted Feed forward Summation (CIFF): 

It consists of a cascade of cascaded integrators and feed forward branches. The loop 

filter does not process the input signal u (n) and hence this configuration has a low distortion 

property. But, it has the same zeros position problem mentioned in the CIFB architecture so a 

modification is required. The block diagram of the CIFF structure is shown in Figure IX.3. 
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 Chain of Resonators with weighted Feed forward Summation (CRFF): 

It is a modification of the CRFF structure to realize the NTF zeros on the unit circle. The 

block diagram of the CRFF structure is shown in Figure IX.4  

Feedback Continuous ΣΔ Topologies: 

 

 

Feed-Forward Continuous ΣΔ Topologies: 

 

 

 

 

 

 

 

 

 

 

 

Figure IX.2 CRFB ΣΔ Continuous Architecture 

Figure IX.1 CIFB ΣΔ Continuous Architecture 
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Feed- Forward Topologies: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IX.3 CIFF ΣΔ Continuous Architecture 

 

Figure IX.4 CRFF ΣΔ Continuous Architecture 
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Feed-Forward Compensation vs. Feedback Compensation: 

To be able to choose the suitable architecture, a comparison between the various 

tradeoffs of forward and backward architecture choice is shown in Table 6: 

Table 6 Feedforward Compensation Vs. Feedback Compensation for ΣΔ  

 Feed-Forward Compensation Feedback Compensation 

Power Low power due to lower internal 

signal swings 

Higher power consumption due to 

larger internal signal swings 

Filter Specs High gain in 1st stage of filter 

 Relaxed noise and linearity specs on 

later stages 

 

Moderate gain in the 1st stage of 

rate gain in 1st stage of filter 

Higher bias currents in later stages 

to reduce noise and nonlinearity 

 

DACs Only one DAC, reduced Complexity  Multiple DACs 

Anti-Aliasing 

Property 

1st order anti 1st order anti-aliasing 

aliasing 

Lth - order anti-aliasing 

Stability Out-of-band peaking in STF leads 

to a reduced stable input range for  

adjacent channels 

Higher Stability Range 

 

According to the above comparison, the feed-forward structure tends to be superior 

to the feed-back structure except for the stability range. Now, to choose between the CIFF 

and the CRFF structures, the CIFF will be a better choice because implementing a delayed 

integrator in continuous form shall be complicated. Accordingly, the chain of integrators 

with feed forward summation structure will be the chosen structure (CIFF).  
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Selecting Number of Quantizer Levels (DAC bits): 

Multi-bit quantizers are used in the sigma delta modulators to improve the ENOB 

significantly. The in band noise represented in equation 1 is inversely proportional to the 

square of the step size of the quantizer. 

In-band noise power can be written as: 

𝑞2
𝑟𝑚𝑠

=
𝛱2𝐿𝑒2𝑟𝑚𝑠

(2𝐿 + 1)(𝑂𝑆𝑅)2𝐿+1
………(1) 

𝑞 = 𝐼𝑛𝑏𝑎𝑛𝑑𝑝𝑜𝑤𝑒𝑟 

𝑂𝑆𝑅 = 𝑜𝑣𝑒𝑟𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔𝑟𝑎𝑡𝑖𝑜 

𝐿 = 𝑙𝑜𝑜𝑝𝑓𝑖𝑙𝑡𝑒𝑟𝑜𝑟𝑑𝑒𝑟 

𝑒2𝑟𝑚𝑠 =
∆2

12
= 𝑀𝑒𝑎𝑛𝑠𝑞𝑢𝑎𝑟𝑒𝐸𝑟𝑟𝑜𝑟 

∆= 𝑆𝑡𝑒𝑝𝑠𝑖𝑧𝑒𝑜𝑓𝑡ℎ𝑒𝑞𝑢𝑎𝑛𝑡𝑖𝑧𝑒𝑟 

 

The main problem with using multi bit quantizers is the non-linearity in the feedback 

DAC of the modulator which results in significant nonlinearities for the overall conversion. 

This occurs because the DAC output is required to follow the input signal accurately, but due 

to the DAC non-linear input output characteristics as illustrated in Figure IX.5. The signal 

must be distorted so the loop output is distorted.  Accordingly, the early ΣΔ designers used 

single-bit quantizers (comparator). But, the single-bit quantizers usage results in a reduction 

of the allowable input signal swing due to stability issues and hence a reduction in the 

achievable SNR. 

 

Figure IX.5 DAC non-linear input output characteristics 
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To sum up, using multi-bit quantizers makes the loop more stable, besides  

that the quantization noise decreases by 6 dB for each bit added to the quantizer can increase 

the ENOB bits significantly. Hence, there is a strong motivation to use multi bit quantizers. 

In our system, we used a 1.5 bit quantizer with has 3 levels. The quantizer levels 

are illustrated in  

Figure IX.6. 

 The main idea behind selecting the 1.5 bit quantizer is: 

 Making use of the 1.5 bit DAC linearity. 

 Getting a 6 dB improvement in SNR compared to the binary quantizer. 

 

 

 

 

 

 

 

 

 

 

 

Figure IX.6 Comparator Input Output Characteristics 
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Determining System Order: 

After choosing the CIFF structure and the number of the quantizer levels, the next 

step shall be determining the system order and OSR which provides the desired SNR for the 

input signal. The desired ENOB for the ADC according to the system level planning is 11 

bits; accordingly the SNR desired for the sigma delta modulator shall be 80 dB which 

provides 13 bit ADC. The extra two bits are added as a safety margin, to ensure the circuit 

level non-idealities will not decrease the ENOB than the required range. In this part of the 

system, the ΣΔ MATLAB tool box by “Richard Schrier” shall be used to determine these 

parameters simply. The SNR and OSR vs. input amplitudes for fourth, fifth and sixth order 

ΣΔ are shown in Figure IX.7, Figure IX.8 and Figure IX.9 respectively.  

Accordingly, an OSR of 32 with a 5th order modulator shall be selected to satisfy 

the desired ENOB and SNR.  

 

 

Figure IX.7 SNR and OSR vs. Input amplitudes for 4th order ΣΔ 
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Figure IX.8 SNR and OSR vs. Input amplitudes for 5th order ΣΔ 

 

 

Figure IX.9 SNR and OSR vs. Input amplitudes for 6th order ΣΔ 
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Determining the System Weighting Factor: 

After choosing the fifth order CIFF structure with a 1.5 bit quantizer and OSR of 32, 

the next step shall be determining values for the weighting factors. The SD MATLAB tool 

box by “Richard Schrier” shall be used in this step to determine the system weighting factors. 

Shown in Table 7 below the coefficients for both the discrete and the continuous models: 

 

Table 7 Weighting Factors for Continuous and Discrete Model 

 Disc. Cont.  Disc. Cont.  Disc. Cont.  Disc. Cont. 

A1 0.4059 1.4279 G1 0.0097 0.0286 B1 0.4059 0.3897 C1 0.4856 0.3897 

A2 0 0.7936 G2 0.0568 0.1256 B2 0 0 C2 0.2867 0.5592 

A3 0 1.4411    B3 0 0 C3 0.2064 0.0978 

A4 0 0.8437    B4 0 0 C4 0.1390 0.1789 

A5 0 0.1315    B5 0 0 C5 0.0811 0.0630 

      B6 1 0    

 

*Disc. Stands for discrete sigma delta realization 

*Cont. Stands for continuous sigma delta realization 

*Notes: 

 Feedforward coefficients a’s realize the zeros of L1 and thus the NTF and STF 

poles. 

 Feed-in coefficients b’s determine zeros of L0 and thus the STF zeros. 

 State scaling coefficients c’s are used for dynamic range scaling. 

 Local feedback coefficients g’s realize the complex zeros in the NTF on the unit 

circle. 

 

 

According to the SD toolbox by Richard Schreier, using the weighting factors 

mentioned in Table 7, above shall provide a SNR of 80dB at full-scale input using the fifth 

order continuous sigma delta with over sampling ratio of 32.  
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Also illustrated in the figures below the expected system performance:  

 Figure IX.10 NTF Magnitude, poles and zeros of the ideal NTF response.  

 Figure IX.11 SNR Over the Input range shows the SNR magnitude over the input range 

 Figure IX.12 Input/Output Characteristics 

 

 

 

 

 

 

Figure IX.10 NTF Magnitude, poles and zeros of the ideal NTF response. 
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Figure IX.11 SNR Over the Input range 

 

Figure IX.12 Input/Output Characteristics 
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Discrete to Continuous Mapping: 

The key feature of the Σ∆ modulator is the noise shaping (NTF), to achieve 

equivalence between a continuous-time and discrete-time implementations, Loop Gain should 

have the same properties. To realize the same NTF using continuous system; we realize the 

same NTF using continuous-time and time and discrete-time loop filters.  Transformations 

can be easily applied by decomposing the original Transformations can be easily applied by 

decomposing the original DT (Z-domain) loop filter into partial fractions and use S-domain 

equivalences for the Z-domain poles to get the CT loop filter. Table 8 shows the mapping 

between the discrete time realization and the continuous one for the loop filters used in the 

CIFF structure. 

Table 8 Integrators Discrete to Continuous Mapping 

Filter Discrete Transfer Function Continuous Transfer 

Function 

Non-Delaying Integrators 𝟏

𝒛 − 𝟏
 

𝑻𝒔

𝒔
 

Delaying Integrators 𝒛

𝒛 − 𝟏
 

𝒔 + 𝑻𝒔

𝒔
 

 

Weighting Coefficients Scaling: 

Since the adder in the system, shall be implemented at circuit level using a resistive 

passive components, the summer weighting factors must be less than one. Accordingly, these 

coefficients are divided by a factor and the comparator range also is down scaled by the same 

factor. The new coefficients are depicted in Table 9 and the down scaled comparator input 

output characteristics are shown in Figure IX.13. 

 

Table 9 Scaled Weighting Factors 

Coefficient A1 A2 A3 A4 A5 

Scaled 0.49 0.27 0.49 0.29 0.04 

Approx. 0.5 0.3 0.5 0.3 0.1 
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B. Continuous Time Realization (SIMULINK Model) 

The proposed CT modulator architecture is illustrated in Figure IX.16 The modulator 

has a 1.5-bit internal quantizer, operating at 384 MHz with an oversampling ratio of 32, and a 

fifth-order single-loop filter. In order to save power and maintain a good alias filter 

characteristic, a combination of feed forward and feedback stabilized loop filter is 

implemented. 

The 1.5-bit quantizer, including the NRZ feedback DAC, is connected to the output of 

the loop filter. The quantizer delay is set to half of the sampling period to ensure loop delay 

compensation. As illustrated in the  

Figure IX.15 , the NTF of the realized system is similar to the simulated one. Also the 

input output characteristics of the modulator are depicted in Figure IX.14. 

The simulated system provides an SNR=87 dB, for the 6 MHz input which satisfies the 

system level requirement in both ENOB and BW.  

Table 10 summarizes the system parameters. 

Table 10 System Parameters 

ΣΔ Implementation Architecture Order DAC OSR Fs SNR 

Continuous CIFF 5th 1.5 bit 32 384MHz 87 dB 

 

Figure IX.13 Modified Comparator Input Output Characterstics 
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To  

 

 

 

 

 

 

 

 

 

 

 

Figure IX.15 NTF for the Realized SIMULINK Model 

 

 

Figure IX.14 Input/Output For the Implemented Model 

 

Vin=VFS 
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 Stability and Integrator States: 

To ensure that the system is stable, Figure IX.17 shows the integrators output at the full 

scale input which is a sine wave with peak value 0.5.  

 

 

 

 

 

 

 

Figure IX.17 Integrators Outputs at FS Input 
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C. System Verification on Cadence 
 

1. Coefficients 

 

Figure IX.18 IDEAL System on Cadence 

 

After generating the coefficients from Matlab tool box and verifying the system on Simulink 

using integrators’ transfer functions. Now we need to implement the system on circuit level 

on SPICE; implementing the integrator as RC-integrator. Where the gain is achieved using 

Resistors and capacitors values. 

Since we need to verify the system performance on Circuit level. First we need to do this 

using IDEAL components (Ideal op-amp, ideal comparator and ideal DAC). In this section, 

ideal system on cadence is illustrated and simulation results verifying the system’s SNR and 

SNDR are shown. 

First, we have to translate the coefficients obtained from the Matlab tool box into actual 

values for the resistors and capacitors. Figure IX.19 shows the gain and integrator on 

SIMULINK vs the actual RC integrator on SPICE. 

DAC 
I 1 

Comparator 

Combiner
-
 

I 2 I 3 I 4 I 5 

Combiner
+ 
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Figure IX.19 Integrator in Simulink vs SPICE 

     

Gain =
A∗Fs

S
     Gain = −

1

R∗C
 

 

Following the MATLAB coefficients, take for example ; c1 coefficient 

The coefficient = -0.3897 * fs 

Then to translate this coefficient into op-amp gain through R & C values, the following 

equation is used: 

𝑋 ∗ 𝑓𝑠 = 
−1

𝑅 ∗ 𝐶
 

Where X is the coefficient obtained from MATLAB tool box, fs is the sampling frequency 

(384*106 in our system). 

Following the previous equations, the product R*C (the time constant) values are obtained. 

Now, each R & C has to be found. There are two factors affecting the selection: 

1- Large R value means more thermal noise 

2- Large C value means more chip area. 

Based on the two mentioned considerations, we chose a reasonable capacitors values for all 

the system which is 2 pF. Then the Resistors’ values are selected accordingly. 
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Table 11 shows all resistors and capacitors values besides the coefficients generated from 

MATLAB tool-box. 

Table 11 Spice System R and C Values 

 Matlab Coefficient 

(absolute) 

R (Kohm) C (pF) 

Input 0.3897 3.34 2 

Integrator 1(DAC) 0.3897 3.34 2 

Integrator 2 0.5592 2.328 2 

Feedback 1 0.0286 45.527 - 

Integrator 3 0.0972=8 13.31373 2 

Integrator 4 0.1789 7.278274 2 

Feedback 0.1256 10.3669 - 

Integrator 0.063 20.667 2 

 

Loop delay is one of the main issues in the CT-SD ADC, which is solved using compensation 

to alter the noise transfer function in order to eliminate the delay’s negative effect. 

Another choice is to use Return-to-Zero (RZ) DAC; where the DAC output is 

disconnected from the system’s input during the HIGH Clock stage. Assuming that the loop 

delay in the quantizer and DAC doesn’t exceed 50% of the clock period; the RZ DAC solves 

the delay problem by supplying its output to the system in the LOW clock stage ONLY, 

which guarantees that the DAC output has settled. 

However, the amplitude of the DAC output supplied to the system should be doubled 

to compensate for the first half clock cycle in which the output was zero. Doubling the DAC 

output is done by dividing the DAC Resistor by 2.  

In other words, the DAC resistors values should be modified to: 
3.34𝐾

2
= 1.67𝑘𝛺  to 

eliminate the loop delay effect. 

 

 

 

 



 
106 System Level Implementation Base Band Filter and ADC 

 

2. Ideal Components’ Models 
 

Operational Amplifier Model 

Since the system is fully differential, we need to build Ideal fully differential model for the 

fully differential operational amplifiers. Where fully differential means differential input and 

differential output. 

Ideally, and neglecting the finite bandwidth effect in the fully Differential Operational 

amplifiers. The output equation is as follows: 

𝑉𝑜𝑢𝑡+ −𝑉𝑜𝑢𝑡− = 𝐴𝑣(𝑉𝑖𝑛+ −𝑉𝑖𝑛−)  equation 1 

We need to use ideal components from Cadence libraries to build a model that follows the 

ideal op-amp equation. So, Voltage Controlled Voltage Source (vcvs) components are used. 

A single vcvs follows the following equation:  

𝑉𝑜𝑢𝑡 = 𝐴𝑣(𝑉𝑖𝑛+ −𝑉𝑖𝑛−) 

So, the schematic shown output equation can be deduced as follows: 

𝑉𝑜𝑢𝑡+ = 0.5 ∗ 𝐴𝑣(𝑉𝑖𝑛+ −𝑉𝑖𝑛−) 

𝑉𝑜𝑢𝑡− = −0.5 ∗ 𝐴𝑣(𝑉𝑖𝑛+ −𝑉𝑖𝑛−) 

Then, 

𝑉𝑜𝑢𝑡+ −𝑉𝑜𝑢𝑡− = 𝐴𝑣(𝑉𝑖𝑛+ −𝑉𝑖𝑛−) 

 

Figure IX.20 Ideal Operational Amplifier Model 
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Combiner 

The feed forward architecture used in the system uses weighted adder or weighted combiner 

as the one shown in Figure IX.21. 

 

 

 

 

 

 

 

 

Figure IX.21 Weighted Adder Block Diagram 

The weighted comparator can be implemented in two different ways: 

 Op amp adder: 

For simplicity, consider adder with only 3 inputs and the equations can be easily generalized 

for any number of input. 

For the schematic shown in Figure IX.22, assuming ideal op-amp; it can be easily deduced that:  

 

 

 

 

 

 

 

 

 

Figure IX.22 Op-amp Adder 

 

−𝑉𝑜𝑢𝑡 =𝑅𝑓(
𝑉1
𝑅1
+
𝑉2
𝑅2
+
𝑉3
𝑅3
) 

So, 

𝑊𝑖 =
𝑅𝑓

𝑅𝑖
 

where i= 1,2 or 3 

However, the op-amp adder is too 

complex, and since the variables in our 

system can be easily scaled, we chose 

the easier solution: the resistive 

(passive) weighted combiner (adder). 
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 Resistive Adder: 

In the schematic shown in Figure IX.23: 

𝑉𝑜𝑢𝑡 = 𝑉1
𝑅4//𝑅2

𝑅1 + (𝑅3𝑝𝑅2)
+𝑉2

𝑅1//𝑅3
𝑅2 + (𝑅1𝑝𝑅3)

+ 𝑉3
𝑅1//𝑅2

𝑅3 + (𝑅1𝑝𝑅2)
 

𝑊1 =
𝑅3//𝑅2

𝑅1 + (𝑅3𝑝𝑅2)
= 

𝑅3𝑅2
𝑅1𝑅2 +𝑅1𝑅3 + 𝑅2𝑅3

 

 

𝑊2 =
𝑅1//𝑅3

𝑅2 + (𝑅1𝑝𝑅3)
= 

𝑅1𝑅3
𝑅1𝑅2 +𝑅1𝑅3 + 𝑅2𝑅3

 

 

Similarly W3. 

The deduced equations can be generalized for any number of inputs. The summer in the fifth 

order sigma delta has 5 inputs. 

So, the equations are as follows: 

𝑊1 =
𝑅2𝑅3𝑅4𝑅5

𝑅1𝑅2 +𝑅1𝑅3 + 𝑅1𝑅4 +⋯
 

 

Same for W2  , W3 , W4   and W5    

Substituting with the coefficients in the system: 

𝑊1 =𝑊3 = 0.9 

𝑊2 =𝑊4 = 0.5 

𝑊5 = 0.1 

Since 

𝑊1 =𝑊3𝑎𝑛𝑑𝑊2 =𝑊4  

Then 

𝑅1 = 𝑅3𝑎𝑛𝑑𝑅2 = 𝑅4 

By substitution, 

𝑅1𝑅2
2𝑅5 = 0.9 

Figure IX.23 3-input passive adder 
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𝑅2𝑅1
2𝑅5 = 0.5 

𝑅1
2𝑅2

2𝑅5 = 0.9 

Using simple division operations, 

𝑅5
𝑅1
= 9 

𝑅5
𝑅2
= 5 

𝑅2
𝑅1
=
9

5
 

Let   𝑅5 = 29𝑘Ω 

Then  

𝑅1 = 𝑅3 = 3.22𝑘Ω𝑎𝑛𝑑𝑅2 = 𝑅4 = 5.8𝑘Ω 

 

DAC 

Differential DAC transfer function is: 

 

𝑉𝑜𝑢𝑡 = {
2 ∗ 𝑉𝑟𝑒𝑓,𝑉𝑖𝑛 ≥ 86𝑚𝑉
0, − 86𝑚𝑉 ≤ 𝑉𝑖𝑛 < 86𝑚𝑉
−2 ∗ 𝑉𝑟𝑒𝑓, 𝑉𝑖𝑛 < 86𝑚𝑉

 

 

The transfer function is also plotted in Figure IX.24; where Vref = 1.2V, Vout , Vin are the 

differential output, differential input voltages respectively. 

 

 

 

 

 

 

Figure IX.24 DAC Transfer Function 
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Figure IX.26 PSD of Peak SQNR in Ideal System 

The DAC Ideal Model is easily implemented using ideal switches as follows: 

 

 

 

 

 

 

 

 

 

Figure IX.25 IDEAL Differential DAC Model 

 

Comparator 

Basically, the comparator isn't known for affecting the system performance greatly or 

degrading SNR (unlike the op-amps and the DAC) ,so we started by designing the transistor 

level comparator and used it in the system verification level instead of modeling the 

comparator as we did with op-amps and DAC. 

The comparator is illustrated in detail in a later section. 

3. Simulation Results 

 

 

 

 

 

 

 

Peak SQNR achieved of 

88.5112 dB at voltage 

differential of 0.8v. The PSD 

is shown in Figure IX.26 
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X. Circuit Level Design 

A. Comparator 

A Comparator is a circuit that provides HIGH Boolean output if the differential input 

is positive and LOW output if the differential input is negative. 

The described transfer function could be achieved using High Gain Op-Amp, because op-

amp naturally clip when overdriven. Also, since comparator are not used with feedback, no 

compensation is needed. However, if over driven op-amps are used as comparators, power 

dissipation will be high. 

 

Some comparators are clocked 

and only provide an output after the 

transition of the clock, Figure X.1 shows a 

typical clocked comparator architecture 

often used in ADCs. It consists of 

preamplifier A1 followed by a latch, 

there are 2 modes of operations; tracking and latching. 

In the tracking mode, the preamplifier output 'tracks' the input, as it is enabled to 

amplify the differential input while the latch is disabled. In the latching mode, A1 is disabled 

(or its output isn’t disconnected from the Latch) and the latch is enabled so that the 

instantaneous output of A1 is re-generatively amplified and logic levels are produced at Vout. 

Clocked Comparator advantages over a simple high gain amplifier: 

 The Clock Signal can be used to define a sampling instant at which the differential 

input is stored. In other words: the value of the input to the clocked comparator is only of 

concern in a short interval (around the clock transition), which eliminates the need for front-

end sample-and-hold circuits. 

 The speed of the clocked comparator can be very high and the power dissipation can 

be very low. 

Figure X.1 Clocked Comparator  Basic Architecture 
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Clocked comparators are often called Dynamic Comparators. 

Figure X.2 shows the regenerative sense amplifier (latch) block in more detail. 

 

𝑑𝑣1(𝑡)

𝑑𝑡
= 
𝑖1
𝐶
= 
−𝑔𝑚𝑣2(𝑡)

𝐶
 

𝑑𝑣2(𝑡)

𝑑𝑡
= 
𝑖2
𝐶
= 
−𝑔𝑚𝑣1(𝑡)

𝐶
 

Then, 

𝑣1(0) −𝑣2(0) = 𝑣𝑑(0) 

𝑣𝑑(𝑡) = 𝑣𝑑(0)𝑒
𝑡
Ʈ𝑢
⁄  

Where 

Ʈ𝑢 = 
𝐶

𝑔𝑚
 

To reduce settling time T (time for the latch to reach VFS) 

𝑇 = Ʈ𝑢 ln(
𝑉𝐹𝑆
𝑣𝑑(0)

) 

 

There are two options: 

  Increase 𝑣𝑑(0) 

 Reduce   Ʈ𝑢 

Increasing 𝑣𝑑(0) is more feasible, by using a pre-amplifier before the latch. While reducing 

Ʈ𝑢 means larger gm  and smaller C. 

 

 

 

 

 

 

Figure X.2 Latch 
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Figure X.3 shows the final Comparator architecture. It consists of: 

1- Clocked Regenerative Latch: The main component in the comparator, it performs the 

sampling, comparison tasks, contains tracking and regeneration modes.  

 

2-  External Preamplifier: 

It performs the following tasks: 

 Pre-amplifies the differential input prior to starting the Input-tracking mode, in other 

words; to increase vd(0) going to the latch, reducing total regeneration time,  

 Reduces the effect of the input-referred offset of the Regenerative latch  

 Reduces the effect of the kick-back noise. 

 

3- SR-Latch: Provides a stable, reliable output to the following block in the SD-ADC (which 

is the DAC), by latching the output of the last comparison operation during the new input-

tracking state (the state where the output of the regenerative latch is undefined and doesn’t 

depend on the input).  

 

 

 

 

 

 

 

Figure X.3 Final Comparator Top Level Architecture 
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1. Preamplifier 

 Simple differential amplifier with resistive load is used, the typical needed value of 

the gain usually ranges between 3 to 5. 

NMOS Preamplifier 

 As shown in Figure X.4; a simple differential pair with resistive load is used. 

 

 

Figure X.4: NMOS Preamplifier Schematic 

 

Table 12 shows the transistors sizing in the NMOS preamplifier, where F is the number of 

fingers; each finger’s width is equal to 2μm. 

Table 12 NMOS Preamplifier Transistors Dimensions 

Transistor F L (nm) 

M3, M4, M5, M6 3 130 

M1 1 130 

M2 11 130 

 

R= 4k Ω 

Iref = 30 µA 
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As depicted in Figure X.5 ; The Gain achieved = 3.567 at the system sampling frequency 

 

Figure X.5 NMOS Preamplifier Gain 
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PMOS Preamplifier: 

PMOS Amplifier is also a differential pair with resistive load shown in Figure X.6  

 

 

Figure X.6: PMOS Preamplifier Schematic 

Table 13 shows the transistors sizing in the NMOS preamplifier, where F is the number of 

fingers; each finger’s width is equal to 2μm. 

 

Table 13 PMOS Preamplifier Transistors Dimensions 

Transistor F L (nm) 

M3, M4, M5, M6 12 130 

M1 1 130 

M2 22 130 

 

R= 5k Ω 

Iref = 15 µA 
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As depicted in Figure X.7, Gain achieved = 3.53 at the system sampling frequency  

 

Figure X.7 PMOS Preamplifier Gain 
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2. Regenerative Latch 

 

Figure X.8: Regenerative Latch Schematic 

 

The regenerative latch schematics is shown in Figure X.8 When Clock is low, switches 

S1 , S2,S3 and S4 short the points X and Y to Vdd and the regenerative latch is in the input-

tracking mode. When the Clock is High, the tracked differential input is amplified re-

generatively through the cross coupled transistors and the output is produced at points X and 

Y. 

Transistor M1 Fingers= 3,  L= 130nm. Each finger with width = 2µm. 

Otherwise, all transistors’ dimensions are default (W= 2µm , L = 130nm)  
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Over Drive Test: 

Over Drive test is performed using full scale input and slightly larger than the reference voltage, 

followed by an input much less than the reference voltage in the next cycle. 

 Test 1  

Differential Voltage Reference= 900mV 

Differential Input voltage: 

1st Clock Cycle: 1V 

2nd Clock Cycle: -1V 

The test simulation results is shown in Figure X.9 

 

Figure X.9 OD Test 1 Results 
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 Test 2: 

The test is performed using full scale input and slightly larger than the reference 

voltage, followed by an input much less than the reference voltage in the next cycle and 

finally an input slightly less than the reference voltage. 

Differential Voltage Reference= 900mV 

Differential Input voltage: 

1st Clock Cycle: 1V 

2nd Clock Cycle: -1V 

3rd Clock Cycle: 800mV  

The test simulation results is shown in Figure X.10 

Figure X.10 OD Test 2 Results 

 

 

 

 

 



 
121 Circuit Level Design Base Band Filter and ADC 

3. SR-Latch 

 Since the regenerative latch's output is always HIGH at the 'input-tracking' stage, it is 

important to follow the regenerative latch with RS-Latch to keep the output of the last 

comparison 'strobed' for the input to the DAC. 

SR Latch schematic is shown in Figure X.12 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure X.11 SR Latch Symbol 

Figure X.12 SR Latch Schematic 
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Figure X.13 NOT Gate Schematic 

 

The schematic of the NOT Gate is shown in Figure X.13 

 

 

 

 

 

 

 

 

 

 

 

The truth of SR-Latch is shown in Table 1 

Table 14 SR-Latch Truth Table 

S R Q Q Bar 

0 0 NO CHANGE NO CHANGE 

0 1 0 1 

1 0 1 0 

1 1 Undefined State Undefined State 

 

 

 

 

 

 

 

Where the transistors dimensions are as 

follows: 

M1: 
𝑊

𝐿
= 1 

M2: 
𝑊

𝐿
= 10 

Where, L = 130nm 

W= 2u 
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SR-Latch Test: 

 Test 1: 

The test is performed using the sequence 

Table 15 Test 1 Input sequence 

S R 

1 0 

0 1 

0 0 

 

Showing the 'Set' (Q= 1), Reset (Q=0) followed by 'no Change' state. 

Simulation result of test 1 shown in Figure X.14 SR Latch Test 1 

Figure X.14 SR Latch Test 1 

 

 

 

 



 
124 Circuit Level Design Base Band Filter and ADC 

 Test 2: 

SR Latch is tested using the following sequence: 

S R 

0 1 

1 0 

0 0 

 

The test shows ‘reset’ then ‘set’ and finally the no change state and the Simulation results are 

shown in Figure X.15 SR Latch Test 2 

 

Figure X.15 SR Latch Test 2 
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4. Comparator Schematic 

Recall the architecture in Figure X.3 that showed that the comparator consists of: 

Preamplifiers, Regenerative Latch and finally Storage Latch (SR-Latch). 

The Schematic in Figure X.17 shows the designed Preamplifiers and the regenerative Latch 

 

Figure X.16 Dynamic Comparator Symbol 

 

Figure X.17: Dynamic Comparator Schematic 
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Figure X.19 shows how the SR Latch are connected to the Regenerative Latch’s 

outputs. The outputs of the regenerative latch is connected to the S and R through NOT 

Gates, to reach the NO CHANGE state when the regenerative latch is in the input-tracking 

state. Moreover, the FULL comparator symbol is shown in Figure X.18 

 

Figure X.18 The Full Comparator Symbol 

 

 

Figure X.19 Block Diagram of the Designed Comparator 
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5. Comparator Test 

Testing the Comparator with several different inputs. 

Knowing that the comparator Tranfer function is: 

𝑄 = {
𝐻𝑖𝑔ℎ, 𝑉𝑖𝑛𝑝𝑢𝑡 ≥ 𝑉𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝐿𝑜𝑤, 𝑉𝑖𝑛𝑝𝑢𝑡 < 𝑉𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

 

Test 1: 

The comparator is tested with the following values 

Differential Voltage Reference= 100mV 

Differential Input voltage: 

Clock Cycle 1: 150mV 

Clock Cycle 2: -100mV 

The simulation results are shown in Figure X.20 

Figure X.20 Test 1 Results 
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Test 2: 

Over Drive Test: 

Differential Voltage Reference= 900mV 

Differential Input voltage:  

Clock Cycle 1: 1V 

Clock Cycle 2: -1V 

Simulation results are shown in Figure X.21 

Figure X.21 Test 2 Simulation Results 
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Test 3: 

Differential Voltage Reference= 900mV 

Differential Input voltage: 

Clock Cycle 1: 1V 

Clock Cycle 2: 0V 

Clock Cycle 3: 800mV 

Simulation results are shown in Figure X.22 

Figure X.22 Test 3 Simulation Results 
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6. 1.5-bit Comparator 

The comparator used in the ADC is 1.5 bit, it has 2 comparing thresholds, (i.e 3 Levels). 

First threshold voltage = 86mV, while the second = -86mV 

Figure X.23 shows the 1.5 bit comparator schematic. 

As highlighted in  Figure X.23 ; The 1.5-bit comparator consists of 2 comparators. 

Comparator 1 compares the differential input to the first threshold (which is -86mV) while 

comparator 2 comparison threshold is equal to 86mV. The comparators are followed by 

encoder to encode the two comparators’ outputs such that: 

D1 is High if differential input is larger than 86mV and Low otherwise, 

D-1 is High if differential input is less than -86mV and Low otherwise, 

D0 is High if differential input is less than 86mV and larger than -86mV and Low otherwise. 

 

Figure X.23 1.5 bit Block Diagram 
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The AND Gate schematic is shown in Table 16, with the dimensions shown in Table 16 

Table 16 AND Gate Transistors Dimensions 

Transistor W/L 

M1, M2 , M5 10 

M3, M4, M6 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure X.24 AND Gate Schematics 
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Figure X.25 1.5-bit Comparator (quantizer) Test Bench 

Test Bench: 

The comparator under test is the comparator used in the system with actual comparing levels 

used.The comparator works as follows: 

--------------------------------- D1 D0 D-1 

Vinput >= 86mV High Low Low 

-86 mV <= Vinput <86mv Low High Low 

Vinput < -86 mV Low Low High 

 

The test performed shows the response of the comparator to the sudden changes in the input 

voltage. 

1- During the 1st Clock cycle, Vinput differential = 400mV 

2- During the 2nd Clock cycle, Vinput differential= -200mV 

3- During the 3rd Clock cycle, Vinput differential=0 

The 1.5-bit quantizer’s test bench simulation results are shown in Figure X.25, where the input 

changes between the 3 levels and the outputs change accordingly. 
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Figure X.26 Typical Resistive DAC 

B. DAC 

Basically, there are three modes of DAC circuit topologies; voltage mode, current 

mode, voltage mode is where the element values are given by voltage levels as for example in 

a resistor-string that divides a voltage reference into a number different voltage levels. With 

current-mode we let the DAC elements be given by currents, as for example switched current 

sources or resistors dividing a major current into weighted sub-currents. 

However, current-mode DACs are preferred for high speeds. 

 

1. DAC Architectures 

DAC should (at the static sampling instants) generate the output amplitude levels as: 

𝐴𝑜𝑢𝑡 =∑ 𝑤𝑚𝑏𝑚

𝑀

𝑚=1

 

where  Aout is the output amplitude (voltage or current), wm is the weight corresponding to bit  

bm, and M is the number of bits. 

 

Resistive DAC (Resistor-string DAC) 

 

As shown in Figure X.26, M switches are used, 

the weighing elements are given by resistors. 

From voltage division, Vin is given by the 

following equation: 

𝑉𝑖𝑛 =
𝑚 ∗ 𝑅

𝑅𝑡𝑜𝑡
𝑉𝑟𝑒𝑓 =

𝑚

2𝑁 − 1
𝑉𝑟𝑒𝑓 

However, resistive DAC is proven to affect the 

performance and decrease the achieved SNR greatly. So, current steering DAC is 

implemented because it is a better choice for high speed applications. 
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Current Steering DAC: 

A Switched current DAC architecture is a famous choice for the relative simplicity of 

the reference component, sum elements and switches. The first is implemented as a current 

source (mirror), the sum elements are just the wire connections while the switches are either 

MOS transistors or transmission gates. 

Current steering DAC idea is based on using number of switches to control the flow of 

current generated from  the current source, the switching is 'code dependent' to push certain 

DC current corresponding to the the desired analog output. 

In other words, depending on the input code, X , the current from the corresponding sources 

is directed by the switches to the output . 

 

 

Figure X.27 Single Ended N-bit Binary Weighted Current steering DAC 

 

Current steering DAC equation can be simply as: 

𝐼𝑜𝑢𝑡(𝑥) = 2
𝑁−1𝐼𝐿𝑆𝐵. 𝑏𝑁 +⋯+ 2𝐼𝐿𝑆𝐵𝑏2 + 𝐼𝐿𝑆𝐵𝑏1 = 𝐼𝐿𝑆𝐵𝑋 

Where X is the digital input. 

 Advantages: 
 

1. Small size for resolutions below ten bits 

2. Can achieve high speeds. 

 Disadvantages: 

1. Sensitivity to device mismatch  

2. Limited current source output impedance. 
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  Another advantage is that it has a very high power efficiency since almost all power is 

directed to the output. The current- steering is suitable for high-speed wide-band applications 

but special care needs to be taken to improve the matching and output impedance of the 

converter.  

Current-steering DAC non-idealities: 

 Finite output resistance: The influence of a finite output impedance of the DAC, or 

in general; a finite output over termination impedance ratio strongly affects the 

linearity of the converter. This is primarily since the output impedance of an 

unbuffered converter is signal-dependent. 

  

 Matching errors: Since variations in the process force the oxide thickness, threshold 

voltage, transistor widths, etc., to vary over the chip area, the weighted sources 

become unmatched, which affects the linearity. The matching errors are of both of 

random and linear nature.  

 

 Glitches: Due to the non-ideal switches and different capacitive load on different bits,  

 matching errors, there will be a time skew between the bits. This introduces current or 

voltage steps, referred to as glitches.  

 

 Clock feedthrough (CFT): Due to the capacitive coupling in the current switches 

between the switching signals and the current output, currents or charge will be 

induced in the output. 
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Figure X.28 Different Current Mirrors Architectures 

Practical Design Considerations: 

 Current Source: 

Naturally, the unit current source may be designed in several different ways: PMOS 

or NMOS, cascoded or not. In Figure X.28, a single transistor NMOS current mirror (a), a 

cascoded current mirror (b) and double cascoded mirror (c) are shown. 

 The source-gate voltage applied on transistor M1 that practically sets the nominal current 

through the current source. Ideally, the current source should have an infinite output 

impedance (that is, the output current doesn't change with changing the applied voltage at the 

output node) and the cascode transistors are used to increase the output resistance, hence the 

effects of the nonzero channel length modulation are reduced since the variations on the 

drain-source voltage of M1 is decreased.  

 

        

 

 

 

 

 

 

 

 

 

 

 

Single mirror: 𝑅𝑜𝑢𝑡 = 𝑟01 

Single Cascoded Mirror:  𝑅𝑜𝑢𝑡 ≈ 𝑔𝑚2𝑟02𝑟01 

Double Cascoded Mirror:   𝑅𝑜𝑢𝑡 ≈ 𝑔𝑚3𝑟03𝑟02𝑟01 

 

(a) (b) (c) 
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 Current Switches: 

The current switches can be implemented in several different ways, e.g., PMOS, 

NMOS, transmission gates, etc. Typical crucial design parameters are the on-resistance and 

clock feedthrough (CFT). 

Also, for high-performance applications we must also guarantee that the driving circuit or the 

switch signals (which is the comparator in Sigma Delta Modulators) are fast and accurate 

enough.  

In Figure X.29 we show how differential switches can be 

implemented with NMOS transistors. The on-resistance 

needs to be low in order to reduce the voltage drop over the 

switch which influences the linearity of the current source. 

Especially, if single-transistor current sources are used. For 

a MOS transistor implementation, this implies that the 

size aspect ratio of the transistors needs to be high.  

However, large switches will also induce a large clock 

feed-through (CFT) due to the increased gate 

capacitance.  

Another approach suggests using transmission gates as 

current switches as shown in Figure X.30  will further reduce the on-resistance since we have PMOS 

and NMOS transistors in parallel. The charge feedthrough will be canceled since the PMOS transistor 

absorbs the charge that the NMOS repels as it goes into its cut-off region. 

 

 

 

 

 

 

 

 

 

 

 

Figure X.29 Possible Switches Implementation 

Figure X.30 Transmission Gate 
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Figure X.31  Large and Small Switches Transient Response 

As depicted in Figure X.31, large switch causes current spikes due to the increased 

capacitance. So, In order to minimize glitches that greatly affect the performance, it is 

preferred to design the switch with the minimum possible size 

    

Also, designing the switch in saturation region may lead to faster switching and better 

performance. may help in eliminating these spikes. 
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Figure X.32 Overlapping Switching Signals 

Figure X.33 Overlapping Signals Generator 

 Switching Signals: 

Since we are switching a current source, we must ensure that the current switch does not  

switch the current source completely off. To ensure that steady, constant current is supplied 

without glitches.  

Also, the switching signals have to be properly matched to reduce the glitches, Proper 

switching signals for a differential PMOS and NMOS switch, respectively are sketched in 

Figure X.32 and possible Schematic used to generate them is shown in Figure X.33. 
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2. 1.5-bit Resistive DAC 

As mentioned in a previous section, the 1.5-bit DAC used in the system has the following 

transfer function: 

𝑉𝑜𝑢𝑡 = {
2 ∗ 𝑉𝑟𝑒𝑓,𝐷1𝑖𝑠𝐻𝐼𝐺𝐻

0,𝐷0𝑖𝑠𝐻𝐼𝐺𝐻
−2 ∗ 𝑉𝑟𝑒𝑓, 𝐷_1𝑖𝑠𝐻𝐼𝐺𝐻

 

 

Implementing the 1.5-bit (3 Levels) DAC using a voltage reference (with resistive DAC) 

would be as the schematic shown in Figure X.34. 

In the schematics in Figure X.34 , resistive DAC followed by the first op-amp in the system is 

shown. 

 

Figure X.34  1.5-bit Differential Resistive DAC Schematic 
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3. 1.5-bit Current-steering DAC  

So, in the current-steering DAC, all we need to do is to switch the DC current equivalent to 

the needed reference voltage into the summing node (the input of the first op-amp). 

So, the desired Current value follows the equation: 

 

𝐼 =
𝑉𝑟𝑒𝑓 − 𝑉𝑖𝑛

𝑅
 

Since the design is for 1.5 bit DAC, so only one cell is needed, the proposed cell schematic is 

shown in Figure X.35. 

 

 

 

 

 

 

 

 

Figure X.35 Typical 1.5 bit Current steering DAC 

 

The comparator has 3 output pins as 

follows (D1, D0 and D-1). So the current-

steering DAC operates as follows (V+ & 

V- are inputs of the following op-amp): 

 

 

 

 

 

 

Case 1 (D1): 

If D1 = HIGH,,D0=D-1=  LOW 

M1  & M3 are ON, and Iref is pushed 

to V+ & Iref is pulled from V- 

 

Figure X.36 D1 Case 
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Case2 (D-1): 

If D1= D0= LOW, D-1= HIGH 

M2 & M4 are ON , and Iref is pulled 

from V+ & I ref is pushed to V- 

 

Case 3 (D0): 

If D1= D-1=LOW, D0=HIGH 

No current is pushed in or pulled from 

V+ or V-, otherwise, to keep the Current 

mirrors ON in all cases, D0 branch is 

added to dissipate that unwanted current 

in that case. That current should be 

terminated off-chip. 

 

 

Figure X.37 D_1 Case 

Figure X.38 D0 Case 
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Design Tasks: 

 Current source output impedance: 

The output impedance of the current source needs to be as high as possible, in order to 

be able to supply constant DC current. So a cascode current mirror architecture is 

used. 

 Switches: 

The switches are preferred to operate in the saturation region to achieve high output 

impedance and also operating in the saturation region instead of linear (triode) region 

reduces switching glitches. 

 

Figure X.39  Mirror and Switch 

So, in order to fulfill the design considerations, the design need to have: 

1- Low Current 

2- Long channel length transistors (high ‘L’) 

3- Small size transistors to reduce capacitance (hence, glitches) 

 

 

 

 

Cascoded current 

mirror for high 

output impedance 

Operate in Sat 

region for high 

output impedance 

(Zout) 

This point should 

have very low 

capacitance 
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Top Level Design: 

Since we are using Return-to-zero (RZ) DAC to compensate for loop delay, we have to 

modify the design by adding compensation branch which is responsible for dissipating the 

current to keep the current mirrors ON all the time. The dissipated current should be 

dissipated  off chip. 

The compensation branch is ON and current is directed to the off chip terminal in two cases: 

 D0 is HIGH 

 Clock is HIGH 

 

 

 

 

 

 

 

The compensation logic schematic is shown in Figure X.41 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure X.40 Compensation Logic Block Diagram 

Figure X.41 Compensation Logic Schematic 

As a result, a compensation logic 

block is introduced; with its inputs 

connected to the outputs of the 

comparator and its outputs are used 

to control the current steering DAC. 
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The complete current steering DAC schematic is shown in Figure X.42 with the typical 

controls shown and the compensation branch highlighted. 

 

Figure X.42 Designed Current Steering DAC Schematic 
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NMOS Mirror and Switch: 

Recall the transition between Matlab coefficients and the real R & C values, the 

product RC was the significant factor, and the exact R & C value doesn’t affect the gain as 

long as their product is still the same. 

As the mirror design depends greatly on Rout, which means it depends greatly on the 

value of the current too, in order to achieve higher Rout we reduced the output current of the 

DAC to 230 µA, and changed the value of the feedback capacitor 

of the first integrator to keep the time constant (R*C) the same. 

The new capacitor value = 1.2803pF  

 

 

 

 

 

 

 

 

Table 17 NMOS Mirror and Switch Transistors Sizing 

Transistor F (Number of fingers) L (nm) Multipliers 

M1 35 5850 1 

M2 35 5850 30 

M3 20 897 5 

M4 1 130 1 

 

Iref= 7.709u 

Vb= 600mV 

Rout at point X= 5.5MΩ 

Rout at point Y =107.14MΩ 

 

Since the total voltage drop on the mirror and 

switch is limited to 0.6v, high swing current mirror 

architecture is used, the current mirror and switch 

schematic is shown in Figure X.43. 

The detailed design with transistors sizing is shown 

in Table 17, where width is given in number of 

fingers where each finger =2 μm. 

 

 

Figure X.43 NMOS Mirror and Switch 
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Figure X.44 PMOS Mirror and Switch 

PMOS Mirror and Switch: 

 

 

 

 

 

 

 

 

 

 

 

Table 18 PMOS Mirror and Switch Transistors Sizing 

Transistor F (Number of fingers) L (nm) Multipliers 

M1 80 5850 1 

M2 80 5850 7 

M3 12 130 3 

M4 10 130 1 

 

Iref= 32.93μA 

Rout at point X= 1.932MΩ 

 

 

 

 

 

 

 

The detailed design with transistors sizing is 

shown in Table 18, where width is given in 

number of fingers where each finger =2 μm. 
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C. OPAMP 

Operational amplifiers are an integral part of many analog and mixed signal systems. 

The design of an op amp poses multiple changes as the supply voltage and transistor sizing. 

Generally, the op amp is defined as high- gain differential amplifier. This gain is ideally 

infinity, but actually it has a value that must be adequate to the application and its precision.  

There are number of performance parameters that govern the performance of the op amp.  

Gain:  The open-loop gain of an op amp determines the precision of the feedback 

system employing the op amp. A high open-loop gain may also be necessary to 

suppress nonlinearity. The required gain may vary by four orders of magnitude 

according to the application. 

Small Signal Bandwidth: The high-frequency behaviour of an op amp plays a critical 

role in many applications. Once, the frequency of operation increases the open-loop 

gain begins to drop creating a larger error in the feedback system. The small signal-

bandwidth is defined as the unity gain frequency. 

Output Swing: Most op amps require large voltage swings to accommodate a wide 

range of signal amplitudes. The need for large output swings made fully differential 

op amps quite popular. The maximum voltage swing trades with the device size and 

bias currents and hence the speed. 

Linearity: The issue of non-linearity is tackled by two approaches; using fully 

differential implementations to suppress even order harmonics and allowing sufficient 

open-loop gain such that the closed-loop system achieves adequate linearity. 

Noise and offset:  The noise offset and signals determine the minimum signal level 

that can be processed with reasonable quality. 
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1. Integrator (Loop Filter) Implementation 
 

As mentioned in the system level section, the building block of the sigma delta 

modulator is a simple integrator with the transfer function   
𝑇𝑠

𝑆
 , where Ts is time constant. 

This transfer function can be simply implemented using the circuit shown in Figure X.45 . 

Equation 1 verifies the functionality of the circuit. 

 

Figure X.45 Integrator 

 

𝐼𝑐 = 𝐶
𝑑𝑉𝑐
𝑑𝑡

 

𝑉𝑖𝑛 − 𝑉
−

𝑅𝑖
=
𝐶𝑑(𝑉− − 𝑉𝑜𝑢𝑡)

𝑑𝑡
 

Assuming ideal op-amp, 𝑉− = 𝑉+ = 0 

𝑉𝑖𝑛
𝑅𝑖
=
𝐶𝑑(−𝑉𝑜𝑢𝑡)

𝑑𝑡
 

Integrating both sides with respect to time: 

𝑉(𝑡)0 =
−1

𝑅𝐶
∫ 𝑉𝑖𝑛𝑑𝑡
𝑡

𝑜
↔ 𝑉(𝑆) =

𝑇𝑠

𝑆
…. (1) 
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2. Op-Amp Non ideal characteristics 

As mentioned above, the real op amp is characterized by the finite Open loop gain and 

the limited BW, which differs from the ideal assumption. Concerning the GBW, this 

parameter is governed by the system clock, e.g. it can be in the range of double the sampling 

frequency. Concerning the open loop gain, it is not a critical parameter in the sigma delta 

continuous system; it shall be increased to remove any possible non linearity.  As a rule of 

thumb, the total gains of the system op-amps shall be equal to the desired SNR. 

 

Finite Gain-Bandwidth Product Analysis:  

To consider the influence of finite GBW, the open loop gain is replaced by: 

𝐴(𝑠) =
𝐴𝐷𝐶

1 +
𝑠𝐴𝐷𝐶
𝑤𝐴

 

𝐺𝐵𝑊 = 𝐴𝐷𝐶 ∗ 𝑤𝐴[𝑟𝑎𝑑/𝑠] 

Accordingly, the integrator transfer function changes to: 

𝐻(𝑆) =
1/𝑅𝐶

𝑆
×

𝐺𝐸
𝑠

𝑤2 + 1

 

 

Where 𝐺𝐸 =
𝐺𝐵𝑊

𝐺𝐵𝑊+1/𝑅𝐶
𝐺𝑎𝑖𝑛𝐸𝑟𝑟𝑜𝑟𝐹𝑎𝑐𝑡𝑜𝑟 

 

𝑤2 = 𝐺𝐵𝑊 +
1

𝑅𝐶
𝐴𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙𝑆𝑒𝑐𝑜𝑛𝑑𝑃𝑜𝑙𝑒 

 

 

According to the equations above, if the GBW is large where, 𝑮𝑬 ≈ 𝟏 and 𝒘𝟐 ≫ 𝟏/𝑹𝑪, 

the effect of the finite GBW can be reduced effectively. 
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Finite Gain Analysis  

 

 As mentioned in the integrator implementation, the main building block for continuous 

time sigma-delta modulator is an ideal low-pass filter or integrator, which implements a 

transfer function: 

𝐻(𝑆) =
𝑇𝑠
𝑆

 

𝑤ℎ𝑒𝑟𝑒𝑇𝑠 =
1
𝑅𝐶⁄ 𝑖𝑠𝑡ℎ𝑒𝑡𝑖𝑚𝑒𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 

Where, this transfer function has only one pole at DC. The finite Op amp gain affects the 

transfer function of the continuous time integrator. When a finite amplifier gain is taken into 

account, the integrator transfer function changes to:  

𝐻(𝑆) =
1

1
𝑨𝑫𝑪

+
𝑆
𝑇𝑠

 

𝑊ℎ𝑒𝑟𝑒𝐴𝐷𝐶 𝑖𝑠𝑡ℎ𝑒𝑓𝑖𝑛𝑖𝑡𝑒𝑜𝑝𝑒𝑛𝑙𝑜𝑜𝑝𝑔𝑎𝑖𝑛 

  The equation shows that both the DC gain of the integrator and its pole are affected by 

the finite DC gain of the amplifier. The pole is pushed away from dc to𝑇𝑠/𝑨𝑫𝑪. However, the 

pole of the loop filter becomes the zero of the NTF. The away from zero reduces the amount 

of attenuation of the quantization. Accordingly, a high DC is always beneficial. 

  As a rule of thumb, setting the open loop gain in the range of the Modulator OSR 

shall be sufficient to decrease significantly the in band noise caused by it. The equation 

shown below illustrates the in band noise caused by the open loop gain of a 2nd order 

modulator. 

𝐼𝐵𝑁(𝐴) ≈
∆2

12
(

𝛱4

5 ∗𝑂𝑆𝑅5
+

2𝛱2

3 ∗ 𝑂𝑆𝑅3 ∗ 𝑨𝑫𝑪
2 +

1

𝑂𝑆𝑅 ∗ 𝑨𝑫𝑪
4) 

𝐼𝑛𝑏𝑎𝑛𝑑𝑛𝑜𝑖𝑠𝑒𝑓𝑜𝑟𝑠𝑒𝑐𝑜𝑛𝑑𝑜𝑟𝑑𝑒𝑟𝑚𝑜𝑑𝑢𝑙𝑎𝑡𝑜𝑟𝑑𝑢𝑒𝑡𝑜𝑂𝑝𝐴𝑚𝑝𝑓𝑖𝑛𝑖𝑡𝑒𝑔𝑎𝑖𝑛 

Accordingly, the continuous sigma delta modulators have more relaxation on the dc 

gain compared with the discrete implementation. 
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Figure X.47 Instable System vs Stable One 

3. Stability and Frequency Compensation 
 

 An op amp with a negative feedback is the building block for a wide variety of 

applications. The main problem with the negative feedback is the loop stability consideration. 

Let us consider the negative feedback system illustrated in Figure X.46, the closed loop 

transfer function is: 

𝑌

𝑋
(𝑠) =

𝐻(𝑠)

1+𝛽𝐻(𝑠)
 

 

 

 

 

To ensure that the loop is stable, the condition is 𝛽𝐻(𝑠) ≠ −1 .This condition can be 

expressed as:  |𝛽𝐻(𝑠)| = 1𝑎𝑛𝑑 < 𝛽𝐻(𝑠) = −180°. This criterion is called “Barkhausen’s 

Criteria’.  To summarize, the system may oscillate if the phase shift is so much and the 

feedback becomes positive and the loop gain is still enough to allow signal buildup. 

Illustrated in Figure X.47 the situation which can be viewed as excessive loop delay at the 

frequency for which the phase shift reaches -180. Thus to avoid instability, we must minimize 

the total phase shift so that at  |𝛽𝐻(𝑠)| = 1,< 𝛽𝐻(𝑠) is still more positive than -180°. 

 

Figure X.46 Negative Feedback System 
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4. Phase Margin 
 

After ensuring that the loop is stable, the next step shall be choosing the system PM. It 

is well known that increasing the PM leads to a well behaved response but it rises slowly, and 

vice versa. Figure X.48 explains the relation between the value of the PM and the step response. 

 

Figure X.48 System Impulse Response For Various PM Values 

 

5. Integrator Output Swing 

The limitation of the integrator outputs is principally function of the maximum 

integrator output states. So the output swing of the Op Amp must be made large enough to 

produce the required state values, otherwise the modulator behavior will be altered. The 

limitation of the integrator output signals results in severely increasing baseband noise as 

well as distortion. The clipping can be avoided by proper designing the Op Amp swing and 

choosing the proper input range. Accordingly, it must be ensured that the modulator work at 

input amplitudes which will not cause system instability. 

6. Thermal Noise 
 

The thermal noise is one of the serious problems at high conversion bandwidths. The 

performance could be limited by white thermal noise rather than shaped quantization noise. 

The thermal noise of the first op-amp must be kept small. It is inversely proportional to the 

trans-conductance gm of the input MOS differential pair, which can be controlled by sizing 

the input devices appropriately. However, the large gm consumes more power. The trans-

conductance of the first integrator in a continuous-time sigma-delta modulator is the most 

important for overall thermal noise 
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7. OP-Amp Implementation 

As mentioned in the non-idealities section, the Op Amp used must meet certain 

criteria for voltage swing, open loop gain, input referred noise power, and GBW. It must be 

ensured that the Op Amp non idealities will not deteriorate the system SNR by increasing the 

in band noise.   

The desired Op Amp requirements are: 

 Capable of driving resistive loads of the next stage 

 Have a minimum gain of at least 32 dB  

 Low Input referred noise power of the Op Amp  

 The output voltage swing should be large 0.7 V 

 

These requirements excludes the use of single stage Op Amp topologies such as 

folded or telescopic cascode as small resistive loads would greatly reduce the gain of the Op 

Amp. Therefore the Op Amp must either be a two stage or a single stage followed by a 

source follower 

The op amps for the integrator of the delta sigma modulators are realized by a two-

stage fully differential op-amp is the first stage (M1- M5) is a simple differential pair with 

NMOS transistors as inputs and cascode PMOS transistors as loads. In order to drive resistive 

load in active-RC implementation and provide additional gain, a common drain stage is 

added as a second stage.  Here, Cc and Rc are the miller compensation capacitor and zero-

nulling resistor. The circuit used is depicted in Figure X.49. 

To ensure the op amp common mode output voltage is held at VCM, a common mode 

feedback (CMFB) loop is used illustrated in Figure X.50. The output of second stage (Vo+ and 

Vo-) in the Op Amp is fed to the averaging resistors, and compares the resultant voltage with 

the Vref to tune the voltage (VCMFB). The CMFB output sets the current at M1,M2 to keep 

the output node (Voutp and Voutm) at VCM.  A summary of mosfets sizing and op amp specs 

are depicted in Table 19 and Table 20 respectively. 
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Table 19 Op Amp Mosfets Sizing 

Mosfets W (um) L (nm) Fingers Multiplier 

M1 2 260 1 1 

M2 2 260 1 1 

M3 2 260 11 1 

M4 2 260 11 1 

M5 2 260 8 1 

M6 2 130 40 1 

M7 2 130 40 1 

M8 2 195 27 1 

M9 2 195 27 1 

 

Compensation Components: 

𝑅𝑧 = 1.1𝐾𝑜ℎ𝑚 

𝐶𝑐 = 200𝑓𝐹 

𝐼𝑟𝑒𝑓 = 50𝑢𝐴 

 

Table 20 Summary of OPAMP Specifications 

GAIN GBW PM Power IRN  Output Swing 

46 dB 1.535 GHz 57° 1.886 mw   13.5uV  0.88 v 
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Figure X.49 Op Amp Circuit 

Figure X.50 CMFB Circuit 
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8. OP Amp Performance Analysis 

Bandwidth and Open loop gain: 

 

As mentioned above, the actual op amp is characterized by finite bandwidth and finite 

gain. In the Sigma delta modulators, the bandwidth is more critical tradeoff compared with 

the finite open loop gain. As, the delay cause by the finite BW shall deteriorate effectively the 

SNR. The open loop gain is needed mainly to remove any non-linarites in the output. In this 

design, a finite gain of 46 dB with a gain bandwidth product 1.535 GHz of which is more 

than double the clock frequency (384 MHz). Figure X.51 illustrates the open loop gain and 

GBW of the op amp. 

 

 

 

 

 

 

Figure X.51 Open Loop Gain Frequency Response of the Op-Amp 
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Stability and PM: 

As mentioned above, to ensure loop stability the PM must be positive. Also for a fast 

response the PM is chosen to be 57° to ensure a fast response. Figure X.52 illustrates the PM 

for the open loop system. The phase of the loop gain at the unity frequency is 123° which 

yield a PM equals to ≈ 60°. 

 

 

 

 

 

Figure X.52 Phase Plot of the Open Loop Gain 
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Common Mode Feed Back: 

  The main target of the CMFB circuit is to enusre the output node value is settled at 

the common mode voltage. A basic CMFB topology is depicted in Figure X.50 The CMFB 

loop adds another stability issue to the op-amp; this loop must be stable also with a positive 

PM to enusre system stability. The PM value in this loop is not critical because the common 

mode voltage signal changes must slower than the differential signal. Figure X.53 illustrates 

the loop gain and phase for the CMFB loop. 

 

 

 

 

 

 

Figure X.53 CMFB Loop Gain and Phase 
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Power : 

  It is well known that the power of the op amp is a fundamental  trade off when 

increasing the performance of other parameters. In this op amp, the first stage is inversly 

proportional to the noise power. Also, the power is a dominant factor in determining the noise 

power. This op amp has a current  in the first stage of 124uA and  a second stage current of 

1.32mA in. Accordingly the total op amp power is 1.8816 mw.   

 

Noise: 

 

Figure X.54 illustrates the power of the input referred thermal noise in the desired 

band. The total integrated in band in put referred noise is 13.5 uV. 

 

Figure X.54 Input Refered Noise Power 
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XI. Simulation Results 

A. ENOB 

Before presenting the achieved ENOB, we have to define few terminologies that define the 

sigma delta ADC performance. 

SQNR: signal to quantization noise power ratio; the ratio between the signal power to the 

quantization noise only with no other noise sources. 

SNR: signal to total noise power ratio; it includes both quantization noise and thermal noise 

sources (resistors and transistors). 

SNDR: signal to distortion noise power ratio; it includes the quantization noise power plus 

the distortion noise (noise caused by nonlinearity; that includes odd harmonics).  

Recall that effective no of bits (ENOB) is defined by: 

𝐸𝑁𝑂𝐵 = 
𝑆𝑁𝐷𝑅𝑝𝑒𝑎𝑘 − 1.76

6.02
 

 

Peak SQNR: 78.7132dB (achieved at -2.218 dBFS) 

Input Referred Noise power= 1.2359nV2 

Peak SNR: 77.9937dB 

Peak SNDR: 68.4586dB 
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Shown in Figure XI.1, the SQNR values vs input values (in dBFS) 

 

Figure XI.1 SQNR Plot vs Input 

Samples of the power spectrum density are shown in Figure XI.2; where peak SQNR is shown in (a); 

with differential input magnitude of 0.6v. While the peak SNDR is shown in (b). 
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Figure XI.2 PSD showing peak SQNR(a) and peak SNDR (b) 
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B. Power Consumption 

Power consumption is calculated as: 

𝑃 = 𝑉 ∗ 𝐼𝑡𝑜𝑡𝑎𝑙  

The total current dissipated in the system = 16.537446mA 

Since we are using 1.2v supply; the total power consumption in the system is given by: 

𝑃 = 1.2 ∗ 16.537446 ∗10−3 = 19.8449352𝑚𝑊 

Figure Of Merit is a good measurement to evaluate the sigma delta system performance, 

where smaller FOM is better: 

𝐹𝑂𝑀 =
𝑃𝑜𝑤𝑒𝑟

2∗𝐵𝑊∗2(𝑆𝑁𝐷𝑅−1.76)/6.02
= 0.764099 (pJ/conv.)   

 

C. System Specifications Summary 

Summary of the sigma delta modulator specifications is shown in Table 21 

Table 21 Sigma Delta Modulator 

Order 5 

Target Resolution 11-bit 

Signal Bandwidth 6 MHz 

Quantizer Resoultion 1.5-bit 

OSR 32 

Clock Frequency 384 MHz 

Technology 130nm  

Power Supply 1.2 v 

Power Consumption 19.844953 mW 

Peak SQNR 78.7 dB 

Peak SNR 77.9937 

Peak SNDR 68.4586 

FOM 0.764199 (pJ/conv.) 
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XII. Conclusion 

We discussed many aspects of analog filters design and OTA design. This section started 

with a couple of filter types LPF and BPF and the well-known responses Butterworth and 

Chebychev. 

 Next, we explained different filter architectures, performance measures and several 

modifications that enhance these parameters. Then we decided to uses OTAs as the building 

of our filter for its better bandwidth and tune ability compared to Opamps. We followed the 

decision by a discussion of three different OTAs and their different advantages and 

disadvantages, a discussion that ended with the choice of the Folded Cascode OTA. 

 After this decision we did a Matlab simulation to get the filter’s transfer function and 

chose the biquad section that will implement this transfer function. We calculated the value 

of the biquad components the OTAs’ gms and the capacitances. The next step was to have a 

high level circuit simulation of the filter to check if the calculated values give the required 

response. 

 Since the practical OTA has limited output resistance and limited bandwidth we had 

simulate these limitations and find a minimum for them in order to design the Folded 

Cascode OTA to meet with these minimums. 

 Exhaustive SPICE simulations on the OTA were made in order to meet the fore 

mentioned minimums as well as linearity measure like the HD3 and IIP3, noise levels and 

required gms. The result was a highly linear OTA with the required voltage swing, gm values 

and low power consumption, but its output resistance and bandwidth were a little short of the 

required values. Still, these results were better compared to the other two architectures shown 

in Table 22. 

 The filter was implemented using the folded cascode OTA and produced the required 

filter response but the bandwidth was a little less than the required so we preformed parasitic 

capacitances assessment, calculated their values and compensated for them. This improved 

the bandwidth but still it didn’t match the required value due to the limited output resistance 

of the OTAs  
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 The simulation of the system noise showed that this filter can support a 10 bit ADC. 

We tried to half the noise output so that we can support an 11 bit ADC. In order to do that, all 

the gms and capacitors are multiplied by 4, but this proved to be impractical as the power 

consumption skyrocketed to 150mW and the required die will be quadrupled .Further 

improvements were possible so that we can support an ADC with more bits but unfortunately 

we ran out of time. 

 In the end, we have a highly linear OTA, and 4th order Chebychev filter which is 

highly linear as well. 

Table 22 Comparison between the different OTAs mentioned in this report 

Parameters Raut’s Assi’s This Work 

Transconductance(μS) 117.0 180.5 120.3 

Bandwidth(Hz) 10G 10G 1.027G 

Rout(Ω) 12.0K 16.7K 910K 

Power supply -- -- 1.2V 

Power consumption(mW) 7.48 4.48 1.264 

 

Table 23 Filter parameters 

Parameters Filter 

Bandwidth(Hz) 5.822M 

IIP3 15.50 

Power consumption(mW) 37.94 

 

Throughout part 2 of this report, the design of 11 bits sigma delta ADC, 6MHz Bandwidth 

has been discussed, a fifth order integrators feed forward architecture is chosen, 1.5 bit 

quantizer is implemented, so OSR of 32 is needed to achieve the required effective number of 

bits. 

The design is simulated using 130nm technology files and with 1.2v supply, simulation 

results are introduced showing the achieved peak SNR, peak SNDR , power consumption and 

the figure of merit is calculated. 
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