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Abstract
Analog-to-Digital Converters (ADCs) can be classified into two categories namely Nyquist-rate ADCs and Oversampled 
ADCs. Nyquist-rate ADCs can process very high bandwidths while Oversampling ADCs provide high resolution using 
coarse quantizers and support lower input signal bandwidths. This work describes a Reconfigurable ADC (R-ADC) 
architecture which models 14 different ADCs utilizing four four-bit flash ADCs and four Reconfigurable Blocks (RBs). 
Both Nyquist-rate and Oversampled ADCs are included in the reconfiguration scheme. The R-ADC supports first- and 
second-order Sigma-Delta (ΣΔ) ADCs. Cascaded ΣΔ ADCs which provide high resolution while avoiding the stability 
issues  related  to  higher  order  ΣΔ  loops  are  also  included.  Among  the  Nyquist-rate  ADCs,  pipelined  and  time-
interleaved ADCs are modeled. A four-bit flash ADC with calibration is used as the basic building block for all ADC 
configurations. The R-ADC needs to support very high sampling rates (1 GHz to 2 GHz). Hence switched-capacitor (SC) 
based circuits are used for realizing the loop filters in the ΣΔ ADCs. The pipelined ADCs also utilize an SC based block 
called Multiplying Digital-to-Analog Converter (MDAC). By analyzing the similarities in structure and function of the 
loop filter  and MDAC, a RB has been designed which can accomplish the function of either block based on the 
selected configuration. Utilizing the same block for various configurations reduces power and area requirements for 
the R-ADC. 
In SC based circuits, the minimum sampling capacitance is limited by the thermal noise that can be tolerated in order 
to achieve a specific ENOB. The thermal noise in a ΣΔ ADC is subjected to noise shaping. This results in reduced 
thermal noise levels at the inputs of successive loop filters in cascaded or multi-order ΣΔ ADCs. This property can be 
used to reduce the sampling capacitance of successive stages in cascaded and multi-order ΣΔ ADCs. In pipelined 
ADCs, the thermal noise in successive stages are reduced due to the inter-stage gain of the MDAC in each stage. 
Hence scaling of sampling capacitors can be applied along the pipeline stages. The RB utilizes the scaling of capacitor 
values afforded by the noise shaping property of ΣΔ loops and the inter-stage gain of stages in pipelined ADCs to 
reduce the total capacitance requirement for the specified Effective Number Of Bits (ENOB). The critical component of 
the  RB is  the  operational  amplifier  (opamp).  The  speed  of  operation  and  ENOB for  different  configurations  are 
determined by the 3 dB frequency and DC gain of the opamp. In order to find the specifications of the opamp, the 
errors introduced in ΣΔ and pipelined ADCs by the finite gain and bandwidth of the opamp were modeled in Matlab. 
The gain and bandwidth requirements for the opamp were derived from the simulation results.
Unlike  Nyquist-rate ADCs,  the ΣΔ ADCs suffer  from stability  issues when the input exceeds a certain  level.  The 
maximum usable input level is determined by the resolution of the quantizer and the order of the loop filter in the ΣΔ 
ADC. Using Matlab models, the maximum value of input for different oversampling ADC configurations in the R-ADC 
were found. The results  obtained from simulation are comparable to the theoretical  values.  The cascaded ADCs 
require digital filter functions which enable the cancellation of quantization noise from certain stages. These functions 
were implemented in Matlab. For the R-ADC, these filter functions need to run at very high sampling rates. The ΣΔ 
loop filter transfer functions were chosen such that their coefficients are powers of two, which would allow them to be 
implemented as shift and add operations instead of multiplications.
The R-ADC configurations were simulated in Matlab. A schematic for the R-ADC was developed in Cadence using ideal 
switches and a finite  gain, single-pole operational  transconductance amplifier  model.  The ADC configuration was 
selected by four external bits. Performance parameters such as SNR, SNDR and SFDR obtained from simulations in 
Cadence agree with those from Matlab for all ADC configurations.
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Abstract

Analog-to-Digital  Converters  (ADCs)  can  be  classified  into  two  categories 
namely  Nyquist-rate  ADCs and Oversampled  ADCs.  Nyquist-rate  ADCs  can 
process  very  high  bandwidths  while  Oversampling  ADCs  provide  high 
resolution using coarse quantizers and support lower input signal bandwidths. 
This work describes a Reconfigurable ADC (R-ADC) architecture which models 
14 different ADCs utilizing four four-bit flash ADCs and four Reconfigurable 
Blocks (RBs). Both Nyquist-rate and Oversampled ADCs are included in the 
reconfiguration scheme. 

The R-ADC supports first- and second-order Sigma-Delta (ΣΔ) ADCs. Cascaded 
ΣΔ  ADCs  which  provide  high  resolution  while  avoiding  the  stability  issues 
related to higher order ΣΔ loops are also included. Among the Nyquist-rate 
ADCs, pipelined and time-interleaved ADCs are modeled. A four-bit flash ADC 
with calibration is used as the basic building block for all ADC configurations. 
The R-ADC needs to support very high sampling rates (1 GHz to 2 GHz). Hence 
switched-capacitor (SC) based circuits are used for realizing the loop filters in 
the  ΣΔ  ADCs.  The  pipelined  ADCs  also  utilize  an  SC  based  block  called 
Multiplying Digital-to-Analog Converter (MDAC). By analyzing the similarities 
in structure and function of the loop filter and MDAC, a RB has been designed 
which  can  accomplish  the  function  of  either  block  based  on  the  selected 
configuration.  Utilizing  the  same  block  for  various  configurations  reduces 
power and area requirements for the R-ADC. 

In  SC based circuits,  the minimum sampling capacitance is  limited by the 
thermal noise that can be tolerated in order to achieve a specific ENOB. The 
thermal  noise  in  a  ΣΔ  ADC is  subjected  to  noise  shaping.  This  results  in 
reduced  thermal  noise  levels  at  the  inputs  of  successive  loop  filters  in 
cascaded or multi-order ΣΔ ADCs. This property can be used to reduce the 
sampling capacitance of successive stages in cascaded and multi-order ΣΔ 
ADCs. In pipelined ADCs, the thermal noise in successive stages are reduced 
due to  the  inter-stage  gain  of  the  MDAC in  each  stage.  Hence  scaling  of 
sampling capacitors can be applied along the pipeline stages. The RB utilizes 
the scaling of capacitor values afforded by the noise shaping property of ΣΔ 
loops and the inter-stage gain of stages in pipelined ADCs to reduce the total 
capacitance requirement for the specified Effective Number Of Bits (ENOB). 

The critical  component of the RB is the operational  amplifier (opamp). The 
speed of operation and ENOB for different configurations are determined by 
the  3  dB  frequency  and  DC  gain  of  the  opamp.  In  order  to  find  the 
specifications of the opamp, the errors introduced in  ΣΔ and pipelined ADCs 
by the finite gain and bandwidth of the opamp were modeled in Matlab. The 
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gain  and  bandwidth  requirements  for  the  opamp  were  derived  from  the 
simulation results.

Unlike Nyquist-rate ADCs, the ΣΔ ADCs suffer from stability issues when the 
input exceeds a certain level. The maximum usable input level is determined 
by the resolution of the quantizer and the order of the loop filter in the ΣΔ 
ADC.  Using  Matlab  models,  the  maximum  value  of  input  for  different 
oversampling  ADC  configurations  in  the  R-ADC  were  found.  The  results 
obtained from simulation are comparable to the theoretical values.

The  cascaded  ADCs  require  digital  filter  functions  which  enable  the 
cancellation of quantization noise from certain stages. These functions were 
implemented in Matlab. For the R-ADC, these filter functions need to run at 
very high sampling rates. The ΣΔ loop filter transfer functions were chosen 
such that their coefficients are powers of two, which would allow them to be 
implemented as shift and add operations instead of multiplications.

The R-ADC configurations were simulated in Matlab. A schematic for the R-
ADC was developed in Cadence using ideal switches and a finite gain, single-
pole  operational  transconductance  amplifier  model.  The  ADC configuration 
was  selected  by  four  external  bits.  Performance parameters  such as  SNR, 
SNDR and SFDR obtained from simulations in Cadence agree with those from 
Matlab for all ADC configurations.
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List of Abbreviations

ADC Analog to Digital Converter A circuit which converts analog signals to 
digital output bits

ADE Analog Design Environment A circuit simulation environment from 
Cadence

ASIC Application Specific 
Integrated Circuits

ASIC 
toolbox

'ASIC for DSP' course 
toolbox

A Matlab toolbox used in the 'ASIC for DSP' 
course at Linköping University

BW Bandwidth The highest frequency component of a 
signal

CB Control Block

CIFB Cascaded Integrator with 
distributed FeedBack as well 
as distributed input coupling

A structure for implementing loop filter in 
sigma-delta ADCs

DAC Digital to Analog Converter A circuit which converts digital bits to 
analog output signals

DEM Dynamic Element Matching Technique in which the unit elements of a 
DAC are selected such that the mismatch 
errors appear as random noise instead of 
distortions.

ENOB Effective Number Of Bits The number of output bits of an ADC which 
can be utilized

ES Electronics Systems

FF Flip-flop An edge-triggered sequential logic element 
which stores one bit of information

FS Full-scale The maximum range of input used for a 
certain block

I/O Input-Output

LS Leslie Singh A class of cascaded sigma-delta ADC

LSB Least Significant Bit

MASH Multi stAge Noise SHaping A class of cascaded sigma-delta ADC

MDAC Multiplying Digital to Analog 
Converter

NTF Noise Transfer Function 

OCEAN Open Command 
Environment for Analysis

A SKILL based scripting language for 
configuring and controlling Virtuoso Analog 
Design Environment

opamp Operational amplifier

OSR Over Sampling Ratio Ratio of sampling frequency to Nyquist 
frequency

OTA Operational 
Tarnsconductance Amplifier

A type of operational amplifier which drives 
capacitive loads

R-ADC Reconfigurable ADC
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RB Reconfigurable Block

S/H Sample-and-Hold

SAR Successive- Approximation 
Register

A technique for analog to digital conversion

SC Switched-Capacitor

SDM Sigma-Delta Modulator 

SFDR Spurious Free Dynamic 
Range

SFG Signal Flow Graph

SNDR Signal to Noise and 
Distortion Ratio

SNR Signal to Noise Ratio

STF Signal Transfer Function 

TC Thermometer Coded

ΣΔ Sigma-Delta Represents the integration and difference 
operations in a sigma-delta modulator 



1 BACKGROUND
1.1 Introduction

Flash ADCs provide very high conversion rates. Since the number of comparators used in a 
flash  ADC  increases  exponentially  with  resolution,  it  is  seldom  used  as  such  for 
applications requiring resolutions greater than six bits. For resolutions greater than six 
bits, pipelined and  ΣΔ ADC architectures can be used. These ADC architectures use low 
resolution  sub-ADCs  which  in  most  cases  will  be  a  flash  ADC.  However  component 
mismatches  and  other  non-idealities  of  the  flash  ADC,  reduce  the  achievable  ENOB. 
Researchers  at  Electronics  Systems,  Linköping  Univertsity  have  devised  calibration 
schemes  for  reducing  the  effects  of  such  errors  in  a  flash  ADC  [2,3].  The  flash  ADC 
(comparator) is used as a basic building block in all ADC architectures. By constructing 
different ADCs using the flash block, the effectiveness of these calibration schemes can be 
evaluated. The R-ADC provides a platform where a single chip can be configured as 14 
different  ADCs.  Four  configuration  bits  are  used  to  select  any  of  the  supported 
architectures.  A  commercial  use  case  for  such  an  ADC chip  will  be  in  multi-standard 
communication  devices  where  data  conversion  requirements  vary  widely  between 
standards. In such a scenario, a reconfigurable ADC will provide better power and area 
utilization compared to using individual ADCs for each wireless standard [1]. 

The R-ADC uses a four-bit flash ADC as the basic building block. It supports two types of 
ADCs: Nyquist-rate and Oversampled ADCs

1.2 Nyquist-Rate ADCs

Nyquist-rate is the minimum rate at which a signal should be sampled to prevent aliasing. 
If f B  is the bandwidth of the signal to be sampled, its Nyquist-rate f N  is defined as

f N=2fB (1.1)

Characteristics of Nyquist-rate ADCs are

a) Sampling rate f s  is greater than the Nyquist-rate f N .

b) Processing of input samples depend only on the current sample and not on the 
previous samples (memory-less).

c) Each input sample produces exactly one output sample.

Linearity  of  Nyquist-rate  ADCs  depend  mainly  on  the  matching  between  analog 
components used and hence have stringent requirements on the analog performance.

1.3 Oversampled ADCs

For an N-bit Nyquist-rate ADC with full-scale range FS , the value corresponding to 1 LSB is 
given by

q=
FS

2N
(1.2)
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The quantization noise power is given by 

vn
2
=
q2

12
(1.3)

As shown in  Figure 1.1, for a Nyquist-rate ADC, the quantization noise power is spread 
uniformly over the entire band of interest ( f s/2 ). 

In oversampled ADCs, the input is sampled at a rate much greater than the Nyquist-rate. If 
f s/2  is the band of interest, then the signal is sampled at a rate  Kf s  where  K  is the 
oversampling ratio. The total quantization noise power is same as that given in equation 
(1.3). However due to oversampling, the noise power is spread uniformly over Kf s/2 . If a 
digital lowpass filter of bandwidth f s/2  is used after the ADC, the out-of-band quantization 
noise can be removed. This results in a lower in-band quantization noise compared to 
Nyquist-rate ADCs as shown in Figure 1.1 [5]. The in-band quantization noise power in an 
oversampled ADC with oversampling ratio, OSR , is given by

vn
2
=

q2

12⋅OSR
(1.4)

Oversampling relaxes the design of the analog anti-aliasing filter that precedes the ADC. 
The transition width of the anti-aliasing filter will be much wider and this results in a lower 
filter order, thus reducing the number of analog components. 

ΣΔ  ADCs  constitute  a  special  class  of  oversampled  ADCs  where,  in  addition  to 
oversampling, the quantization noise is shaped in such a way that the in-band quantization 
noise is further reduced as shown in  Figure 1.1. ΣΔ ADCs achieve very high resolutions 
(>18 bits) by digital filtering and decimation to improve the SNR of the coarsely quantized 
bits.  These converters rely on a trade-off  between resolution in time and resolution in 

Figure 1.1: In-band quantization noise for Nyquist-rate and oversampled ADCs
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amplitude. The input analog signal is sampled at a rate which is much higher than the 
Nyquist frequency. The oversampling process combined with noise shaping of the ΣΔ loop 
helps to reduce the quantization noise in the frequency band of  interest.  The in-band 
quantization noise power for a ΣΔ ADC with an Lth  order modulator [4] is given by 

vn
2
=

q2
⋅

2L

12⋅2L1⋅OSR2L1 (1.5)

Thus very high resolutions can be achieved with quantizers having low number of bits. 
Quantizers with lower number of bits have lesser complexity.  Hence ΣΔ ADCs shift the 
design complexity from the analog to the digital domain. 
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C 10 Two-channel time-interleaved ADC 2 1000 - 4

C 11 Four-channel time-interleaved ADC 4 2000 - 4

C 12 MASH 2-1-1 ΣΔ ADC 1 30 17 10

C 13 Four-bit flash ADC 1 500 1 4
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[5] Walt Kester,  ADC Architectures III: Sigma-Delta ADC Basics, Analog Devices Tutorial, 
MT-022, 2009.



2 NYQUIST-RATE ADCS
2.1 Flash ADC

The specification of the fully differential four-bit flash ADC is listed in Table 2.1.

The flash ADC has 15 comparators  and provides both thermometer coded and binary 
outputs. The reference voltages are set by a string of resistors. The block diagram for the 
comparator array with single-ended outputs is shown in Figure 2.1. The 15 thermometer 
coded  outputs  TC0  to  TC14  are  converted  to  binary  code  using  a  multiplexer  based 
converter  [4].  The  flash  ADC  uses  dynamic  comparators  which  have  two  phases  of 
operation. During the active or conversion phase, the output level is generated depending 
on the difference between the analog input  and the reference level.  During the reset 
phase, the output is forced low. The I/O details of the fully differential four-bit flash ADC 
and its timing diagram are shown in Figure 2.2. When 1  is high, conversion occurs (active 
phase). When 1  is low, the ADC enters reset phase. The output code generated during 
the active phase is held stable during the reset phase by a register.

Figure 2.1: Comparator array - flash ADC.

V in t

TC 14

TC 13

TC 0

1

1

1

Table 2.1: Specification for four-bit flash ADC.

Parameter Value

V ref + 0.725V

V ref - 0.475V

V cm 0.6V

FS 0.25V
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The number of  comparators  required for  the flash architecture increases exponentially 
with  the  resolution.  This  results  in  excessive  power  consumption  and  increased  area 
requirement. Hence flash ADCs are normally restricted to resolution of 5-6 bits. The plot of 
number of comparators vs. resolution is shown in Figure 2.3. 

2.2 Pipelined ADCs

Pipelined ADCs are suitable for high speed operation and for resolutions higher than 10 
bits.  They consists of two or more stages with each stage converting a portion of the 
analog  input  voltage  to  digital  bits.  These bits,  after  proper  alignment,  form the final 
output. Each stage in a pipelined ADC consists of a S/H circuit, a low resolution flash ADC, 
DAC and a residue amplifier circuit. Residue is the difference between the sampled input 
and the output of the DAC. If a symmetric quantizer is used, the residue will be within 
±0.5V LSB . Ideally, the residue generated in one stage is amplified such that it occupies the 
input range of the ADC in the next pipeline stage. 

Figure 2.2: Four-bit flash ADC - I/O and timing details.

TC

TC
CLK

ADC

1

15V in+

V in -
15

D

4

D

4

1

D

Figure 2.3: Number of comparators vs. resolution in flash ADC.
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The performance of  pipelined ADCs is  affected by comparator  offset  errors  as well  as 
errors in the input reference voltages of the flash ADCs in each stage of the pipeline. This 
results in non-uniform quantization and the residue voltage of one stage may lie outside 
the range of the next stage in the pipeline. This can cause overflow or underflow of the 
results. In order to counter this, error correction should be implemented on the raw bits 
obtained at the output of the pipelined ADC. In R-ADC, one-bit overlap-add technique is 
used. In this scheme, raw outputs of all stages are added after overlapping the LSB of one 
stage with the MSB of the next stage. 

Assume that each stage of the pipelined ADC uses a four-bit bipolar symmetric quantizer 
with 15 quantization steps. No-overload input range of the quantizer, which is the range of 
input values for which the quantization error is within  ±0.5V LSB , is assumed to be  ±2V  
with an LSB size of 0.25V . The input quantization levels are 0V , ±0.25V , ±0.5V , ±0.75V , 
±1V , ±1.25V , ±1.5V  and ±1.75V . Output levels are ±0.125V , ±0.375V , ±0.625V , ±0.875V , 
±1.125V , ±1.375V , ±1.625V  and ±1.875V . The transfer curve of such a quantizer is shown 
in Figure 2.4.

As shown in Figure 2.4, the residue varies between ±0.5V LSB  which is equal to ±0.125V  in 
our example. Since one-bit overlap addition is used, only half the input range of the next 
stage can be utilized. Hence for the four-bit flash ADC with specification given in Table 2.1, 
the residue will be amplified by a factor of eight as shown in Figure 2.5.

Number of stages in a pipelined ADC depend on the number of bits in each stage and the 
ENOB required. The R-ADC has three types of pipelined ADCs: twelve-bit, nine-bit and six-
bit  ADCs.  Each  stage  of  the  pipeline  uses  a  four-bit  flash  ADC.  Hence  the  twelve-bit 
configuration needs four stages while the nine-bit and six-bit cases require three and two 
stages respectively. 

Figure 2.4: Transfer curve of bipolar quantizer.
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2.3 Pipeline Stage – Details

The block diagram of a four-stage pipelined ADC is shown in  Figure 2.6. Pipelined ADCs 
consist  of  a number of  identical  stages.  Each stage is  composed of  a S/H circuit,  low 
resolution ADC and DAC, and residue calculation circuit.  Each stage samples the input 
voltage and converts it to the equivalent digital bits using the ADC. The ADC output is fed 
to the DAC which produces the analog voltage corresponding to the digital input. Finally 
the residue computation circuit computes the difference between the sampled input signal 
and the DAC output and amplifies the difference. The amplification factor is determined by 
the number of bits per stage and the number of redundant bits (used for error correction) 
in each stage. The three functions namely – sampling, digital-to-analog conversion and 
residue calculation are done using a single circuit called the Multiplying DAC (MDAC). The 
pipeline stage with and without MDAC is shown in Figure 2.7.

Figure 2.5: Residue range in pipelined ADC.
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2.4 MDAC Operation

The MDAC is implemented as an SC circuit which uses an opamp. The MDAC operates on 
two  non-overlapping  clock  phases, 1 and 2 .  There  are  two  operating  phases  for  the 
MDAC  –  the  sampling  phase  and  the  residue  computation  phase.  The  MDAC  design 
provides one-bit of redundancy for error correction. The MDAC configuration during the 
sampling phase [2] is shown in Figure 2.8.

During sampling phase, the input signal is sampled onto the capacitor plates. The clock 
phase 1  is used for sampling. Considering only one of the differential paths for simplicity, 
the total charge on the capacitors [1] is given by

q1=V in⋅8C4C2CCC=V in⋅16C  (2.1)

The MDAC circuit during residue computation phase [2] is shown in Figure 2.9.

Figure 2.6: Block diagram of four-stage pipelined ADC.

Figure 2.7: Pipeline stage.
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Clock phase  2  is used for residue computation. During this phase, two capacitors are 
connected to the output while the remaining are connected to V ref +  or V ref -  depending on 
the output from the ADC in the pipeline stage. The total charge on the capacitors during 
this clock phase [1] is given by

q2=V out⋅2CV ref 8C⋅D34C⋅D22C⋅D1C⋅D0  (2.2)

Figure 2.8: MDAC - sampling phase.
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Figure 2.9: MDAC - residue phase.
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D3 , D2 , D1 and D0  are the four output bits from the ADC in the pipeline stage. The total 
charge on the capacitors during both clock phases is equal and thus the output at the end 
of residue phase [1] is obtained as 

V out=8⋅[V in−V ref 
D3

2

D2

4

D1

8

D0

16
]  (2.3)

For  this  calculation,  the  opamp  DC  gain  is  assumed  to  be  infinite  and  the  parasitic 
capacitance on the input nodes of the opamp is neglected. The block diagram of a fully 
differential pipeline stage using MDAC is shown in Figure 2.10. The differential input signal 
is applied to the ADC and the MDAC. During 1 , MDAC samples the input and ADC converts 
the input sample into a four-bit digital code. During 2 , MDAC computes the residue using 
the four output bits from the ADC. It is assumed that the ADC output remains stable during 
2 . The use of the clock phases can be changed according to design requirements, i.e., 
the sampling/ADC conversion can be done during 2  and the residue computation during 
1 .

Figure 2.10: Fully differential pipeline stage with MDAC.
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2.5 Timing Diagram for Four-Stage Pipelined ADC

A four-stage pipelined ADC consists of three pipeline stages and a flash ADC as the fourth 
stage. The timing diagram for the various stages in a four-stage pipelined ADC is shown in 
Figure 2.11.

Each pipeline stage consists of  an ADC and MDAC. The flash ADC utilizes an array of 
dynamic comparators which are active (i.e., converting the input to digital bits) when the 
clock input is high. The ADC is reset when the clock goes low. The output from the ADC is 
registered and remains stable for one clock period. The notations used in Figure 2.11 are

ADC_S1 - four-bit flash ADC in pipeline stage 1

ADC_S2 - four-bit flash ADC in pipeline stage 2

ADC_S3 - four-bit flash ADC in pipeline stage 3

ADC_S4 - final four-bit flash ADC 

MDAC1 – MDAC in pipeline stage 1

MDAC2 – MDAC in pipeline stage 2

MDAC3 – MDAC in pipeline stage 3

The two non-overlapping clock phases are termed 1  and 2 .

n , n1 , n2 and n3 denote the successive input samples to the pipelined ADC. For the 
ADC and MDAC, the active phase occurs when the clock applied is HIGH. The final value 
after conversion, sampling or residue computation is available at the falling edge of the 
clock. From  Figure 2.11, it can be seen that the clocks are swapped from one pipeline 
stage  to  the  next  [3].  ADC_S1  converts  during 1 while  ADC_S2  converts  during 2 . 

Figure 2.11: Timing diagram for pipelined ADC.
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Similarly MDAC1 samples during 1 and computes residue during 2  while MDAC2 samples 
during 2 and  computes  residue  during 1 .Swapping  of  clocks  ensures  that  the  data  is 
correctly passed from one pipeline stage to the next. Since the digital outputs of each 
stage are available at different clock edges, the outputs from all four ADCs for a particular 
input sample must be aligned in order to apply digital error correction.

2.6 Output Data Synchronization

The output bits from different pipeline stages have to be properly aligned before error 
correction  can  be  applied.  Since 1 and 2 are  used  alternately  in  successive  pipeline 
stages, the synchronization network should also use alternate clocks between stages [3]. 
The alignment of the output bits from the ADCs is done by a chain of FFs. Each FF denotes 
a four-bit register. The network of FFs is shown in Figure 2.12.

Figure 2.12: Output data synchronization block for pipelined ADC.
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2.7 Two-Stage Pipelined ADC

The fully differential two-stage pipelined ADC consisting of a pipeline stage and a four-bit 
flash ADC is shown in Figure 2.13. Each stage produces four output bits. Since overlap-add 
technique is applied and the least significant bit is discarded, only six bits are available at 
the final output. The block Stage1 consists of an MDAC and a four-bit ADC. The residue from
Stage1 is fed to the second stage ADC. For Stage1 , the timing details are identical to those of 
ADC_S1 and MDAC1 shown in  Figure 2.11. For the second stage ADC, the timing details 
are  identical  to  that  of  ADC_S2 shown in  Figure  2.11.  Error  correction block  performs 
overlap addition to correct errors in Stage1 . 

Figure 2.13: Two-stage pipelined ADC using MDAC.
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2.8 Three-Stage Pipelined ADC

A block diagram of the three-stage pipelined ADC is shown in Figure 2.14.

Stage1 constitutes the first pipeline stage. Residue from Stage1 is fed to the second pipeline 
stage, Stage2 . Residue from Stage2 is fed to the flash ADC which forms the third stage. Timing 
details for each stage are shown in Figure 2.11. For Stage1 , the timing details are identical 
to those of  ADC_S1 and MDAC1. For Stage2 ,  the timing details  are identical  to those of 
ADC_S2  and  MDAC2.  For  the  third  stage  ADC,  timing  details  are  identical  to  that  of 
ADC_S3.  Error  correction  block performs overlap  addition to  correct  errors  in Stage1 and
Stage2 . The final output consists of nine bits.

Figure 2.14: Three-stage pipelined ADC using MDAC.
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2.9 Four-Stage Pipelined ADC

A block diagram of the four-stage pipelined ADC realized using MDACs is shown in Figure
2.15.

The  four-stage  pipeline  ADC consists  of  three  pipeline  stages  and  a  flash  ADC  which 
constitutes the fourth stage. Timing details for each stage are given in  Figure 2.11. For
Stage1 , timing details are identical to those of ADC_S1 and MDAC1. For Stage2 , timing details 
are identical  to those of  ADC_S2 and MDAC2. For Stage3 ,  timing details  are identical  to 
those of ADC_S3 and MDAC3. For the final flash ADC, timing details are identical to that of 
ADC_S4. Error correction block performs overlap addition to correct errors in Stage1 , Stage2

and Stage3 . The final output consists of twelve bits.

Figure 2.15: Four-stage pipelined ADC using MDAC.
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2.10 Four-Channel Time-Interleaved ADC

Time-interleaved ADCs use a number of ADCs in parallel with each ADC operating on a 
specified clock phase.  This  architecture helps  to  achieve  high conversion  rates  at  the 
output even when each individual ADC works at a lower frequency. Lower frequency of 
operation results in reduced power consumption and also relaxes the specification of each 
ADC. The block diagram of a four-channel time-interleaved ADC using four flash ADCs is 
shown in Figure 2.16.

Here the input is fed to the four flash ADCs in parallel. The clocks provided to the four flash 
ADCs are non-overlapping such that only one ADC samples the input at a given instant of 
time.  If f s is  the conversion rate  at  the output,  then the clocks 1 , 2 , 3 and 4  have a 
frequency of 0.25 f s . Thus each flash ADC has a conversion time of 3T s  where T s=1 / f s . The 
timing diagram for the four-channel time-interleaved ADC is shown in Figure 2.17.

Figure 2.16: Block diagram of four-channel time-interleaved ADC.
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2.11 Two-Channel Time-Interleaved ADC

The block diagram of the two-channel time-interleaved ADC is shown in Figure 2.18.

Here the input is fed to two flash ADCs in parallel. The conversion rate at the output is 
twice the frequency at which each flash ADC operates.

2.12 Generation of Non-Overlapped Clocks

Two non-overlapping clock phases are required for the operation of pipelined ADCs and 
two-channel time-interleaved ADC. These clock phases,  1 and 2 , define the instant at 
which sampling, residue computation and ADC conversion occur. These clock phases and 
their delayed versions are also used to realize the integrators in SC based ΣΔ ADCs. The 
circuit for generating the clocks [5] is shown in Figure 2.19.

1 and 2 have the same frequency as the input clock, clk . However, their duty cycles differ 
in order to achieve the non-overlapping criterion.

Figure 2.18: Block diagram of two-channel time-interleaved ADC.
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3 OVERSAMPLED ADCS
Oversampled  ADCs help  to  relax  the  requirement  on  the  analog  anti-aliasing  filter  by 
sampling the input at a frequency much higher than the Nyquist-rate. ΣΔ ADCs provide 
further reduction in analog complexity by shaping the in-band quantization noise such that 
its amplitude in the band of interest is further reduced. 

The R-ADC supports the following oversampled ADCs.

• First-order ΣΔ ADC

• Second-order ΣΔ ADC

• MASH 1-1 ADC

• MASH 1-1-1 ADC

• MASH 2-1 ADC

• MASH 2-1-1 ADC

• LS 1-0 ADC

• LS 2-0 ADC

Architectural details of these ADCs are explained in this chapter.

3.1 Noise Shaping in ΣΔ ADCs

Quantization noise can be considered as random and its distribution Gaussian if the input 
varies at a high rate. The noise power in this case will be uniformly distributed throughout 
the spectrum. ΣΔ ADCs provide better SNR and ENOB compared to Nyquist-rate ADCs by 
shaping the noise spectrum in such a way that most of the noise power is pushed out of 
the band of interest.

The basic structure of a ΣΔ ADC is shown in Figure 3.1.

Figure 3.1: Basic structure of ΣΔ ADC.
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The structure shown in Figure 3.1 consists of a loop filter, a low resolution ADC and a low 
resolution DAC. In order to simplify the analysis, following assumptions are made: 

• Loop filter is a first-order delaying integrator. 
• ADC can be viewed as a linear device with unity gain that adds quantization noise. 
• DAC is linear and its output range is same as the input range of the ADC.

With these assumptions the z-domain model can be derived as shown in Figure 3.2.

From the z-domain model, 

Y  z =[X  z −Y  z]⋅
z−1

1−z−1E  z

=z−1 X  z1−z−1
E  z

 (3.1)

z−1 , which is the Signal Transfer Function (STF), represents a delay while 1−z−1 , which is 
the Noise Transfer Function (NTF), corresponds to a highpass filter. This means that the 
signal remains unchanged while the quantization noise introduced by the ADC is highpass 
filtered by the modulator.  Hence the ΣΔ ADC shapes the spectrum of the quantization 
noise. Errors due to non-linearities in the ADC get added to E z and will also be shaped by 
the ΣΔ loop. However since the DAC is in the feedback path, its non-linearities will appear 
at the output without any shaping. To mitigate this, a one-bit quantizer, which is inherently 
linear, can be used. If a multi-bit ΣΔ modulator is to be implemented, techniques such as 
DEM should be used for the DAC [1].

3.2 SNR Computation for ΣΔ ADCs

For an Lth-order loop filter, the in-band noise power is approximately given by [1]

qrms
2
=


2L
×erms

2

2L1⋅OSR2L1
 (3.2)

The SNR for a ΣΔ ADC using an N bit quantizer and providing full scale input is given by

SNR=6.02N1.7610⋅2L1⋅log OSR−10⋅log


2L

2L1
 (3.3)

From equation (3.3) it can be seen that the number of bits added to the resolution for each 
doubling of the OSR is L0.5 . Accordingly a first-order ΣΔ ADC provides 9 dB increase in 
SNR for each doubling of the OSR while a second-order ΣΔ ADC provides 15 dB increase in 
SNR.

 Figure 3.2: Z-domain model with first-order loop filter.
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3.3 First-Order ΣΔ ADC

The first-order ΣΔ ADC uses a first-order loop filter as shown in  Figure 3.2. Selecting the 
loop filter architecture is an important design decision which affects the SNR as well as 
stability of the ΣΔ ADC. In the R-ADC, the CIFB structure with bi=0 for i1 is used due to its 
simpler architecture and suitability for reconfiguration. Making all bi except b1 equal to zero 
makes  the  STF  constant  in  the  signal  band.  CIFB  structures  make  use  of  delayed 
integrators which helps to reduce the speed requirement of amplifiers in SC integrators 
[1]. The block diagram of a first-order CIFB structure is shown in Figure 3.3.

The Delta-Sigma toolbox for Matlab was used to design the coefficients for the loop filter 
[1]. After fixing the order of the loop filter (which is same as the order of the ΣΔ ADC), the 
NTF of this loop filter is identified. The function synthesizeNTF provides the NTF based on 
the loop filter  order  and the OSR of  the ADC.  An optional  opt flag is  used to specify 
whether the zeros should be optimized to obtain maximum attenuation for quantization 
noise in the band of  interest.  The NTF obtained using  synthesizeNTF corresponds to a 
modulator with unity STF. The realizeNTF function is used to get the unscaled coefficients 
corresponding  to  an  NTF  obtained  using  synthesizeNTF.  Another  argument  to  the 
realizeNTF function is form which specifies the structure of the loop filter. The coefficients 
obtained from realizeNTF function were rounded off so as to simplify the digital blocks as 
well as to reduce coefficient errors due to rounding/truncation in the digital domain. The 
stuffABCD and calculateTF function were then used to obtain the resulting STF and NTF for 
the modified coefficients. 

The parameters used for realizing the NTF are given in Table 3.1.

Figure 3.3: Block diagram of first-order CIFB structure.
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The coefficient values obtained from the  realizeNTF function are modified in such a way 
that they result in simpler digital implementation. Typically it is desirable to have these 
coefficients as a power of two. Original coefficient values returned by the function along 
with the modified values are provided in Table 3.2.

Using the  stuffABCD function, the new ABCD matrix for the modified coefficients can be 
obtained. This is passed to the calculateTF function to obtain the NTF and STF of the first-
order ΣΔ ADC. 

The NTF for the modified coefficients in Table 3.2 is given as

NTF  z=
1−z−1

1−0.25z−1  (3.4)

The STF for the first-order ΣΔ ADC is given by

STF  z=
0.75z−1

1−0.25z−1  (3.5)

From equation (3.3), the maximum achievable SNR for a first-order modulator using a four-
bit ADC with an OSR of 50 and full-scale input is 71.63 dB. Also it can be seen that for a 
first-order ΣΔ ADC, doubling the OSR results in a 9 dB increase in SNR. The 9 dB increase 
in SNR corresponds to a 1.5 bit increase in ENOB. 

3.3.1 Switched-Capacitor Integrator

SC circuits operate based on capacitor ratios and hence are less sensitive to mismatch 
errors. This makes them fairly linear and also provides accurate frequency response since 
capacitance ratios can be maintained within an order of 0.1%. However this is not the case 

Table 3.1: Parameters for realizing NTF of first-order ΣΔ ADC.

Parameter Value Description

quantLevels 16 Number of quantization levels in the quantizer. The four-bit flash ADC 
has 16 quantization level.

opt 1 This option optimizes the zeros in the passband 

order 1 Order of loop filter used

form CIFB Specifies the structure for implementing the loop filter

OSR 50 Oversampling ratio. Chosen according to specification for first-order ΣΔ 
ADC.

NTFGain 1.5 Passband gain of the NTF

Table 3.2: Multiplier coefficients for first-order ΣΔ ADC.

Coefficient Original Modified

a1 0.6667 0.75

b1 0.6667 0.75

b2 1 0

c1 1 1



3.3 First-Order ΣΔ ADC 25

with RC circuits where the RC time constant can vary up to 20%. Figure 3.4 shows a single-
ended version of an SC integrator [2]. 1 and 2 are two non-overlapping clocks of period T  
as shown in Figure 3.5. 1d and 2d are delayed versions of 1 and 2 . Switches connected to 
the opamp virtual ground are turned off earlier to avoid charge injection. 

1 is the sampling clock while 2 is the integrating clock. 

Initially the parasitic capacitance present in the circuit is neglected. Also it is assumed that
V in remains constant for the entire sampling period. 

V inkT =V inkT−  (3.6)

Figure 3.4: Switched-capacitor integrator.
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During 1 , one end of C 1 gets connected to V in and the other end to ground. One end of C2 is 
connected to the output while the other will be connected to virtual ground of the opamp.
C 1 is  charged  by V in to q1kT  .  Assuming  that V in remains  constant  during 1 ,  the  charge 
stored in C 1 during 1 is 

q1kT =C1 V inkT −0 
=C1 V inkT−

 (3.7)

Charge stored in C 2 during 1 is

q2 kT =C2 V out kT −0 
=C2 V out kT  

 (3.8)

Since  one  end  of C2 is  connected  to  virtual  ground  during 1 ,  the  charge  in C2 will  not 
change during 1 and will be the same as q2kT− .

Now,

q2 kT−=C2 V out kT−−0 
=C2 V out kT− 

 (3.9)

Hence from equations (3.8) and (3.9),

V out kT =V out kT−  (3.10)

During 2 , C1 gets  connected  between  ground  and  opamp  negative  input  (which  is  at 
virtual ground). Since opamp is assumed to be ideal with infinite input impedance, the 
charge stored in C 1 will be redistributed to C2 . Charge stored in C2 during integration period 
is given by

q2 kT=C2 V out kT−0 
=C2 V out kT 

 (3.11)

Since charge at the negative terminal of the opamp is conserved, we can write

−q2kT=−q2kT −q1kT   (3.12)

The ' − ' sign is due to the virtual ground being connected to the negative plates of C 1 and 
C 2 . Using equations (3.7), (3.8), (3.10) and (3.11), equation (3.12) can be rewritten as

C2 V out kT =C2 V out kT  C 1 V in kT− 
=C2 V out kT− C1 V inkT−

 (3.13)

Taking z-transform on both sides of equation (3.13),

C2⋅z
1
2 V out z =C2⋅z

−
1
2 V out  zC1⋅z

−
1
2 V in z 

 (3.14)

Dividing both sides with C 2. z
1 /2 ,

V out  z =z
−1V out  z

C1

C2

⋅z−1V in z  (3.15)

Re-arranging equation (3.15) , we get

V out  z

V in z
=
C1

C2

⋅ z−1

1−z−1   (3.16)

The transfer function shown in equation (3.16) implies that the circuit shown in Figure 3.4 
is that of an integrator with gain C 1/C 2 .
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Linear capacitors are implemented by having a thin oxide layer between two poly-silicon 
layers. In such a capacitor,  parasitic  capacitance can occur between bottom plate and 
substrate ( Cp2 ), between top plate and substrate ( C p1 ) and between connecting wires and 
substrate.  Since  substrate  is  normally  grounded,  the  first  type  can  be  considered  as 
between  bottom  plate  and  ground.  Normally C p2 can  be  around 20 % of C 1 . C p1 is  less 
compared  to C p2 but  not  negligible  (around 1% to 5% of C 1 ).  Usually  bottom plate  is  not 
connected to sensitive nodes. 

In order to analyze the effect of parasitic capacitance in Figure 3.4, it is assumed that the 
input and output are connected to the output and input, respectively, of an opamp. Hence 
parasitic capacitance at these nodes can be neglected. Also parasitic capacitance at nodes 
which are at ground/virtual-ground can be ignored as they will not affect the result. Hence 
only C p1 and C p2  need to be considered. 

During 1 , charge stored in C1 and C 2 is given by equations (3.7) and (3.8) respectively. In 
this  phase Cp1 gets connected to V in while both ends of Cp2 are connected to ground and 
hence can be ignored. Charge stored in Cp1 during 1 is given by

qC p1
kT =C p1 V inkT−   (3.17)

During 2 , C p1 is connected to ground and the charge accumulated during 1 is drained to 
ground. Cp2 is connected between ground and virtual ground and hence can be ignored in 
this phase as well.  This means that the charge stored in parasitic  capacitors does not 
modify the charge on the integration capacitor C 2 . So the transfer function is same as that 
given in equation (3.16) and hence the circuit is parasitic-insensitive.

3.3.2 Switched-Capacitor First-Order ΣΔ ADC

Figure 3.6 shows a fully differential SC based first-order ΣΔ ADC. 

It consists of a first-order SC integrator, a four-bit flash ADC and a four-bit DAC. C s is the 
sampling capacitor and C f is the integrating capacitor. The four-bit flash ADC is same as 
the one explained in Section 2.1. 

Figure 3.6: Switched-capacitor implementation of first-order ΣΔ ADC.
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The schematic of the four-bit differential DAC used in all ADC configurations is shown in 
Figure 3.7 [3].  This  module  accepts 15-bit  thermometer coded input and provides the 
equivalent  differential  analog  output  between V ref + and V ref - .  There  are  15  DAC  unit 
elements, which convert each of the thermometer coded bits to analog voltage. It requires 
non-overlapping clocks 1 and 2 . When 1 is high, the DAC is in reset phase and one end 
of all Cdac will be connected to V cm . When 2 is high, the DAC is in convert phase and based 
on the digital input bits, Cdac in each unit element will be either connected to V ref + or V ref - . 
The capacitance values are selected to satisfy the criteria given in equations  (3.18) and 
(3.19). 

Figure 3.7: Schematic of four-bit differential DAC.
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Cs

C f

=b1 c1=0.75  (3.18)

15⋅Cdac

C f

=a1c1=0.75  (3.19)

The values of a1 , b1 and c1 are given in  Table 3.2. The timing diagram of the schematic in 
Figure 3.6 is shown in Figure 3.8.

During  sampling  phase 1 ,  the  input x is  sampled  onto C s .  During  this  phase, C f is 
connected between integrator output and opamp virtual ground. So it holds the charge 
accumulated  during  the  previous  integration  phase 2 .  At  the  falling  edge  of 1 ,  the 
voltage at the output of the integrator will be converted by the ADC. During 1 , the DAC is 
in reset phase. During the integration phase 2 , the DAC converts the ADC output to its 
equivalent  analog  voltage.  The  difference  between  the  current  sample  value  and  the 
analog equivalent of the previous sample is then fed to C f and the process continues.

As will be explained in Chapter 4, the amount of capacitance connected to the input of the 
opamp has a direct impact on the errors due to finite gain and bandwidth of the opamp. To 
minimize these errors, the capacitance connected to the input node of the opamp should 
be reduced. This can be achieved by using the same capacitor for input sampling as well 
as DAC feedback. The resulting schematic is shown in Figure 3.9.

First-order ΣΔ ADCs are inherently stable as long as the input is within full-scale range of 
the quantizer. However these modulators suffer from idle tones that are generated when a 
constant  rational  DC voltage  or  an  input  voltage  that  varies  slowly  around a  rational 
voltage level is applied to the ΣΔ ADC [1]. These tones, also known as limit cycles, have to 
be avoided especially in audio applications. Limit cycles can be reduced by dithering in 
which a pseudo-random signal is added to the input. Due to limit cycles as well as the 
large oversampling ratios required to achieve good resolution, first-order ΣΔ ADCs are not 
suited for applications requiring high performance. 

Figure 3.8: Timing diagram of first-order ΣΔ ADC.
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3.4 Second-Order ΣΔ ADC

Second-order ΣΔ ADCs use a second-order ΣΔ modulator which helps to further reduce 
quantization noise in the passband. Figure 3.10 shows the block diagram of a CIFB second-
order ΣΔ modulator. The second-order ΣΔ modulator incorporates two loop filters, a four-
bit ADC and a four-bit DAC. 

Figure 3.10: Block diagram of second-order ΣΔ modulator.
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Table 3.3 shows the parameters used to realize the NTF of second-order ΣΔ modulator.

The original coefficient values returned by realizeNTF along with the modified values are 
shown in Table 3.4.

Using the modified coefficients, stuffABCD function provides the new ABCD matrix. Based 
on the new ABCD matrix, calculateTF function returns the NTF and STF given in equations 
(3.20) and (3.21) respectively.

NTF  z=
1−2z−1

z−2

1−0.5z−1
0.25z−2  (3.20)

STF  z=
0.75 z−2

1−0.5z−1
0.25z−2  (3.21)

From equation (3.3), for a second-order ΣΔ ADC using a four-bit quantizer and an OSR of 
50, the maximum achievable SNR is 97.89 dB. Hence for the same OSR, the second-order 
ΣΔ ADC provides higher SNR compared to the first-order ΣΔ ADC. In second-order ΣΔ ADC, 
doubling the OSR increases the SNR by 15 dB which corresponds to a 2.5 bit increase in 
ENOB.

Table 3.3: Parameters for realizing NTF of second-order ΣΔ ADC.

Parameter Value Description

quantLevels 16 Number of quantization levels in the quantizer. A four-bit flash ADC is 
the quantizer

opt 1 This option optimizes the zeros in the passband 

order 2 Order of loop filter used

form CIFB Specifies the structure for implementing the loop filter

OSR 50 Oversampling ratio. Chosen according to specification for second-
order ΣΔ ADC

NTFGain 2.5 Passband gain of the NTF

Table 3.4: Multiplier coefficients for second-order ΣΔ ADC.

Coefficient Original Modified

a1 0.6637 0.75

a2 1.5328 1.5

g1 0.0013 0

b1 0.6637 0.75

b2 1.5328 0

c1 1 1

c2 1 1
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3.4.1 Switched-Capacitor Second-Order ΣΔ ADC

A fully differential SC implementation of the block diagram shown in Figure 3.10 is given in 
Figure 3.11. Two first-order loop filters are cascaded to form the second-order loop. Both 
loop filters are in sampling mode during 1 and in 2 phase they are in integration mode. 

The timing diagram for the schematic in Figure 3.11 is shown in Figure 3.12. 

Figure 3.11: Schematic of fully differential switched-capacitor ΣΔ ADC.

Figure 3.12: Timing diagram of SC second-order ΣΔ ADC.
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During 1 ,  loop  filter-1  samples xn  and  in  the  next 2 phase  computes xn – vn−2  and 
performs integration to generate u1n . In the next 1 phase, loop filter-2 samples u1n and 
in the following 2 phase computes u1n– v n−1 and performs integration to generate u2n . 
During the next 1 phase, the four-bit flash ADC converts u2n to TC n . In the subsequent
2 phase, the DACs convert TC(n) to the corresponding voltage v n . Since SC DACs shown 
in Figure 3.7 are used, two DACs are needed. The values of C s1 , C f1 , Cdac1 , C s2 , C f2 and Cdac2

are selected such that they satisfy the conditions given in equations (3.22) to (3.25).

C s1

C f1

=b1 c1=0.75  (3.22)

15⋅Cdac1

C f1

=a1 c1=0.75  (3.23)

C s2

C f2

=c2=1  (3.24)

15⋅Cdac2

C f2

=a2 c2=1.5  (3.25)

The  coefficients a1 , b1 , c1 , a2 and c 2 are  obtained  from  Table  3.4.  By  using  the  same 
capacitor for sampling as well as DAC feedback, capacitance connected to the input node 
of each loop filter can be reduced by half. This helps in reducing the impact of errors due 
to finite gain and bandwidth of the opamp. The modified schematic is given in Figure 3.13. 

Since for the second stage the ratios C s2/C f2 and 15⋅Cdac2 /C f2 differ, only ten Cdac2 capacitors are 
used for sampling ( 1 ) while all the fifteen Cdac2 capacitors are used for DAC feedback ( 2 ).

Figure 3.13: SC second-order ΣΔ ADC using same capacitor for sampling & DAC feedback.
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3.5 Cascaded ΣΔ Converters

SNR of a converter is a measure of the best-case accuracy. Hence from equation (3.3) it 
can be seen that, higher accuracy can be achieved by increasing the order of the ΣΔ ADC. 
However stability issues in higher order modulators outweigh the higher accuracy that 
they provide. Hence single loop filter ΣΔ modulators with order greater than two are rarely 
used.  Cascaded  ΣΔ  ADCs  circumvent  this  issue  by  cascading  lower  order  modulators 
(typically first- and/or second-order) to generate higher order ΣΔ ADCs. Such cascaded ΣΔ 
ADCs are also known as MASH ADCs. Cascading can be done by passing the quantization 
error  of  the  first  stage  as  input  to  the  second  stage.  In  the  R-ADC  to  simplify 
reconfiguration, the output of the first stage loop filter is passed as input to the next stage. 
Block diagram of such a two-stage cascaded ΣΔ ADC is shown in Figure 3.14.

LoopFilter can be either  a first-order  or  a second-order loop filter  whereas H 1 and H 2 are 
digital  filters. E1 and E2 are the quantization errors introduced by the ADCs. V 1 and V 2 are 
the outputs of the first and second ΣΔ modulator respectively.

Let STF1 , NTF1 be the STF and NTF of loop filter-1 and STF2 , NTF2 the STF and NTF of loop 
filter-2.  Z-transform of the output of  ΣΔ modulator  in the first  stage, V 1z  ,  is  given in 
equation (3.26).

V 1 z =STF1⋅U  z NTF1⋅E1 z   (3.26)

Z-transform of loop filter-1 output, Y 1 z , is given by

Y 1 z =[V 1z −E1 z]=STF1⋅U z NTF1⋅E1 z−E1 z 
=STF1⋅U  z [NTF1−1]⋅E1 z

 (3.27)

The  output  of  the  loop  filter  in  the  first  ΣΔ  ADC, Y 1n  is  fed  to  the  second  stage.  Z-
transform of the output of ΣΔ modulator in the second stage, V 2 z is given by

V 2 z =STF2⋅Y 1 zNTF2⋅E2 z 
=STF1⋅STF2⋅U  zSTF2⋅[NTF1−1]⋅E1 z NTF2⋅E2z 

 (3.28)

Figure 3.14: Block diagram of a two-stage cascaded modulator.
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Z-transform of the output, Y  z  is given as

Y  z =V 1z ⋅H 1z −V 2 z⋅H 2 z
=STF 1⋅U  zNTF1⋅E1 z ⋅H1 z− STF2⋅Y 1 z NTF2⋅E2 z  ⋅H 2z 
=STF1⋅U z ⋅H 1z NTF1⋅E1 z⋅H 1 z
−STF2⋅STF1⋅U z ⋅H 2z −H2 z⋅STF2⋅[NTF1−1]⋅E1 z
−H 2 z⋅NTF2⋅E2 z

=STF 1⋅H1 z −STF1⋅STF2⋅H2 z ⋅U z 

NTF1⋅H1z −STF2⋅[NTF1−1]⋅H 2z  ⋅E1 z
−NTF2⋅H2 z ⋅E2 z

 (3.29)

The digital filter stages H 1 and H 2 are designed such that in the final output Y  z , stage-1 
quantization noise, E1 , is canceled. To remove E1 , the term containing it is equated to zero 
as shown in equation (3.30).

NTF1⋅H1 z −STF2⋅[NTF1−1]⋅H 2 z =0  (3.30)

Equation (3.30) is satisfied if H 1 and H 2 are selected as 

H 1 z=[NTF1−1]⋅STF2  (3.31)

H 2 z=NTF 1  (3.32)

Substituting equations (3.31) and (3.32) in equation (3.29), the output of cascaded ΣΔ ADC 
becomes

Y  z=−STF1⋅STF 2⋅U  z−NTF1⋅NTF2⋅E2z   (3.33)

Thus  the  output  contains  only  the  quantization  noise  of  the  second  stage  which  is 
subjected to noise shaping by both the ΣΔ loops.  If  two first-order  ΣΔ modulators  are 
cascaded, a second-order noise shaping is obtained at the output. 

Leslie-Singh (LS) ADCs are special class of cascaded converters, where the first stage will 
be  a  ΣΔ  converter  while  the  second  stage  consists  of  a  Nyquist-rate  ADC  of  higher 
resolution. The block diagram of such a converter is shown in Figure 3.15.

Output of the loop filter in the first stage ΣΔ ADC, Y 1 , is input to the second stage ADC. 
This ADC can be a high resolution ADC such as a pipelined ADC. The quantization error, E2 , 
of the second stage is much smaller than the quantization error of the first stage, E1 .The 
outputs V 1 and V 2 of the two stages are passed through digital filters H 1 and H 2 respectively. 
If STF1 and NTF1 are the STF and NTF of the first stage respectively, the final output can be 
written as 

Y  z=H 1 z ⋅V1 z −H2 z⋅V 2 z
=H 1 z ⋅[STF1⋅U  zNTF1⋅E1 z]

−H2z ⋅z
−k
⋅STF 1⋅U  z[NTF1−1]⋅E1 z E2 z 

= STF 1⋅H1 z −z
−k
⋅STF1⋅H 2 z ⋅U  z

NTF1⋅H1 z −z
−k
⋅[NTF1−1]⋅H 2 z ⋅E1 z −z

−k
⋅H2 z⋅E2 z

 (3.34)

The  ADC  in  the  second  stage  is  assumed  to  have  a  latency  of k clock  cycles.  The 
quantization error of the ADC in the first stage can be removed if 
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NTF1⋅H1 z −z
−k
⋅[NTF1−1]⋅H2z =0  (3.35)

This is satisfied if H 1 and H 2 are selected as

H1 z=NTF1−1⋅z−k  (3.36)

H 2 z=NTF1  (3.37)

Then Y  z becomes

Y  z=−z−k⋅STF1 z⋅U1 z−z
−k
⋅NTF1 z⋅E2 z   (3.38)

Thus, the final output contains only the shaped quantization noise from the second stage 
ADC. Since the second stage uses a higher resolution ADC, the in-band quantization noise 
will be much less than the case in which only the single stage ΣΔ ADC is used. Usually 
Leslie Singh ADCs are represented as LS N-0, where N is the order of the first ΣΔ stage 
while '0' represents the Nyquist-rate ADC.

3.5.1 MASH 1-1 ADC

MASH 1-1 ADC consists of a cascade of two first-order ΣΔ ADCs as shown in Figure 3.16.

The calculateTF function in the Delta-Sigma Toolbox can be used obtain the STF and NTF 
of each ΣΔ ADC. Since both stages use first-order sections, they have the same STF and 
NTF. Hence

STF 1=STF2=STF
NTF1=NTF2=NTF

 (3.39)

If k , p are the STF gain and pole respectively and m , n the zero and pole respectively of 
the NTF, the STF and NTF will be

STF=
kz−1

1−pz−1  (3.40)

NTF=
1−mz−1

1−nz−1  (3.41)

Figure 3.15: Block diagram of a Leslie Singh ADC.
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From equations (3.31) and (3.32), the transfer functions for H 1 z and H 2 z to remove the 
quantization noise from the first stage is given as 

H 1 z=STF⋅[NTF−1]=
kz−1

1−pz−1
⋅
n−m z−1

1−nz−1
 (3.42)

H 2 z=NTF=
1−mz−1

1−nz−1  (3.43)

In the R-ADC, the NTF and STF of both the stages of MASH 1-1 are same as that of the 
first-order ΣΔ ADC given in equations (3.4) and (3.5) respectively.

Figure 3.16: Block diagram of MASH 1-1 ADC.
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3.5.2 MASH 1-1-1 ADC

MASH 1-1-1 consists of a cascade of three first-order stages as shown in Figure 3.17. Since 
all the three stages use identical first-order ΣΔ modulators,

STF 1=STF2=STF3=STF
NTF1=NTF2=NTF3=NTF

 (3.44)

Output of the loop filter in the first stage, Y 1 z , is given by

Y 1 z =[V 1z −E1 z]=STF⋅U  zNTF⋅E1 z−E1z 
=STF⋅U z [NTF−1]⋅E1 z 

 (3.45)

Y 1 z is passed as input to the next stage. The second stage loop filter output, Y 2 z , is 
given by

Y 2 z =V 2 z −E2 z
= STF⋅Y 1 z NTF⋅E2 z −E2 z 

=STF⋅STF⋅U z [NTF−1]⋅E1 z  [NTF−1]⋅E2 z 

=STF2
⋅U  z STF⋅[NTF−1]⋅E1 z[NTF−1]⋅E2 z

 (3.46)

The output of the three modulators can be written as

Y  z =V 1z ⋅H1z −V 2 z⋅H2 zV 3 z ⋅H3 z 
=STF⋅U  zNTF⋅E1 z ⋅H 1 z −STF⋅Y 1 zNTF⋅E2 z ⋅H 2 z 

STF⋅Y 2 zNTF⋅E3 z  ⋅H 3 z

=STF⋅H1 z ⋅U  zNTF⋅H1 z⋅E1 z −STF
2
⋅H 2 z⋅U  z 

−STF⋅[NTF−1]⋅H 2 z⋅E1 z −NTF⋅H2 z ⋅E2 z

STF3
⋅H 3 z⋅U  zSTF2

⋅[NTF−1]⋅H3 z ⋅E1 z
STF⋅[NTF−1]⋅H 3 z⋅E2 z NTF⋅H3 z ⋅E3 z

=STF⋅H1 z−STF
2
⋅H2 zSTF

3
⋅H3 z ⋅U z 

NTF⋅H1 z−STF⋅[NTF−1]⋅H 2 z STF
2
⋅[NTF−1]⋅H 3 z⋅E1 z 

STF⋅[NTF−1]⋅H 3 z −NTF⋅H 2 z ⋅E2 z
NTF⋅H 3 z⋅E3 z 

 (3.47)

For the MASH 1-1-1 ADC, the second stage quantization error, E2 , must not appear at the 
output. Hence from equation (3.47), the following condition should be satisfied.

STF⋅[NTF−1]⋅H3 z−NTF⋅H 2 z=0  (3.48)

So the transfer functions of H 2 z and H 3z  are selected as

H 2 z=STF⋅[NTF−1]  (3.49)

H 3 z=NTF  (3.50)

Now, in order to remove the quantization error ( E1 z ) in the first stage from the output, 
the following condition must be satisfied.

NTF⋅H1 z −STF⋅[NTF−1]⋅H 2 zSTF
2
⋅[NTF−1]⋅H3 z =0  (3.51)
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Using equations (3.49) and (3.50), equation (3.51) can be satisfied if

H 1=
STF2

⋅[1−NTF ]
NTF

 (3.52)

Substituting  equations  (3.49),  (3.50) and  (3.52) in  (3.47),  the  output  of  MASH  1-1-1 
becomes

Y  z =STF⋅STF
2
⋅[1−NTF ]
NTF

−STF2
⋅STF⋅[NTF−1]STF3

⋅NTF ⋅U  z

NTF⋅NTF⋅E3 z

=
STF3

NTF
⋅U  zNTF2

⋅E3 z

 (3.53)

Figure 3.17: Block diagram of MASH 1-1-1 ADC.

First-order SDM

First-order SDM

H 1 z

First-order SDM

X n

Y n
V 1 n

Y 1 n

V 2 n

Y 2 n

V 3 n

H2 z

H3 z

V n
ADC

DAC

z 1

1 z 1

a1

b1

c1

b2

First order ADC

Y n

X n

H 4 z



40 Chapter 3 . Oversampled ADCs

To remove 1 /NTF from the signal term in equation (3.53), H 4 z  at the output is selected as,

H 4 z =NTF  (3.54)

Hence the final output of MASH 1-1-1 ADC is

Y  z =STF3
⋅U z NTF3

⋅E3 z  (3.55)

Equation (3.55) shows that with a MASH 1-1-1 ADC, the noise shaping of a third-order ΣΔ 
ADC can be achieved.

Using the pole-zero transfer function of the STF and NTF given in equations  (3.40) and 
(3.41), the digital transfer functions becomes

H 1=
kz−1

1−pz−1
⋅

kz−1

1−pz−1
⋅
m−n z−1

1−nz−1
⋅

1−nz−1

1−mz−1
 (3.56)

H2 z=
kz−1

1−pz−1
⋅
n−m z−1

1−nz−1
 (3.57)

H 3 z=H 4  z=
1−mz−1

1−nz−1  (3.58)

m , n are the zero and pole respectively of the NTF while k , p are the STF gain and pole 
respectively.

In the R-ADC, the NTF and STF of all the three stages of MASH 1-1-1 are same as that of 
the first-order ΣΔ ADC given in equations (3.4) and (3.5) respectively.

3.5.3 MASH 2-1 ADC

In a MASH 2-1 ADC, a second-order ΣΔ stage is cascaded with a first-order ΣΔ stage as 
shown in Figure 3.18. 

Using the calculateTF function in the Delta Sigma Toolbox, the NTF of the second-order ΣΔ 
stage can be obtained as

NTF=
1−m1m2 z

−1
m1m2 z

−2

1−n1n2 z
−1
n1n2 z

−2  (3.59)

m1 , m2 are the zeros and n1 , n2 the poles of the NTF. The STF and NTF of the first-order ΣΔ 
stage are given in equations (3.40) and (3.41) respectively.

From equations (3.31) and (3.32), the transfer functions for H 1 z  and H 2 z  to remove the 
quantization noise from the first stage are given as 

H 1 z=
kz−1

1−pz−1⋅
[n1n2−m1m2]z

−1
m1m2−n1n2 z

−2

1−n1n2 z
−1
n1n2 z

−2  (3.60)

H 2 z=
1−m1m2 z

−1
m1m2 z

−2

1−n1n2 z
−1
n1n2 z

−2  (3.61)

As can be seen from equation  (3.33), the quantization noise from the second-order ΣΔ 
stage is removed while the quantization noise from the first-order ΣΔ stage is subjected to 
the transfer function NTF1⋅NTF2 . Since NTF1 is a second-order NTF and NTF2 is a first-order 
NTF,  the quantization noise from the first-order stage is  subjected to third-order noise 
shaping.
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For  the  MASH 2-1  ADC in  the  R-ADC,  since  the  individual  stages  are  identical  to  the 
standalone ΣΔ ADCs, the NTF and STF of the second-order ΣΔ stage are given by equations 
(3.20) and (3.21) respectively and those of the first-order ΣΔ stage by equations (3.4) and 
(3.5). 

Figure 3.18: Block diagram of MASH 2-1 ADC.
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3.5.4 MASH 2-1-1 ADC

MASH 2-1-1 ADC is obtained by cascading a second-order ΣΔ stage with two first-order ΣΔ 
stages as shown in Figure 3.19.

Let [ STF1 , NTF1 ], [ STF2 , NTF2 ], [ STF3 , NTF3 ] be the STF and NTF of the first, second and 
third stage respectively. 

Output of the loop filter in the first stage, Y 1 z , is given by

Y 1 z =[V 1z −E1 z]=STF1⋅U z NTF1⋅E1 z−E1 z 
=STF1⋅U  z [NTF1−1]⋅E1 z

 (3.62)

Y 1 z is passed as input to the next stage. The second stage loop filter output, Y 2 z , is 
given by

Y 2 z =V 2 z −E2 z
= STF2⋅Y 1 z NTF2⋅E2 z  −E2 z 

=STF2⋅STF1⋅U  z [NTF1−1]⋅E1 z [NTF2−1]⋅E2 z
=STF1⋅STF2⋅U  zSTF2⋅[NTF1−1]⋅E1 z [NTF2−1]⋅E2 z 

 (3.63)

Figure 3.19: Block diagram of MASH 2-1-1 ADC.
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The output of MASH 2-1-1 ADC, Y  z , can be written as

Y  z =V 1z ⋅H1z −V 2 z⋅H 2 zV 3 z ⋅H3 z 
=STF1⋅U  zNTF1⋅E1 z ⋅H1 z−STF2⋅Y 1 z NTF2⋅E2 z  ⋅H2z 

STF3⋅Y 2 zNTF3⋅E3 z ⋅H3 z 
=STF1⋅H 1 z ⋅U z NTF1⋅H1 z ⋅E1 z−STF1⋅STF2⋅H 2 z ⋅U  z
−STF2⋅[NTF1−1]⋅H 2z ⋅E1 z−NTF2⋅H2 z⋅E2 z 
STF1⋅STF2⋅STF3⋅H 3 z⋅U  z STF 2⋅STF3⋅[NTF1−1]⋅H 3 z ⋅E1 z
STF3⋅[NTF2−1]⋅H 3 z⋅E2 z NTF3⋅H3 z ⋅E3 z

=STF 1⋅H1 z −STF1⋅STF2⋅H 2 zSTF1⋅STF2⋅STF3⋅H3 z  ⋅U  z
NTF1⋅H 1z−STF2⋅[NTF1−1]⋅H 2zSTF2⋅STF3⋅[NTF1−1]⋅H 3 z⋅E1z

STF3⋅[NTF2−1]⋅H3 z−NTF2⋅H 2 z ⋅E2 z 
NTF3⋅H3 z ⋅E3 z

 (3.64)

For the MASH 2-1-1 ADC, the second stage quantization error, E2 , must not appear at the 
output. Hence from equation (3.64), the following condition should be satisfied.

STF 3⋅[NTF2−1]⋅H3 z−NTF2⋅H 2z =0  (3.65)

So the transfer functions of H 2 z and H 3z  are selected as

H2 z=STF3⋅[NTF2−1]  (3.66)

H 3 z=NTF2  (3.67)

Now, in order to remove the quantization noise of the first stage from the output, the 
following condition must be satisfied.

NTF1⋅H1 z −STF2⋅[NTF1−1]⋅H2 z STF2⋅STF3⋅[NTF1−1]⋅H 3 z =0  (3.68)

Using  equations  (3.66) and  (3.67),  the  condition  in  equation  (3.68) is  satisfied  if H 1 is 
selected as

H 1=
STF2⋅STF3⋅[1−NTF1]

NTF1

 (3.69)

Substituting equations (3.66), (3.67) and (3.69) in (3.64), 

Y  z ={STF1⋅
STF2⋅STF3⋅[1−NTF1]

NTF1

−STF1⋅STF2⋅STF3⋅[NTF2−1]

STF1⋅STF2⋅STF3⋅NTF2 }⋅U  zNTF2⋅NTF3⋅E3 z

=
STF1⋅STF2⋅STF3

NTF1

⋅U  z NTF2⋅NTF3⋅E3 z 

 (3.70)

To remove 1 /NTF1 from the signal term in equation (3.70), H 4 z  at the output is selected 
as,

H 4 z =NTF1  (3.71)

Hence the final output of MASH 2-1-1 ADC is

Y  z =STF1⋅STF2⋅STF3⋅U  zNTF1⋅NTF2⋅NTF3⋅E3 z   (3.72)

Equation (3.72) shows that with a MASH 2-1-1 ADC, the noise shaping of a fourth-order ΣΔ 
ADC can be achieved.
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Using calculateTF function, NTF of the second-order ΣΔ stage, NTF1 can be obtained as

NTF1=
1−m1m2 z

−1
m1m2 z

−2

1−n1n2 z
−1
n1n2 z

−2  (3.73)

m1 , m2 are the zeros and n1 , n2 the poles of NTF1 .

Since the first-order stages are identical, 

STF 2=STF3=
kz−1

1−pz−1  (3.74)

NTF2=NTF3=
1−mz−1

1−nz−1  (3.75)

k , p are the gain and pole, respectively, of the first-order STF and m , n  the zero and pole 
of the first-order NTF.

Using the pole-zero transfer function of the NTFs and STF, the digital transfer functions in 
equations (3.66), (3.67), (3.69) and (3.71) become

H1= kz−1

1−pz−1 
2

⋅
[m1m2−n1n2] z

−1
n1n2−m1m2 z

−2

1−n1n2 z
−1
n1n2 z

−2 ⋅
1−n1n2 z

−1
n1n2 z

−2

1−m1m2 z
−1
m1m2 z

−2
 (3.76)

H2 z=
kz−1

1−pz−1
⋅
n−m z−1

1−nz−1
 (3.77)

H 3 z=
1−mz−1

1−nz−1  (3.78)

H4 z =
1−m1m2 z

−1
m1m2 z

−2

1−n1n2 z
−1
n1n2 z

−2  (3.79)

In the R-ADC, since the individual stages of MASH 2-1-1 are identical to the standalone ΣΔ 
ADCs, the NTF and STF of the second-order ΣΔ stage are given in equations  (3.20) and 
(3.21) respectively  and  that  of  the  first-order  ΣΔ  stages  by  equations  (3.4) and  (3.5) 
respectively. 
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3.5.5 LS 1-0 ADC

In general,  in an LS 1-0 ADC the first stage consists of a first-order ΣΔ ADC while the 
second stage is  a  Nyquist-rate  ADC.  In  the R-ADC,  the  second stage is  a three-stage 
pipelined ADC as shown in Figure 3.20. 

The transfer function of the digital filters H 1 and H 2 are given in equations (3.36) and (3.37) 
respectively. If k , p are the gain and pole, respectively, of the first-order STF and m , n  the 
zero and pole of the first-order NTF, H 1 and H 2 can be written as

H 1 z=
n−m z−1

1−nz−1
⋅z−2

 (3.80)

H 2 z=
1−mz−1

1−nz−1  (3.81)

The three-stage pipelined ADC in the second stage has a latency of 2 clock cycles relative 
to the output of the ADC in the first stage.

Figure 3.20: Block diagram of LS 1-0 ADC.
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3.5.6 LS 2-0 ADC

In the LS 2-0 ADC configuration of the R-ADC, the first stage is a second-order ΣΔ ADC 
while the second stage is a three-stage pipelined ADC as shown in Figure 3.21. 

If [ m1 , m2 ] and [ n1 , n2 ] are the zeros and poles, respectively, of the second-order NTF, H 1  
and H 2  can be written as

H1 z=
[n1n2−m1m2] z

−1
m1m2−n1n2 z

−2

1−n1n2 z
−1
n1n2 z

−2 ⋅z−2
 (3.82)

H2 z=NTF  z=
1−m1m2 z

−1
m1m2 z

−2

1−n1n2 z
−1
n1n2 z

−2  (3.83)

The three-stage pipelined ADC in the second stage has a latency of 2 clock cycles relative to the 
output of the ADC in the first stage.
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Figure 3.21: Block diagram of LS 2-0 ADC.
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4 BEHAVIORAL MODELING
4.1 Introduction

Behavioral modeling of the different ADC architectures was done in Matlab to evaluate the 
ideal performance. Noise shaping characteristics of the ΣΔ ADCs were studied. The impact 
of circuit non-idealities such as finite gain and bandwidth of the opamp were analyzed 
using  Matlab  models.  The  ENOB  for  each  ADC  was  used  to  derive  the  opamp 
specifications. The time-interleaved and flash ADCs were not modeled in Matlab since they 
consist only of flash ADC and multiplexer blocks which do not use opamps. Also, for these 
ADCs, no noise shaping is involved.

4.2 ASIC Toolbox

The  ASIC  toolbox  developed  at  ES,  Linköping  University  allows  efficient  modeling  of 
discrete-time systems in Matlab. The sequence of operations from the primary input to the 
primary output of a discrete-time system is termed as the SFG. The SFG consists of basic 
operations such as add, subtract, multiply, delay etc. The ASIC toolbox provides functions 
for  the  basic  operations  which allow direct  implementation  of  the  SFG.  Modeling  of  a 
discrete-time integrator as an SFG in Matlab is illustrated. The transfer function of  the 
discrete-time integrator with unity gain is given by

H  z =
z−1

1−z−1  (4.1)

Taking the inverse z-transform and re-arranging the terms,

y n =x n−1 y n−1  (4.2)

The discrete-time system in equation (4.2) can be realized as the SFG shown in Figure 4.1.

The SFG in Figure 4.1 is implemented in Matlab using the ASIC toolbox functions such as 
add and delay. The code snippet is given below

sfg = [];

sfg = addoperand(sfg,'in', 1, 1);

sfg = addoperand(sfg,'add', 1, [1 2] ,3);

sfg = addoperand(sfg,'delay',1, 3, 4);

sfg = addoperand(sfg,'out', 1, 4);

Figure 4.1: SFG for discrete-time integrator.
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The SFGs for ΣΔ and pipelined ADCs are derived based on their architecture. Then the SFG 
nodes are numbered and coded in Matlab. Digital filter functions for cascaded and LS ADCs 
are implemented as SFGs. 

4.3 Impact of Finite Bandwidth on ΣΔ ADCs

The transfer function of an ideal discrete-time integrator is given by

H  z =
k.z−1

1−z−1  (4.3)

k  is the gain of the integrator.

Speed of the circuit is limited by bandwidth of the opamp in both sampling and integrating 
clock phases. Since integration phase is more critical, the impact of finite bandwidth on 
integration phase is analyzed. Assuming a parasitic capacitance Cp at input node of the 
opamp in  Figure 3.9,  the capacitive load of  the opamp during integration phase is  as 
shown in Figure 4.2.

Cdac is used to sample the input signal during sampling phase. During integration phase, 
Cdac  is charged or discharged depending on the ADC output bits. Feedback factor, 2 , is 
the fraction of output voltage that is fed to the input of the opamp. C f and C dacC p form a 
voltage divider giving the feedback factor as

2
=

C f

CdacCpC f

=
1

Cdac

C f


C p

C f

1
 (4.4)

The load capacitance during 2 is given by

CL,2
=2

⋅CdacCp  (4.5)

The 3 dB bandwidth of  the integrator  is  determined by unity  gain  frequency u of  the 
opamp and feedback factor 2

[1].

Figure 4.2: Capacitive load in integrator during integration phase.
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3dB ,2
=u⋅2

=
gm
CL,2

⋅2
=

gm
CdacC p

 (4.6)

gm is  the transconductance of  the opamp. The relative settling error during integration 
phase [1] is given by

r ,2
=e−3dB. ts=e

−
gm

CdacC p

. ts  (4.7)

where t s is the available settling time. Due to finite bandwidth of the opamp, only a portion 
of the charge on Cdac will be transferred to the integrating capacitor C f . Hence a gain error 
occurs in the integrator due to finite bandwidth of the opamp [1]. The resulting transfer 
function is given as

H  z =
1−r ,2

. k.z−1

1−z−1
 (4.8)
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4.4 Impact of Finite Gain on ΣΔ ADCs

Gain of the opamp is assumed to be A0 . The integrator during sampling phase 1 is shown 
in Figure 4.3. 

Total charge on the capacitors during sampling phase [1] is given by

q1
=V inn−1⋅CdacV out n−1⋅Cf

V out n−1

A0

⋅CfC p  (4.9)

where V x n−1  denotes  the  voltage  at  time t=n−1T .  During  integration  phase 2 ,  the 
circuit is as shown in Figure 4.2. Total charge on the capacitors [1] is given by

q2
=V out n−

1
2
⋅C f

V out n−
1
2


A0

⋅CdacC fCp
 (4.10)

Since total  charge is conserved across the two clock phases, q1
=q2

.  The final  transfer 
function [1] is obtained as

H  z =
r2⋅k⋅z

−1

1−
r2

r1

 z−1  (4.11)

where r2 and r2/r1 are given by

r2=
1

1
Cdac

C f


C p

C f



A0

1
 (4.12)

Figure 4.3: Sampling phase: opamp with finite gain.
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r2

r1

=1−

Cdac

C f



A0

 (4.13)

The factor r2 causes a gain error while r2/r1 results in leakage. Thus finite gain of the opamp 
causes gain error and leakage in the integrator.

4.5 Impact of Finite Gain on Pipelined ADCs 

Finite gain of the opamp adversely affects performance of MDACs in the pipelined ADC. C p

is the parasitic capacitance at the input node of the opamp. Schematic of the MDAC during 
sampling phase [3] is shown in Figure 4.4.

During sampling phase, 1 , input is sampled onto the capacitor plates. Considering only 
one of the differential paths for simplicity, total charge on the capacitors is given by

q1=V in⋅8C4C2CCC=V in⋅16C  (4.14)

Figure 4.4: MDAC sampling phase - opamp with finite gain.
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Schematic of the MDAC during residue phase [3] is shown in Figure 4.5.

Clock  phase 2 is  used  for  residue  computation.  During  this  phase  two  capacitors  are 
connected to the output while the remaining are connected to V ref + or V ref - depending on 
the output from the ADC in the pipeline stage. Total charge on the capacitors during this 
clock phase is given by

q2=V out
V out

A0
⋅2CV ref⋅8C⋅D34C⋅D22C⋅D1C⋅D0


V out

A0

⋅8C4C2CC
V out

A0

⋅C p

 (4.15)

Total charge on the capacitors during both clock phases is equal and thus the output at 
the end of residue phase is obtained as 

V out=

8⋅[V in−V ref⋅ D3

2

D2

4

D1

8

D0

16 ]
1

Ctot

2⋅A0⋅C

 (4.16)

where C tot is the total capacitance connected to input of the opamp and is given by

Ctot=8C4C2CCCCCp=17⋅CC p  (4.17)

Due to  the finite  gain  of  the opamp,  the  amplification  provided by the  MDAC for  the 
residue differs from the ideal  inter-stage gain of 8.  The gain of  the MDAC is  given by 
8⋅gain_error where gain_error is given by

Figure 4.5: MDAC residue phase - opamp with finite gain.
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gain_error=
1

1
Ctot

2⋅A0⋅C

≈1−
C tot

2⋅A0⋅C
=1−

17⋅CC p

2⋅A0⋅C
=1−

17
Cp

C 
2⋅A0

 (4.18)

Thus finite gain of the opamp results in gain error for MDACs in pipelined ADCs.

4.6 Impact of Finite Bandwidth on Pipelined ADCs 

Finite bandwidth of the opamp used in MDACs, results in settling error at the output of the 
opamp. Due to this settling error, only a portion of the charge will be transferred to the 
output during the residue phase. Hence settling error appears as gain error at the output 
of  the  corresponding  pipeline  stage.  For  a  single-pole  opamp with  linear  settling,  the 
settling error will be

r=e
−3dB.t s  (4.19)

t s is  the maximum settling time and 3dB is  the 3 dB frequency of the opamp which is 
given by

3dB=u.  (4.20)

u is the unity-gain frequency of the opamp and  is the feedback factor. 

Unity-gain frequency of the opamp is given by 

u=
gm
CL

 (4.21)

gm is the transconductance of the opamp and CL is the capacitive load at the output of the 
opamp given by

CL=⋅CinCout  (4.22)

C in is  the  capacitance  connected  to  the  input  node  of  the  opamp  while Cout is  the 
capacitance connected to the output of the opamp. 

During sampling phase, the opamp is in unity gain configuration and the succeeding MDAC 
is in residue phase. This eliminates settling errors during sampling phase of an MDAC. 
Hence only the capacitive load during residue phase needs to be considered. When one 
stage is in residue phase, the succeeding stage will be in sampling phase as shown in 
Figure 4.6.
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Feedback factor,  , in residue phase is given by

=
2C

15CCp2C
=

2C
17CCp

 (4.23)

Total capacitance connected to the input node during residue phase is given by

Cin=15CCp  (4.24)

Total capacitance connected to the output node during residue phase is given by

Cout=16C  (4.25)

Hence equation (4.22) becomes

CL= 2C
17CC p

⋅15CC p16C≈18C  (4.26)

Using equations (4.20), (4.21), (4.23) and (4.26), equation (4.19) becomes,

r=e
−

gm
18C

⋅
2C

17CC p

. ts
=e

−
gm

9⋅17CC p
.t s  (4.27)

In the presence of settling error, the gain at the output of each pipeline stage is given by

Gi=8⋅1−r  (4.28)

Figure 4.6: Capacitive load of MDACs during residue phase.
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4.7 Impact of Finite Gain and Bandwidth on ΣΔ ADCs

Transfer function of the integrator incorporating the effects of finite gain and bandwidth 
[1] is given as

H  z =
r2⋅1−r⋅k⋅z

−1

1−
r2

r1

1−r⋅1−
r1

r2

 z−1  (4.29)

Values of r , r2 and r2/r1 are obtained from equations (4.7), (4.12) and (4.13) respectively.

4.8 Stable Input Range for ΣΔ ADCs

The maximum allowable input range for a ΣΔ ADC is determined by the order of the loop 
filter and the resolution of the quantizer used in the ADC. For a ΣΔ ADC with M1 level 
quantizer, the modulator will be stable for any input [2] u n such that

max∣un∣≤M2−∣∣h∣∣1  (4.30)

∣∣h∣∣1 is given by

∣∣h∣∣1=∑
n=0

∞

∣hn∣  (4.31)

h n is the inverse z-transform of the NTF of the loop filter. For an N th -order ΣΔ ADC, the 
NTF is 1−z−1N for which ∣∣h∣∣1=2N . Thus equation (4.30) becomes

max∣un∣≤M2−2N  (4.32)

For a given quantizer resolution and loop filter order, the allowable input range for the ADC 
can be found using equation  (4.32).  Since a four-bit  quantizer is  used in all  ΣΔ ADCs,
M1=16 . If the LSB of the quantizer is assumed to be unity, the full-scale range of the 

quantizer will be 15. To study the variation of SNDR with input scaling factor, the SFG 
implementation was used. The scaling factor for the sinusoidal input was varied and plots 
of ENOB vs. input scaling factor were obtained.

4.9 SFG Implementations for ADC Architectures

Using the ASIC toolbox described in Section  4.2  ,  all  the  ΣΔ and pipelined ADCs were 
modeled in Matlab. 

4.9.1 First-Order ΣΔ ADC

The SFG for the first-order ΣΔ ADC is shown in Figure 4.7. The multiplier coefficients a1 , b1

and c1 are given in  Table 3.2. The multiplier coefficients R2 and R21 are used to model gain 

Figure 4.7: SFG for first-order ΣΔ ADC.
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error and leakage in the integrator. Equations (4.8) and (4.11) are used for modeling the 
effects of finite bandwidth and finite gain respectively. Equation  (4.29) is used to model 
the combined effect of finite gain and bandwidth. Block Q denotes a four-bit quantizer.

4.9.2 Second-Order ΣΔ ADC

The SFG for the second-order ΣΔ ADC is shown in Figure 4.8. The multiplier coefficients a1 ,
b1 , c 1 , a2 and c 2 are given in  Table  3.4.  The multiplier  coefficients R2 and R21 are used to 
model  the gain  error  and leakage in the integrators.  Non-idealities are applied to one 
integrator at a time. For eg., when finite gain is modeled on the first integrator and second 
integrator is ideal, R2 1=gain_error , R211=leakage factor , R2 2=1  and R212=1 .

4.9.3 MASH 1-1 ADC

The SFG for the MASH 1-1 ADC is shown in Figure 4.9.

Details of 1stOrder Modulator are given in  Figure 4.7. The digital  transfer functions H 1 z
and H 2 z are given by equations (3.42) and (3.43) respectively.

4.9.4 MASH 1-1-1 ADC

The SFG for the MASH 1-1-1 ADC is shown in  Figure 4.10. The digital transfer functions 
H 1 z , H 2 z and H 3z  are given by equations (3.56), (3.57) and (3.58)respectively.

Figure 4.9: SFG for MASH 1-1 ADC.

Figure 4.8: SFG for the second-order ΣΔ ADC.
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Figure 4.10: SFG for MASH 1-1-1 ADC.

Figure 4.11: SFG for MASH 2-1 ADC.
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4.9.5 MASH 2-1 ADC

The SFG for the MASH 2-1 ADC is shown in Figure 4.11.The digital transfer functions H 1 z
and H 2 z are given by equations (3.60)and (3.61) respectively.

4.9.6 MASH 2-1-1 ADC

The SFG for the MASH 2-1-1 ADC is shown in Figure 4.12.

The digital transfer functions H 1 z , H 2 z and H 3z  are given by equations (3.76), (3.77)and 
(3.78) respectively.

Figure 4.12: SFG for MASH 2-1-1 ADC.
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4.9.7 Two-Stage Pipelined ADC

The SFG for two-stage pipelined ADC is shown in Figure 4.13.

The MDAC in the first pipeline stage is modeled as a multiplier with gain G1 . Since overlap-
add technique is used, each pipeline stage produces three digital output bits. Hence the 
outputs of  the second pipeline stage are weighted by 1 /8 instead of 1 /16 .  To determine 
ideal ADC functionality, G1 is set to 8. To model effects of finite gain and bandwidth, the 
gain errors given in equations (4.18) and (4.28) are incorporated in G1 .

4.9.8 Three-Stage Pipelined ADC

The SFG for three-stage pipelined ADC is shown in Figure 4.14.

Outputs of the second and third pipeline stages are weighted by 1 /8 and 1 /64 respectively. 
Alignment  of  output  bits  from  different  stages  is  accomplished  by  a  chain  of  delay 
elements.

Figure 4.13: SFG for two-stage pipelined ADC.

Figure 4.14: SFG for three-stage pipelined ADC.
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4.9.9 Four-Stage Pipelined ADC

The SFG for the four-stage pipelined ADC is shown in Figure 4.15.

4.9.10 LS 1-0 ADC

The SFG for LS 1-0 ADC is shown in Figure 4.16.

The SFG of the first-order ΣΔ ADC is cascaded with the SFG of a three-stage pipelined ADC. 
The  digital  transfer  functions H 1 z and H 2 z are  given  by  equations  (3.80) and  (3.81) 
respectively.

Figure 4.15: SFG for four-stage pipelined ADC.

Figure 4.16: SFG for LS 1-0 ADC.
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4.9.11 LS 2-0 ADC

The SFG for LS 2-0 ADC is shown in Figure 4.17.

The SFG of LS 2-0 ADC is obtained by using the SFGs of the second-order ΣΔ ADC and the 
three-stage  pipelined  ADC.  The  digital  transfer  functions H 1 z and H 2 z are  given  by 
equations (3.82) and (3.83) respectively.

4.10 Simulation Results

4.10.1 Impact of Input Scaling on ΣΔ ADC Performance

The  allowable  input  range  for  different  ΣΔ  and  cascaded  ADCs  is  determined  using 
equation (4.32). For all ADCs under consideration, M=15 as described in Section 4.8 . For 
the first-order ΣΔ ADC, the order of the loop filter, N=1 . Hence using equation (4.32), the 
maximum allowable input range is 15. This means that full-scale input can be applied to 
the first-order ΣΔ ADC. Since MASH 1-1, MASH 1-1-1 and LS 1-0 ADCs contain only first-
order loop filters, they also can utilize the full input range. For the second-order ΣΔ ADC, 
the order of the loop filter, N=2 . Hence, the maximum allowable input range is 13 which 
means that 87% of the full scale input can be applied to the second-order ΣΔ ADC. Since 
MASH 2-1, MASH 2-1-1 and LS 2-0 ADCs contain second-order loop filters, their input range 
is restricted to 0.87⋅FS  .

Figure 4.17: SFG for LS 2-0 ADC.

Dc1

a2

c2 Q

u n 2ndOrder Modulator

3 stage pipelined ADC

v n

v1 n

y n

V1

Y 1

V 2

H2 z

D

H1 z

D D

m1m2 n1n2

Db1

a1

u n

DD

n1 n2 m1 m2
D

D

D

D

D

m1 m2

m1m2 n1n2

n1 n2

n1n2

n1 n2



62 Chapter 4 . Behavioral Modeling

Figure 4.18: SNDR vs. input scaling factor for first-order loop filters.

Figure 4.19: SNDR vs. input scaling factor for second-order loop filters.
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Variation of SNDR with input scaling factor for ADCs with first-order ΣΔ loop is shown in 
Figure  4.18.  It  can  be  seen  that  full-scale  input  can  be  used  for  these  ADCs without 
degradation in SNDR. Variation of SNDR with input scaling factor for ADCs with second-
order  ΣΔ loop  is  shown in  Figure  4.19.  It  can  be  seen that  for  an  input  scale  factor 
exceeding 0.97 ,  the  SNDR  drops  rapidly.  These  plots  were  obtained  by  scaling  the 
amplitude of the coherently sampled sinusoidal input from 0.1 to 1 .

4.10.2 Ideal Performance

For evaluating the ideal  performance of  ΣΔ ADCs, error sources due to finite gain and 
bandwidth of the opamp were excluded. The sampling frequency and bandwidth for each 
ADC are given in Table 1.1. Input scale factors of 0.89 and 0.7 have been used for the ADCs 
with a first-order ΣΔ loop and second-order ΣΔ loop respectively.

From  Figure 4.20, the improved noise shaping achieved in the second-order and MASH 
ADCs is evident. The passband attenuation for the in-band quantization noise in first-order 
ΣΔ ADC is 20 dB/decade. For the second-order ΣΔ and MASH 1-1 ADC, it is 40 dB/decade 
while the MASH 1-1-1 ADC attenuates the in-band quantization noise by 60 dB/decade. 
Thus  it  is  clear  that  each  ΣΔ  loop  provides  a  noise  shaping  of  20  dB/decade.  Since 
quantization noise is a function of OSR and loop filter order, the MASH converters which 
provide enhanced noise shaping can process higher bandwidths (lower OSR), assuming a 
fixed ENOB. 

Figure 4.20: Ideal performance - first-order ΣΔ, second-order ΣΔ, MASH 1-1, MASH 1-1-1 ADCs.
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The output spectrum for MASH 2-1, MASH 2-1-1, LS 1-0 and LS 2-0 ADCs is shown in Figure
4.21.

Output spectrum for the three pipelined ADCs supported in the R-ADC is shown in Figure
4.22. The MDAC gains are set to the ideal value of eight. The lowest SNDR is obtained for 
the  two-stage  pipelined  ADC while  the  four-stage  pipleined  ADC provides  the  highest 
SNDR.

The SNDR of all the ADCs using ideal Matlab models are given in Table 7.1.

Figure 4.21: Ideal performance - MASH 2-1, MASH 2-1-1, LS 1-0, LS 2-0 ADCs.
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4.10.3 Effect of Finite Opamp Gain

The effect of finite opamp gain on ΣΔ and pipelined ADCs as described in Sections 4.4  and 
4.5  respectively are modeled using SFGs. The DC gain of the opamp in the integrator (ΣΔ 
ADC) and MDAC (pipelined ADC) is varied from 30 dB to 60 dB. The finite gain effect was 
included in one integrator at a time. Plot of ENOB vs. opamp gain for the first-order ΣΔ 
ADC is shown in Figure 4.23.

Figure 4.22: Ideal performance - pipelined ADCs.
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Plots of ENOB vs. opamp gain for the two integrators in second-order ΣΔ ADC are shown in 
Figure 4.24.

Plots of ENOB vs. opamp gain for the two integrators in MASH 1-1 ADC are shown in Figure
4.25.

Figure 4.23: ENOB vs. opamp gain - first-order ΣΔ ADC.

Figure 4.24: ENOB vs. opamp gain - second-order ΣΔ ADC.
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From Figure 4.25, it is evident that the effect of finite opamp gain on the second integrator 
is less compared to the first one. The error due to finite gain in the first stage integrator 
undergoes noise shaping by a first-order ΣΔ loop. The error due to finite gain in the second 
stage integrator undergoes second-order noise shaping and hence its adverse effect on 
ENOB is reduced.

Plots of ENOB vs. opamp gain for the three integrators in MASH 1-1-1 ADC are shown in 
Figure 4.26. Here the third integrator is least affected by finite gain of the opamp as the 
error undergoes third-order noise shaping. Plots of ENOB vs. opamp gain for the three 
integrators in MASH 2-1 ADC are shown in Figure 4.27.

Figure 4.25: ENOB vs. opamp gain - MASH 1-1 ADC.

Figure 4.26: ENOB vs. opamp gain - MASH 1-1-1 ADC.
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Plots of ENOB vs. opamp gain for the four integrators in MASH 2-1-1 ADC are shown in 
Figure 4.28. 

Figure 4.27: ENOB vs. opamp gain - MASH 2-1 ADC.

Figure 4.28: ENOB vs. opamp gain - MASH 2-1-1 ADC.
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For the three pipelined ADCs, the gain of the opamp in the MDAC was varied from 30 dB to 
60 dB. Plot of ENOB vs. opamp gain for the two-stage pipelined ADC is shown in  Figure
4.29.

Plot of ENOB vs. opamp gain for the three-stage pipelined ADC is shown in Figure 4.30.

From Figure 4.30, it is evident that degradation of ENOB due to finite gain of the opamp is 
much higher for the MDAC in the first stage than in the second stage. This is because the 
most  significant  bits  of  the digital  output  are formed by the first  pipeline stage while 
second stage processes the residue from the first stage.

Figure 4.29: ENOB vs. opamp gain - two-stage pipelined ADC.

Figure 4.30: ENOB vs. opamp gain - three-stage pipelined ADC.
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Plot of ENOB vs. opamp gain for the four-stage pipelined ADC is shown in Figure 4.31.

For the four-stage pipelined ADC, highest ENOB degradation is caused by the first pipeline 
stage. MDAC in the third stage causes least degradation of ENOB.

Plot of ENOB vs. opamp gain for the LS 1-0 ADC is shown in Figure 4.32.

Figure 4.31: ENOB vs. opamp gain - four-stage pipelined ADC.

Figure 4.32: ENOB vs. opamp gain - LS 1-0 ADC.
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Plot of ENOB vs. opamp gain for the LS 2-0 ADC is shown in Figure 4.33. 

4.10.4 Effect of Finite Gain and Bandwidth

From the  simulations  in  Section  4.10.3,  it  was  found  that  all  ΣΔ  and  cascaded  ADCs 
achieve  ENOB of  at  least  ten  bits  with  an  opamp  DC  gain  of  50  dB.  The  four-stage 
pipelined ADC achieves an ENOB 10 bits. To determine the 3 dB frequency of the opamp, 
errors described in Sections 4.6  and 4.7  were incorporated in the SFG. The opamp gain 
was fixed at 50 dB and its 3 dB frequency was varied from 0.5 GHz to 3 GHz. Plots of ENOB 
vs. opamp 3 dB frequency for each ADC were obtained. Plot of ENOB vs. opamp 3 dB 
frequency for first-order ΣΔ, MASH 1-1 and MASH 1-1-1 ADC is shown in Figure 4.34. 

Figure 4.33: ENOB vs. opamp gain - LS 2-0 ADC.
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Plot of ENOB vs. opamp 3 dB frequency for second-order ΣΔ, MASH 2-1 and MASH 2-1-1 
ADC is shown in Figure 4.35. 

Figure 4.34: ENOB vs. opamp 3 dB frequency - ΣΔ ADCs (first-order).

Figure 4.35: ENOB vs. opamp 3 dB frequency - ΣΔ ADCs (second-order).
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Plot of ENOB vs. opamp 3 dB frequency for LS 1-0, LS 2-0 ADCs is shown in Figure 4.36.

Plot of ENOB vs. opamp 3 dB frequency for pipelined ADCs is shown in Figure 4.37.

Figure 4.36: ENOB vs. opamp 3 dB frequency for LS ADCs.

Figure 4.37: ENOB vs. opamp 3 dB frequency for pipelined ADCs.



74 Chapter 4 . Behavioral Modeling

In order to achieve ENOB of ten bits for the ΣΔ and cascaded ADCs and ENOB of seven bits 
for the four-stage pipelined ADC, the DC gain and 3 dB frequency of the opamp are fixed 
at 50 dB and 2 GHz respectively.
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5 SELECTION OF CAPACITANCES
5.1 Noise in Switched-Capacitor Circuits

Thermal  noise  generated  by  switches  are  the  major  source  of  noise  in  wide-band  SC 
circuits. Flicker noise ( 1/ f -noise) is prominent at lower frequencies but its effect can be 
minimized by applying techniques like correlated double sampling.  Figure 5.1 shows a 
simple sampling circuit and its equivalent circuit.

The transistor, when turned ON, acts like a resistor which in-turn can be replaced with a 
noiseless resistor ( Rnoiseless ) and a noise source equal to the thermal noise generated by the 
resistor. v n is the root spectral density of the thermal noise and is equal to  4kTR . Thermal 
noise is also known as white noise since its power spectral density is constant throughout 
the spectrum. Hence the amount of noise that will be sampled into the system depends on 
the bandwidth of the system. If the system has a higher bandwidth, amount of thermal 
noise that will be sampled into the system is also higher. So selecting a bandwidth higher 
that desired will degrade noise performance of the system. 

Real-world circuits do not have a 'brick-wall' frequency response. Hence determining the 
total noise affecting the system will not be straight forward. In such a scenario, extent of 
noise  affecting  the  system  can  be  computed  using  the  equivalent  noise  bandwidth. 
Equivalent noise bandwidth of a system is defined as the bandwidth of a 'brick-walled' 
system which gives the same output noise RMS value as the given system when white 
noise is applied to both the systems. 

For example, if white noise of power spectral density vn
2 is applied to an RC network similar 

to the one shown in Figure 5.1, then the output noise power is given by 

vno
2
=∫

0

∞ vn
2

1
f
f 0


2 df where f 0=

1
2RC 

=vn
2
⋅f 0⋅[ tan−1


f
f 0

]0
∞

=vn
2
⋅f 0⋅


2

 (5.1)

Figure 5.1: Thermal noise in sampling circuit.
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If the same white noise is applied to a system with brick-wall response and bandwidth f x , 
the output power will be 

vnr
2 =∫

0

f x

vn
2df

=vn
2
⋅f x

 (5.2)

So if f x is the equivalent noise bandwidth of the RC network, then

vnr
2
=vno

2  (5.3)

That is 

vn
2 . f x=vn

2
⋅f 0⋅



2
 (5.4)

which gives

f x=f 0⋅


2
 (5.5)

So the total noise power at output of the circuit in Figure 5.1 due to thermal noise will be

vn , c
2
=vn

2
⋅f x

=4kTR⋅f 0⋅


2

=4kTR⋅
1

2RC
⋅


2

=
kT
C

 (5.6)

This shows that the thermal noise in a SC circuit is independent of the ON resistance of the 
switch. Also it can be observed that thermal noise is inversely proportional to C and thus 
limits the minimum value of C that can be used in such a circuit.

In a fully differential sampling circuit, the capacitance C will be present in both the positive 
and negative signal paths. Hence the total in-band thermal noise will be 

vn , c
2
=

2kT
C

 (5.7)

This implies that the effect of thermal noise is more in differential circuits compared to the 
corresponding single-ended configuration. However in differential configuration, the output 
signal swing is twice that of the single-ended case. So in effect when compared to single-
ended  configuration,  a  3  dB  increase  in  dynamic  range  is  provided  by  differential 
configurations. 

Now assume that the circuit in Figure 5.1 has a sampling frequency f s such that

OSR=
f s
2f0

 (5.8)

Due to oversampling, the total noise given in equation (5.7) is now spread between 0 and 
f s/2 . Hence the in-band ( 0 to f 0 ) noise in a fully differential sampling circuits is

vn , c
2
=

2kT
C

⋅
f 0

fs /2

=
2kT

C⋅OSR

 (5.9)
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Hence oversampling helps to reduce in-band thermal noise. However it should be noted 
that this reduction is achievable only if the out-of-band noise is filtered out after sampling.

5.2 Thermal Noise in Pipelined ADC

While selecting the capacitance for MDACs, the thermal noise injected into the capacitors 
by  the  sampling  switches  must  be  taken into  account.  Sampling  capacitance  in  each 
pipeline stage and the effective per stage resolution are major factors that influence the 
total  input  referred thermal  noise  of  the pipelined  ADC.  The four-stage pipelined  ADC 
which consists of three MDACs is considered. During sampling phase, the combined input 
referred thermal noise from all three stages [1] is given by 

vn1
2
=2kT  1

C s0


1

22nC s1


1

24nC s2
  (5.10)

C sk is the sampling capacitance in k th stage of the pipeline and n is the effective resolution 
per stage. The factor two appears since the circuit is fully differential. During the residue 
computation phase the total input referred thermal noise is given by 

vn2
2
=2kT  1

C s0


1

22nC s1


1

24nCs2
  (5.11)

Hence the total input referred thermal noise for one clock period of operation is 

vn
2
=vn1

2
vn2

2
=4kT  1

C s0


1

22nCs1


1

24nC s2
  (5.12)

As is evident from equation (5.12), the thermal noise in successive stages is reduced by a 
factor  of  22n .  Hence progressively lower values of  capacitance can be used along the 
pipeline stages thus reducing power consumption of the circuit and achieving higher speed 
of operation while keeping the same level of input referred thermal noise in all stages. 
Excessive scaling of capacitor values along the pipeline will increase the noise contribution 
from later stages and cause the first pipeline stage to use a higher capacitance value, thus 
increasing the power consumption [1]. The optimum value for scaling the capacitance in 
successive stages can be approximated as the capacitance of the first stage divided by 
the inter-stage gain [1]. Hence for an MDAC gain of eight,

C s2=C s1=
C s0

8
 (5.13)

For a three-stage pipelined ADC with n=3 , equation (5.12) becomes

vn
2
= 4kT 

1
Cs0


1

26⋅
C s0

8



1

212⋅
C s0

8
  =

4kT
Cs0

⋅
577
512  (5.14)

The thermal noise power is assumed to be equal to the total quantization noise power of 
the ADC. Targeted ENOB for the four-stage pipelined ADC is nine. For V in pp=0.25V , this gives

4kT
C s0

⋅
577
512

=


2

12
=


0.25

29


12
=1.9868×10−8  (5.15)

Hence the minimum sampling capacitance for the first stage MDAC is
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C s0 ,min=4kT⋅
577
512

⋅
1

1.9868×10−8=
4×1.38×10−23

×325×577
512×1.9868×10−8

=1.02 pF
 (5.16)

The unit capacitance for the first MDAC stage is 

Cmdac ,min=
Cs0 , min

16
=

1.02
16

pF

=63.6 fF
 (5.17)

5.3 Thermal Noise in ΣΔ ADCs

In multi-order and multi-stage ΣΔ ADCs, thermal noise at each stage is shaped by the 
preceding  loop  filter  stages.  Generally  for  an M th -order/ M -stage  ΣΔ  modulator,  the 
cumulative input referred thermal noise as a function of the input-referred thermal noise 
of each integrator [2] is given by

vn
2
=vn1.

2  1
OSR vn2.2  

2

3⋅A2
2
⋅OSR3 ...vnM.

2  
2 M−1

2M−11⋅Ai
M
⋅OSR2 M−11   (5.18)

vni
2 is the input referred thermal noise of the ith integrator and Ai is the DC gain from the ΣΔ 

ADC input to the input of the ith integrator. 

5.4 Selection of Sampling Capacitance for ΣΔ ADCs

In the R-ADC, targeted ENOB for all ΣΔ ADCs is ten. In order to fix the capacitor values, the 
amount of thermal noise that will be injected into the integrating capacitor, C f , during both 
the phases is considered. 

5.4.1 First-Order ΣΔ ADC

The schematic of the SC based first-order ΣΔ ADC is shown in Figure 3.9. During 1 , Cdac , 
which is in series with two switches, will store thermal noise which will be transferred to C f  
during integration. Cdac consists of an array of 15 unit capacitors in parallel. In 1 , it can be 
considered that Cdac is  connected in series with 2Ron ,  where Ron is  the ON resistance of  a 
switch. However since thermal  noise is  independent of  the resistance value, the noise 
power  accumulated  in C dac is kT /Cdac .  Since  we  have  a  differential  configuration  and  an 
oversampling ratio OSR , the total noise accumulated is given by

vn ,1

2
=

2kT
Cdac⋅OSR

 (5.19)

During 2 , switches controlled by 2 inject noise into Cdac . The total noise power injected 
into C dac during 2 is

vn ,2

2
=

2kT
Cdac⋅OSR

 (5.20)

Hence the total noise injected into C f  during one clock period of operation ( 1  and 2 ) is

vn
2
=vn ,1

2
vn ,2

2

=
2kT

Cdac⋅OSR


2kT
Cdac⋅OSR

=
4kT

Cdac⋅OSR
 (5.21)

It  is  assumed  that  the  maximum  input  provided  to  the  ΣΔ  ADC  is  -3  dBFS  (0  dBFS 
corresponds to V p−p/2 and -3 dBFS corresponds to V p−p /2 2 ). For differential inputs, the total 
input swing will be 2V p−p . Hence signal power corresponding to -3 dBFS is
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v in
2
=V rms

2

=
2V p−p

22
2 

2

= 0.725−0.475
2 

2

=0.015625V 2

 (5.22)

For the first-order ΣΔ ADC, an SNR of 62 dB (corresponding to an ENOB of ten bits) is 
required. With the -3 dBFS input, an SNR of 65 dB is needed. As explained in Section 5.1 , 
thermal noise limits maximum achievable SNR. Hence,

SNRmax=10log
v in

2

vn
2  (5.23)

which gives

vn
2
=

vin
2

10
SNRmax

10

=
0.015625

10
65
10

=4.94×10−9V 2

 (5.24)

From  Table  1.1, OSR=50 .  From  equations  (5.21) and  (5.24),  the  minimum  sampling 
capacitance for the first-order ΣΔ ADC, 

Cdac ,min=
4kT

vn
2 .OSR

=
4×1.38×10−23

×325
4.94×10−9

×50
=72.63 fF

 (5.25)

The value of T is chosen to be 325K for all calculations.

5.4.2 Second-Order ΣΔ ADC

The  schematic  of  the  SC based  second-order  ΣΔ  ADC is  shown  in  Figure  3.13.  Using 
equation (5.18), the total input referred thermal noise for a second-order ΣΔ ADC is given 
by,

vn
2
=vn1.

2  1
OSR vn2.2  

2

3⋅A2
2
⋅OSR3   (5.26)

Since the architecture of the loop filters in the second-order ΣΔ ADC are identical to the 
loop filter in the first-order ΣΔ ADC, 

vn1
2
=

4kT
C s1, min

, vn2
2
=

4kT
C s2 , min

 (5.27)

From Table 3.4, A2=3 /4 . From Table 1.1, OSR=50 . Hence
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vn
2
=

4kT
C s1 ,min

⋅ 1
50  4kT

C s2 , min

⋅


2

3⋅
3
4

2

⋅503 
=

4kT
50

⋅ 1
Cs1 ,min


1

421.88C s2 ,min 
 (5.28)

It is assumed that

C s2 ,min=
C s1, min

10
 (5.29)

Substituting equation (5.29) in equation (5.28), 

vn
2=

4kT
50Cs1, min

⋅1 1
42.2 = 4kT

50Cs1 ,min

×1.0237

≈
4kT

50Cs1 ,min

 (5.30)

For the second-order ΣΔ ADC, an SNR of 62 dB is needed. Hence at -3 dBFS input, an SNR 
of 65 dB is required. Hence

V n
2
=

V in
2

10
SNRmax

10

=
0.015625

10
65
10

=4.94×10−9V 2

 (5.31)

Hence from equations (5.30) and (5.31),

C s1, min=
4×1.38×10−23

×325
4.94×10−9

×50
=72.63 fF  (5.32)

From equation (5.29),

C s2 ,min=
C s1 ,min

10
=7.26 fF  (5.33)

5.4.3 MASH 1-1 and MASH 1-1-1 ADCs

From Table 1.1, OSR=25 for MASH 1-1 and OSR=17 for MASH 1-1-1 ADCs. Among these two 
ADCs, thermal noise will be greater for the MASH 1-1-1 ADC which has a lower OSR . Hence 
the minimum value for sampling capacitance is calculated only for MASH 1-1-1 ADC. 

The total input referred thermal noise for MASH 1-1-1 ΣΔ ADC is given by,

vn
2
=vn1

2
⋅ 1
OSR vn22

⋅ 
2

3⋅A2
2
⋅OSR3 vn32

⋅ 
4

5⋅A3
2
⋅OSR5   (5.34)

Since the MASH 1-1-1 consists of three identical first-order ΣΔ stages,

vn1
2
=

4kT
C s1, min

, vn2
2
=

4kT
C s2 , min

, vn3
2
=

4kT
C s3 ,min

 (5.35)



5.4 Selection of Sampling Capacitance for ΣΔ ADCs 81

It is assumed that

C s3 ,min=C s2 ,min=
C s1, min

5
 (5.36)

From Table 3.2, the DC gains from the ΣΔ ADC input to the input of the second and third 
integrators are A2=3 /4 and A3=9 /16 respectively. Hence equation (5.34) becomes,

vn
2=

4kT
17Cs1, min

⋅1 1
9.9


1

162.8 
=

4kT
17Cs1, min

×1.11
 (5.37)

For the MASH 1-1-1 ΣΔ ADC, with a -3 dBFS input, an SNR of 65 dB is required.

vn
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2

10
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10

=
0.015625

10
65
10

=4.94×10−9V 2

 (5.38)

Hence from equation (5.37),

C s1, min=
1.11×4×1.38×10−23

×325
4.94×10−9

×17
=237.12 fF  (5.39)

Using equation (5.36),

C s3, min=Cs2 , min=
C s1 ,min

5
=47.42 fF  (5.40)

5.4.4 MASH 2-1 ADC

From Table 1.1, OSR=25 . Since the thermal noise in the first-order stage is shaped by the 
preceding second-order stage, its effect on the total input-referred noise is ignored. Hence 
the total input referred thermal noise is same as that of the second-order ΣΔ ADC given in 
equation (5.26). From Table 3.4, A2=3 /4 . This gives

vn
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=

4kT
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⋅ 1
25  4kT
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⋅


2

3.
3
4

2

.253 
=

4kT
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1

106.86C s2 , min 
 (5.41)

It is assumed that

C s2 ,min=
C s1, min

10
 (5.42)

Using equation (5.42) in equation (5.41),

vn
2=

4kT
25Cs1, min

⋅1 1
10.69 = 4kT

25Cs1,min

×1.0935  (5.43)
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For the MASH 2-1 ΣΔ ADC, with -3 dBFS input, an SNR of 65 dB is required. Hence

vn
2
=

vin
2

10
SNRmax

10

=
0.015625

10
65
10

=4.94×10−9V 2

 (5.44)

From equations (5.43) and (5.44),

C s1, min=
1.0935×4×1.38×10−23

×325
4.94×10−9

×25
=158.9 fF  (5.45)

Using equation (5.45) in equation (5.42), we get

C s2 ,min=15.89 fF  (5.46)

For the first-order ΣΔ stage, it is assumed that the noise contribution is similar to the third 
stage of MASH 1-1-1. So

C s3, min=15.89 fF  (5.47)

5.4.5 MASH 2-1-1 ADC

From Table 1.1, OSR=17 . Since the thermal noise in the fourth integrator is shaped by the 
preceding second-order and first-order stages, its effect on the total input-referred noise is 
ignored.  The  DC  gains  from  the  ΣΔ  ADC input  to  the  input  of  the  second  and  third 
integrators are A2=3 /4 and A3=9 /16 which are identical  to the MASH 1-1-1 ADC. Thus the 
expression for the total input referred thermal noise is identical to that for the MASH 1-1-1 
ADC given in equation (5.34). Hence the minimum sampling capacitance for the first three 
integrators are given by equations (5.39) and (5.40). 

5.5 Table of Capacitance Values

The minimum capacitance values required for different ADCs are given in Table 5.1.

Table 5.1: Minimum sampling capacitance for ADCs.

ADC Type First Stage

 C s ,min  fF

Second 
Stage

 C s ,min  fF

Third/Fourth 
Stage

 C s ,min  fF 

First-order ΣΔ 72.63 - -

Second-order ΣΔ 72.63 7.26 -

MASH 1-1 237.13 47.42 -

MASH 1-1-1 237.13 47.42 47.42

MASH 2-1 158.9 15.89 15.89

MASH 2-1-1 237.13 47.42 47.42

Four-stage pipelined 1020 127.5 127.5

Three-stage pipelined 1020 127.5 -

Two-stage pipelined 1020 - -
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6 RECONFIGURABLE ADC
The R-ADC supports 14 ADC architectures listed in  Table 1.1. Four configuration bits are 
used to select one of the 14 ADC configurations. The mapping of configuration bits to the 
ADC architectures as well as the number of flash ADCs and MDAC/loop filters in each of 
them is given in  Table 6.1.  It  is evident that a maximum of four flash ADCs and four 
MDAC/loop  filters  will  be  required  in  the  R-ADC.  The  architectural  similarity  between 
MDACs (Section  2.4) and loop filters (Section  3.3.2) is used to design the RBs. The RBs 
have to function as loop filters in ΣΔ ADCs and as MDACs in pipelined ADCs. Based on the 
number of ADC architectures to be supported, four RBs have been developed. 

6.1 Reconfiguration Scheme

As can be seen from Table 5.1, the minimum capacitance requirement for the first stage 
MDAC of pipelined ADCs is approximately five times that of the first stage loop filter in ΣΔ 
ADCs. In Section 4.3 it was shown that the 3 dB bandwidth of the loop filter is inversely 
proportional to the capacitance connected to the input node of the opamp. The equations 
for 3 dB bandwidth, settling error and gain of the loop filter are reproduced here for ease 
of reference.

Table 6.1: Reconfiguration control bits.

( b3 b2 b1 b0 ) Config ADC Architecture No. of four-bit 
flash ADCs

No. of MDACs/
loop filters

0000 C 0 First-order ΣΔ ADC 1 1

0001 C 1 Second-order ΣΔ ADC 1 2

0010 C 2 MASH 1-1 ΣΔ ADC 2 2

0011 C 3 MASH 1-1-1 ΣΔ ADC 3 3

0100 C 4 MASH 2-1 ΣΔ ADC 2 3

0101 C 5 LS 1-0 ΣΔ ADC 4 3

0110 C 6 LS 2-0 ΣΔ ADC 4 4

0111 C 7 Two-stage pipelined ADC 2 1

1000 C 8 Three-stage pipelined ADC 3 2

1001 C 9 Four-stage pipelined ADC 4 3

1010 C10 Two-channel time-interleaved ADC 2 -

1011 C11 Four-channel time-interleaved ADC 4 -

1100 C12 MASH 2-1-1 ΣΔ ADC 3 4

1101 C13 Four-bit flash ADC 1 -
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3dB ,2
=

gm
CdacC p

 (6.1)

r ,2
=e−3dB⋅t s=e

−
gm

CdacCp

⋅t s  (6.2)

Gain =1−r ,2
⋅k  (6.3)

gm is the transconductance of the opamp, C dac is the sampling/DAC feedback capacitance , 
Cp the total parasitic capacitance at the input of the opamp and k the ideal gain of the loop 
filter. 

As bandwidth of the loop filter decreases, its settling error increases thereby reducing the 
gain of the loop filter. Hence in loop filters, it is desirable to reduce the total capacitance 
connected to the input node of the opamp. Due to this, the RB used as the first stage of 
pipelined ADCs is not used as the first stage of ΣΔ ADCs. In the R-ADC, RB-1 is used as the 
first stage of all pipelined ADCs while RB-2 is used as the first stage of all ΣΔ ADCs. 

The allocation of RBs and flash ADCs for each architecture is given in Table 6.2.

Table 6.2: Distribution of building blocks between architectures.

Architecture Blocks Used

First-order ΣΔ ADC [RB-2, ADC-2]

Second-order ΣΔ ADC [RB-2, RB-3, ADC-3]

MASH 1-1 ΣΔ ADC [RB-2, ADC-2]
[RB-3, ADC-3]

MASH 1-1-1 ΣΔ ADC [RB-2, ADC-2]
[RB-3, ADC-3]
[RB-4, ADC-4]

MASH 2-1 ΣΔ ADC [RB-2, RB-3, ADC-3]
[RB-4, ADC-4]

L 1-0 ΣΔ ADC [RB-2, ADC-2]
[RB-1, ADC-1], [RB-3, ADC-3], [ADC-4]

L 2-0 ΣΔ ADC [RB-2, RB-3, ADC-3]
[RB-1, ADC-1], [RB-4, ADC-4], [ADC-2]

Two-stage pipelined ADC [RB-1, ADC-1], [ADC-2]

Three-stage pipelined ADC [RB-1, ADC-1], [RB-2, ADC-2], [ADC-3]

Four-stage pipelined ADC [RB-1, ADC-1], [RB-2, ADC-2], [RB-3, ADC-3], [ADC-4]

Two-channel time-interleaved ADC [ADC-1], [ADC-2]

Four-channel time-interleaved ADC [ADC-1], [ADC-2], [ADC-3], [ADC-4], 

MASH 2-1-1 ΣΔ ADC [RB-2, RB-3, ADC-3]
[RB-1, ADC-1]
[RB-4, ADC-4]

Four-bit flash ADC [ADC-1]



6.1 Reconfiguration Scheme 87

Figure 6.1-Figure 6.13 shows how the RBs and ADCs are used to implement various ADC 
architectures.

Figure 6.1: First-order ΣΔ ADC using reconfigurable blocks.

V inp

V inn TC <14:0>TC <14:0>
V outp

V outn
CLK 1 CLK 1dCLK 2 CLK2d

TC<14:0>TC <14:0>

V inp

V inn

CLK

D<3:0>RB 2 ADC 2

1 1d 2 2d

V in+

V in -

Dout<3:0>

1

Figure 6.2: Second-order ΣΔ ADC using reconfigurable blocks.
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Figure 6.3: MASH 1-1 ADC using reconfigurable blocks.
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Figure 6.4: MASH 1-1-1 ADC using reconfigurable blocks.

V inp

V inn TC<14:0>TC<14:0>
V outp

V outn
CLK 1 CLK 1dCLK 2 CLK 2d

TC<14:0>TC<14:0>

V inp

V inn

CLK

D<3:0>RB 2 ADC 2

1 1d 2 2d

V in+

V in -

Dout1<3:0>

1

V inp

V inn TC<14:0>TC<14:0>
V outp

V outn
CLK 1 CLK 1dCLK 2 CLK 2d

TC<14:0>TC <14:0>

V inp

V inn

CLK

D<3:0>RB 3 ADC 3

1 1d 2 2d

Dout2<3:0>

1

V inp

V inn TC<14:0>TC<14:0>
V outp

V outn
CLK 1 CLK 1dCLK 2 CLK 2d

TC<14:0>TC<14:0>

V inp

V inn

CLK

D<3:0>RB 4 ADC 4

1 1d 2 2d

Dout3<3:0>

1

Figure 6.5: MASH 2-1 ADC using reconfigurable blocks.
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Figure 6.6: Three-stage pipelined ADC using reconfigurable blocks.

V inp

V inn TC<14:0>TC<14:0>
V outp

V outn
CLK 1 CLK 1dCLK2 CLK2d

RB 1

1 1d 2 2d

V in+

V in -

Dout <11:8> Dout <7:4> Dout<3:0>

TC <14:0>TC<14:0>
V inp

V inn
CLK

D<3:0>ADC 1

1

V inp

V inn TC<14:0>TC<14:0>
V outp

V outn
CLK 1 CLK 1dCLK 2 CLK2d

RB 2

2 2d 1 1d

TC<14:0>TC <14:0>
V inp

V inn
CLK

D<3:0>ADC 2

2

TC <14:0>TC<14:0>
V inp

V inn
CLK

D<3:0>ADC 3

1

Figure 6.7: LS 1-0 ADC using reconfigurable blocks.
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Figure 6.8: LS 2-0 ADC using reconfigurable blocks.

Figure 6.9: Two-stage pipelined ADC using reconfigurable blocks.
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Figure 6.10: Four-stage pipelined ADC using reconfigurable blocks.
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Figure 6.11: MASH 2-1-1 ADC using reconfigurable blocks.
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6.2 Reconfigurable Block-1

RB-1 is used as the first stage of any pipelined ADC or as first-order stage in MASH 2-1-1 
ADC. The schematic of RB-1 is shown in Figure 6.14.

The control signal SDM is used to configure the RB as MDAC( SDM=0 )or loop filter( SDM=1 ). 
In the fully differential implementation of RB-1, there are 34 capacitors with value Cmdac1 .

When used as MDAC ( SDM=0 ), during sampling phase 1 , the input voltage is sampled on 
to the 16 Cmdac1 capacitors connected to each opamp input.  During residue phase 2 ,  15 
capacitors are driven by the thermometer coded outputs and their complements from the 
four-bit flash ADC. The remaining two Cmdac1 capacitors are connected to the output terminal 
of the opamp. C f1 is disconnected from the output when RB-1 is configured as an MDAC.

When used as loop filter of a ΣΔ ADC ( SDM=1 ), during sampling phase 1 , input voltage is 
sampled onto the 15 Cmdac1 capacitors connected to each opamp input. The remaining two 
Cmdac1 capacitors are not used during this mode. Also C f1 is connected to output terminal of 
the opamp. During integration phase 2 , the 15 capacitors are driven by the thermometer 
coded outputs and their complements from the four-bit flash ADC.

6.2.1 Capacitance Selection for Reconfigurable Block-1

RB-1 is used as first stage of pipelined ADC or as later first-order stage in cascaded ΣΔ 
ADCs.  The  unit  capacitance Cmdac1 is  chosen  so  as  to  satisfy  the  minimum capacitance 
requirement for the first stage of pipelined ADCs as described in Section  5.2. To satisfy 
equation (5.17), Cmdac1 is selected as

Cmdac1=80 fF  (6.4)

Figure 6.12: Two-channel time-interleaved ADC using reconfigurable blocks.
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6.3 Reconfigurable Block-2

RB-2 can be configured as  the first  stage loop filter  in  any ΣΔ ADC or  as  MDAC in  a 
pipelined  ADC.  Reconfiguration  is  done  based  on  a  control  bit  called SDM ,  such  that 
SDM=1 for  ΣΔ ADCs and SDM=0 for  pipelined ADCs.  The schematic of  RB-2 is  shown in 
Figure 6.15.

When RB-2 is required to function as a loop filter in a ΣΔ ADC, the differential input signal 
is sampled onto 15 Cmdac2 capacitors during 1 . During 2 , the opamp is configured as an 
integrator and C f2 is the feedback capacitor. The DAC functionality is achieved using the 
same set of 15 Cmdac2 capacitors which will then be controlled by the thermometer coded 
outputs, D<14 :0> and D<14 :0> , from the four-bit flash ADC. The capacitor array provides 
the analog voltage corresponding to the ADC output. This voltage is subtracted from the 
sampled  voltage  during  the  integration  phase.  Switches  are  provided  such  that  the 
remaining  two Cmdac2 capacitors  are  disconnected  from  the  rest  of  the  circuit  when 
configured as a ΣΔ ADC. 

When RB-2 is required to function as an MDAC in a pipelined ADC, input is sampled onto 
16 Cmdac2 capacitors  during 1 .  Residue  computation  occurs  during 2 .  Switches  are 
provided such that C f2 is disconnected from the rest of the circuit.

Figure 6.13: Four-channel time-interleaved ADC using reconfigurable blocks.
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6.3.1 Capacitance Selection for Reconfigurable Block-2

Since RB-2 can be used as the second stage MDAC of pipelined ADCs, capacitance scaling 
can be applied to Cmdac2 . So Cmdac2 can be written as 

Cmdac2=
Cmdac1

n2

 (6.5)

This block is also used as the first stage loop filter of all ΣΔ ADCs. Hence the scaling factor
n2 will depend on the minimum values of C s , C f and C dac . When RB-2 is configured as a loop 
filter, Cmdac2 is used as the sampling and DAC feedback capacitance. Hence

C s=15⋅Cdac=15⋅Cmdac2  (6.6)

Figure 6.14: Schematic of reconfigurable block-1.
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All  ΣΔ ADCs use the  same capacitor  for  sampling  and DAC feedback.  Also,  for  all  ΣΔ 
configurations in the R-ADC, C s and Cdac in the first stage satisfy equations (3.18) and (3.19). 
Hence

C s=15⋅Cmdac2=
15⋅Cmdac1

n2

 (6.7)

From Table 5.1, it can be seen that for the first stage of all ΣΔ ADCs and later stages in 
pipelined ADCs,

C s ≥ 237.13 fF  (6.8)

Hence,

15⋅Cmdac1

n2

≥ 237.13 fF  (6.9)

So

n2 ≤
15⋅Cmdac1

237.13 fF
=

15×80 fF
237.13 fF

≤ 5.06
 (6.10)

If we select n2=4 ,

Figure 6.15: Schematic of reconfigurable block-2.
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Cmdac2=
Cmdac1

4
=

80 fF
4

=20 fF
 (6.11)

Hence,

C f2=
4
3
⋅C s=

4
3
⋅15⋅Cmdac2 =

4×15×20 fF
3

=400 fF
 (6.12)

Hence for RB-2 the capacitance values are

C f2 =400 fF
Cmdac2 =20 fF

 (6.13)

6.4 Reconfigurable Block-3

RB-3 can be configured as first-order loop filter, the second integrator in second-order loop 
filter or as MDAC in a pipelined ADC. Reconfiguration is done based on a control bit named
SDM , such that  SDM=1 for ΣΔ ADCs and SDM=0 for pipelined ADCs. A second control bit 
named 1stOrd is used to include additional sampling and feedback capacitance when the 
selected ADC architecture is MASH 1-1 or MASH 1-1-1. The schematic of RB-3 is shown in 
Figure 6.16.

When RB-3 is required to function as loop filter in a ΣΔ ADC, the sampling and feedback 
capacitors are selected based on the specific  ΣΔ ADC architecture. For  MASH 1-1 and 
MASH 1-1-1  ADCs,  higher  values  are  required  for  these  capacitors.  So  the  control  bit 
1stOrd=1  and  the  total  sampling  and  integration  capacitance  are 15⋅Cmdac3 and C f31C f32  

Figure 6.16: Schematic of reconfigurable block-3.
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respectively. When second-order ΣΔ, MASH 2-1, MASH 2-1-1 or L 2-0 ADCs are selected,
1stOrd=0  and the  sampling  and integration  capacitance  are 10⋅Cmdac3 and C f31 respectively. 
The DAC functionality is achieved using the same 15 Cmdac3 capacitors which in integration 
phase are controlled by the thermometer coded outputs, D<14 :0> and D<14 :0> , from the 
four-bit flash ADC. Switches are provided such that two Cmdac3 capacitors are disconnected 
from the rest of the circuit when RB-3 is configured as a loop filter.

When RB-3 is required to function as an MDAC in a pipelined ADC, SDM=0 , 1stOrd=0 and the 
input  signal  is  sampled  onto  16 Cmdac3 capacitors  during 1 .Residue  computation  occurs 
during 2 .  In  this  mode,  switches  are  provided such  that  the  capacitors C f31 and C f32 are 
disconnected from the rest of the circuit.

6.4.1 Capacitance Selection for Reconfigurable Block-3

RB-3 can be used either as an MDAC in second or third stage of pipelined ADCs or as the 
second stage loop filter in ΣΔ ADCs. So Cmdac3 can be written as 

Cmdac3=
Cmdac1

n3

 (6.14)

Cmdac3 depends on the minimum values of C s , C f and C dac for the second stage loop filter of all 
ΣΔ ADCs. Since Cmdac3 acts both as the sampling and DAC feedback capacitance when RB-3 
is configured as loop filter,

C s3=15⋅Cmdac3=
15⋅Cmdac1

n3

 (6.15)

From Table 5.1, it can be seen that

C s ≥ 47.42 fF  (6.16)

Hence,

15⋅Cmdac1

n3

≥ 47.42 fF  (6.17)

So

n3 ≤
15⋅Cmdac1

47.42 fF
=

15×80 fF
47.42 fF

≤ 25.3
 (6.18)

If we select n3=8 , from equation (6.14),

Cmdac3=
Cmdac1

8
=

80 fF
8

=10 fF
 (6.19)

Hence,

C f3=
4
3
⋅C s=

4
3
⋅15⋅Cmdac3=

4×15×10 fF
3

=200 fF
 (6.20)

When this block is configured as the second loop filter of a second-order ΣΔ modulator,
C s=C f .  Hence  we  divide  both C s3 and C f3 into  two  namely: C s31 , C s32 , C f31 and C f32 .  When 
configured as loop filter for a second-order ΣΔ modulator, only C s31 and C f31 will be present. 
In all other cases, C s31 will be connected in parallel to C s32 and C f31 will be in parallel to C f32

giving total  capacitance of C s3 and C f3 respectively.  When configured as the second loop 
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filter, 

15⋅Cmdac3

Cf31

=
3
2

 (6.21)

Hence,

C f31=
2
3
⋅15⋅Cmdac3=

2×15×10 fF
3

=100 fF
 (6.22)

and

C s31=C f31=100 fF  (6.23)

Using equations (6.15), (6.19) and (6.23), 

C s32=Cs3−C s31=15⋅Cmdac3−C s31=150 fF−100 fF
=50 fF

 (6.24)

Using equations (6.20) and (6.22), 

C f32=Cf3−C f31=200 fF−100 fF
=100 fF

 (6.25)

C s31 and C s32 are implemented by dividing the 15 Cmdac3 capacitors into two sets containing 
ten C cmdac3 and five Cmdac3 capacitors. 

Hence for RB-3 the capacitance values are

C f31 =100 fF
C f32 =100 fF
Cmdac3 =10 fF

 (6.26)

6.5 Reconfigurable Block-4

RB-4 can be configured as the final stage loop filter in ΣΔ ADCs or as an MDAC in pipelined 
ADCs. Reconfiguration is done based on a control bit named SDM , such that SDM=1 for ΣΔ 
ADCs and SDM=0 for pipelined ADCs. The schematic of RB-4 is shown in Figure 6.17. 

When RB-4 is required to function as the loop filter in a ΣΔ ADC, the differential input 
signal is sampled onto 15 Cmdac4 capacitors connected to each input of the opamp during 1 . 
During 2 , the opamp is configured as an integrator and C f4 is the feedback capacitor. The 
DAC  functionality  is  achieved  using  15 Cmdac4 capacitors  which  are  controlled  by  the 
thermometer  coded outputs, D<14 :0> and D<14 :0> ,  from the  four-bit  flash  ADC.  In  this 
mode, switches are provided such that the two Cmdac4 capacitors are disconnected from the 
rest of the circuit. 
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When RB-4 is required to function as an MDAC in a pipelined ADC, SDM=0 . During 1 , input 
is sampled onto 16 Cmdac4 capacitors. Residue computation occurs during 2 . Switches are 
provided such that C f4 is disconnected from the rest of the circuit.

6.5.1 Capacitance Selection for Reconfigurable Block-4

Since RB-4 is used either as an MDAC in the third stage of pipelined ADCs or as loop filter 
in the final stage of MASH 1-1-1, MASH 2-1 and MASH 2-1-1 ADCs, the capacitance values 
are selected to be same as that of RB-3. Since this block is never used as the second 
integrator  in  a  second-order  loop  filter, Cs4 and Cf4 are  not  split  into  two.  Hence  the 
capacitance values for RB-4 are

C f4 =200 fF
Cmdac4 =10 fF

 (6.27)

Figure 6.17: Schematic of reconfigurable block-4.
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6.6 Control Blocks

Each four-bit flash ADC and RB has a Control Block (CB) associated with it. CBs ensure that 
appropriate signals are routed to the inputs of the corresponding ADC/RB. Figure 6.18 and 
Figure  6.19 show  a  general  interconnection  between  ADC,  ADC-CB  and  RB,  RB-CB 
respectively.

Figure 6.18: General interconnection between ADC-CB and ADC.
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Figure 6.19: General interconnection between RB-CB and RB.
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6.6.1 Control Block for RB-1

Table 6.2 shows that RB-1 is used in LS 1-0 ( C5 ), LS 2-0 ( C6 ), two-stage pipeline ( C 7 ), 
three-stage pipeline ( C 8 ), four-stage pipeline ( C 9 ) and MASH 2-1-1 ( C12 ) ADCs. Inputs that 
should be passed to RB-1 when used in each of these configurations are given in Table 6.3. 
Figure  6.20 shows  the  signals  that  will  be  passed  to  the  inputs  of  RB-1  in  different 
configurations.

6.6.2 Control Block for RB-2

RB-2 is used in first-order ΣΔ ( C 0 ), second-order ΣΔ ( C1 ), MASH 1-1 ( C2 ), MASH 1-1-1 ( C 3

), MASH 2-1 ( C 4 ), LS 1-0 ( C5 ), LS 2-0 ( C 6 ), three-stage pipeline ( C 8 ), four-stage pipeline (
C9 ) and MASH 2-1-1 ( C12 ) ADCs.  Table 6.4 shows the inputs that are passed to RB-2 in 
each of these architectures. Figure 6.21 shows the schematic of the RB-2 control block.

Table 6.3: RB-1 inputs for various architectures.

Config V inp / V inn CLK 1 / CLK 1d CLK2 / CLK 2d TC / TC

C 5 Voutn_RB2 / Voutp_RB2 1 / 1d 2 / 2d TC ADC1 / TC ADC1

C 6 Voutn_RB3 / Voutp_RB3 1 / 1d 2 / 2d TC ADC1 / TC ADC1

C 7 V in+ / V in- 1 / 1d 2 / 2d TC ADC1 / TC ADC1

C 8 V in+ / V in- 1 / 1d 2 / 2d TC ADC1 / TC ADC1

C 9 V in+ / V in- 1 / 1d 2 / 2d TC ADC1 / TC ADC1

C12 Voutn_RB3 / Voutp_RB3 1 / 1d 2 / 2d TC ADC1 / TC ADC1

Figure 6.20: Schematic of RB-1 control block.
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Table 6.4: RB-2 inputs for various architectures.

Config V inp / V inn CLK1 / CLK 1d CLK 2 / CLK 2d TC / TC

C 0 V in+ / V in- 1 / 1d 2 / 2d TC ADC2 / TC ADC2

C 1 V in+ / V in- 1 / 1d 2 / 2d TC ADC3 / TC ADC3

C2 V in+ / V in- 1 / 1d 2 / 2d TC ADC2 / TC ADC2

C 3 V in+ / V in- 1 / 1d 2 / 2d TC ADC2 / TC ADC2

C 4 V in+ / V in- 1 / 1d 2 / 2d TC ADC3 / TC ADC3

C 5 V in+ / V in- 1 / 1d 2 / 2d TC ADC2 / TC ADC2

C6 V in+ / V in- 1 / 1d 2 / 2d TC ADC3 / TC ADC3

C 8 Voutn_RB1 / Voutp_RB1 2 / 2d 1 / 1d TC ADC2 / TC ADC2

C 9 Voutn_RB1 / Voutp_RB1 2 / 2d 1 / 1d TC ADC2 / TC ADC2

C 12 V in+ / V in- 1 / 1d 2 / 2d TC ADC3 / TC ADC3

Figure 6.21: Schematic of RB-2 control block.
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6.6.3 Control Block for RB-3

RB-3 is used in second-order ΣΔ ( C 1 ), MASH 1-1 ( C2 ), MASH 1-1-1 ( C 3 ), MASH 2-1 ( C 4 ), 
LS 1-0 ( C 5 ), LS 2-0 ( C6 ), four-stage pipeline ( C9 ) and MASH 2-1-1 ( C12 ) ADCs. The inputs 
of RB-3 when configured in each of the above architectures are shown in Table 6.5. Figure
6.22 shows the schematic of the RB-3 control block.

Figure 6.22: Schematic of RB-3 control block.
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Table 6.5: RB-3 inputs for various architectures.

Config V inp / V inn CLK1 / CLK 1d CLK 2 / CLK 2d TC / TC

C 1 Voutn_RB2 / Voutp_RB2 1 / 1d 2 / 2d TC ADC3 / TC ADC3

C2 Voutn_RB2 / Voutp_RB2 1 / 1d 2 / 2d TC ADC3 / TC ADC3

C 3 Voutn_RB2 / Voutp_RB2 1 / 1d 2 / 2d TC ADC3 / TC ADC3

C 4 Voutn_RB2 / Voutp_RB2 1 / 1d 2 / 2d TC ADC3 / TC ADC3

C 5 Voutn_RB1 / Voutp_RB1 2 / 2d 1 / 1d TC ADC3 / TC ADC3

C6 Voutn_RB2 / Voutp_RB2 1 / 1d 2 / 2d TC ADC3 / TC ADC3

C 9 Voutn_RB2 / Voutp_RB2 1 / 1d 2 / 2d TC ADC3 / TC ADC3

C 12 Voutn_RB2 / Voutp_RB2 1 / 1d 2 / 2d TC ADC3 / TC ADC3
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6.6.4 Control Block for RB-4

RB-4 is used in MASH 1-1-1 ( C 3 ), MASH 2-1 ( C 4 ), LS 2-0 ( C 6 ) and MASH 2-1-1 ( C 12 ) ADCs. 

Figure 6.23: Schematic of RB-4 control block.

Voutn _RB3

1

2

1d

2d

V inp

CLK1
CLK 2

CLK 1d CLK 2d

V inn

S2

S11

S14

S13

S14

S13
1

2

2d

1d

S11 C3 ||C 4

S12 C3 ||C4 ||C6 ||C 12

S13 C 6

S14 C3 ||C 4 ||C12

SDM S14

Voutn _RB1

TCADC4<14:0> TCADC4<14:0>
TC<14:0> TC <14:0>

S12 S12

Voutn _RB3

S2

S11

Voutn _RB1

S14

S13

S14

S13

Table 6.6: RB-4 inputs for various architectures.

Config V inp / V inn CLK 1 / CLK 1d CLK 2 / CLK 2d TC / TC

C3 Voutn_RB3 / Voutp_RB3 1 / 1d 2 / 2d TC ADC4 / TC ADC4

C 4 Voutn_RB3 / Voutp_RB3 1 / 1d 2 / 2d TC ADC4 / TC ADC4

C 6 Voutn_RB1 / Voutp_RB1 2 / 2d 1 / 1d TC ADC4 / TC ADC4

C12 Voutn_RB1 / Voutp_RB1 1 / 1d 2 / 2d TC ADC4 / TC ADC4
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6.6.5 Control Block for ADC-1

ADC-1 is used in LS 1-0 ( C5 ), LS 2-0 ( C6 ), two-stage pipeline ( C 7 ), three-stage pipeline (
C 8 ),  four-stage  pipeline  ( C 9 ),  two-channel  time-interleaved  ( C10 ),  four-channel  time-
interleaved ( C 11 ), MASH 2-1-1 ( C12 ) and four-bit flash ( C 13 ) ADCs. 

Figure 6.24: Schematic of ADC-1 control block.
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Table 6.7: ADC-1 inputs for various architectures.

Config V inp / V inn CLK

C 5 Voutn_RB2 / Voutp_RB2 1

C6 Voutn_RB3 / Voutp_RB3 1

C 7 V in+ / V in- 1

C 8 V in+ / V in- 1

C 9 V in+ / V in- 1

C 10 V in+ / V in- 1

C 11 V in+ / V in- 1

C 12 Voutn_RB1 / Voutp_RB1 1

C 13 V in+ / V in- 1
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6.6.6 Control Block for ADC-2

ADC-2 is used in first-order ΣΔ ( C 0 ), MASH 1-1 ( C2 ), MASH 1-1-1 ( C3 ), LS 1-0 ( C 5 ), LS 2-0 
( C 6 ),  two-stage pipeline ( C7 ),  three-stage pipeline ( C 8 ),  four-stage pipeline ( C 9 ),  two-
channel time-interleaved ( C10 ) and four-channel time-interleaved ( C 11 ) ADCs.

Table 6.8: ADC-2 inputs for various architectures.

Config V inp / V inn CLK

C 0 Voutn_RB2 / Voutp_RB2 1

C2 Voutn_RB2 / Voutp_RB2 1

C 3 Voutn_RB2 / Voutp_RB2 1

C 5 Voutn_RB2 / Voutp_RB2 1

C6 Voutn_RB4 / Voutp_RB4 1

C 7 Voutn_RB1 / Voutp_RB1 2

C 8 Voutn_RB1 / Voutp_RB1 2

C 9 Voutn_RB1 / Voutp_RB1 2

C 10 V in+ / V in- 2

C11 V in+ / V in- 2

Figure 6.25: Schematic of ADC-2 control block.
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6.6.7 Control Block for ADC-3

ADC-3 is used in second-order ΣΔ ( C 1 ), MASH 1-1 ( C2 ), MASH 1-1-1 ( C 3 ), MASH 2-1 ( C 4 ), 
LS 1-0 ( C 5 ), LS 2-0 ( C 6 ), three-stage pipeline ( C 8 ), four-stage pipeline ( C 9 ), four-channel 
time-interleaved ( C 11 ) and MASH 2-1-1 ( C12 ) ADCs. 

Figure 6.26: Schematic of ADC-3 control block.
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Table 6.9: ADC-3 inputs for various architectures.

Config V inp / V inn CLK

C 1 Voutn_RB3 / Voutp_RB3 1

C2 Voutn_RB3 / Voutp_RB3 1

C 3 Voutn_RB3 / Voutp_RB3 1

C 4 Voutn_RB3 / Voutp_RB3 1

C 5 Voutn_RB1 / Voutp_RB1 2

C6 Voutn_RB3 / Voutp_RB3 1

C 8 Voutn_RB2 / Voutp_RB2 1

C 9 Voutn_RB2 / Voutp_RB2 1

C 11 V in+ / V in- 3

C 12 Voutn_RB3 / Voutp_RB3 1
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6.6.8 Control Block for ADC-4

ADC-4 is used in MASH 1-1-1 ( C 3 ), MASH 2-1 ( C 4 ), LS 1-0 ( C 5 ), LS 2-0 ( C6 ), four-stage 
pipeline ( C9 ), four-channel time-interleaved ( C 11 ) and MASH 2-1-1 ( C12 ) ADCs .

Figure 6.27: Schematic of ADC-4 control block.
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Table 6.10: ADC-4 inputs for various architectures.

Config V inp / V inn CLK

C 3 Voutn_RB4 / Voutp_RB4 1

C 4 Voutn_RB4 / Voutp_RB4 1

C 5 Voutn_RB3 / Voutp_RB3 1

C 6 Voutn_RB1 / Voutp_RB1 2

C 9 Voutn_RB3 / Voutp_RB3 2

C 11 V in+ / V in- 4

C12 Voutn_RB4 / Voutp_RB4 1
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6.6.9 Data Synchronization Control Block

As explained in Section 2.6 , the pipelined ADCs in R-ADC use a data synchronization block 
to ensure that the data passed to the error correction block is properly aligned. The inputs 
to the data synchronization block depend on the number of pipelined stages that is used. 
Table  6.11 shows the  data  input  as  well  as  clock  that  should  be passed to  the  data 
synchronization block.

Figure 6.28: Schematic of data synchronization control block.
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Table 6.11: Data synchronization inputs for various architectures.

Config Dsyncin<15:12> Dsyncin<11:8> Dsyncin<7:4> Dsyncin<3:0> CLK1 CLK2

C 5 4'b0 ADC 1<3:0> ADC 3<3:0> ADC 4<3:0> 2 1

C6 4'b0 ADC 1<3:0> ADC 4<3:0> ADC 2<3:0> 2 1

C 7 4'b0 4'b0 ADC 1<3:0> ADC 2<3:0> 1 2

C 8 4'b0 ADC 1<3:0> ADC 2<3:0> ADC 3<3:0> 2 1

C 9 ADC 1<3:0> ADC 2<3:0> ADC 3<3:0> ADC 4<3:0> 1 2
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6.6.10 Output Control Block

Output control  block ensures that the final  output from the R-ADC is  correctly aligned 
based on the configuration selected. This block also routes the correct clock phase to the 
R-ADC output clock.  Table 6.12 shows the signals that should appear at the R-ADC data 
and clock output for each architecture.

Table 6.12: Output mapping for various architectures.

Config Dout<11:8> Dout<7:4> Dout<3:0> CLK

C 0 Not used Not used ADC 2<3:0> 2

C 1 Not used Not used ADC 3<3:0> 2

C 2 Not used ADC 3<3:0> ADC 2<3:0> 2

C 3 ADC 4<3:0> ADC 3<3:0> ADC 2<3:0> 2

C 4 Not used ADC 4<3:0> ADC 3<3:0> 2

C 5 ErrCorrout<8:5> ErrCorrout<4:1> ADC 2<3:0> 2

C 6 ErrCorrout<8:5> ErrCorrout<4:1> ADC 3<3:0> 2

C 7 Not used 2 ' b0 , ErrCorrout<5:4> ErrCorrout<3:0> 1

C 8 3 ' b0 ,ErrCorrout <8> ErrCorrout<7:4> ErrCorrout<3:0> 2

C 9 ErrCorrout<11:8> ErrCorrout<7:4> ErrCorrout<3:0> 1

C10 Not used Not used Dout2ch <3:0> 2xclk

C 11 Not used Not used Dout4ch <3:0> 4xclk

C12 ADC 4<3:0> ADC 1<3:0> ADC 3<3:0> 2

C 13 Not used Not used ADC 1<3:0> 2
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Figure 6.29: Schematic of output control block.
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7 SIMULATION RESULTS
The  results  obtained  from  running  simulations  of  the  R-ADC  in  Cadence  for  all  14 
configurations  are  included.  The output  spectra  of  all  the  ADC configurations  and the 
performance metrics such as SNR, SNDR and SFDR are presented.

7.1 Simulation Results for Oversampled ADCs

The output spectra of first-order ΣΔ, second-order ΣΔ, MASH 1-1 and MASH 1-1-1 ADCs are 
shown in Figure 7.1.

The noise shaping obtained for the first-order, second-order, MASH 1-1 and MASH 1-1-1 
ADCs are 20 dB/decade, 40 dB/decade, 40 dB/decade and 60 dB/decade respectively.

Figure 7.1: Output spectra of ΣΔ ADCs – I.
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The output spectra of MASH 2-1, MASH 2-1-1, LS 1-0 and LS 2-0 ADCs are shown in Figure
7.2.

Figure 7.2: Output spectra of ΣΔ ADCs – II.
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7.2 Simulation Results for Nyquist-Rate ADCs

The output spectra of two-stage, three-stage and four-stage pipelined ADCs are shown in 
Figure  7.3.  The  output  spectra  of  two-channel  time-interleaved,  four-channel  time-
interleaved and four-bit flash ADCs are shown in Figure 7.4.

Figure 7.3: Output spectra of pipelined ADCs.
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Figure 7.4: Output spectra of time-interleaved and flash ADCs.
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7.3 Performance Metrics for R-ADC

The SNR, SNDR, SFDR of the 14 ADCs are given in Table 7.1.

Model1 - Ideal Matlab model.

Model2 - Matlab model with opamp gain of 60 dB.

Model3 - Cadence schematic with ideal switches and single pole OTA model with gain of 60 
dB.

Table 7.1: Performance of R-ADC.

ADC Fs 
(GHz)

BW
(MHz
)

SNR (dB) SNDR (dB) SFDR (dB)

Model1 Model2 Model3 Model1 Model2 Model3 Model1 Model2 Model3

First-order 
ΣΔ

1 10 76.4 73.8 72 69.1 68.2 67.4 74.9 74.7 74.4

Second-
order ΣΔ

1 10 98.1 96.7 98.9 93.4 92.1 94 102.4 103 101.7

MASH
 1-1

1 20 81.8 79.7 80.4 75.1 74.4 75.3 87.5 86 85.4

MASH
 1-1-1

1 30 88.2 88.2 88.8 81.6 81.7 81.7 94.5 94.5 93.1

MASH 
2-1

1 20 99.1 98.8 94.1 92.5 92 90.9 104 102.6 102.6

MASH 
2-1-1

1 30 98.4 98.7 99.3 91.3 91.6 91.4 99.9 102.5 99.8

LS 1-0 1 20 96.3 93.4 82.7 91.9 90.6 77.5 103.7 102.8 85.2

LS 2-0 1 20 116.6 111.2 93.1 111.8 106.6 89.8 123.3 119 102.9

Two-stage 
pipelined

1 500 50.3 50.3 50.3 36.9 36.9 37.2 49.9 49.8 50.9

Three-
stage 
pipelined

1 500 59.7 60 58.9 54.9 54.6 54.9 74.3 73.3 77.5

Four-stage 
pipelined

1 500 74.9 73.7 67 72.9 65.9 64.8 95.6 76.4 81.8

Two-
channel 
time-
interleaved

2 1000 - - 42.5 - - 24.6 - - 34.2

Four-
channel 
time-
interleaved

4 2000 - - 43.2 - - 24.6 - - 34

Four-bit 
flash

1 500 - - 44.9 - - 25.6 - - 35



8 CONCLUSION
Utilizing the similarity in architecture between the loop filter in a ΣΔ ADC and the MDAC in 
a pipelined ADC, a reconfigurable scheme supporting Oversampling and Nyquist-rate ADCs 
has been devised. Matlab models were used to study the impact of circuit non-idealities 
such as finite opamp gain and bandwidth on the pipelined and ΣΔ ADCs. This helped to 
determine the specification of the opamp for the targeted ENOB. Reduction in thermal 
noise due to noise shaping in  multi-stage/multi-order  ΣΔ ADCs and inter-stage gain in 
pipelined ADCs was used to reduce sampling capacitance in the RBs.  This in turn will 
enhance  operating  speed  and  reduce  power  consumption.  The  performance  of  the 
different R-ADC configurations was evaluated using Matlab models and Cadence blocks 
with ideal switches and a finite gain OTA model. Comparable performance was obtained in 
both cases which supports the feasibility of the R-ADC. 

8.1 Future Work

Following activities can be taken up

• Transistor schematic design of the R-ADC. The most challenging task would be to 
design  the  high  performance  OTA  (  gain=50 dB  and  3dB=2 GHz ).  The  design  of 
highly linear switches may also be taken up. 

• Optimizing the switching network used in the reconfiguration logic. Nodes where 
less complex switches can be used need to be identified. 

• Quantify the performance benefits obtained by using the calibration schemes for 
flash ADCs.

• The full-scale input range of the ADC can be expanded further to have rail-to-rail 
swing. This may reduce the maximum input scale factor that can be applied to ΣΔ 
ADCs and will also have implications for the OTA design.

• Quantify the savings in chip area achieved in R-ADC compared to individual ADCs.

• Currently in cascaded ΣΔ ADCs, the output of loop filter is directly passed to the 
next stage. For such a scheme to be effective, the distortions in these stages should 
be minimal making the OTA design more complex. A way around this is to pass 
quantization error to the next stage instead of loop filter output. The feasibility and 
implications of this scheme can be analyzed.

• In the transistor level, the impact of input scaling factor on SNDR in ΣΔ ADCs can be 
studied.

• Once a mature design of the R-ADC is realized and fabricated, the real performance 
can be measured. 

Application areas can be identified which may need only a subset of the configurations 
supported  by  the  R-ADC.  In  that  case  an  optimum  reconfigurable  platform  can  be 
developed that tailors the R-ADC architecture to the specific requirements.



 APPENDIX A.MATLAB-CADENCE CO-
SIMULATION

Mixed-signal systems involve both analog and digital blocks and switching between these 
domains is a necessity during design. Matlab is well suited for analyzing performance of 
discrete-time  systems  while  Cadence  is  preferred  for  continuous-time  simulations.  For 
example, while simulating the MASH 1-1 ADC, the SC loop filter, the four-bit flash ADC and 
the DAC corresponding to each first-order stage can be simulated in Cadence while it is 
easier  to  implement  the  digital  transfer  functions H 1 z and H 2 z in  Matlab.  Also 
performance analysis of mixed-signal blocks involve computation of various parameters 
like SNR, SNDR, SFDR etc, which can be easily implemented in Matlab. Hence design of 
mixed-signal systems is efficient and less error prone if a Cadence-Matlab co-simulation 
setup is in place. The simplest solution will be to first run the simulation in Cadence, using 
ADE, and store the simulation results to a file. Matlab can be used to process this file. 
Often  this  solution  is  not  good  enough  for  many  simulation  requirements.  Designers 
usually  use  the  powerful  optimizers  available  in  Matlab  to  identify  optimum value  for 
various design variables. This may involve running the following steps.

1. Simulation is carried out in ADE based on certain design variables.

2. In Matlab, the post-simulation data is used to compute the cost function.

3. New values for design variables are computed by the optimizer function in Matlab.

4. Modified design variable are passed to ADE and step 1-4 is iterated till the defined 
exit criteria are met.

OCEAN is a scripting language that can be used to configure and control the ADE. These 
scripts can be executed from the command line. In order to run OCEAN commands, the 
command ocean is executed from a sourced terminal. Figure A.1 shows a typical Matlab-
Cadence co-simulation flow. 

Figure A.1: Matlab-Cadence co-simulation block diagram.
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OCEAN script for the second-order ΣΔ ADC in R-ADC is given below.

; Header section

ocnWaveformTool( 'awd ) 

simulator( 'spectre ) 

modelFile( '("/sw/cadence/IC5141_USR5/tools/dfII/samples/artist/mixSig/models/spectre/

cds_msdev.scs" "") 

'("/site/edu/es/DAISY/daisy//pdkSpecific/generic/sim/models/local.scs" "") 

'("/site/edu/es/DAISY/daisy//pdkSpecific/stm065rf/sim/models/local.scs" "") ) 

; Design setup

design( "/site/edu/es/EXJOBB/xStuck/xStuckAdc/sim/netlist/Reconfig_0001/

xStuckAdcTest_ReconfigAdc_T/spectre/config_ver2/netlist/netlist") 

resultsDir( "/site/edu/es/EXJOBB/xStuck/xStuckAdc/sim/netlist/Reconfig_0001/

xStuckAdcTest_ReconfigAdc_T/spectre/config_ver2/" ) 

; Variables

desVar(   "Vrefn" 4.750000e-01 ) 

desVar(   "Vrefp" 7.250000e-01 ) 

desVar(   "vdd" 1 ) 

desVar(   "Vcm" 6.000000e-01 ) 

desVar(   "Switch_ON_Voltage" 9.000000e-01 ) 

desVar(   "Switch_OFF_Voltage" 1.000000e-01 ) 

desVar(   "inputScaleFactor" 0.700000 ) 

desVar(   "sample_period" "1.000000e-09" ) 

desVar(   "inpFreq" 9948730.468750 ) 

desVar(   "Ra" 100000 ) 

desVar(   "gm" 1.000000e-02 ) 

desVar(   "Cmdac1" 8.000000e-14 ) 

desVar(   "Cf1" 1.600000e-12 ) 

desVar(   "Cmdac2" 2.000000e-14 ) 

desVar(   "Cf2" 4.000000e-13 ) 

desVar(   "Cmdac3" 1.000000e-14 ) 

desVar(   "Cf31" 1.000000e-13 ) 

desVar(   "Cf32" 1.000000e-13 ) 

desVar(   "Cmdac4" 1.000000e-14 ) 

desVar(   "Cf4" 2.000000e-13 ) 

desVar(   "config3" 0 ) 

desVar(   "config2" 0 ) 

desVar(   "config1" 0 ) 

desVar(   "config0" 1 ) 

desVar(   "AdcOutFile" "\"/site/edu/es/EXJOBB/xStuck/xStuckAdc/sim/results/

ReconfigADC_SigmaDeltaADC/2order/20110218_233759/adcout.dat\"") 

; Simulation setup

analysis('tran ?stop "1.658400e-05"  ?errpreset "liberal" ?cmin "1a") 

saveOption( 'save "none" ) 

envOption( 'firstRun  t ) 

temp( 70 ) 

run()
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The contents of the OCEAN script file can be divided into the following sections: Header, 
design setup, variables and simulation setup. 

Commands used to configure the current OCEAN session and the simulator input file are 
grouped under the header section.  In  the OCEAN script  for  the second-order  ΣΔ ADC, 
commands  simulator  and  ocnWaveformTool are  used  to  specify  the  simulator  and 
waveform tool to be used for the current session. The command modelFile specifies the 
model  files  that  should  be  added  to  the  simulator  input  file.  The  syntax  for  these 
commands are given in Table A.1 [1].

Design  setup  section  contains  commands  that  specify  the  design  file  to  be  used  for 
simulation and the directory in which the results should be stored. The design (netlist) file 
to be used is specified using the design command while the resultsDir command specifies 
the directory where the simulation results should be stored. Table A.2 gives the syntax for 
commands used in the script for second-order ΣΔ ADC [1].

The desVar function can be used to set values for the design variables. Syntax for desVar 
command is given in Table A.3 [1]. 

Table A.1: Commands to configure current OCEAN session.

Command Syntax Description

simulator  simulator( s_simulator) Starts an OCEAN session and sets 
's_simulator' as the simulator to be 
used for the current session. The 
simulator used in the second-order ΣΔ 
ADC example is 'spectre'. 

ocnWaveformTool ocnWaveformTool( s_waveformTool) Sets the 's_waveformTool' as the 
waveform tool for the current session. 
The two waveform tools available are 
'awd' and 'wavescan'. 

modelFile modelFile( [g_modelfile1 [g_modelfile2...]]) Adds 'g_modelfile1', 'g_modelfile2' etc. 
as the model file in the simulator input 
file. It is recommended to specify the 
full path to the model file.

Table A.2: OCEAN commands to configure the design.

Command Syntax Description

design  design( t_cktFile) Specifies that the design to be simulated is the netlist 
't_cktFile'.

resultsDir resultsDir( t_dirName) Sets the 't_dirName' as the directory where the simulation 
result (PSF files) should be stored.

Table A.3: OCEAN command to configure design variables.

Command Syntax Description

desVar  desVar( t_desVar1 f_value1 ...
[t_desVarN f_valueN])

Sets 'f_value1' as the value of design variable 
't_desVar1'. A single desVar command can be 
used to set the value of multiple variables.
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Commands  used  to  setup  measurements  and  the  simulator  are  grouped  under  the 
simulator setup section. The commands used in the script for second-order ΣΔ ADC are 
listed in Table A.4 [1]. 

As shown in the OCEAN script for second-order ΣΔ ADC, all the sections can be present in a 
single script file. However at times it is desirable to split the sections into different OCEAN 
files and have one top level OCEAN file. The top level script will contain commands to load 
the script file corresponding to each section. The SKILL command load (or  loadi) can be 
used to load and evaluate an OCEAN script file. The only difference between  load and 
loadi is that with loadi if an error occurs during loading of a script file, it prints the error 
and continues loading rest of the file [2]. 

In the second-order ΣΔ ADC example, a fixed value is assigned to all the design variables. 
Instead of a static value, the value can be specified as a variable. Value assigned to this 
variable can be modified using the SKILL command setq [2]. Also, instead of having all the 
design variables in a single file, they can be split into two files: One which contains all the 
design  variable  assignments  (static  as  well  as  variables)  using  desVar  and the  other 
containing the setq commands for variables.  This is particularly useful when there are a 
large  number  of  design  variables  and  only  few of  them has  to  be  modified  between 
multiple runs. 

Table A.4: OCEAN commands for simulation setup.

Command Syntax Description

analysis analysis( s_analysisType 
[?analysisOption1 g_analysisOptionValue1]
...
[?analysisOptionN g_analysisOptionValueN])

Sets 's_analysisType' as the analysis to be 
performed  and  sets  the  value 
'g_analysisOptionValue1'  for 
'analysisOption1'.  Any number of analysis 
options can be set for an analysis. 

saveOption saveOption( [s_option1 g_optionValue1]
              …[s_optionN g_optionValueN]

Sets the save options for the simulator that 
is  selected.  Options  vary  based  on  the 
simulator  used.  In  order  to  get  the  save 
options available for the spectre simulator, 
execute the following OCEAN commands:
simulator('spectre)
ocnHelp('saveOption)

envOption envOption( [s_option1 g_optionValue1]
              …[s_optionN g_optionValueN]

Sets the environment options for the ADE. 
More information regarding envOption can 
be  obtained  by  executing  the  following 
commands:
simulator('spectre)
ocnHelp('envOption)

temp temp(f_tempValue) Sets  the  circuit  temperature  to 
'f_tempValue'

run run( [analysisList] ) 'analysisList'  is an optional  argument that 
can  be  used to  specify  the  analysis  that 
should  be  started.  If  no  argument  is 
specified  all  analysis  will  be  started.  run 
command  should  not  be  used  to  start 
parametric  analysis,  corner  analysis, 
Monte  Carlo  analysis  and  Optimization 
runs.  For  these,  their  respective  run 
commands should be used.
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Assume that as part of an optimization loop, the supply voltage has to be swept from a 
minimum value to a maximum value. Then the main design variable file will be

; oceanDesVarMain.ocn

desVar("Vrefn" 4.750000e-01) 

desVar("Vrefp" 7.250000e-01) 

desVar("vdd" vsupply) 

desVar(   "Vcm" 6.000000e-01 ) 

The value for the variable  vsupply will  be updated in another script file using the  setq 
command.

; oceanSetVar.ocn

setq( vsupply 6.000000e-01)

Hence only the oceanSetVar.ocn file has to be updated from Matlab. The top level file in 
this case will have the following lines.

; oceanTop.ocn

loadi( ocnSetVarPath) 

loadi( ocnDesVarMainPath) 

ocnDesVarMainPath and ocnSetVarPath contain the path of files oceanDesVarMain.ocn and 
oceanSetVar.ocn respectively.

Once the OCEAN script file is created, it can be executed from a sourced command line by 
using the command

ocean < ocnTopPath >!  ocnLogpath

ocnTopPath is the path to the oceanTop.ocn file to be executed and ocnLogpath specifies 
that path where the log file will be stored. 

In order to run the OCEAN script file from Matlab, a shell script is created which is then 
executed using the  unix command in Matlab. The shell script  runscript.sh used for the 
second-order ΣΔ ADC is given below.

;runscript.sh

#!/bin/tcsh

module load TSTE16

source $HOME/./.tste16Proj_rc

cdo

ocean </site/edu/es/EXJOBB/xStuck/xStuckAdc/sim/results/ReconfigADC_SigmaDeltaADC/

     2order/20110218_233759/oceanscript.ocn >!  /site/edu/es/EXJOBB/xStuck/xStuckAdc/

sim/results/ReconfigADC_SigmaDeltaADC/2order/20110218_233759/sim.log'

OCEAN script for the current session can be created by using the Session >> Save Script 
menu in the ADE . 

References

[1] “OCEAN Reference”,Cadence Design Systems,Product Version 5.1.41, June 2004

[2] “SKILL Language User Guide”,Cadence Design Systems,Product Version 06.30, June 2004



 APPENDIX B. MATLAB CODE
 B.1 MASH 2-1-1 ADC

The Matlab codes for simulating the MASH 2-1-1 ADC as SFG and using Cadence blocks are 
included.

 B.1.1 MASH 2-1-1 ADC Specification

% xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1Spec.m

%

% Specification File for MASH 2-1-1 ADC.

%

% This file holds the specifications for the ADC such as bandwidth, sampling

% frequency,requested frequency of input and OSR. The coherently sampled input

% frequency is calculated here using the number of input samples,requested

% input frequency and the no: of samples. The function daisyPrimeSig is used

% for this purpose.The input scaling factor for the ADC is specified here.

% The NTF for the second-order and first-order sigma-delta stages

% are derived using the synthesizeNTF function from the Delta-Sigma

% toolbox. The transfer functions of the NTF and STF for the first and

% second-order stages are derived using synthesizeNTF, realizeNTF and 

% stuffABCD functions from the Delta-Sigma toolbox. 

% This file also contains the parameters used for MASH 2-1-1 simulation in

% Cadence. These parameters are used in the 

% xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1GenOcnScript function.

% The parameters inlcude supply voltage,max and min input levels, ON and

% OFF voltages for the ideal switch,gm and Ra for the OTA model,capacitance

% values for the four RBs and four control bits for reconfiguration

 

% Specification

BW =  3e7;

fin_req = 3e7;

fs = 1e9;   

OSR = ceil(fs/(2*BW));

N_samples = 16384;

inputScaleFactor = 0.7;

Wm = 4; 

 

% Calculating Coherently sampled input frequency

fin = daisyPrimeSig(fin_req,fs,N_samples);

fin = fin(1);
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% Parameters for determining NTF 

order_stage1 = 2;               

order_stage2 = 1;

opt1 = 1;  

opt2 = 1;     

quantLevels = 16; 

form = 'CIFB';

NTFGain_stage1 = 2.5;

NTFGain_stage2 = 1.5;

 

% NTF,STF of second-order stage

NTF1 = synthesizeNTF(order_stage1,OSR,opt1, NTFGain_stage1);

[a1, g1, b1, c1] = realizeNTF(NTF1,form);

b1(2:end) = 0;  

g1(1:end) = 0;

a1(1) = 0.75;

b1(1) = 0.75;

a1(2) = 1.5;

ABCD1 = stuffABCD(a1,g1,b1,c1,form);

[ntf1,stf1] = calculateTF(ABCD1,1);

 

% NTF,STF of first-order stage

NTF2 = synthesizeNTF(order_stage2,OSR,opt2, NTFGain_stage2);

[a2, g2, b2, c2] = realizeNTF(NTF2,form);

b2(2:end) = 0;  

g2(1:end) = 0;

a2(1) = 0.75;    

b2(1) = 0.75;

ABCD2 = stuffABCD(a2,g2,b2,c2,form);

[ntf2,stf2] = calculateTF(ABCD2,1); 

     

% Parameters for Cadence simulation

vdd = 1;

Vrefp = 0.725;

Vrefn = 0.475;

Vref = Vrefp-Vrefn;

Vcm     = 0.6;

Switch_ON_Voltage = 0.9;

Switch_OFF_Voltage = 0.1;

Ra = 100e3;

gm = 10e-3;

Cmdac1 = 80e-15;

Cf2 = 400e-15;

Cmdac2 = 20e-15;

Cf31  = 100e-15;

Cf32  = 100e-15;

Cmdac3 = 10e-15;
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Cf4 = 200e-15;

Cmdac4 = 10e-15;

config3 = 1;

config2 = 1;

config1 = 0;

config0 = 0;

 B.1.2 MASH 2-1-1 ADC SFG

function [output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap]...

  = xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1RunSFG_Sat(input_data, a1, b1,...

                                 c1,a2, b2, c2, r2, r21,ntf1,stf2,ntf2)

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%function [output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap]...

%  = xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1RunSFG_Sat(input_data, a1, b1,...

%                                 c1,a2, b2, c2, r2, r21,ntf1,stf2,ntf2)

%

% This function simulate MASH 2-1-1 SFG and returns the output

%

% The input arguments for this function are 

% input_data : coherently sampled sinusoidal input data to be passed 

% as input to the SFG

% a1 = Array of 'a' coefficients for the second-order stage [a1(1) a1(2)]

% b1 = Array of 'b' coefficients for the second-order stage [b1(1)]

% c1 = Array of 'c' coefficients for the second-order stage [c1(1) c1(2)]

% a2 = Array of 'a' coefficients for the first-order  stage [a2(1)]

% b2 = Array of 'b' coefficients for the first-order  stage [b2(1)]

% c2 = Array of 'c' coefficients for the first-order  stage [c2(1)]

% r2 = Array of r2's for the four integrators [r2(1) r2(2) r2(3) r2(4)]

% r21 = Array of r2/r1 's  [r21(1) r21(2)] 

% ntf1 = NTF of the second-order Modulator

% stf2 = STF of the first-order Modulator

% ntf2 = NTF of the first-order Modulator

%

% SFG made on 2011-02-15 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

 

m1 = ntf1.z{1}(1);

m2 = ntf1.z{1}(2);

 

n1 = ntf1.p{1}(1);

n2 = ntf1.p{1}(2);

 

k = stf2.k;

p = stf2.p{1}; 

 

n = ntf2.p{1};
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m = ntf2.z{1};

 

sfg = [];

sfg = addoperand(sfg,'in', 1, 1);

 

% Stage1  2nd order SDM

sfg = addoperand(sfg, 'mult', 1, 1, 4, b1(1) );

sfg = addoperand(sfg, 'mult', 2, 7, 8, a1(1) ); 

sfg = addoperand(sfg, 'mult', 3, 97, 5, c1(1));

sfg = addoperand(sfg, 'mult', 4, 7, 9, a1(2)); 

sfg = addoperand(sfg, 'mult', 5, 99, 6, c1(2));

sfg = addoperand(sfg, 'mult', 6, 96, 14, r2(1));

sfg = addoperand(sfg, 'mult', 7, 97, 15, r21(1));

sfg = addoperand(sfg, 'mult', 8, 98, 16, r2(2));

sfg = addoperand(sfg, 'mult', 9, 99, 17, r21(2));

 

sfg = addoperand(sfg, 'add', 1, [14 15], 12);

sfg = addoperand(sfg, 'add', 2, [16 17], 13);

  

sfg = addoperand(sfg, 'sub', 1, [4 8], 10);

sfg = addoperand(sfg, 'sub', 2, [5 100], 11);

  

sfg = addoperand(sfg, 'delay', 1, 12, 2);

sfg = addoperand(sfg, 'delay', 2, 13, 3);

  

sfg = addoperand(sfg, 'quant2', 1, 6, 7,[0.25 4]); 

 

sfg = addoperand(sfg, 'overflow', 1, 10, 96,[], 'sat');

sfg = addoperand(sfg, 'overflow', 2, 2, 97,[], 'sat');

sfg = addoperand(sfg, 'overflow', 3, 11, 98,[], 'sat');

sfg = addoperand(sfg, 'overflow', 4, 3, 99,[], 'sat');

sfg = addoperand(sfg, 'overflow', 5, 9, 100,[], 'sat');

 

% Stage 2  1st Order SDM

sfg = addoperand(sfg, 'mult', 10, 6, 18, b2(1));

sfg = addoperand(sfg, 'mult', 11, 101, 21, r2(3));

sfg = addoperand(sfg, 'mult', 12, 26, 19, a2(1)); 

sfg = addoperand(sfg, 'mult', 13, 102, 22, r21(3)); 

sfg = addoperand(sfg, 'mult', 14, 102, 25, c2(1)); 

 

sfg = addoperand(sfg, 'add', 3, [21 22],23);

 

sfg = addoperand(sfg, 'sub', 3, [18 19], 20);

 

sfg = addoperand(sfg, 'delay', 3, 23, 24);

  

sfg = addoperand(sfg, 'quant2', 2, 25, 26,[0.25 4]);  
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sfg = addoperand(sfg, 'overflow', 6, 20, 101,[], 'sat');

sfg = addoperand(sfg, 'overflow', 7, 24, 102,[], 'sat');

  

% Stage 3  1st Order SDM

sfg = addoperand(sfg, 'mult', 15, 25, 28, b2(1));

sfg = addoperand(sfg, 'mult', 16, 103, 31, r2(4));

sfg = addoperand(sfg, 'mult', 17, 36, 29, a2(1)); 

sfg = addoperand(sfg, 'mult', 18, 104, 32, r21(4)); 

sfg = addoperand(sfg, 'mult', 19, 104, 35, c2(1)); 

 

sfg = addoperand(sfg, 'add', 4, [31 32],33);

 

sfg = addoperand(sfg, 'sub', 4, [28 29], 30);

 

sfg = addoperand(sfg, 'delay', 4, 33, 34);

   

sfg = addoperand(sfg, 'quant2', 3, 35, 36,[0.25 4]);  

 

sfg = addoperand(sfg, 'overflow', 8, 30, 103,[], 'sat');

sfg = addoperand(sfg, 'overflow', 9, 34, 104,[], 'sat');

  

% H1(z) = STF2*STF3 * (1-NTF1)/ NTF1

sfg = addoperand(sfg, 'mult', 20, 7, 51, k);

sfg = addoperand(sfg, 'mult', 21, 54, 52, p);

sfg = addoperand(sfg, 'mult', 22, 54, 55, k);

sfg = addoperand(sfg, 'mult', 23, 58, 56, p);

sfg = addoperand(sfg, 'mult', 24, 59, 62, ((m1+m2)-(n1+n2)));

sfg = addoperand(sfg, 'mult', 25, 60, 61, ((n1*n2)-(m1*m2)) );

sfg = addoperand(sfg, 'mult', 26, 66, 69, (n1+n2));

sfg = addoperand(sfg, 'mult', 27, 67, 68, -(n1*n2));

 

sfg = addoperand(sfg, 'add', 5, [51 52], 53);

sfg = addoperand(sfg, 'add', 6, [55 56], 57);

sfg = addoperand(sfg, 'add', 7, [61 62], 63);

sfg = addoperand(sfg, 'add', 8, [63 64], 65);

sfg = addoperand(sfg, 'add', 9, [68 69], 64);

 

sfg = addoperand(sfg, 'delay', 5, 53, 54);

sfg = addoperand(sfg, 'delay', 6, 57, 58);

sfg = addoperand(sfg, 'delay', 7, 58, 59);

sfg = addoperand(sfg, 'delay', 8, 59, 60);

sfg = addoperand(sfg, 'delay', 9, 65, 66);

sfg = addoperand(sfg, 'delay', 10, 66, 67);   

 

sfg = addoperand(sfg, 'mult', 28, 70, 73, -(n1+n2));

sfg = addoperand(sfg, 'mult', 29, 78, 81, (m1+m2));
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sfg = addoperand(sfg, 'mult', 30, 71, 72,(n1*n2));

sfg = addoperand(sfg, 'mult', 31, 79, 80, -(m1*m2));

 

sfg = addoperand(sfg, 'add', 10, [65 74], 75);

sfg = addoperand(sfg, 'add', 11, [72 73], 74);

sfg = addoperand(sfg, 'add', 12, [75 76], 77);

sfg = addoperand(sfg, 'add', 13, [80 81], 76);  

  

sfg = addoperand(sfg, 'delay', 11, 65, 70);

sfg = addoperand(sfg, 'delay', 12, 70, 71);

sfg = addoperand(sfg, 'delay', 13, 77, 78);

sfg = addoperand(sfg, 'delay', 14, 78, 79);   % output node is 77

 

% H2(z) = STF3(z)* (NTF2-1)

sfg = addoperand(sfg, 'mult', 32, 26, 43, k);

sfg = addoperand(sfg, 'mult', 33, 46, 44, p);

sfg = addoperand(sfg, 'mult', 34, 46, 47, (n-m));

sfg = addoperand(sfg, 'mult', 35, 50, 48, n);

 

sfg = addoperand(sfg, 'add', 14, [43 44], 45);

sfg = addoperand(sfg, 'add', 15, [47 48], 49);

sfg = addoperand(sfg, 'delay', 15, 45, 46);

sfg = addoperand(sfg, 'delay', 16, 49, 50);   % output node is 50

 

% H3(z) = NTF2(z)

sfg = addoperand(sfg, 'mult', 36, 42, 40, n);

sfg = addoperand(sfg, 'mult', 37, 37, 38, m);

 

sfg = addoperand(sfg, 'sub', 5, [36 38], 39);

 

sfg = addoperand(sfg, 'add', 16, [39 40], 41);

 

sfg = addoperand(sfg, 'delay', 17, 36, 37);

sfg = addoperand(sfg, 'delay', 18, 41, 42);   % output node is 41

 

% H1 -(H2-H3)

sfg = addoperand(sfg, 'sub', 6, [50 41], 82);

sfg = addoperand(sfg, 'sub', 7, [77 82], 83);

 

% H4(z) = NTF1(z)

sfg = addoperand(sfg, 'mult', 38, 84, 87, -(m1+m2));

sfg = addoperand(sfg, 'mult', 39, 92, 95, (n1+n2));

sfg = addoperand(sfg, 'mult', 40, 93, 94,-(n1*n2));

sfg = addoperand(sfg, 'mult', 41, 85, 86, (m1*m2));

 

sfg = addoperand(sfg, 'add', 17, [83 88], 89);

sfg = addoperand(sfg, 'add', 18, [86 87], 88);
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sfg = addoperand(sfg, 'add', 19, [89 90], 91);

sfg = addoperand(sfg, 'add', 20, [94 95], 90);  

  

sfg = addoperand(sfg, 'delay', 19, 83, 84);

sfg = addoperand(sfg, 'delay', 20, 84, 85);

sfg = addoperand(sfg, 'delay', 21, 91, 92);

sfg = addoperand(sfg, 'delay', 22, 92, 93);   % output node is 48

 

% output

sfg = addoperand(sfg, 'out', 1, 91);   

[output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap] = ...

    simulate(sfg,input_data);

 B.1.3 MASH 2-1-1 ADC SFG Simulation 

SFG of the MASH 2-1-1 ADC with an opamp gain of 60 dB in each integrator is simulated.

% xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1Level1.m

%

% This file simulates the MASH 2-1-1 ADC SFG using a sinusoidal input and

% computes SNR,SNDR and SFDR at the ADC output.

%

% The Specifications for the

% ADC are obtained from xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1Spec

% file. The coherently sampled frequency,mutliplier coefficients and the 

% poles and zeros of the NTF,STF are provided by the Spec file.The input 

% data is a coherently sampled sine wave with 0.25V(peak-peak) swing.The 

% SFG is implemented as a function

% xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1RunSFG_Sat.The SFG model 

% includes finite gain effect for an opamp with 60dB DC gain.The effect of

% parasitic capacitance is negelected.The spectrum of the SFG output is

% obtained using the spect20 function. The SNR,SNDR,SFDR in the band of

% interest (30 MHz) are computed using the adcperf function.

 

close all;

xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1Spec;

  

A1(1) = a1(1)*c1(1);

A1(2) = a1(2)*c1(2);

B1(1) = b1(1)*c1(1);

C1(1) = 1;

C1(2) = 1;

A2(1) = a2(1)*c2(1);

B2(1) = b2(1)*c2(1);

C2(1) = 1;

  

% Fixed Opamp Gain

gaindB = 60;

gain = 10^(gaindB/20);
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Cpara_ratio = 0;

R2(1)  =  1-( (1+ Cpara_ratio +(a1(1)*c1(1)))/gain);

R21(1) = 1-( ( (a1(1)*c1(1)))/gain);

R2(2)  =  1-( (1+ Cpara_ratio +(a1(2)*c1(2)) )/gain);

R21(2) = 1-( ( (a1(2)*c1(2)) )/gain);

R2(3) = 1- ((1+ Cpara_ratio + (a2(1)*c2(1)))/gain);

R21(3) = 1-  ( ( (a2(1)*c2(1)))/gain);

R2(4) = 1- ((1+ Cpara_ratio + (a2(1)*c2(1)))/gain);

R21(4) = 1-  ( ( (a2(1)*c2(1)))/gain);

 

constScaleFactor = 0.125;

wsinT = 2 * pi* fin/fs; 

n = 0: (N_samples-1);  

input_data = constScaleFactor * inputScaleFactor * sin(wsinT *n);

[output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap]...

    = xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1RunSFG_Sat(input_data,...

    A1, B1, C1,A2, B2, C2, R2, R21,ntf1,stf2,ntf2);

 

scaled_adcout_spect = spect20(output_ap); 

N_spect = length(output_ap)/2;

delta_f = (fs/2)/N_spect;

X_spect = 0: delta_f: ((fs/2)-delta_f);

figure;

semilogx(X_spect, scaled_adcout_spect);

xlabel('Frequency(Hz)');

ylabel('Magnitude (dB)');

title('Output Spectrum of MASH 2-1-1 ADC');

 

% Calculate SNR,SNDR etc in the band of interest, taking spectrum values

% till bandwidth of the filter given by spec(1:ceil(1.1*BW/delta_f))

win = 'hann1';

Nx = N_samples;

spec = adcfft('d',output_ap,'skip',1,'mean','N',Nx,'w',win);    

delta_f = (fs/2)/length(spec);

perf = adcperf('data',spec(1:ceil(BW/delta_f*1.1)),'snr','sndr','sfdr','sdr','w',win);

SNDR_out = perf.sndr;

SFDR_out = perf.sfdr;

SNR_out = perf.snr;

disp(['SNR of MASH 2-1-1 ADC: ', num2str(SNR_out), ' dB']);

disp(['SNDR of MASH 2-1-1 ADC: ', num2str(SNDR_out), ' dB']);

disp(['SFDR of MASH 2-1-1 ADC ', num2str(SFDR_out), ' dB']);

beep;

 B.1.4 MASH 2-1-1 ADC Digital Filter SFG

function [output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap] = ...

    xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1RunHzSFG(input_data,ntf1,stf2,ntf2)
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% function [output_ap, outputids_ap, registers_ap, registerids_ap,nodes_ap, nodeids_ap] 

%  = xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1RunHzSFG(input_data,ntf1,stf2,ntf2)

%

% simulate MASH 2-1-1 H(z) functions using SFG and returns the result

%

% input_data : Array of outputs of stage1, stage2, stage3 ADCs. These are 

% provided by the xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1Simulate

% file.

% ntf1 = NTF of the second-order Modulator

% stf2 = STF of the first-order Modulator

% ntf2 = NTF of the first-order Modulator

%

% SFG made on 2011-02-15 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

 

m1 = ntf1.z{1}(1);

m2 = ntf1.z{1}(2);

 

n1 = ntf1.p{1}(1);

n2 = ntf1.p{1}(2);

 

k = stf2.k;

p = stf2.p{1}; 

 

n = ntf2.p{1};

m = ntf2.z{1};

 

sfg = [];

sfg = addoperand(sfg,'in', 1, 7);

sfg = addoperand(sfg,'in', 2, 26);

sfg = addoperand(sfg,'in', 3, 36);

  

% H1(z) = STF2*STF3 * (1-NTF1)/ NTF1

sfg = addoperand(sfg, 'mult', 20, 7, 51, k);

sfg = addoperand(sfg, 'mult', 21, 54, 52, p);

sfg = addoperand(sfg, 'mult', 22, 54, 55, k);

sfg = addoperand(sfg, 'mult', 23, 58, 56, p);

sfg = addoperand(sfg, 'mult', 24, 59, 62, ((m1+m2)-(n1+n2)));

sfg = addoperand(sfg, 'mult', 25, 60, 61, ((n1*n2)-(m1*m2)) );

sfg = addoperand(sfg, 'mult', 26, 66, 69, (n1+n2));

sfg = addoperand(sfg, 'mult', 27, 67, 68, -(n1*n2));

 

sfg = addoperand(sfg, 'add', 5, [51 52], 53);

sfg = addoperand(sfg, 'add', 6, [55 56], 57);

sfg = addoperand(sfg, 'add', 7, [61 62], 63);

sfg = addoperand(sfg, 'add', 8, [63 64], 65);
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sfg = addoperand(sfg, 'add', 9, [68 69], 64);

 

sfg = addoperand(sfg, 'delay', 5, 53, 54);

sfg = addoperand(sfg, 'delay', 6, 57, 58);

sfg = addoperand(sfg, 'delay', 7, 58, 59);

sfg = addoperand(sfg, 'delay', 8, 59, 60);

sfg = addoperand(sfg, 'delay', 9, 65, 66);

sfg = addoperand(sfg, 'delay', 10, 66, 67);   

 

sfg = addoperand(sfg, 'mult', 28, 70, 73, -(n1+n2));

sfg = addoperand(sfg, 'mult', 29, 78, 81, (m1+m2));

sfg = addoperand(sfg, 'mult', 30, 71, 72,(n1*n2));

sfg = addoperand(sfg, 'mult', 31, 79, 80, -(m1*m2));

 

sfg = addoperand(sfg, 'add', 10, [65 74], 75);

sfg = addoperand(sfg, 'add', 11, [72 73], 74);

sfg = addoperand(sfg, 'add', 12, [75 76], 77);

sfg = addoperand(sfg, 'add', 13, [80 81], 76);  

  

sfg = addoperand(sfg, 'delay', 11, 65, 70);

sfg = addoperand(sfg, 'delay', 12, 70, 71);

sfg = addoperand(sfg, 'delay', 13, 77, 78);

sfg = addoperand(sfg, 'delay', 14, 78, 79);   % output node is 77

 

% H2(z) = STF3(z)* (NTF2-1)

sfg = addoperand(sfg, 'mult', 32, 26, 43, k);

sfg = addoperand(sfg, 'mult', 33, 46, 44, p);

sfg = addoperand(sfg, 'mult', 34, 46, 47, (n-m));

sfg = addoperand(sfg, 'mult', 35, 50, 48, n);

 

sfg = addoperand(sfg, 'add', 14, [43 44], 45);

sfg = addoperand(sfg, 'add', 15, [47 48], 49);

sfg = addoperand(sfg, 'delay', 15, 45, 46);

sfg = addoperand(sfg, 'delay', 16, 49, 50);   % output node is 50

 

% H3(z) = NTF2(z)

sfg = addoperand(sfg, 'mult', 36, 42, 40, n);

sfg = addoperand(sfg, 'mult', 37, 37, 38, m);

 

sfg = addoperand(sfg, 'sub', 5, [36 38], 39);

 

sfg = addoperand(sfg, 'add', 16, [39 40], 41);

 

sfg = addoperand(sfg, 'delay', 17, 36, 37);

sfg = addoperand(sfg, 'delay', 18, 41, 42);   % output node is 41

 

% H1 -(H2-H3)
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sfg = addoperand(sfg, 'sub', 6, [50 41], 82);

sfg = addoperand(sfg, 'sub', 7, [77 82], 83);

 

% H4(z) = NTF1(z)

sfg = addoperand(sfg, 'mult', 38, 84, 87, -(m1+m2));

sfg = addoperand(sfg, 'mult', 39, 92, 95, (n1+n2));

sfg = addoperand(sfg, 'mult', 40, 93, 94,-(n1*n2));

sfg = addoperand(sfg, 'mult', 41, 85, 86, (m1*m2));

 

sfg = addoperand(sfg, 'add', 17, [83 88], 89);

sfg = addoperand(sfg, 'add', 18, [86 87], 88);

sfg = addoperand(sfg, 'add', 19, [89 90], 91);

sfg = addoperand(sfg, 'add', 20, [94 95], 90);  

 

 

sfg = addoperand(sfg, 'delay', 19, 83, 84);

sfg = addoperand(sfg, 'delay', 20, 84, 85);

sfg = addoperand(sfg, 'delay', 21, 91, 92);

sfg = addoperand(sfg, 'delay', 22, 92, 93);   % output node is 48

 

% output

sfg = addoperand(sfg, 'out', 1, 91);   

[output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap] ...

    = simulate(sfg,input_data,[1;2;3]);

 B.1.5 MASH 2-1-1 ADC Cadence Simulation

% xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1Simulate.m

%

% This file runs the Cadence simulation of MASH 2-1-1 ADC and computes SNR,

% SNDR and SFDR at the ADC output.

%

% The specifications for the ADC are obtained from

% xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1Spec

% A directory with time stamp is created to store the oceanscript file(.ocn),

% runscript file, simulation log file and output file generated by Cadence.

% The paths for the netlist(of the MASH 2-1-1 design) and the result directory

% are stored in strings which are passed to the

% xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1GenOcnScript function.

% The xStuckAdc_ReconfigADC_GenerateRunScript function generates the

% executable script filer while will execute the oceanscript file

% The output file generated by Cadence consists of 12 bits, 4 bits each

% from the three stages of the MASH 2-1-1 ADC. These outputs are converted

% to equivalent analog values( b/w 0.475V and 0.725V) and given as inputs 

% to the xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1RunHzSFG function which

% applies the digital transfer functions H1,H2,H3 and H4 and produces the

% final output of the MASH 2-1-1 ADC.The SNR,SNDR and SFDR are caluclated

% using adcperf function
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clc;

clear all;

close all;

fprintf('***********************************\n');

fprintf('MASH_2_1_1 ADC Simulation\n');

fprintf('***********************************\n');

 

xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1Spec;

 

currTimeStr = datestr(now,'yyyymmdd_HHMMSS');

basePath = strcat(getenv('PROJAREA'),...

    '/xStuckAdc/sim/results/ReconfigADC_SigmaDeltaADC/MASH_2_1_1/', currTimeStr);

mkdir(basePath);

AdcOutFile = strcat(basePath, '/adcout.dat');

netlistPath = strcat(getenv('PROJAREA'),...

  '/xStuckAdc/sim/netlist/Reconfig_1100/xStuckAdcTest_ReconfigAdc_T/',...

  'spectre/config/netlist/netlist');

resultPath = strcat(getenv('PROJAREA'),...

    '/xStuckAdc/sim/netlist/Reconfig_1100/xStuckAdcTest_ReconfigAdc_T/',...

    'spectre/config/');

oceanScriptPath = strcat(basePath, '/oceanscript.ocn');

runscriptPath = strcat(getenv('PROJAREA'),...

    '/xStuckAdc/bin/ReconfigADC_SigmaDelADC_MASH_2_1_1.sh');

simLogPath = strcat(basePath, '/sim.log');

 

% Generate oceanscript and runscript files

xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1GenOcnScript(AdcOutFile,...

                   oceanScriptPath, netlistPath, resultPath);

xStuckAdc_ReconfigADC_GenerateRunScript(simLogPath, oceanScriptPath, runscriptPath);

 

%Execute script for running Cadence simulation 

fprintf('Running simulation in Cadence...\n');

errCode = unix(runscriptPath);

if (errCode == 0)

    fprintf('Cadence simulation completed.\n');

else

    error('Error during Cadence simulation');

end

%%

% The output file from Cadence has 17 columns of data with MSB on the

% leftmost column and LSB on the rightmost column.So the bits should

% read from appropriate number of columns for each ADC

daisyFWcolumns = 17;

 

% Read output of SigmaDelta ADC Out from File

fprintf('Reading and Processing Adc output file...\n');

modulator_out = dlmread(strcat('/site/edu/es/EXJOBB/xStuck/xStuckAdc/sim/',...
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    'results/ReconfigADC_SigmaDeltaADC/MASH_2_1_1/reconfig_ver2.dat'));

 

% Last 4 bits in the File are outputs of Stage1 modulator

adcout_stage1 = modulator_out(:, (daisyFWcolumns-Wm+1):end); 

adcout_stage1((adcout_stage1 > 0.5)) = 1;

adcout_stage1((adcout_stage1 < 0.5)) = 0;

scaled_adcout_stage1 = zeros(1,size(adcout_stage1,1)); 

for i=1:size(scaled_adcout_stage1,2)

  for k=1:Wm

    scaled_adcout_stage1(i) = scaled_adcout_stage1(i) + (Vref*adcout_stage1(i,k)/(2^(k)));

   end

     scaled_adcout_stage1(i) = Vrefn + scaled_adcout_stage1(i);

end

 

% Next 4 bits are outputs of Stage2 modulator

adcout_stage2 = modulator_out(:, (daisyFWcolumns-(2*Wm)+1):(daisyFWcolumns-Wm)); 

adcout_stage2((adcout_stage2 > 0.5)) = 1;

adcout_stage2((adcout_stage2 < 0.5)) = 0;

scaled_adcout_stage2 = zeros(1,size(adcout_stage2,1)); 

for i=1:size(scaled_adcout_stage2,2)

  for k=1:Wm

    scaled_adcout_stage2(i) = scaled_adcout_stage2(i) + (Vref *adcout_stage2(i,k)/(2^(k)));

  end

    scaled_adcout_stage2(i) = Vrefn + scaled_adcout_stage2(i);

end

 

% Next 4 bits are outputs of Stage3 modulator

adcout_stage3 = modulator_out(:, (daisyFWcolumns-(3*Wm)+1):(daisyFWcolumns-(2*Wm))); 

adcout_stage3((adcout_stage3 > 0.5)) = 1;

adcout_stage3((adcout_stage3 < 0.5)) = 0;

scaled_adcout_stage3 = zeros(1,size(adcout_stage3,1)); 

for i=1:size(scaled_adcout_stage3,2)

   for k=1:Wm

      scaled_adcout_stage3(i) = scaled_adcout_stage3(i) + (Vref *adcout_stage3(i,k)/(2^(k)));

   end

     scaled_adcout_stage3(i) = Vrefn + scaled_adcout_stage3(i);

end

 

figure;

subplot(3,1,1);

plot(scaled_adcout_stage1); 

title('Output of Stage-1 Modulator');

subplot(3,1,2);

plot(scaled_adcout_stage2); 

title('Output of Stage-2 Modulator');

subplot(3,1,3);

plot(scaled_adcout_stage3); 
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title('Output of Stage-3 Modulator');

 

% Spectrum for Ouput of Stage1 Modulator 

% The simulation is run for N_samples + 200 = 16584.Disard 100 samples at

% the beginning and end of the output data to get 16384 samples.

coherent_scaled_adcout1 = scaled_adcout_stage1(100:(N_samples+100-1));

scaled_adcout_stage1_spect = spect20(coherent_scaled_adcout1);

N_spect = length(coherent_scaled_adcout1)/2;

delta_f = (fs/2)/N_spect;

X_spect = 0: delta_f: ((fs/2)-delta_f);

figure;

subplot(3,1,1);

semilogx(X_spect, scaled_adcout_stage1_spect);

xlabel('Frequency(Hz)');

ylabel('Magnitude (dB)');

title('Spectrum at output of Stage1 Modulator ');

 

% Spectrum for Ouput of Stage2 ADC

coherent_scaled_adcout2 = scaled_adcout_stage2(100:(N_samples+100-1));

scaled_adcout_stage2_spect = spect20(coherent_scaled_adcout2);

N_spect = length(coherent_scaled_adcout2)/2;

delta_f = (fs/2)/N_spect;

X_spect = 0: delta_f: ((fs/2)-delta_f);

%figure;

subplot(3,1,2);

semilogx(X_spect, scaled_adcout_stage2_spect);

xlabel('Frequency(Hz)');

ylabel('Magnitude (dB)');

title('Spectrum at output of Stage2 Modulator');

 

% Spectrum for Ouput of Stage3 ADC

coherent_scaled_adcout3 = scaled_adcout_stage3(100:(N_samples+100-1));

scaled_adcout_stage3_spect = spect20(coherent_scaled_adcout3);

N_spect = length(coherent_scaled_adcout3)/2;

delta_f = (fs/2)/N_spect;

X_spect = 0: delta_f: ((fs/2)-delta_f);

% figure;

subplot(3,1,3);

semilogx(X_spect, scaled_adcout_stage3_spect);

xlabel('Frequency(Hz)');

ylabel('Magnitude (dB)');

title('Spectrum at output of Stage3 Modulator');

 

% Remove the DC offset of 0.6V before providing the outputs of stages to

% digital filtering

sfgInput = [(scaled_adcout_stage1-.6);(scaled_adcout_stage2-.6);(scaled_adcout_stage3-.6)];

[output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap] ...
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     = xStuckAdc_ReconfigADC_SigmaDeltaADC_MASH_2_1_1RunHzSFG(sfgInput,ntf1, stf2, ntf2);

figure;

plot(output_ap);

title('Output of MASH 2-1-1 Modulator');

 

coherent_output_ap = output_ap(100:(N_samples+100-1));

scaled_adcout_spect = spect20(coherent_output_ap);

N_spect = length(coherent_output_ap)/2;

delta_f = (fs/2)/N_spect;

X_spect = 0: delta_f: ((fs/2)-delta_f);

figure;

semilogx(X_spect, scaled_adcout_spect);

xlabel('Frequency(Hz)');

ylabel('Magnitude (dB)');

title('Output spectrum of MASH 2-1-1 ADC');

 

% Calculate SNR,SNDR etc in the band of interest, taking spectrum values

% till bandwidth of the filter given by spec(1:ceil(1.1*BW/delta_f))

win = 'hann1';

Nx = N_samples;

spec = adcfft('d',coherent_output_ap,'skip',1,'mean','N',Nx,'w',win);    

delta_f = (fs/2)/length(spec);

perf = adcperf('data',spec(1:ceil(1.1*BW/delta_f)),'snr','sndr','sfdr','sdr','w',win);

SNDR_out = perf.sndr;

SFDR_out = perf.sfdr;

SNR_out = perf.snr;

disp(['SNR  of MASH 2-1-1 ADC: ', num2str(SNR_out), ' dB']);

disp(['SNDR of MASH 2-1-1 ADC: ', num2str(SNDR_out), ' dB']);

disp(['SFDR of MASH 2-1-1 ADC: ', num2str(SFDR_out), ' dB']);

beep;

 B.2 Four-Stage Pipelined ADC

The Matlab codes for simulating the four-stage pipelined ADC as SFG and using Cadence 
blocks are included.

 B.2.1 Four-Stage Pipelined ADC Specification

% xStuckAdc_ReconfigADC_4StagePipelinedADC_Spec.m

%

% Specification File for 4-stage pipelined ADC.

%

% This file holds the specifications for the ADC such as bandwidth, sampling

% frequency,requested frequency of input. The coherently sampled input

% frequency is calculated here using the number of input samples,requested

% input frequency and the no: of samples. The function daisyPrimeSig is used

% for this purpose.The input scaling factor for the ADC is specified here.

% This file also contains the parameters used for 4-stage  in
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% Cadence. These parameters are used in the 

% xStuckAdc_ReconfigADC_4StagePipelinedADC_GenOcnScript function.

% The parameters inlcude supply voltage,max and min input levels, ON and

% OFF voltages for the ideal switch,gm and Ra for the OTA model,capacitance

% values for the four RBs and four control bits for reconfiguration

% The overlapAdd always = 1, since overlap-add error correction is used

% for the 4-stage pipelined ADC

 

% ADC Specification

BW =  0.5e9;

fin_req = 0.1e9; 

fs = 1e9; 

N_samples = 16384; 

Wm = 12;      

inputScaleFactor = 0.9;

overlapAdd = 1;

 

% Calculation of coherently sampled input frequency

fin = daisyPrimeSig(fin_req,fs,N_samples); 

 

%Parameters for Cadence simulation

Vrefp = 0.725;

Vrefn = 0.475;

Vcm = 0.6;

vdd = 1;  

Vref = Vrefp - Vrefn;

Switch_OFF_Voltage = 0.1;

Switch_ON_Voltage = 0.9;

Ra = 100e3;

gm = 10e-3;

Cmdac1 = 80e-15;

Cf1 = 1.6e-12;

Cf2 = 400e-15;

Cmdac2 = 20e-15;

Cf31  = 100e-15;

Cf32  = 100e-15;

Cmdac3 = 10e-15;

Cf4 = 200e-15;

Cmdac4 = 10e-15;

config3 = 1;

config2 = 0;

config1 = 0;

config0 = 1;

 B.2.2 Four-Stage Pipelined ADC SFG

function [output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap]...

    = xStuckAdc_ReconfigADC_4StagePipelinedADC_RunSFG(input_data, G, overlapAdd)
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% function [output_ap, outputids_ap, registers_ap, registerids_ap,nodes_ap, nodeids_ap]

%  = xStuckAdc_ReconfigADC_4StagePipelinedADC_RunSFG(input_data, G, overlapAdd)

%

% This function simulates the 4-stage Pipeline SFG using a coherently sampled sinusoidal

% input and returns the output.

%

% It has following input arguments

% input_data : coherently sampled sinusoidal input to be pased as input to the SFG

% G = Array of Gain at the output of each pipeline stage [G(1) G(2) G(3)]

% overlapAdd = '0' if overlap Add is to be disabled

%

% SFG on 2011-02-02

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

if nargin <3

    overlapAdd = 1;

end

 

if overlapAdd ==0

    overlapFactor_stage2= 1/16;

    overlapFactor_stage3= 1/256;

    overlapFactor_stage4= 1/4096;

else

    overlapFactor_stage2= 1/8;

    overlapFactor_stage3= 1/64;

    overlapFactor_stage4= 1/512;

end

   

sfg = [];

sfg = addoperand(sfg,'in', 1, 1);

 

sfg = addoperand(sfg, 'quant', 1, 1, 2, 4,'round');

sfg = addoperand(sfg, 'quant', 2, 5, 6, 4,'round');

sfg = addoperand(sfg, 'quant', 3, 9, 10, 4,'round');

sfg = addoperand(sfg, 'quant', 4, 13, 14, 3,'round');

 

sfg = addoperand(sfg, 'mult', 1, 3, 4, G(1));

sfg = addoperand(sfg, 'mult', 2, 7, 8, G(2));

sfg = addoperand(sfg, 'mult', 3, 11, 12, G(3));

sfg = addoperand(sfg, 'mult', 4, 14, 23, overlapFactor_stage4); 

sfg = addoperand(sfg, 'mult', 5, 21, 22, overlapFactor_stage3); 

sfg = addoperand(sfg, 'mult', 6, 19, 20, overlapFactor_stage2); 

 

sfg = addoperand(sfg, 'add', 1, [20 17], 24);

sfg = addoperand(sfg, 'add', 2, [22 24], 25);

sfg = addoperand(sfg, 'add', 3, [23 25], 26);
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sfg = addoperand(sfg, 'sub', 1, [1 2], 3);

sfg = addoperand(sfg, 'sub', 2, [5 6], 7);

sfg = addoperand(sfg, 'sub', 3, [9 10], 11);

 

sfg = addoperand(sfg, 'delay', 1, 2, 15);

sfg = addoperand(sfg, 'delay', 2, 15, 16);

sfg = addoperand(sfg, 'delay', 3, 16, 17);

sfg = addoperand(sfg, 'delay', 4, 6, 18);

sfg = addoperand(sfg, 'delay', 5, 18, 19);

sfg = addoperand(sfg, 'delay', 6, 10, 21);

sfg = addoperand(sfg, 'delay', 7, 12, 13);

sfg = addoperand(sfg, 'delay', 8, 4, 5);

sfg = addoperand(sfg, 'delay', 9, 8, 9);

 

sfg = addoperand(sfg, 'out', 1, 26);

[output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap]...

    = simulate(sfg,input_data);

 B.2.3 Four-Stage Pipelined ADC SFG Simulation

SFG of  the  four-stage  pipelined  ADC with  an  opamp  gain  of  60  dB  in  each  MDAC is 
simulated.

% xStuckAdc_ReconfigADC_4StagePipelinedADC_Level1.m

% 

% This file simulates the 4-stage pipelined ADC SFG using a sinusoidal input and

% computes SNR,SNDR and SFDR at the ADC output.

% 

% The Specifications for the

% ADC are obtained from xStuckAdc_ReconfigADC_4StagePipelinedADC_Spec file. 

% The coherently sampled input frequency is provided by the Spec file.The input 

% data is a coherently sampled sine wave with 0.25V(peak-peak) swing.The 

% SFG is implemented as a function

% xStuckAdc_ReconfigADC_4StagePipelinedADC_RunSFG. The SFG model 

% includes finite gain effect for an opamp with 60dB DC gain.The effect of

% parasitic capacitance is negelected.The spectrum of the SFG output is

% obtained using the spect20 function. The SNR,SNDR,SFDR

% are computed using the adcperf function

 

clc;

clear all;

close all;

fprintf('***********************************\n');

fprintf('4 Stage Pipelined ADC Level1 Simulation\n');

fprintf('***********************************\n');

 

xStuckAdc_ReconfigADC_4StagePipelinedADC_Spec;
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wsinT = 2 * pi* fin/fs; 

n = 0: (N_samples-1);  

input_data = inputScaleFactor* sin(wsinT *n);

 

if overlapAdd == 0

    G = 16;

else

    G = 8;

end

 

% Fixed Opamp gain = 60dB

gaindB = 60;

gain = 10^(gaindB/20);

Cpara_ratio = 0;

gain_error = 1 - ((17 + Cpara_ratio)/(2*gain));

Gain(1) = G *gain_error;

Gain(2) = G* gain_error;

Gain(3) = G* gain_error;

 

[output_ap, outputids_ap, registers_ap, registerids_ap, nodes_ap, nodeids_ap]...

     = xStuckAdc_ReconfigADC_4StagePipelinedADC_RunSFG(input_data, Gain, overlapAdd);

 

scaled_adcout_spect = spect20(output_ap);

N_spect = length(output_ap)/2;

delta_f = (fs/2)/N_spect;

X_spect = 0: delta_f: ((fs/2)-delta_f);

figure;

semilogx(X_spect, scaled_adcout_spect);

xlabel('Frequency(Hz)');

ylabel('Magnitude (dB)');

title('Output Spectrum of 4-Stage Pipelined ADC');

 

win = 'hann1';

Nx = N_samples;

spec = adcfft('d',output_ap,'skip',1,'mean','N',Nx,'w',win);    

perf = adcperf('data',spec,'snr','sndr','sfdr','sdr','w',win);

SNR_out = perf.snr;

SNDR_out = perf.sndr;

SFDR_out = perf.sfdr;

 

output_snr = strcat('SNR of  4-Stage Pipelined ADC : ', num2str(SNR_out), ' dB');

disp(output_snr);

output_sndr = strcat('SNDR of 4-Stage Pipelined ADC : ', num2str(SNDR_out), ' dB');

disp(output_sndr);

output_sfdr = strcat('SFDR of 4-Stage Pipelined ADC : ', num2str(SFDR_out), ' dB');

disp(output_sfdr);

beep;
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 B.2.4 Four-Stage Pipelined ADC Cadence Simulation

% xStuckAdc_ReconfigADC_4StagePipelinedADC_Simulate.m

% 

% This file runs the Cadence simulation of 4-stage pipelined ADC and computes SNR,

% SNDR and SFDR at the ADC output.

%

% The specifications for the ADC are obtained from

% xStuckAdc_ReconfigADC_4StagePipelinedADC_Spec

% A directory with time stamp is created to store the oceanscript file(.ocn),

% runscript file, simulation log file and output file generated by Cadence.

% The paths for the netlist(of the 4-stage pipelined design) and the result

% directory are stored in strings which are passed to the

% xStuckAdc_ReconfigADC_4StagePipelinedADC_GenOcnScript function.

% The xStuckAdc_ReconfigADC_GenerateRunScript function generates the

% executable script file while will execute the oceanscript file

% The output file generated by Cadence consists of 12 bits.

% These output bits are converted to equivalent analog values( b/w 0.475V and 0.725V) 

% and given as input to the adcperf function which computes SNR,SNDR and SFDR

clc;

clear all;

close all;

fprintf('***********************************\n');

fprintf('4 stage Pipelined ADC Simulation\n');

fprintf('***********************************\n');

 

xStuckAdc_ReconfigADC_4StagePipelinedADC_Spec;

 

currTimeStr = datestr(now,'yyyymmdd_HHMMSS');

basePath = strcat(getenv('PROJAREA'),'/xStuckAdc/sim/results/ReconfigADC_PipelinedADC/4stage/', 
currTimeStr);

mkdir(basePath);

AdcOutFile = strcat(basePath, '/adcout.dat');

 

netlistPath = strcat(getenv('PROJAREA'),...

'/xStuckAdc/sim/netlist/Reconfig_1001/xStuckAdcTest_ReconfigAdc_T/spectre/config_ver2/netlist/netli
st');

resultPath = strcat(getenv('PROJAREA'),...

'/xStuckAdc/sim/netlist/Reconfig_1001/xStuckAdcTest_ReconfigAdc_T/spectre/config_ver2/');

oceanScriptPath = strcat(basePath, '/oceanscript.ocn');

runscriptPath = strcat(getenv('PROJAREA'), '/xStuckAdc/bin/ReconfigADC_PipelinedADC.sh');

simLogPath = strcat(basePath, '/sim.log');

 

% Generate oceanscript and runscript files

xStuckAdc_ReconfigADC_4StagePipelinedADC_GenOcnScript(AdcOutFile, oceanScriptPath, netlistPath, 
resultPath);

xStuckAdc_ReconfigADC_GenerateRunScript(simLogPath, oceanScriptPath, runscriptPath);

 

%Execute script for running Cadence simulation
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fprintf('Running simulation in Cadence...\n');

errCode = unix(runscriptPath);

if (errCode == 0)

    fprintf('Cadence simulation completed.\n');

else

    error('Error during Cadence simulation');

end

%%

% The output file from Cadence has 17 columns of data with MSB on the

% leftmost column and LSB on the rightmost column.So the bits should

% read from appropriate number of columns for each ADC

daisyFWcolumns = 17;

fprintf('Reading and Processing Adc output file...\n');

file_out = dlmread(AdcOutFile); 

 

% Last 12 bits in the File are outputs of pipelined modulator

adcout = file_out(:, (daisyFWcolumns-Wm+1):end); 

adcout((adcout > 0.5)) = 1;

adcout((adcout < 0.5)) = 0;

scaled_adcout = zeros(1,size(adcout,1)); 

for i=1:size(scaled_adcout,2)

    for k=1:Wm

        scaled_adcout(i) = scaled_adcout(i) + (Vref*adcout(i,k)/(2^(k)));

        

    end 

        scaled_adcout(i) = Vrefn + scaled_adcout(i);

end

 

% Spectrum at Ouput of Pipelined ADC

% The simulation is run for N_samples + 200 = 16584.Disard 100 samples at

% the beginning and end of the output data to get 16384 samples.

coherent_scaled_adcout = scaled_adcout(100:(N_samples+100-1));

adcout_spect = spect20(coherent_scaled_adcout);

N_spect = length(coherent_scaled_adcout)/2;

delta_f = (fs/2)/N_spect;

X_spect = 0: delta_f: ((fs/2)-delta_f);

figure;

semilogx(X_spect, adcout_spect);

xlabel('Frequency(Hz)');

ylabel('Magnitude (dB)');

title('Output Spectrum of 4-stage Pipelined ADC ');

 

snrData = coherent_scaled_adcout;

win = 'hann1';

Nx = N_samples;

spec = adcfft('d',snrData,'skip',1,'mean','N',Nx,'w',win);    

perf = adcperf('data',spec,'snr','sndr','sfdr','sdr','w',win);
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SNR = perf.snr;

SNDR = perf.sndr;

SFDR = perf.sfdr;

output_snr = strcat('SNR  of 4-stage Pipelined ADC', num2str(SNR), ' dB');

disp(output_snr);

output_sndr = strcat('SNDR of 4-stage Pipelined ADC : ', num2str(SNDR), ' dB');

disp(output_sndr);

output_sfdr = strcat('SFDR of 4-stage Pipelined ADC : ', num2str(SFDR), ' dB');

disp(output_sfdr);

fprintf('***********************************\n\n');

beep;
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