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ABSTRACT 

A NOVEL ERROR CORRECTION SCHEME FOR FALSE CODE ELIMINATION 

IN A PARALLEL SUCCESSIVE APPROXIMATION A/D CONVERTER 

 

 

BY 

SRIRAM VENKATARAMAN, B.E 

 

 

Master of Science in Electrical Engineering 

New Mexico State University 

Las Cruces, New Mexico, 2004 

Dr. Paul M. Furth, Chair 

 

 High speed, high performance Analog-to-Digital Converters (ADCs) are the 

key components in many mixed signal systems. Flash architecture is one the best 

solutions for high speed applications, however the number of components in flash 

ADCs is very high, making them power and area inefficient. The successive 

approximation ADCs are very popular for their reduced size and lower power 

consumption in medium speed applications. Lin and Liu [1] proposed a new 

“Asynchronous Parallel Successive Approximation ADC” architecture which is a 

hybrid of the flash and successive approximation architectures. 



 vi

An asynchronous ADC can be more reliable and faster, on average, than a 

synchronous design [2]. But the ambiguities in the output code due to switching 

delays between the bits cause momentary false codes. The problem of false codes is 

inherent in asynchronous ADCs due to the absence of a synchronizing clock. In this 

thesis, such a false code generation problem due to switching delays between 

successive bits in the asynchronous parallel successive approximation ADC (SA-

ADC) [1] is identified.  

A novel error correction scheme is proposed to eliminate these false codes by 

post-processing the digital outputs, which can also be extended to other asynchronous 

mixed-signal circuits. The parallel SA-ADC with the proposed scheme is designed 

and simulated using AMI 0.5µm technology and TSMC 0.18µm technology 

specifications. A prototype chip of the ADC with the proposed error correction 

scheme was also fabricated and tested. Unstable oscillations were observed in the 

output bits. The reasons for the instability are probed and suitable ways to fix them 

are demonstrated through simulations. 
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1. INTRODUCTION 

 Analog-to-Digital Converters (ADCs) find extensive applications in digital 

data reading applications, such as hard disk drives, digital video disks and local area 

networks [3]. ADCs with high sampling speed and short latency are preferred for 

such applications. Flash ADCs are best suited for high speed, low latency 

requirements; however an N-bit flash architecture requires 2N-1 comparators and 2N 

resistors. Such high hardware requirements make the flash ADCs area and power 

inefficient. Folding ADCs have reduced hardware requirements and are also suitable 

for high speed applications, but usually their performance degrades with process 

variations [4]. Successive approximation ADC architecture is well known for 

compactness and low power consumption for medium speed applications. The basic 

successive approximation ADC requires a rail-to-rail comparator, a D/A converter 

and a digital successive approximation register [1]. Achieving a rail-to-rail analog 

voltage comparator at low supply voltages is challenging due to MOS device 

mismatches [5], [6] and threshold voltage limitations [7].  

 To overcome this problem Lin and Liu [1] proposed a new Improved 

Successive Approximation ADC (ISA-ADC) and developed an asynchronous parallel 

successive approximation ADC architecture based on the ISA-ADC which is a 

combination of the flash and successive approximation architectures. Though an 

asynchronous design of ADC can be more reliable and faster, on average, than a 

synchronous design [2], the ambiguities in the output code due to switching delays 
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between the bits cause momentary false codes. The problem of false codes is inherent 

in asynchronous ADCs due to the absence of a synchronizing clock.  

 In this thesis, we have identified such a false code generation problem in the 

parallel successive approximation ADC. A novel error correction scheme is proposed 

to eliminate these false codes by post-processing the digital outputs of the parallel 

successive approximation ADC. This idea of false code elimination can also be 

extended to other asynchronous mixed-signal circuits.  

 In chapter 2, the fundamentals of ADCs are explained and various common 

architectures are discussed. Then, the parallel successive approximation ADC 

proposed by Lin and Liu is explained and the problem associated with it is 

introduced. The error correction scheme proposed by Tsukamoto et al. [4] to 

eliminate the bubble errors in a flash ADC architecture is also discussed.   

 In chapter 3, design and simulation of a 6 bit parallel successive 

approximation ADC architecture according to the AMI 0.5µm and TSMC 0.18µm 

specifications is discussed. The generation of false codes is explained and 

demonstrated through simulations. Then, a new error correction scheme is proposed 

to eliminate these false codes. The elimination of false codes due to the proposed 

scheme is also shown through simulation results. 

 In chapter 4, the layout aspects of the 6 bit parallel successive approximation 

ADC with the error correction scheme are discussed. A test setup is developed to 

analyze the transient response of the prototype 6-bit parallel successive 

approximation ADC. The hardware measurements showed unstable oscillations in the 
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output bits at every transition. The reasons for such oscillations are probed and 

suitable ways to fix them are demonstrated through simulations. 

 In Chapter 5, the major results from simulation and measurements are 

summarized, some recommendations to improve the error correction scheme are 

given and the possible areas where this error correction scheme may be applied are 

also discussed. 
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2 ANALOG TO DIGITAL CONVERTERS 

 Analog-to-digital converters, also known as ADCs or A/Ds, are used to 

convert continuous time analog signals to digital signals [8]. There two main types of 

ADCs are. 

1. Nyquist-Rate ADCs: ADCs that operate near the Nyquist rate (for which the 

sampling rate is two times or higher than the signal bandwidth) of the input 

signal are called Nyquist rate ADCs. Usually Nyquist rate ADCs are operated 

at about 1.5 to 10 times the Nyquist rate, because achieving a practical anti-

aliasing filter is very challenging [9]. 

2. Over-sampling ADCs: ADCs that operate at a much faster sampling rate, 

typically 20 to 128 times faster than the Nyquist rate of the input signal are 

called over-sampling ADCs [9].  

ADC architectures are also classified based on their speed and accuracy as shown 

below. 

Low-to-Medium Speed, 

High Accuracy ADCs 

Medium Speed, Medium 

Accuracy ADCs 

High Speed, Low-to-

Medium Accuracy ADCs 

Integrating  

Over-sampling  

 

Successive Approximation 

Algorithmic 

Flash 

Two-step 

Folding 

Interpolation 

Pipelined 

Time-interleaved 

Table 2-1: Classification of ADCs based on Speed and Accuracy 
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2.1 Analog-to-Digital Converter (ADC) specifications 

 The input to an Analog-to-Digital converter (ADC) is an analog signal with 

infinite number of values. The ADC has to quantize the infinite-valued analog signal 

into intervals such that the number of quantization levels is 2N. Where, N is the 

number of output bits as shown in figure 2-1. 

Analog-to-Digital
Converter

(ADC)

Vref

V in

DN-1
DN-2

D0

D1

D2

 

Figure 2-1:  Block Diagram of an N Bit ADC 

 The transfer curve for an ADC is a plot of the digital output D, versus the 

analog input Vin. The transfer curve of an ideal 3 bit ADC is as shown in figure 2-2.  

000

001

010

011

100

101

110

111

0 1/8 2/8 3/8 4/8 5/8 6/8 7/8

Digital Output
Code, D

Analog Input

Vin
Vref

Ideal Step Width

 

Figure 2-2: Transfer Curve of an Ideal 3-bit ADC 
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 The digital output code (D) is represented along the y-axis and the x-axis is 

normalized to Vref (Vin/Vref).  There are 23 quantization levels corresponding to the 

digital output codes ‘000’ to ‘111’. The transfer curve of an ADC resembles a 

staircase, because the input is a continuous time signal and the output has discrete 

levels. The value of 1 Least Significant Bit (LSB) is given by the formula, 1LSB = 

(Vref/2N), where Vref is the full scale reference voltage.  

 Non-idealities in an ADC result in a number of errors and, subsequently, 

distortions in the transfer curve. Such non-idealities are described in the following 

paragraphs. 

2.1.1 Quantization Error 

 The quantization error is due to the finite number of output bits (N) used in the 

conversion to represent an analog signal that has an infinite number of values. 

Quantization error (Qe) is defined as the difference between the actual analog input 

and the value of the output (staircase) [8]. I.e. Qe = Vin - Vstaircase. The value of the 

staircase output (Vstaircase) is given by Vstaircase = D (Vref/2N) => D.VLSB, where D is the 

value of digital output code and VLSB is the value of 1 LSB in volts. This error is 

inherent in the ADC and can only be reduced by increasing the number of output bits 

(N) or by reducing Vref [8]. The quantization error can be explained using figure 2-3 

(a) & (b). Unlike figure 2-2, the transfer curve in figure 2-3 (a) is shifted to the left by 

0.5 LSB. This is primarily done to center the error Qe about zero, so that it would be 

at most ± ½ LSB.   
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0.5

000

001

010

011

100

101

110

111

0 1/8 2/8 3/8 4/8 5/8 6/8 7/8

Digital Output
Code, D

Analog Input

Vin
Vref

Staircase shifted
by 0.5 LSB

8/8

0

-0.5

1

-1

LS
B
s Vin

Vref

(a)

(b)

4/8 8/8

 

Figure 2-3: (a) Transfer Curve of an Ideal 3-bit ADC Shifted Left by 0.5 LSB  
                          (b) Quantization Error Centered about Zero 

From figure 2-3 (a), Qe can be found by subtracting the value of staircase from the 

dashed line and the result is shown in figure 2-3 (b).  

2.1.2 Differential Nonlinearity 

 The Differential Non-Linearity (DNL) is used to characterize the linearity of 

the converter. It is defined as the difference between the actual code width of the non-

ideal converter and that of an ideal converter. It can be explained using figure 2-4 (a) 

and (b). The DNL is given by the formula,  

DNL = Actual step width – Ideal step width 
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0.5

000

001

010

011

100

101

110

111

0 1/8 2/8 3/8 4/8 5/8 6/8 7/8

Digital Output
Code, D

Vin
Vref

8/8

0

-0.5

1

-1

LS
B
s Vin

Vref

(a)

(b)

4/8 8/8

 

Figure 2-4: (a) Transfer Curve for a Non-Ideal 3-Bit ADC 
          (b) Quantization Error Illustrating DNL. 

The ideal step width is equal to 1 LSB (Vref/2N). The quantization error shown in 

figure 2-4 (b) is directly related to the DNL represented in terms of LSB, which is 

obtained by subtracting the step widths of the actual and ideal transfer curves. 

2.1.3 Missing Codes 

 When the DNL is equal to -1 LSB or lesser, the output of ADC is said to have 

missing codes. This can be explained using figure 2-5 (a) and (b), where the transition 

corresponding to the code ‘011’ is completely missing. In such a case the 

corresponding DNL is -1.5. So an ADC with a DNL of -1 or lesser is guaranteed to 
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have a missing code [8]. However a DNL of +1 or greater doesn’t guarantee a 

missing code, which is also evident from figure 2-5. The step width corresponding to 

‘100’ is 2 LSBs and the corresponding DNL is +1.5. However there is not a missing 

code corresponding to ‘101’. 

(a)

000

001

010

011

100

101

110

111

0 1/8 2/8 3/8 4/8 5/8 6/8 7/8

Digital Output
Code, D

Vin
Vref

8/8

0.5

0

-0.5

1

-1

LS
B

s Vin
Vref

(b)

Q e

4/8 8/8

-1.5

1.5

 

Figure 2-5: (a) Transfer Curve of a 3-bit ADC with a Missing Code  
                                  (b) Quantization Error Illustrating Missing Code. 
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2.1.4 Integral Nonlinearity 

 The Integral Non-Linearity (INL) is another important feature that is used to 

characterize the linearity of the ADC. It can be defined as the deviation of each 

individual code or transition point from a straight line drawn between 0 and the 

positive full scale value. The INL can be explained using the figure 2-6 (a) and (b). 

Figure 2-6 (b) gives the quantization error illustrating the INL. The INL of an ADC is 

usually represented in terms of LSB.  
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Figure 2-6: (a) Transfer Curves of a Non-Ideal 3-Bit ADC  
                               (b) Quantization Error Illustrating INL 
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2.1.5 Offset Error 

 Offset error is said to be present in an ADC when the first transition doesn’t 

occur exactly at ½ LSB. The offset error is a constant value. Figure 2-7 (a) and (b) 

illustrate the offset error present in an ADC. From figure 2-7 (b) if the initial offset is 

overcome, Qe would be centered about zero.  
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Figure 2-7: (a) Transfer Curve of a 3-bit ADC Illustrating Offset Error 
       (b) Quantization Error Plot Illustrating Offset Error 
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2.1.6 Gain Error 

 Gain error is defined as the difference between the slope of a straight line 

drawn through the transfer curve of the actual ADC and that of the ideal ADC. The 

gain ‘K’ in case of an ideal converter is equal to 1 and in the case of non-ideal 

converter it is greater than or less than 1. The gain error is also known as a scale 

factor error. Figure 2-8 (a) and (b) illustrate gain error.  
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Figure 2-8: (a) Transfer Curve of a 3-bit ADC Illustrating Gain Error 
(b) Quantization Error Illustrating Gain Error 
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2.1.7 Signal-to-Noise Ratio (SNR) 

 The RMS value of the largest input signal applied to the converter over the 

RMS value of noise is known as Signal-to-Noise ratio (SNR). It is usually represented 

in dB. The expression for SNR is   

                                                ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

noise

in

V
V

SNR (max)log20                                   (2-1) 

Assuming that Vin(max) is a sinusoid with peak-to-peak amplitude equal to Vref, the 

RMS value of Vin(max)  is given by  

                                                  
22

)(2
22(max)

LSB
N

ref
in

VV
V ==                           (2-2)          

Where, VLSB is the voltage value of 1 LSB.  

The value of noise (in an ideal converter) will be equivalent to the RMS value of the 

error signal, Qe, which is given by equation (2-2) [8]. 

                                                 
12,
LSB

RMSe
VQ =                                                 (2-3)   

So, the SNR of the ideal ADC will be the ratio of the two RMS values. 

                                                
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

=

12

22
)(2

log20
LSB

LSB
N

V

V

SNR                        (2-4) 

Writing equation (2- 4) in terms of N, 

SNR = 20.N.log(2) + 20.N.log )12(  + 20.log )22(  = 6.02N+1.76                    (2-5) 

Equation (2-5) relates the SNR to the resolution of the ADC. 
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2.2 Comparators 

 Comparators are the basic building blocks of A/D converters. They are the 

decision making circuits. Comparison is a binary phenomenon which produces a logic 

output of ‘1’ or ‘0’. The working of a comparator can be explained using figure 2-9. 

m

CMP
-

+
Vout

V-

V+

 

Figure 2-9: Symbolic Representation of a Comparator 

 The comparator basically compares the inputs V+ and V-. If input at the 

positive terminal, (V+) is greater than the input at the negative terminal (V-), the 

output Vout is equal to a logic ‘1’, otherwise, if the input at the negative terminal is (V-

) is greater than the input at the positive terminal (V+) , the output Vout is equal to a 

logic ‘0’. The input-output relationship for an ideal comparator is given in figure 2-

10. 

V H

V L Vin

Vout

 

Figure 2-10: Input-Output Relationship Characteristic of an Ideal Comparator 
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 From the figure we see that the output is at a logic low (VL) as long as V+ - V- 

is negative or V- > V+ and makes a transition to logic high (VH) at V+ - V- = 0. The 

abrupt transition from VL to VH indicates that the ideal comparator has an infinite 

gain. Essentially the ideal comparator operation can be considered to be the 

equivalent to that of a non-linear voltage controlled voltage source shown in figure 2-

11. 

+
-

V+

V-

+

-

Vout

+

-

(V+ V-)
f (V+ V-)

f (V+ V-) = V H for (V+ V-) > 0

for (V+ V-) < 0V L=

 

Figure 2-11: Voltage Controlled Voltage Source 

 The non-linear behavior of the comparator can be approximated with that of a 

high gain amplifier shown in figure 2-12. The slope of the characteristic curve around 

V+ = V- is equal to the small signal gain of the amplifier in its active region.  

Vout

VinVL

VH

 

Figure 2-12: Input-Output Characteristic of a High-Gain Amplifier 
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 The above characteristic curve resembles the dc characteristics of an 

operational-amplifier (OP-AMP). So a simple CMOS OP-AMP with high gain can be 

used as a comparator. The block diagram of a two stage CMOS OPAMP is shown in 

figure 2-13. 

V-

V+

Diff-Amp Gain Stage

V out

+

-

A2A1

 

Figure 2-13: Block Diagram of a 2-Stage OP-AMP  

 The first stage of op-amp is the differential amplifier stage (A1). The circuit 

diagram of the single stage differential amplifier is given in figure 2-14. 

M1 M2

M3 M4

M6

VDD

Iref

M5

VDD V out

Iss

I D1 I D2

1V 2V

 

Figure 2-14: Circuit Diagram of a Single-Stage Differential Amplifier  
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 The current mirror formed using M5 and M6 is used to provide the bias 

current (ISS) for the differential pair. The source coupled pair (M1-M2) are of equal 

dimensions. The relationship between the bias current and the drain currents of M1 

(ID1) and M2 (ID2) is given by   ISS = ID1 + ID2. So, when the gates of M1 and M2 are 

grounded, ID1 = ID2 = ISS/2. The transistors M3 and M4 act as current source loads. To 

derive the small signal gain, the terminal V2 is grounded and input Vin is applied at 

V1. The output voltage Vout is given by, 

                                                outDDout RIIV )( 21 −=                                         (2-6

=>

) 

                                                    

                                         

DDD III =−= 21

         )||(2 rrIV 024oDout =                                         (2-7) 

11 gsmD VgI =                                                                                                        (2-8) 

V1 is approxim

                                                 

The small signal input Voltage ately shared across the Vgs of M1 and 

M2. So, 

21
in

mD
VgI =                                                        (2-9)   

                                                    ( )241 ||
2

2 oo
in

mout rrVgV ⎟
⎠
⎞

⎜
⎝
⎛=                      

                                                  )||( 421 oomV rrgA =                                         (2-10)  

 op-amp is the gain  The second stage of the stage (A2), which is usually a 

common source amplifier as shown in figure 2-15a. The gain (A2) of the common- 
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source amplifier stage could be derived using the small signal model given in figure 

2-15b.  

I ref

M3 M2

M1

Vout

Vin

 

Figure 2-15a: Common Source Amplifier with Current Source Load 

g Vm1 sg1

Vin

D1

S1

G1

ro1

ro2

Vout

 

Figure 2-15b: Small Signal Model of a Common Source Amplifier 
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From figure 2-15b,  

Applying KCL,                       0
|| 21

11 =−
oo

out
sgm rr

V
Vg                                          (2-11) 

                                                ingssg VVVV −=−= 111                           

                                                 0
||

)(
21

1 =−−=>
oo

out
inm rr

VVg                               (2-12)                               

                                               )||( 211 oom
in

out
v rrg

V
VA −==                                (2-13) 

The complete circuit diagram of a two stage op-amp is as shown in figure 2-16.  

`

+

Iref

M1 M2

M3 M4

OUTV

M6M5 M7

M8

VDD

 

Figure 2-16: Circuit Diagram of a Two Stage OP-AMP 

The total open loop gain of the op-amp is equal to the product of the gains of the first 

and second stages, i.e. ))||()).(||((. 87842121 oomoomOL rrgrrgAAA −== When 
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the op-amp is used as a comparator, it should be designed to have a high gain, which 

in turn improves the sensitivity (i.e., the minimum input signal with which the 

comparator can make a decision). Additional gain stages are added in a comparator to 

achieve higher gain. Usually the third stage is a buffer stage with even number of 

inverters, in order to provide more gain and to restore the CMOS logic levels at the 

output. Each inverter, as shown in figure 2-17 (a) acts as a push-pull amplifier and the 

gain of the inverter could be found using the small-signal model shown in figure 2-17 

(b). 

M2

M1

VoutVin

g Vm1 gs1

Vin

D1

S1

G1 ro1

Vout

ro2
g Vm2 sg2

D2

G2
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(a)

(b)

 
Figure 2-17 (a): Inverter/ Push-Pull Amplifier 

                      (b): Small Signal Model of Inverter 
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Applying KCL,              0
|| 21

1122 =−−
oo

out
gsmsgm rr

VVgVg                              (2-14) 

                                       ingssg VVVV −=−= 222  

                                       insggs VVVV =−= 111  

                                       0
|| 21

12 =−−−
oo

out
inminm rr

VVgVg                             (2-15) 

                                       
21

12 ||
)(

oo

out
mmin rr

VggV =+−                                     (2-16)                            

                                      )||).(( 2112 oomm
in

out rrgg
V
VAv +−==                  (2-17)                       

The complete schematic of the comparator is as shown in figure 2-18 
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Figure 2-18: Complete Schematic of Comparator 
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2.3 ADC Architectures 

 A number of ADC architectures are available in literature. Some of the most 

popular ADC architectures are discussed here. 

2.3.1 Flash A/D Converter 

 Flash ADCs are the fastest of all types of ADCs. Flash ADCs are also known 

as Parallel ADCs. Figure 2-19 shows a 3-bit flash A/D converter [8]. 
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Figure 2-19: 3-Bit Flash ADC 
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 The reference voltage (Vref ) is divided into seven voltage levels V1 through V7 

by a resistor string and fed as input to the comparators. The voltage at each node (V1 

to V7) is due to the resistive voltage division which can be explained as shown below. 

For example, we would like to find the voltage V5; it is the result of voltage division 

between a 3R resistor (sum of all the Rs above the Node) and a 5R resistor (sum of all 

the Rs below the node) as shown in Figure 2-20.  

3R

5R

V5

refV

 

Figure 2-20: Voltage Division Forming V5 

Using voltage division,   

 
RR

RVV ref 35
5

5 +
=  

)(
8
5

5 refVV =⇒  

Similarly, the voltages V1, V2 … V7 are (1/8)Vref , (2/8)Vref , …… (7/8)Vref  

respectively. These voltage levels are compared with the input voltage Vin. When Vin 

is less than the value on the resistor string, a ‘0’ results at the output of the 

comparator. Otherwise a ‘1’ is generated.  The resulting digital output is in the form 

of a thermometer code. It is called so because; under ideal conditions the pattern of 
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comparator outputs should resemble that of a thermometer, with all 0’s above the 

input level and all 1’s below. The zero-to-one transition point arises and falls within 

the input level [10]. A 2N – 1:N digital thermometer decoder circuit is used to convert 

the output thermometer code to binary output. The Binary-Thermometer code 

relationship is as shown in Table 2-2.  

 

Binary Code 

 

Thermometer Code 

 

Decimal 

Number D2 D1 D0 C7 C6 C5 C4 C3 C2 C1 

0 0 0 0 0 0 0 0 0 0 0 

1 0 0 1 1 0 0 0 0 0 0 

2 0 1 0 1 1 0 0 0 0 0 

3 0 1 1 1 1 1 0 0 0 0 

4 1 0 0 1 1 1 1 0 0 0 

5 1 0 1 1 1 1 1 1 0 0 

6 1 1 0 1 1 1 1 1 1 0 

7 1 1 1 1 1 1 1 1 1 1 

 

Table 2-2: Binary-Thermometer Code Relationship 

 The obvious advantage of this converter is its speed. Since it generates all the 

output bits in parallel, an output digital word is generated at every clock pulse. The 

main disadvantages with this converter are also pretty evident. From figure 2-19, we 

can observe that a 3 bit flash ADC has 7 comparators and 8 resistors, so an N-bit flash 
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ADC would require 2N – 1 comparators and 2N resistors. Since the area increases 

drastically with increase in resolution, flash converters have traditionally been limited 

to 8-bit resolution [8]. Also due to the usage of large number of comparators, the 

power consumption is very high.   

2.3.2 Two Step Flash A/D Converter 

 Two step flash ADC is another type of flash ADC [11]. The block diagram of 

a two-step flash converter is as shown in figure 2-21. The main advantage of two-step 

flash ADC is the reduction of number of comparators from 2N – 1 to 2(2N/2 – 1) and 

the number of resistors from 2N to 2(N/2)+1. The converter has two flash ADCs with 

feed forward circuitry, performing the conversion in two steps. The trade-off in this 

case is the reduction in the speed due to the two conversion steps instead of one.  

MSB
ADC

-

+

DAC

S/H

LSB
ADC

Latches

V
in

Subtractor
V

1

2N/2

Residue
amp

MSBs LSBs

V
3

V
2

DN-1 DN-2 D D D2 1 0

Digital output bits

CLK

CLK

......
......

......

 

Figure 2-21: Two–Step Flash ADC 
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The first conversion generating the MSBs is known as a coarse conversion, and the 

next conversion generating the LSBs is known as the fine conversion. From the 

sampled input, the Most Significant Bits (MSBs) are generated by the MSB ADC.  

The resulting digital bits are converted back to an analog voltage (V1) by a Digital-to-

Analog Converter (DAC).  This voltage is now subtracted from the input voltage Vin. 

The difference in the voltages is then multiplied by 2N/2 to increase the quantum level 

of the signal and fed as input to the next ADC. The LSB ADC generates the Least 

Significant Bits (LSBs) by a flash conversion.  The linearity of the first ADC plays an 

important role in the overall accuracy of the converter. 

2.3.3 Successive Approximation A/D Converter 

 Successive Approximation ADC architectures are very popular because of 

their reasonably quick conversion time, yet moderate circuit complexity. In a 

successive approximation ADC, the convergence to the final digital output code 

occurs after a binary search through all possible quantization levels. The main 

components of general successive approximation ADC architecture are a rail-to-rail 

comparator, a digital-to-analog converter and a digital ‘Successive Approximation 

Register’ (SAR). Figure 2-22 shows the block diagram of a successive approximation 

ADC.  

 The DAC used here is usually based on an R-2R ladder network [1]. The 

comparator is a rail-to-rail analog comparator used to compare the input voltage with 

the output of the DAC.  
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Figure 2-22: Block Diagram of a Successive Approximation ADC 

 Initially, the MSB of the SAR (DN-1) is set to ‘1’ and all other bits to ‘0’. Now 

the output of SAR (‘1000...0’) is fed as input to the DAC. The analog voltage at the 

output of DAC corresponding to this digital input is
2
refV . Next, Vin is compared to 

2
refV  by the analog comparator. The output of the comparator is a ‘1’ if 

2
refV  is 

greater than Vin, else the output is set to ‘0’. This first comparison generates the Most 

Significant Bit (MSB) of the output digital code. This bit is fed back to the SAR. The 

DN-2 bit is now set to ‘1’ and the DN-1 bit is set to the value of the bit just fed back.  

Depending on the previous output bit, the output of SAR can either be ‘11000….0’ (if   

DN-1 = ‘1’) or ‘0100….0’ (if DN-1 = ‘0’). The corresponding Analog output of the 

DAC can be  
4

3 refV  (if DN-1 = ‘1’) or 
4
refV  (if DN-1 = ‘0’). Next, Vin is compared to the 

output of DAC and the next bit of the digital output is generated. DN-2 is reset to ‘0’ if 
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the DAC output is greater than Vin, else it remains at ‘0’. This process repeats until the 

output of DAC converges to the value of Vin within the resolution of the converter [8].  

The above procedure is called the successive approximation algorithm, which can be 

understood from the flow chart shown in figure 2-23 [9]. 
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Figure: 2-23: Flow Chart Illustrating the Successive Approximation Algorithm 
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The binary search nature of the successive approximation ADC can be explained 

using figure 2-24. 
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Figure 2-24: Binary Search in a 3 Bit Successive Approximation ADC for D=010 

The broken line in the above figure shows the search path of the conversion for ‘010’. 

The corresponding analog voltage is 
8
2 Vref. There are 8 quantization levels in the 

above binary tree. The search space keeps decreasing by half after each bit is located, 

until it converges to the final answer.   

 Because of the relatively simple design of the successive approximation ADC, 

reasonable speed and accuracy can be achieved and hence it is widely used. In a 

successive approximation ADC, a high speed offset compensated rail-to-rail analog 

comparator plays a vital role. But, realizing a high speed, highly accurate, rail-to-rail 
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MOS comparator is challenging because of MOS device mismatch [5], [6] and 

threshold voltage limitations at very low supply voltages [7].  From figure 2-22, the 

comparator operation can be represented as  

Vin ≈ VA.                                                  (2-18) 

 The two analog voltages Vin and VA are compared by the comparator to obtain the 

digital output.  The symbol ≈ represents the comparator operation [1].  

2.3.4 Modified Successive Approximation ADC  

 To overcome the comparator requirement, a new architecture, modifying the 

above architecture of successive approximation ADC was developed and is as shown 

in figure 2-25 [12]. In this, an analog subtracter is used to subtract Vin and VA. The 

output of the subtracter (Vin - VA) is given as one of the inputs to the comparator, 

while the other input is fixed at ground. In other words, the difference in the voltages 

is compared to ‘0’. i.e.,   

                                                                  Vin - VA ≈ 0                                            (2-19) 

The comparator output is a ‘1’ if the difference is positive and is a ‘0’ if the 

difference is a negative. By having one of the inputs at a fixed voltage, the need for a 

rail-to-rail comparator is eliminated. 

 Though this scheme overcomes the comparator requirements, it is not much 

appreciated because it uses an analog subtracter. Some problems exist in the analog 

subtracter design, because it requires capacitors [12] or a dual supply voltage [13] to 

implement the subtraction function in analog domain. The System-On-Chip (SOC) 
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solutions recommend the implementation of ADCs in standard CMOS using a single 

supply voltage. 

CMP
-

+

DN-2

DN-1

D1

D0

DACSAR Sub
VA

Vin

Vin
- VA

VREF

 

Figure 2-25: Successive Approximation ADC with Fixed Voltage Comparator 

2.3.5 Improved Successive Approximation A/D Converter  

 Lin and Liu [1] developed a new architecture to overcome the above 

challenges. They proposed the Improved Successive Approximation ADC [ISA-

ADC] architecture with a simple comparison scheme. First, the reference voltage 

(Vref) is defined at full-scale analog value for the input signal. The comparison 

scheme in this architecture is derived by manipulating equation (2-18), as shown 

below.  From equation (2-18),                                                 

0≈− Ain VV                                

                                                       0≈− refin DVV , since (VA = DVref) 
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 The comparison scheme in the ISA-ADC is given by equation (2-20),  

where D = ((Dn-1/2) + (Dn-2/4) + …. + (D0/2)). The ISA-ADC architecture 

implementing the above expression is as shown in figure 2-26. 
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Figure 2-26: Improved Successive Approximation (ISA) ADC. 

In the ISA-ADC architecture, one of the inputs to the comparator is a fixed voltage 

level and other is a differential voltage level12/))12(( +− n
ref

n V 2/)( refin VDV + . 

Because of this comparison scheme, a low-power, high-speed comparator can be 

achieved for rail-to-rail operation.  

 The Mixed-Mode Subtracter (MMS) function )2/)(( refin VDV +  can be 

realized using an R-2R ladder network as shown in figure 2-27.  
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Figure 2-27: Circuit Diagram of 4-bit Mixed Mode Subtracter 
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The MMS function can be written as, 
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Equation (2-21) is implemented by the R-2R ladder architecture shown in figure 2-27. 

The R-2R implementation of the DAC is one of the best choices in when linear 

resistors are available in the fabrication technology [1]. In standard CMOS 

technology, the bit width of the R-2R ladder cannot be larger than 8-bits [14], because 

the relative resistance of the poly silicon layer is not accurate enough and will lead to 

mismatches between the resistors. This drawback plays a key role in limiting the 

resolution of the ISA-ADC. Also, the output value of the MMS circuit is generated by 

the digital code. The summing junction at the input of the comparator is not balanced 

and an undesirable signal may be injected back into the input source when the 

comparator switches its output state [15]. To avoid this drawback, the ISA-ADC 

should be driven with a source that has adequate settling performance to achieve the 

rated linearity [1]. 
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2.3.6 Parallel Successive Approximation ADC Based On ISA-ADC 

 Based on the above ISA-ADC, Lin and Liu [1] developed the parallel 

successive approximation ADC architecture. A 4-bit parallel successive 

approximation ADC is as shown in figure 2-28. 
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Figure 2-28: 4-Bit Parallel Successive Approximation ADC Based on ISA-ADC 
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 The operation of the parallel successive approximation ADC can be explained 

as follows. In the first pass, the comparator CMP3 generates the MSB (D3). The 

comparator operation can be written using equation (2-20), as in 

                                                       refn

n
refin V

VV
12
12

42 +

−
≈+                            (2-22) 

If the input signal Vin is greater than half the reference voltage (Vref/2), i.e. if 

42
refin VV

+  > refn

n

V12
12

+

− , then D3 is equal to ‘1’. Otherwise, D3 is equal to ‘0’. 

Next, 3D is generated by the inverter, I3 and is passed to the next bit of the R-2R 

ladder as shown in the figure 2-28. Now the comparator CMP2 has inputs required to 

generate D2, whose operation can be given as 

                                                   refn

n
ref

ref
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V
VDV

1
3

2
12

842 +

−
≈++             (2-23) 

The D2 now generated is inverted by I2 and 2D  is generated, which in turn is used to 

generate D1. This process continues until all the bits are determined.  

 The main advantage of this scheme is that the speed of conversion is higher 

than the traditional successive approximation ADC, since all the steps ripple through 

higher to lower bits and do not require a clock signal to drive the SAR [1]. The two 

important factors affecting the speed in this architecture are the response time of the 

comparator and the settling time of DAC (R-2R ladder).  

 Another interesting thing about this architecture is that it operates in an event 

driven manner, unlike the cycle-based operation of traditional successive 

approximation ADCs. If the output digital code changes from DN to DN+1, for a 
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change in from present input signal Sn to next input signal SN+1, then |DN – DN+1| is 

equal to 1. The number of comparison steps in this converter is less than or equal to 

twice that in each conversion [1]. For example, considering the digital output code DN 

= ‘001000’, the next output code DN+1 can either be ‘001001’ or ‘000111’, because 

the input signal is continuous. In the first case (DN+1= ‘001001’), an event or change 

occurs in bit position 0 (D0); in the second case (DN+1= ‘000111’) the change occurs 

in bit position 3 (D2). Here, the bit value at position 3 is detected in the first step and 

then all the values behind the bit position 3 are detected in the second step. This is 

because all the bit values behind bit position 3 are equal. But in the first case, since 

the change occurs in 0th bit position, so just one step is sufficient.  

 The hardware cost for an N-bit parallel successive approximation ADC is 

summarized in Table 2-3.  

Number of Resistors (N2+3N) 

Number of comparators N 

Number of output buffers (N-1) 

 
Table 2-3: Summary of the Hardware Requirements for an N-bit Parallel Successive    
                 Approximation ADC 
 
From figure 2-28, it can be seen that 4-bit parallel successive approximation ADC 

requires 28 resistors, 4 comparators and 3 output buffers. The reduced hardware 

requirements in this architecture make it more compact than the traditional 

successive-approximation architecture. A major drawback in the traditional 

successive-approximation architecture is that there are many internal operations for 
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each sample to be converted [16]. In an N-bit converter, N approximations and 

comparisons are performed in each sampling period, and this is not fast enough for 

many digital recording applications [3],[17]. 

 In this thesis we focus on the Parallel Successive Approximation ADC 

architecture proposed by Lin and Liu [1]. A major issue concerning this architecture 

is the generation of false codes or bubble errors, which is a well known problem in 

parallel ADC architectures [10]. The absence of a synchronizing clock in the system 

contributes towards this problem. This issue is carefully studied in this thesis through 

extensive simulations and a novel error correction scheme is proposed, details of 

which are explained in the next chapter. 

2.3.6 Error Correction Techniques 

 Usually there are two major error correction techniques: Gray coding and 

thermometer code bubble rejection [18]. Though the Gray coding itself has no error 

correction ability, due to the symmetric nature of the Gray code, the difference 

between correct code and the incorrect code is a momentary ‘0’ or ‘1’ pulse when an 

error occurs [4].A false ‘1’ or ‘0’ found in the thermometer code is usually known as 

bubble error since it resemble bubbles in the mercury of a thermometer [10].  Some 

bubble error correction schemes implemented at the thermometer code zero-to-one 

transition detection are able to correct into the right code using the best guess 

technique, however they require a larger number of elements [19]-[21]. Twin 

encoding technique is another error correction technique that is implemented after 
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detecting the thermometer code zero-to-one transition [22], but it requires duplicate 

encoders, resulting in a large number of elements. 

 The error correction scheme described in [4] is similar to the one implemented 

in this thesis, but it was used to detect and correct bubble errors after thermometer 

code zero-to-one transition detection in a 6-bit 400-MSample/s flash ADC. A 

summary of the work done in [4] is as follows.  
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Figure 2-29: A 6-Bit Flash ADC with Error Correction Scheme Proposed by 
                              S. Tsukamoto et al. [4] 
 
 The basic design is a flash ADC architecture. A 6 bit flash ADC in the above 

architecture has 64 comparators to perform the A/D conversion. With the interleaved 
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autozeroing (IAZ) technique employed here, each comparator is autozeroed in the 

background while the other 63 comparators are performing the conversion [23]. 

While a comparator is autozeroing, its output is unselected using the 63-64 selector 

and the other comparator outputs are transmitted to the encoder block.  The encoder 

block is used to encode the thermometer coded output to a binary-Gray mixed (BGM) 

code. A ROM structure is used to achieve high speed and low latency with tolerance 

to bubble errors. If a conventional binary encoder is used, the bubble errors will result 

in a large error due to the multiple codes that are generated. Gray coding by itself has 

a superior tolerance to the bubbles because only one bit changes between every 

sequential code [4].  The main principle of the error detection technique used here is 

to decompose the lower bits and compare them with upper bits. Under normal 

conditions, there is no conflict between the decomposed bits, however, the multiple 

code generated by the bubble error creates a conflict.   In the error correction 

technique employed here, once the bubble error in the thermometer code is detected, 

it is compared with the best guess output and the conflicting bits are inverted. The 

thermometer code preprocessing, encoding and error detection is carried out within 

one clock cycle. 

  In this thesis, a similar error correction scheme is proposed to eliminate the 

false codes in the parallel successive approximation ADC [1] which is discussed in 

detail in the next chapter. 
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3.  PARALLEL SUCCESSIVE APPROXIMATION ADC WITH THE ERROR     
     CORRECTION SCHEME 
 
3.1 Design of Comparator 

`

+

Iref

M1 M2

M3 M4

OUTV

M6M5 M7

M8

VDD

 

Figure 3-1:  Two Stage Comparator 

A reference current (Iref) of 10µA is chosen and the transistor M5 is sized accordingly 

using the square law, which is given by (3-1).  

                                                   2
'

)(
2 tngs

n
D VV

L
Wki −=                               (3-1) 

Where,    '' . oxnn Ck μ=

                 nμ = Average electron mobility through the channel in cm2/V.sec 

                 = Oxide capacitance/gate capacitance in farads/meter2 '
oxC

Assuming a Δv (Vgs-Vtn) of 0.2V and other parameters according to the AMI 0.5µm 

technology specifications (see appendix A), the (W/L) of M5 is found to be 

(4.6µm/0.9µm). Since we need to achieve high speed in this design, the length (L) is 
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chosen to be 0.9µm. The size of M6 is chosen to be 4 times more than that of M5, so 

that the drain current of M6 is 4 times that of M5 (i.e. 40µA). M7 is sized 2 times 

more than that of M5, such that the M5 drain current is 20µA (M5 is sized smaller 

than M7 to reduce the power consumption of the comparator). The (W/L) of the 

differential pair (M1 and M2) is equal to (9.2µm/0.9µm) (half the size of M5). The 

(W/L) of PMOS transistors M3, M4 and M8 is chosen to be (3.5µm/0.9µm). The 

buffer has 4 inverter stages, the (W/L) of the PMOS and NMOS transistors of the first 

inverter stage are (4.8µm/0.6µm) and (2.4µm/0.6µm) respectively, the widths of 

PMOS and NMOS of the subsequent inverters are scaled by a factor of 3 at every 

stage.  

3.1.1 DC Response of the Comparator 

 The behavior of the comparator when a DC signal is applied at the input 

terminal is known as the DC response. The set up for simulating the DC response of 

the comparator is given in figure 3-2. The supply voltage (Vdd) is chosen to be 2V 

and Vss is grounded (0V). The negative input terminal of the comparator is held at a 

DC voltage of 0.984V. Since this comparator is used in a 6-bit parallel successive 

approximation ADC, where the negative input terminal is usually attached 

to ⎥
⎦

⎤
⎢
⎣

⎡ −
+ refn

n

V12
12  which in this case is equal to 0.984V (see section 3.4 for more 

details). The positive input terminal is attached to a variable DC voltage source which 

is swept from .95V to 1V, around the comparator switching point. The output of the 

comparator is attached to a load, which is a resistance of 100KΩ in parallel with 
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100fF capacitance. These values of load were selected to be approximately equal to 

that of a comparator in the Parallel successive approximation ADC architecture. 
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Vdd

100k 100f

Vout

10uA

 

Figure 3-2:  DC Setup for a Comparator 

The DC response of the comparator is given in figure 3-3. Since the comparator is 

non-ideal, an offset voltage exists. Since one of the inputs of the comparator is fixed 

at 0.984V, the output should ideally switch at this voltage, but the switching occurs 

only at about 986.4mV, so an offset of about 2.4 mV is found to exist.  

 

Figure 3-3: DC Response of the Comparator with V- =0.984V, V+ Swept from 0.95V 
                   to 1V with Vdd=2V and Vss=0V 
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 The dc offset is also known as systematic offset. There is another type of 

offset known as random offset which is mainly found in practical circuits due to 

mismatch in the differential pair and the current mirrors, caused by non-uniformities 

in the fabrication process. However, random offset can be minimized by employing 

matching techniques, such as common-centroid and inter-digitation in layout. 

 The slope of the above curve gives the gain of the comparator, which is 

another important characteristic feature. As mentioned earlier, the comparator is 

designed for high gain to achieve high sensitivity. The gain of the comparator could 

be found from the derivative of its DC transfer curve. Figure 3-4 shows the gain of 

the comparator.  From the curve we can infer that the total gain of the comparator is 

300 kV/V, which is about 109.5dB. 

 

Gain 
(V/V) 

Figure 3-4: Total DC Gain of the Comparator 
(V) 

Most of this gain is due to the buffer stage (3rd stage) of the comparator. This is 

evident from figure 3-5, which shows the DC response and the corresponding gain at 

the output of second stage of the comparator. 
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Gain  

(V) 

Figure 3-5: DC Response and the Gain at the Second Stage of Comparator 

3.1.2 Transient Response of the Comparator 

 The transient response is used to characterize the behavior of the comparator 

when a time varying or dynamic signal, such as a sine or square wave, is applied at 

the input. The propagation delay can be determined from the transient analysis, which 

is defined as the time difference between the input, V+ crossing the reference voltage 

at V-, and the output changing logic states [8]. For an ideal comparator the 

propagation delay is 0. Since the comparator used here is a non-ideal one, a 

propagation delay exists. The setup for transient analysis is as shown in figure 3-6. It 

is similar to the DC setup, but the positive terminal of the comparator is now 

connected to the square wave pulse generator instead of a DC source. 
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Figure 3-6: Setup for Transient Analysis of the Comparator 

 A square pulse of 100ns period with 50% duty cycle is applied to the positive input 

terminal of the comparator. Usually square wave with amplitude of 1 LSB is used in 

order to accurately access the delay for small changes in the input. The negative input 

terminal is held at a DC voltage of 986.4mV. The transient response of the 

comparator for the given input is shown in figure 3-7. The propagation delays at the 

rising edge (tpr) and at the falling edge (tpf) are found to be equal to 7.17ns and 

7.327ns respectively.  

 

tpr tpf 

Figure 3-7: Transient Response of Comparator Illustrating the Propagation Delay 

 46



3.1.3 Power Consumption 

 Comparators are typically the most power consuming components in A/D 

converters. For low power applications, it’s necessary to design these components 

with low power consumption. Power consumption is of two types, static and 

dynamic. The total power consumption of the above comparator can be found from 

the transient analysis. The average current at Vdd is first measured, and the product of 

the average current and the voltage at Vdd gives the average dynamic power 

consumption of the comparator. In this case, the average current at Vdd, with a 

supply voltage of 2V and an input of 10MHz square wave input is 75.12µA and the 

average total power consumption is equal to 150.2µW.  

3.2 6-Bit Parallel Successive Approximation A/D Converter 

 A 6-bit parallel successive approximation A/D converter, based on the 

architecture proposed by Lin and Liu [5] is constructed as shown in figure 3-8. 

Recollecting from section-2.3.6, a ‘6-bit parallel successive approximation ADC’ 

requires 6 comparators, 5 output buffers (inverters) and 54 resistors. 

 The comparator designed in the previous sections is used for building the 6-bit 

parallel successive approximation ADC. The value of resistors in the R-2R ladder is 

selected to be 50kΩ (for R) and 100kΩ (for 2R). These values of resistors are chosen 

to minimize the power consumption. The inverters I1 to I5 are designed to have low 

output impedance. This improves the settling time of the R-2R ladder and avoids the 

inverter impedance affecting the R-2R ladder ratio. In our design, the (W/L) of the 

PMOS and NMOS transistors in the inverters (I1 to I5) are chosen to be 81 x 
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(4.8µm/0.6µm) and 81 x (2.4µm/0.6µm) respectively. This inverter can be considered 

to be a part of the buffer stage of the comparator. In fact, the reason for gradually 

scaling the (W/L) of the inverters in each stage by a factor of 3 is to enable the output 

of the comparator to drive the huge gate capacitance of the inverters. 
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Figure 3-8: 6-Bit Parallel Successive Approximation ADC 

A transient analysis of the 6-bit parallel successive approximation ADC is done and 

the setup for simulating the transient response of the ADC is shown figure 3-9.   
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Figure 3-9: Setup for Transient Analysis of the ADC 

The supply voltage (Vdd) is chosen to be 2V. A triangular signal (0-2V) of 

various frequencies is applied as input (Vin). The reason for choosing a triangular 

wave is that there is a rising and falling ramp in one period of a triangular signal. 

Under normal operating conditions, the output of the ADC should resemble that of an 

up counter (‘00..00’ – ‘11..11’) for the full scale rising ramp input (0-2V) and that of 

a down counter (‘11..11’ – ‘00..00’) for a full scale falling ramp input (2-0V). A 

reference voltage (Vref) is also defined at the full-scale analog value of the input 

signal as 2V. The negative input terminals of all the 6 comparators in the ADC should 

be attached to a fixed voltage ⎥
⎦

⎤
⎢
⎣

⎡ −
= + refn

n

f VV 12
12 . In this design, n=6 and Vref=2. The 
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value of the fixed voltage (Vf) is calculated and is found to be equal to 0.984V. From 

the DC characteristics of the comparator, we know that a systematic offset of 2.4 mV 

exists. To compensate for the error caused by the offset, it should be added to the 

fixed input Vf.  So, the negative input terminals of the comparators are fixed at a DC 

voltage of 986.4 mV. A nominal load capacitance of 100fF is attached to the output 

terminals D0-D5.  

The ADC is found to operate for input frequencies up to 80 kHz. Figure 3-10 

shows the simulated transient response of 6-bit parallel successive approximation 

ADC when a 50 kHz triangular signal is applied at the input. The conversion rate at 

this frequency is 128 x 50 kHz = 6.4MS/s. It is observed that at frequencies above 60 

kHz, the width of the output bits, especially the LSB (D0) becomes unequal and the 

output starts to degrade. Missing codes occur in the LSB for frequencies above 80 

kHz.  

 

Figure 3-10: Transient Response of the 6-Bit Parallel Successive Approximation 
                     ADC for Vin = 50kHz 
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As mentioned earlier, the parallel successive approximation ADC works in an 

event driven manner, the number of comparison steps here is less than or equal to two 

for each conversion [1]. Because of this, there is a finite switching time delay 

between the successive bits. This switching delay is mainly determined by the 

response time of the comparator, the settling time of the R-2R ladder and the timing 

differences between various signal paths. Consequently, a momentary false code (‘0’ 

or ‘1’) appears in the output. For example, between the output codes ‘000001’ and 

‘000010’, there is a momentary false code (‘000011’) for about 26ns. This could be 

well understood from figure 3-11 which shows a magnified portion of figure 3-10, 

clearly illustrating the switching time delay between the D2, D1 and D0 bits.  

 

1 1 1

0

1 1 1

0

1 1

0 0

Figure 3-11: A Magnified Portion of Figure 3-11, Illustrating the Switching Delay  
                     between Bits D0, D1 and D2  
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The occurrence of such momentary false codes is a well known problem in 

flash/parallel ADC architectures and is usually known as bubble error [10]. In a 

synchronous A/D converter such false codes could be eliminated by adjusting the 

clock signals to avoid latching them. But the parallel successive approximation ADC 

architecture discussed here is a completely asynchronous system. If these digital 

outputs drive synchronous systems, their clocks may latch these false codes, since 

they appear for a substantial time. Such false codes appear in about half the 

transitions from ‘000000’ to ‘111111’. The switching time delays between successive 

bits (D0 through D5) are measured from the simulation results and summarized in 

Table 3-1. The average power consumption of the ADC is also estimated and found 

to be equal to 600µW. 

 Bit pairs Delay 

D0 and D1 26.48 ns 

D1 and D2 17.38 ns 

D2 and D3 13.12 ns 

D3 and D4 11.02 ns 

D4 and D5 10.02 ns 

 
Table 3-1: Delays between the Bit Pairs in 6-Bit Parallel Successive Approximation   
                 ADC 

 A 6-bit Parallel successive approximation ADC is also designed in the AMI 

0.5µm technology with a full scale supply voltage of 5V. From the simulation results, 

 52



the circuit is found to work for a full scale triangular input signal at up to 750 kHz 

without missing codes. The power consumption at this speed is found to be about 32 

mW. These results are very much comparable to the ones described in [1], where the 

6-bit Parallel successive approximation ADC works at up to 1.95 MHz and consumed 

30mW of power with a supply voltage of 3.3V in TSMC 0.35µm process.  

 In this work we will be primarily concentrating on the low voltage low power 

design of the ADC, working with a supply voltage of 2V and 600µW power 

consumption. In the low power design, the speed of the ADC is traded off for 

minimizing the power consumption. The switching delays discussed above are found 

to be more pronounced in the low voltage low power design than the high voltage 

design. This is primarily due to slower comparator response time at lower supply 

voltages. 

3.3 Design and Simulation of 6-Bit Parallel Successive Approximation ADC in  
      TSMC 0.18µm Technology  
 
 The 6-bit parallel successive approximation ADC is also designed using the 

TSMC 0.18µm technology specifications. The supply voltage (Vdd) for this design is 

1.8V. The full scale reference voltage Vref is equal to 1.8V and the negative terminal 

of the comparator is fixed at a voltage of ⎥
⎦

⎤
⎢
⎣

⎡ −
+ refn

n

V12
12 which is equal to 0.885V. 

A similar transient analysis is done with this design and the ADC is found to operate 

with a full scale triangular input signal at up to 2 MHz, as shown in figure 3-12.  The 

average power consumption of the ADC at this frequency is about 5mW.  
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Figure 3-12: Transient Response of 6-Bit Parallel Successive Approximation ADC   
                     Designed in TSMC 0.18µm Technology. 

 
It can be observed from the above figure that the widths of the bits, especially in the 

LSB are unequal. The ADC will start showing missing codes in the output if the input 

signal frequency is increased beyond 2 MHz. Similar switching delays between the 

successive bits are also observed and summarized in Table 3- 2 

Bit pairs Delay 

D0 and D1 1.44 ns 

D1 and D2 0.95 ns 

D2 and D3 0.76 ns 

D3 and D4 0.63 ns 

D4 and D5 0.58 ns 

 
Table 3-2: Delays between the Bit Pairs in 6-Bit Parallel Successive Approximation   
                 ADC Designed in TSCM 0.18µm Technology 
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As previously discussed, these false codes may cause spurious outputs in the 

systems using this converter. The accuracy of the ADC is very important in the 

overall accuracy of the system that uses it. So elimination of these false codes in the 

above architecture is imperative for it to be used in practical applications. In this 

thesis, we propose a novel error correction scheme to eliminate the false codes 

generated in the asynchronous parallel successive approximation ADC architecture 

discussed above. The proposed scheme and its operation are explained in the 

subsequent sections.  

3.4 Error Correction Scheme for False Code Elimination 

 The false code elimination basically involves minimizing the finite switching 

delays between the outputs so that the outputs will appear to switch simultaneously. 

We propose a new error correction scheme in this thesis and the block diagram of the 

ADC with the proposed scheme is given in figure 3-13. 
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Figure 3-13: An N-bit Parallel Successive Approximation ADC with the Error 
                           Correction Scheme 
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The binary output bits of the N-bit parallel successive approximation ADC (B0-BN-1) 

are passed through the error correction block, which consists of three sub-blocks: 

1. N-bit binary-to-Gray code converter 

2. N-Bit digital false code cleanup circuit 

3. N-bit Gray-to-binary code converter 

First, the binary output bits (B0 - BN-1) generated by the parallel SA-ADC are 

converted to Gray code using an N-bit binary-to-Gray code converter. The N-bit 

binary-to-Gray code converter consists of N-1 XOR gates as shown in figure 3-14. 

The outputs of the code converter are G0 to GN-1.  

 

 

BN-1

BN-2

BN-3

B1

B0

G0

G1

GN-3

GN-2

GN-1

Figure 3-14: N-Bit Binary-to-Gray Code Converter 
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Since Gray code representation allows just one bit change between successive 

bits, the momentary false codes due to switching delays will appear as a ‘1’ or ‘0’ of 

small pulse width in between the actual codes. For example, consider Fig. 3-15; in the 

last two bits (B0 and B1), between ‘01’ and ‘10’, there is a momentary false code ‘11’ 

for about 26 ns. When represented in Gray code, we have G0 = B1 B0. So G0 

corresponding to binary codes ‘01’ and ‘10’ should be ‘1’ (0

⊕

⊕1) and ‘1’ (1⊕  0). The 

presence of a false code ‘11’ between ‘01’ and ‘10’, causes a momentary ‘0’ between 

‘1’ and ‘1’, whose pulse width is equal to the switching delay between B0 and B1.  

This phenomenon is clearly illustrated in Fig. 3-15.  

 

False ‘0’ False ‘1’ 

Figure 3-15: Gray Code Bit G0 with False ‘0’ and False ’1’ 

Thus the Gray code representation clearly identifies the false codes appearing 

between the actual codes.  
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 Next, the output of the binary-to-Gray converter, G0 to GN-1 is fed into N-bit 

false code clean up block, which eliminates the false codes that are well defined in the 

Gray coded input. At the output of this block, a Gray-coded output without the false 

codes is produced. This is achieved using a novel N-bit false code clean up circuit 

shown in figure 3-16 consisting, ‘N’- 2 input AND gates, ‘N’- 2 input OR gates and 

‘2N’ delay elements. 

AND
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N-2

AND
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DELAY 1
DELAY 2

AND
OR

DELAY 1
DELAY 2

G
0

G1

C1

C0

FALSE CODE CLEANUP BLOCK  

Figure 3-16: N-Bit False Code Cleanup Circuit 

The AND gates remove the false ‘1s’ and the OR gates remove the false ‘0s’. 

For example, when G0 is passed through the clean up circuit, first the AND operation 
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of G0 with a delayed version of itself occurs, this removes the false ‘1’ appearing 

between ‘0’s. Considering the truth table of an AND gate, we know that the output is 

‘1’ only when both the inputs are ‘1’, otherwise the output remains at ‘0’. So, when a 

narrow pulse of a false ‘1’ occurs at G0, it will be fed to the first input terminal of the 

AND gate, while the second input terminal is still at ‘0’ due to the delay caused by 

‘DELAY 1’. Hence, the output of AND gate is a ‘0’, after a small time delay, when 

the false ‘1’ appears at the second input terminal, the present input at the first terminal 

would be a ‘0’ forcing the output to be held at ‘0’. Thus the momentary false ‘1’ 

appearing between the ‘0’s is eliminated. Similarly, when an OR operation of G0 with 

a delayed version of itself occurs, the false ‘0’ between the ‘1’s is eliminated. The 

delays are set in such a way that they are greater than the pulse width of the longest 

false codes. Thus a Gray code without the false codes is generated. Figure 3-17 shows 

the elimination of false codes when G0 is passed through the clean up circuit. 

 

False ‘0’ False ‘1’ 

Figure 3-17: Elimination of False Codes from G0 
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C0 is the output of the clean up circuit, which clearly is a perfect Gray code, 

without any false codes in it. The delay elements consist of a series of inverters with 

PMOS and NMOS transistors having long Ls. Long Ls contribute to an increase in 

the channel resistance, which subsequently increases the delay. In our design, 

DELAY 1 has two inverters. The sizes of PMOS and NMOS transistors are 

(4.8µm/9.6µm) and (2.4µm/4.8µm) respectively. DELAY 2 has 4 inverters with the 

same sizes used in DELAY 1.  Initially, when the AND gate removes the false ‘0’, it 

increases the size of false ‘1’ to twice its original size. So to remove this false ‘1’, a 

larger delay is to be applied to the input to the OR gate.  This is the reason for having 

unequal delays at the inputs of AND and OR gates. The average delay caused in the 

output signal (C0) due to the delay elements is about 28ns. Through extensive 

simulations it is found that, for a given technology and design the switching delays 

are nearly constant for all input frequencies. Thus, a clean up circuit with fixed delay 

elements can be used for all operating frequencies. 

At the output of the N-bit digital clean up circuit, the Gray code bits C0 to CN-1 

without any false codes are available. Then the bits are converted back to binary 

using a Gray-to-binary code converter circuit. This conversion should yield binary 

output without any false codes. There are a number of Gray-to-binary converter 

architectures available in literature. One widely used architecture of an N-bit Gray-to-

binary code converter using XOR gates is shown in figure 3-18.  The main advantage 

of this circuit is its simplicity and compactness. The hardware requirement for an N-

bit converter is just N-1 two input XOR gates. The conversion speed of this 
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architecture is very low, because the output of one stage is fed as input to the next 

stage. The LSB is generated only after all the previous bits are generated, which takes 

about N-1 rippling steps from MSB. This drawback makes it highly unsuitable for our 

application, because the switching delay between the bits is highly critical in 

eliminating the false codes. 

DN-1

DN-3

G0

G1

GN-3

GN-2

GN-1

D0

D1

DN-2

 

Figure 3-18: Gray-to-Binary Code Converter Using XOR Gates 

To achieve almost parallel switching of the bits so that there are no finite time 

delays between the bits causing false codes, we use a ROM (Read Only Memory) 

look-up table architecture. An N-bit Gray-to-binary ROM look-up architecture has 

2N-1, N-input AND gates, 2N inverters, 2N buffers, N PMOS transistors and (N.2N-1) 

NMOS transistors. Though the hardware requirement of this configuration is more, it 

is used to achieve a fast, parallel, and accurate conversion. A 6-bit Gray-to-binary 
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code ROM look up architecture is as shown in the figure 3-19. Each of the 6-input 

AND gates are formed with 3 two-input AND gates and 1 three-input AND gate. All 

the inputs to the 6-input AND gates are buffered. The gates of 6 PMOS transistors 

(P1 to P6) are tied to ground so that they are always ON. These PMOS transistors pull 

up the output lines and inverters I0 to I5 cause the outputs B0 to B5 to be at ‘0’. A set 

of NMOS transistors are connected to the output lines as shown in figure 3-19. The 

gates of these NMOS transistors are driven by the outputs of the 6-input AND gates. 

The PMOS transistors are made to have long Ls, so that they are weaker than the 

NMOS transistors, which when turned ON, can pull down the output lines, in spite of 

the PMOS transistors pulling them high.  

B0B1B2B3B4B5

G2
G3
G4

G1

G5

G0

G0
G1
G2
G3
G4
G5

G0
G1
G2
G3
G4
G5

G0
G1
G2
G3
G4
G5

1

2

3

63

N1

N9

P1 P2 P3 P4 P5 P6

N2 N3 N4 N5 N6

N7 N8 N10 N11 N12

N13 N14 N15 N16 N17 N18

N378N377N376N375N374N373

I0I1I2I3I4I5

 

Figure 3-19: ROM Look-up Table Architecture of Gray-to-Binary Converter 
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Dummy NMOS transistors are used in each row of the output line to ensure that all 

the AND gates drive the same number of transistors and hence the delays produced in 

each line is the same. The working of the above architecture can be understood from 

the following example. When the output of the clean up circuit is ‘000011’, the output 

of the 6-input AND gate-2 would be ‘1’, turning on the NMOS transistors N7 to N12. 

Since the transistors N7, N8, N9, N10 and N12 are dummies, there is no effect in the 

output lines B5, B4, B3, B2 and B0. But the transistor N11 has its drain connected to 

the output line, pulling it to a ‘0’. The inverter I1 causes the output B1 to switch to 

‘1’. So the resulting 6 bit output is ‘000010’ which is the binary equivalent of Gray 

code ‘000011’.  Similarly, other Gray codes are converted to the corresponding 

binary equivalent. Apart from the hardware requirements, there is static power 

consumption associated with this architecture as the pull up PMOS transistors are 

always ON. 

3.5  6-Bit Parallel Successive Approximation ADC with the Proposed Error 
       Correction Scheme 
 

A 6-bit parallel successive approximation ADC with the proposed digital error 

correction scheme, designed using AMI 0.5µm technology specifications is 

simulated. The set up for transient analysis of the ADC with the error correction 

scheme is similar to the one shown in figure 3-9 (set-up for the transient analysis of a 

6-bit parallel successive approximation ADC without the error correction block).The 

supply voltage (Vdd) and the full scale reference voltage (Vref) are at 2V. The ADC 

with the error correction scheme is found to operate for input frequencies at up to 60 

kHz. Figure 3-20 shows the magnified portion of the transient response of the ADC 
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with the error correction scheme, illustrating the absence of false codes when a 50 

kHz triangular signal is applied at the input.   

 

Figure 3-20: Magnified Portion of the Transient Response Illustrating the Reduction 
                     in Switching Delays Between the Bits D0, D1 and D2 

 
The above figure shows the synchronous switching of the bits D0, D1 and D2. 

Comparing figure 3-11 and figure 3-20, a significant reduction in switching delays 

and hence the elimination of false codes are evident. The switching delays between 

the successive bits are measured and summarized in table 3-3. It can be observe that 

the delays in the order of about 26 ns are reduced to less than 1 ns. The average 

power consumed by the ADC is measured as a product of the average current and 

voltage at VDD. The average power consumption of this ADC working at 50 kHz is 

found to be about 800µW, while the power consumption of the ADC without error 

correction scheme is about 600µW. 
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Bit pairs Delays without error 

correction scheme 

Delays with error 

correction scheme 

D0 and D1 26.48 ns 0.767 ns 

D1 and D2 17.38 ns 0.815 ns 

D2 and D3 13.12 ns 0.816 ns 

D3 and D4 11.02 ns 0.952 ns 

D4 and D5 10.02 ns 0.892 ns 

 
Table 3-3: Delays between the Bit Pairs in 6-Bit Parallel Successive Approximation   
                 ADC with and without the Error Correction Scheme 

The linearity characteristics of the ADC, INL and DNL are plotted from the 

simulation data to make sure that the addition of the error correction block has not 

caused non-linearity errors in the converter. Figure 3-21 shows the transfer curve of 

the ADC when a 50 kHz triangular input signal is applied at the input. 

 

Figure 3-21: Transfer Curve of the ADC with Error Correction Scheme 
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 From section 2.1, the Differential Non-Linearity (DNL) is defined as the 

difference between the actual code width of the non-ideal converter and the ideal 

converter. The Integral Non-Linearity (INL) is defined as the deviation of each 

individual code or transition points from a straight line drawn from 0 through the 

positive full scale value.  Figure 3-22 shows the quantization error illustrating the INL 

and DNL of the ADC working at 50 kHz. The INL is less than ± 0.4 LSB and DNL is 

± 0.45 LSB. The MATLAB code to plot the transfer curve, INL and DNL, is given in 

the appendix B.  

 

Figure 3-22: Quantization Error Illustrating the INL and DNL of the ADC with Error          
                     Correction Scheme Designed in AMI 0.5µm Technology. 
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3.6 Design and Simulation of the 6-Bit Parallel Successive Approximation ADC  
      with the Error Correction Scheme in TSMC 0.18µm Technology 
 

The proposed error correction scheme is also designed according to TSMC 

0.18µm technology specifications and is used in conjunction with the ADC designed 

and simulated in section 3.3, to remove the false codes generated in it. A transient 

analysis of the ADC is done. The supply voltage (Vdd) and the full scale reference 

voltage (Vref) for this design are 1.8V. Figure 3-23 shows the magnified portions of 

the transient response illustrating the absence false codes when a 1 MHz triangular 

input signal is applied at the input. The average power consumed by the ADC with 

the error correction scheme at this input frequency is 5.6 mW, while that without the 

error correction scheme is about 5mW. 

 

Figure 3-23: Magnified Portion of the Transient Response of the ADC with Error 
                     Correction Block Designed in TSMC 018µm Technology Illustrating the 
                     Reduction in Switching Delays between the Bits D0, D1 and D2. 
 

The delays between the bit pairs are measured and summarized in Table 3-4. It can be 

observed that delays in the order of 1.4 ns are reduced to about 0.04 ns.  
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Bit pairs Delays without error 

correction scheme 

Delays with the error 

correction scheme 

D0 and D1 1.44 ns 0.040 ns 

D1 and D2 0.95 ns 0.058 ns 

D2 and D3 0.76 ns 0.040 ns 

D3 and D4 0.63 ns 0.059 ns 

D4 and D5 0.58 ns 0.041 ns 

 
Table 3-4: Delays between the Bit Pairs in 6-Bit Parallel Successive Approximation   
                 ADC Designed in TSCM 0.18µm Technology with and without the Error 
                 Correction Scheme 

 

The INL and the DNL of the ADC with the error correction scheme are also 

measured and plotted from the simulation data. Figure 3-24 shows the transfer curve 

of the ADC with the error correction scheme operating at 1 MHz.  

 

Figure 3-24: Transfer Curve of the ADC with Error Correction Scheme Designed in     
                     TSMC 018µm Technology 
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Figure 3-25 shows the quantization error illustrating the INL and DNL. It is 

observed from the figure that the INL and DNL are less than ± 0.45 LSB and ± 0.55 

LSB respectively for an input of 1MHz triangular input signal. 

 

Figure 3-25: Quantization Error Illustrating the INL and DNL of the ADC with Error          
                     Correction Scheme Designed in TSMC 0.18µm Technology. 
 

The 6-bit successive approximation ADC with the error correction scheme designed 

in AMI 0.5µm technology has been fabricated and tested. The setup for test and the 

results measured from the prototype are discussed in the next chapter. 
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4 TEST SETUP AND MEASUREMENT RESULTS 

 As mentioned in the previous chapter, a 6-bit parallel successive 

approximation ADC with the proposed error correction scheme designed according to 

AMI 0.5µm technology specifications has been fabricated and tested. The complete 

layout of the 6-bit parallel successive approximation ADC with the error correction 

scheme is shown in Appendix C. The layout was primarily organized into two major 

blocks – the analog and the digital.   

 The analog block has the comparators and the D/A converter (R-2R ladder). 

Since matching between the resistors in each R-2R ladder is very critical, a common-

centroid layout technique was used. In the comparator layouts, techniques like inter-

digitation and common centroid were employed to ensure good matching. The area 

occupied by the analog block is about 1176µm x 262µm.   

 The digital block consists of the proposed error correction scheme, i.e., a 6-bit 

binary-to-Gray code converter circuit, a 6-bit false code cleanup circuit and a 6-bit 

Gray-to-binary code converter circuit. The area occupied by the digital block is about 

943µm x 630µm. On-chip digital buffers were included to drive external load 

capacitances of up to 30 pF. The layouts of the analog and digital blocks are also 

shown in Appendix C. 

 In mixed signal circuits, the analog components are more sensitive to noise 

than the digital components [8]. One can expect a lot of switching noise from the 

digital block to be coupled to the analog block through the substrate, if proper 

isolation techniques have not be employed in the layout. A successful mixed-signal 
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design will always minimize the effect of the digital switching on the analog circuits 

[8]. The sensitive analog should be placed as far away as possible from the digital 

circuits. In the layout of the 6-bit parallel successive approximation ADC with the 

error correction scheme, the analog and digital blocks were separated by a substantial 

distance of about 125µm between them. Whenever analog and digital circuits are 

together on the same die, a danger of noise injection from the digital circuitry to the 

analog circuitry exists through the power supply and ground connections [8], but by 

having separate pads and pins for the power supply and ground (AVdd, AVss for 

Analog and DVdd, DVss for digital), the analog and digital circuits are completely 

decoupled. This technique has been employed in the layout of the 6-bit parallel 

successive approximation ADC with the error correction scheme. The analog and 

digital blocks were also surrounded by a very thick layer of substrate contacts to 

improve the noise immunity. To accommodate the separate power supplies and 

grounds, the guard rings were also split accordingly. While splitting the Vss guard a 

guard cell consisting two diodes has to be included to avoid latch-up which might 

result if there is a difference of several hundred milli-volts in potential between the 

split rings. The layout of the guard cell is shown in Appendix C.  

 A design rule check (DRC) and layout versus schematic (LVS) was performed 

on the complete 6-bit parallel successive approximation ADC with the error 

correction scheme before it was submitted for fabrication. The fabricated chip was 

packaged in a DIP (Dual Inline Package) with 40 pins. A transient measurement was 
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performed to characterize the ADC and observe the elimination of false codes. The 

test setup is explained in detail in section 4.1 

4.1 Test Setup 

 The basic test setup used for the measurements is shown in figure 4-1 
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4-1: Test Setup for the 6-Bit Parallel Successive Approximation ADC with Error 
            Correction Scheme. 
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 A 2V supply voltage was generated from a 9V DC battery using a linear 

regulated power supply arrangement. The pins AVdd and DVdd were externally 

connected together and attached to the supply voltage. The pins AVss and DVss were 

also connected together externally and attached to ground. The full scale reference 

voltage Vref was also obtained from the supply voltage. Recollecting from section 

2.3.6, one of the inputs to the comparators is always fixed at osrefn

n

VV +
−
+12

12 , In a 6-

bit parallel ADC architecture we have six such input signals (Vf0 – Vf5). These 

voltages were generated as a result of voltage division between two 100 kΩ resistors 

with a 10 kΩ potentiometer between them. The potentiometers are used to adjust the 

input voltages (Vf0 – Vf5) until the comparator offsets are compensated.  A small 

capacitance is attached at the inputs of Vf0 – Vf5  to filter out any ac component 

present in the signal and make it very stable. The input pin Vin is attached to a 0-2V 

(peak-to-peak) triangular input signal.  The digital outputs before the false code 

elimination scheme were observable at pins D0 – D5 and also after false code 

elimination at pins D0a – D5a. The Gray coded output bits before and after the cleanup 

circuit were observable at pins G0 – G4 and C0 – C4 respectively. The output bit G5 = 

C5 = D5, hence separate output pins for G5 and C5 were not used. All the digital 

outputs were observed and recorded using the oscilloscope and logic analyzer. 

4.2 Hardware Measurement Results 

  The connections were made as shown in the figure 4-1 and the circuit was 

powered up. The bias voltages Vf0 – Vf5 were set by adjusting the potentiometers. 

Then, a triangular input signal of 10 kHz frequency was attached to the input pin. The 
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digital output bits before the false code elimination scheme (D0 – D5) were observed 

through the oscilloscope and fine adjustments were made to the voltages Vf0 – Vf5 

until all the output codes were properly generated. Then the output bits were recorded 

using the logic analyzer. The data points obtained using the logic analyzers were 

plotted using a MATLAB program (See Appendix - B). Figure 4-2 shows the plot of 

output bits when a 10 kHz triangular input signal is applied. 

 

Figure 4-2:  Output Bits D0 – D5 for a 10 kHz Triangular Input Signal 
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From the above figure, we can observe that even if the ADC circuit seems to be 

operating properly, oscillations could be seen in every bit while there is a transition, 

i.e., every bit oscillates a number of times before it reaches a final value. This 

instability is an unforeseen issue. The reasons for instability and techniques to 

circumvent them are addressed in section 4.4.  These oscillations in the output bits 

made the measurement of time delays between output bits impossible. However, the 

working of the proposed scheme could be shown using the Gray coded output bits 

before and after the cleanup circuit. 

 

Figure 4-3: Gray Coded Output Bits Before and After the Clean-up Circuit for a  
                        10 kHz Triangular Input Signal.            
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Figure 4-3 shows the output bits G0 – G4, the Gray code representation of output bits 

D0 – D4 before passing through the cleanup circuit and the bits C0 – C4 represent the 

Gray code bits at the output of the cleanup circuit.  It could be observed that in the 

bits G0 – G4, the false codes are present as narrow spikes of 0s and 1s in between the 

actual codes. The pulse width of these false codes is equal to the switching time delay 

between the output bits. However in the bits C0 – C4 most of these false codes are 

eliminated, which could also be clearly seen from the above plot. Few false codes 

could be observed especially in the LSB and these are because of the unforeseen 

oscillations in the output bits. Since the delays in false code elimination circuit are 

fixed, the false codes with larger pulse width could not be removed. 

 The widths of the output bits especially in the LSB started becoming unequal 

at frequencies above 15 kHz and the circuit was found to operate at up to 18 kHz 

before the LSB started degrading and missing codes. The circuit fabricated and tested 

here was originally designed to operate at up to 20 kHz.  The output bits were also 

observed at different input frequencies. At input frequencies below 10 kHz, the 

oscillations were observed to be very high and more false codes were observed in the 

Gray coded outputs even after the cleanup circuit, so they are not shown here. When 

the input frequency was increased beyond 10 kHz, lesser oscillations were observed 

in the output bits. Another set of data were recorded when a 15 kHz triangular signal 

was applied as input. The output bits D0 – D5 are plotted and shown in figure 4-4.  
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Figure 4-4:  Output Bits D0 – D5 for a 15 kHz Triangular Input Signal 

 From the above figure, we can observe that the oscillations are still present in 

every bit whenever there is a transition. The Gray coded output bits before the 

cleanup circuit (G0 – G4) and the Gray coded bits after the cleanup circuit (C0 – C4) 

are shown in figure 4-5. The elimination of false codes caused due to the switching 

delays between successive bits can be observed in figure 4-5. 
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Figure 4-5: Gray Coded Output Bits Before and After the Clean-up Circuit for a  
                   15 kHz Input Triangular Input Signal 
 
The linearity characteristics of the ADC could not be computed because of the 

oscillations present in the output bits.  To understand the reasons for oscillations and 

instability in the output bits, the 6-bit parallel SA-ADC circuit was again simulated 

according to the test conditions at low frequencies. Section 4.3 deals with this in 

detail. 
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4.3 Simulation According to Actual Test Environment 

 Initially, when the 6-bit parallel SA-ADC was simulated, ideal voltage sources 

were used for providing the bias voltages (Vf0 – Vf5), input (Vin) and reference (Vref), 

but in reality, the voltage sources are not ideal. The impedance of the function 

generator should be considered for the input signal Vin. So a 50Ω resistance is 

attached in series with the ideal input voltage source in the test setup for simulating 

the transient response of a 6-bit parallel SA-ADC as shown in figure 4-6.  
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Figure 4-6: Setup for Transient Analysis of the ADC According to Actual test 
                         Conditions 

 
 A triangular input signal of 5 kHz was applied as input and a transient analysis 

was done on the 6-bit parallel SA-ADC circuit. A part of the transient response of the 

ADC is as shown in figure 4-7. 
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Figure 4-7: Transient Response of the 6-Bit Parallel Successive Approximation ADC   
                   Simulated According to the Actual test Conditions for Vin = 5 kHz 

A magnified portion of the transient response clearly depicting the oscillations is 

shown in figure 4-8. 

 

Figure 4-8: Magnified Portion of Figure 4-7 Illustrating the Oscillations 
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The transient analysis with a 10 kHz triangular input signal also showed such 

oscillations.  

4.4 Reasons for Oscillations in the Output Bits 

 The oscillation present in the output bits is most likely due an architectural 

issue.  Recollecting from section 2.3.5, in the parallel successive approximation ADC 

architecture the negative input of the comparator is fixed at  while 

the positive terminal is connected to the output of the D/A converter (R-2R ladder). 

The R-2R ladder is a feed forward structure generating the voltage 

12/))12(( +− n
ref

n V

2/)refin VD+  (V  

the positive input terminal of the comparator. In the R-2R ladder, matching of the 

resistors is very important to generate an accurate voltage at the input of the 

comparator. 

at

 Now, looking at the architecture of the comparator shown in figure 4-9, a 

normal two stage op-amp is used to perform the comparison operation in the parallel 

SA-ADC architecture. The high impedance output node (A) at the output of first stage 

(difference amplifier stage) is capacitive coupled to the + input terminal of the 

comparator through the gate-to-drain parasitic capacitance (Cgd), this is clearly shown 

in figure 4-9. The node A is a high swing node, i.e., as long as the voltage at – 

terminal is greater than the input at + terminal, the node A is pulled high to a voltage 

of Vdd – ΔV, as soon as the voltage at the + terminal becomes higher than that at the – 

terminal, the node A is pulled down to a voltage of Vss-ΔV- Vgs2. Since the potential 

difference across the capacitor Cgd can’t change instantaneously, the voltage at + 

terminal is also pulled down, which in turn causes a switching at the node A. This 
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process causes the node A to be oscillatory and these oscillations are amplified while 

propagating through the subsequent gain stages and appear prominently at the output 

of the comparator. 
`
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Figure 4-9: Capacitive Coupling of the Input Signal to the Output Node  

 This is a common problem in comparators while handling noisy and/or slowly 

moving input signals. Usually comparators are designed to have hysteresis to 

overcome the oscillations due to noisy and/or slow input signals. Isolating the high 

impedance output node of the first stage from the noisy input signal combined with 

hysteresis is an effective way to eliminate the oscillations appearing at the output. 

This is discussed in detail in the next section. 

4.5 Comparator with Hysteresis 

 Positive feed back causes the comparator to have unequal switching points, 

which is called hysteresis. Thus, in a comparator with hysteresis, the low-to-high 
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switching point (VSPH) and high-to-low switching point (VSPL) are not equal. The 

transfer curve of a comparator with hysteresis is as shown in figure 4-10. The amount 

of hysteresis is given by VSPH - VSPL. 

 

Figure 4-10: Transfer Curve of a Comparator with Hysteresis 

The oscillatory response of the comparator without hysteresis in noisy environment is 

shown in figure 4-11. 
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Figure 4-11: Response of a Comparator without Hysteresis in a Noisy Environment 
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 The response of the comparator with hysteresis in noisy environment is shown 

in figure 4-12. It can be observed that the different switching points set the upper 

threshold and lower threshold voltages which form a hysteresis band near the actual 

switching point of the comparator. The output voltage does not change as long as the 

input is within this band. The output goes high when the input is above the upper 

threshold and is held in its state as long as the input doesn’t go below the lower 

threshold. In this way, the oscillations in the output signal are eliminated as shown in 

figure 4-12. 

 

Vin 
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Vss 

Figure 4-12: Response of a Comparator with Hysteresis in a Noisy Environment 

 The block diagram of a comparator with hysteresis is as shown in figure 4-13 

[8]. There are three stages in this comparator. The first stage is the preamplifier stage 

which amplifies the input signal to improve the comparator sensitivity and isolates the 

input of the comparator from the switching noise. The second stage is the decision 
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stage with positive feed-back for the comparator to exhibit hysteresis. Finally the 

third stage is the output buffer stage which amplifies and outputs a digital signal. 
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Vo-

Vout

V+

V-

Pre-amplifier stage Decision stage Buffer stage
 

Figure 4-13: Block Diagram of a Comparator with Hysteresis [8] 

 The complete circuit of the comparator with all three stages is shown in figure 

4-14 [8]. The preamplifier stage is basically a differential amplifier with active loads. 

A tail current (Iss) of 120µA is chosen for biasing the differential amplifier. The 

reason for choosing such a high current is that, this architecture is generally slower 

due to the hysteresis and such a current is required to increase the slew rate and in 

turn the response time of the comparator. Assuming a Veff (Vgs –VTHN) of 0.2V, and 

using square law (equation 3-1) the sizes of transistors M0a and M0b are found out to 

be equal to 55.1µm/0.9µm. The length is chosen to be 0.9µm since we are 

concentrating on speed in this design. The sizes of M1 and M2 are found to be equal 

to 27.5µm/0.9µm. The sizes of the PMOS transistors M31, M41, M3 and M4 are 

chosen to be 8.25µm/0.9µm. The currents io+ and io- are generated as the output of 

this stage at the drains of M3 and M4 respectively. The relation between the input 

voltages and the output currents io+ and io- is given by equation 4-1. 
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Figure 4-14: Complete Schematic of the Comparator with Hysteresis [8] 

The next stage of the comparator is the decision stage. The decision circuit used here 

is adopted from [24]. The circuit uses positive feedback from the cross-gate 

connection of M6 and M7 to increase the gain of the decision element [8]. 

 Let β5 = β8 = βA and β6 = β7 = βB. If the current io+ is much larger than io- so 

that M5 and M7 are on and M6 and M8 are off. Under this condition, Vo- is 

approximately equal to 0 and Vo+ is given by  
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If io- increases and io+ decreases, switching takes place when the drain-source voltage 

of M7 is equal to VTHN of M6. Now, M6 starts taking current from M5 which in turn 

reduces the Vds of M5 and starts to turn off M7. Under these circumstances, the 

voltage across M7 reaches VTHN and thus M7 reaches the saturation region where the 

current through M7 is given by  
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B
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B
o iVVi

β
ββ 2)(

2
                             (4-4) 

If βA = βB , switching takes place when the currents io+ and io- are equal. Unequal βs 

cause the comparator to exhibit hysteresis.  A similar analysis for increasing io+ and 

decreasing io- yields a switching point of  

         −+ = o
A

B
o ii

β
β                                                                  (4-5) 

Relating these equations to equation 4-1 yields the switching point voltages.  
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                                               SPLSPH VV −=                                                           (4-7)     

For the present design, when (W/L)A = (W/L)B =8.25µm/0.9µm, there is no hysteresis 

i.e., VSPH = VSPL.  
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 A DC analysis of the comparator was done to observe the voltages Vo+ and Vo. 

The setup for DC analysis is similar to the one described in section 3.2.2. The input 

terminal V- is fixed at a voltage of 0.984 V and the other input terminal V+ is swept 

from 0.95V to 1.02V and the response is as shown in figure 4-15. 

 

Vo- Vo+ 

Figure 4-15: DC Response of the Comparator when βA = βB  

Next, to achieve a 5 mV hysteresis, βA and βB are calculated using equation 4-6. 

(W/L)B should be equal to 1.098(W/L)A  for the comparator to have VSPH = VSPL = 5 

mV. Now the sizes of (W/L)A and (W/L)B are chosen to be 9.05µm/0.9µm and 

8.25µm/0.9µm, respectively. The simulation results are shown in figure 4-16 and 4-

17. 

 Figure 4-16 shows a sweep of V+ from 0.95V to 1.02V with V- still held at 

0.984V. Since the VSPH is 5 mV the decision circuit switches when V+ is 5 mV above 

V- (i.e. V+ = 0.989V).  
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Vo- Vo+ 

Figure 4-16: DC Response of the Comparator when V+ is Swept from 0.95V to 
    1.02V 

 
 Figure 4-17 shows the response when V+ is swept from 1.02V to 0.95V with 

V- held at 0.984V. In this case the switching occurs when V+ = 0.979V, or 5 mV less 

than V-.  

 

Vo- Vo+ 

Figure 4-17: DC Response of the Comparator When V+ is Swept from 1.02V to 
                          0.95V 
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The final stage of the comparator is the buffer stage which is a self-biased differential 

amplifier [25]. An inverter is added to the output of the amplifier as an additional gain 

stage and to isolate any load capacitance from the self-biasing differential amplifier 

[8]. The inverter at the output also restores the CMOS logic levels of the digital 

output of the comparator.  

 To characterize the comparator, a DC analysis simulation was performed on 

the comparator and the setup for it is similar to the one described in section 3.2.2. 

From the DC response of the comparator, the input DC offset voltage and gain were 

found to be 5.05mV and 285k V/V (109 dB), respectively. Next, a transient 

simulation was performed on the comparator. The test setup for simulating the 

transient analysis is similar to the one described in section 3.2.3. The positive 

feedback in this comparator makes it much slower than the op-amp comparator. A 

1MHz square pulse was applied to the positive input of the comparator and the 

negative input terminal was fixed at 0.984V. The propagation delays in this case are 

larger than that in op-amp comparator; the rise time propagation delay (tPHL) and the 

fall time propagation delay (tPLH) are found to be about 15ns and 18ns respectively. In 

the previous design of the op-amp comparator, the delays were about 8ns. Hence this 

architecture is slower by a factor of 2. The power consumption of the comparator 

with a 1 MHz input signal is found to be equal to 460µW. Comparing the power 

consumption of this architecture with that of the op-amp comparator (from section 

3.2.4) it can be observed that it consumes approximately 3 times more power. From 

the characteristics of this comparator we can summarize that this comparator 
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architecture with hysteresis is more power consuming and slower, but is more stable 

and avoids the oscillations in the output signal. 

4.6 Simulation of 6-bit Parallel SA-ADC Using the Comparators with Hysteresis 

 All the comparators in the 6-bit parallel successive approximation ADC 

architecture (shown in figure 3-25) were replaced with the comparator described in 

the previous section and a transient simulation was done. The setup for transient 

simulation is as shown in figure 4-6. The simulation results for a 1 Hz triangular input 

signal is shown in figure 4-18.   

 

Figure 4-18: Transient Response of the 6-bit Parallel Successive Approximation ADC  
                     for a 1 Hz Triangular Input Signal. 
 
 The oscillations that were found previously are not present in this case. This is 

evident from figure 4-19 which shows a magnified portion of transient response 

shown in figure 4-18. Previously when the op-amp comparator was used oscillations 

were observed at frequencies as high as 5 kHz. But with the comparator described in 

section 4-5, no oscillations are observed, even for a 1 Hz input signal. 
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Figure 4-19: Magnified Portion of Figure 4-18 Illustrating the Absence of 
                               Oscillations 

 
 As mentioned previously, the addition of hysteresis makes the comparator 

slow and the over-all speed of the ADC is also reduced. The 6-bit parallel successive 

approximation ADC is now found to work at up to 45 kHz before the output 

degrades.  

 

Figure 4-20: Transient Response of the 6-Bit Parallel Successive Approximation 
                     ADC Using the Comparators with Hysteresis for a 40 kHz Triangular  
                     Input Signal. 
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Figure 4-20 shows the transient response of a 6-bit parallel SA-ADC when a 40 kHz 

triangular signal is applied as input. From the above figure, it can be observed that the 

width of the bits, especially in the LSB are very unequal and the output is about to 

degrade with any further increase in input frequency. The average power consumed 

by this ADC when a 40 kHz input signal is applied is found to be equal to 2.4mW. 

Previously, the ADC was found to consume 600µW power, which is lesser by a 

factor of 4.  

4.7 Tunable Delay 

 Recollecting from section 3.5, the cleanup circuit in the error correction 

scheme has fixed delays that are generated by a set of inverters. These delays should 

be larger than the largest switching delay between the bits for the false codes to be 

eliminated. The fabricated ADC circuit may generate false codes that might be longer 

than these delays due to factors associated with layout and fabrication such as long 

interconnects, parasitic capacitances etc., which will contribute towards the RC 

delays. Such false codes are not removed by the false code elimination scheme and 

will show up in the output bits. To overcome this limitation, the delays can be made 

tunable. As such, the delays in the cleanup circuit can be externally programmed to be 

larger than the largest switching delay. One such tunable delay architecture using 

current starved inverters is shown in figure 4-21 [8]. 

 The working of the tunable delay can be explained as follows. The transistors 

M1 – M11 act as current mirrors and the other transistor M12 – M19 form four 

inverters.   
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Figure 4-21: Tunable Delay 

The total capacitance of the first inverter (at the drains of M12 and M13) are given 

by,  

       )(
2
3)( ''

nnppoxnnppoxinouttot LWLWCLWLWCCCC +++=+=               (4-8) 

                                    )(
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nnppoxtot LWLWCC +=                                             (4-9) 

The time it takes to charge Ctot from 0 to VSP with a constant current ID4 is given by  

                                       
4

1
D

SP
tot I

VCt =                                                                  (4-10) 

The time it takes to discharge Ctot from VDD to VSP is given by  
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If we set ID4 = ID1, the total delay is equal to the sum of t1 and t2 

                               
D

DDtot

I
VCtt =+ 21

                                                                  (4-12) 
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In the above figure shown in figure 4-21, there are four inverter stages. So the total 

delay at Vout is given by, 

                                    ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

D

DDtot
D I

VCt 4                                                              (4-13) 

From the equation 4-13, we see that the time delay is related to the current ID.  That is, 

by adjusting the reference current Iref, the delay can be varied. If the current is 

decreased, the delay increases and if the current is decreased, the delay decreases, 

thus making the delay programmable. 

 In the above design, the current mirrors are designed for a maximum current 

of 100µA. The sizes of the transistors are calculated using the square law (equation 3-

1). Choosing a Veff (Vgs-Vtn) of 0.3V, the (W/L) of the transistors M1 – M6 are found 

to be equal to 20.4µm/0.9µm. The (W/L) of the transistors M7 – M11 are 

61.2µm/0.9µm. From the figure 4-22, there are four inverters formed by transistors 

M12 – M19. The (W/L) of the PMOS transistors are (14.4µm/0.6µm) and that of the 

NMOS transistors are (7.2µm/.6µm). The reason for having such wide devices is to 

make the input capacitance of the inverters more dominant compared to the parasitic 

drain-substrate capacitance (Cds) of the wide PMOS and NMOS transistors in the 

current mirrors.  

 A transient simulation was performed on the tunable delay circuit with various 

reference currents (Iref) ranging from 1µA to 100µA, the setup for which is shown in 

figure 4-22. 
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Figure 4-22: Setup for Simulating the Transient Response of the Tunable Delay 
                          Circuit 

 
 The input is a 500 kHz square pulse and the reference current is initially set at 

1µA. A load capacitance CL of 100fF is attached at the output.  The response is 

plotted and the simulation is repeated for various values of reference currents. Figure 

4-23 shows a magnified portion of the response of the delay circuit for the same input 

signal at various reference currents.  

 

Iref=100u 

Vin 
Iref=1u 

Figure 4-23: Transient Response of the Tunable Delay Circuit for Various Reference   
                     Currents.       
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 It is evident from the transient response that the delays increased with 

decrease in currents (obeying equation 4-13). The rise time delay (tPLH) and fall time 

delay (tPHL) for each case is found and summarized in Table 4-1.  

Delay  Current (Iref) 

tPLH tPHL Average Delay 

1µA 152.4 ns 148.9 ns 150.6 ns 

1.25µA 122.9 ns 120.2 ns 121.5 ns 

1.5µA 103.1 ns 101.1 ns 102.1 ns 

1.75µA 88.8 ns 87.2 ns 88 ns 

2µA 78.1 ns 76.9 ns 77.5 ns 

3µA 53.0 ns 52.7 ns 52.8 ns 

4µA 40.3 ns 40.3 ns 40.3 ns 

5µA 32.7 ns 32.7 ns 32.7 ns 

10µA 17.5 ns 18.4 ns 17.9 ns 

50µA 5.4 ns 6.2 ns 5.8 ns 

100µA 3.8 ns 4.5 ns 4.1 ns 

 

Table 4-1: Summary of the Delays for Various Reference Currents 
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 From the table it can be observed that larger delays are produced with very 

low reference currents. Also, a small variation of low currents result in significant 

change in delay while a large variations of high currents result in very small change 

in the delays. As such, a change of current from 1µA to 1.25µA causes a change of 

about 29.1 ns in the average delay, while a change of current from 50µA to 100µA 

causes just a change of 1.7 ns in the average delay. 

4.8 Simulation of 6-bit SA-ADC with the Error Correction Scheme Using the   
      Comparators with Hysteresis and Tunable Delay Elements 
 
 All the comparators in the 6-bit successive approximation ADC with the error 

correction block were replaced with comparators described in section 4.5. The 

comparators were designed to have 5mV hysteresis. Also the delay elements in the 

false code elimination block were replaced with the tunable delay elements described 

in section 4.7.  A transient simulation of the 6-bit SA-ADC with the error correction 

block was done. The test setup for which is similar to the one shown in figure 4-6. 

The switching delays in the ADC were found to be about 25-50 ns. Hence the delays 

in the cleanup were set accordingly using a reference current of about 3µA. The 

transient response of the 6-bit successive approximation ADC with the error 

correction block for an input of 40 kHz is shown in figure 4-24.   

 The design of 6-bit SA-ADC with the error correction scheme proves to be 

more stable with the comparators that have hysteresis. Also, the tunable delay in the 

cleanup circuits gives an additional degree of freedom and is very useful to eliminate 

the large, unexpected switching delays. 
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Figure: 4-24 Transient Response of the 6-bit SA-ADC with the Error Correction 
                         Scheme Using Comparators with Hysteresis and Tunable Delay  
                         Elements. 
 

The switching delays between the consecutive bits is summarized in Table 4-2 

Bit pairs Delay before the error 

correction scheme 

Delay after the error 

correction scheme 

D0 and D1 50.6 ns 0.767 ns 

D1 and D2 39.8 ns 0.815 ns 

D2 and D3 31.7 ns 0.816 ns 

D3 and D4 27.2 ns 0.932 ns 

D4 and D5 24.9 ns 0.934 ns 

 
Table 4-2: Summary of the Switching Delays from the ADC Using the Comparator 
                 with Hysteresis and Tunable Delay Elements before and after the Error 
                 Correction Scheme 
 

 99



 The disadvantages of this design are the reduction in over-all operating speed 

of the converter and the increased power consumption. The average power consumed 

by the 6 bit SA-ADC with the error correction scheme using comparators with 

hysteresis and tunable delay elements working at 40 kHz is found to be 2.9mW, while 

the power consumed by the 6 bit SA-ADC with the error correction scheme using op-

amp comparators and fixed delay elements is about 800µW with a 50 kHz triangular 

input signal. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 This thesis has dealt with the design of a new error correction scheme for 

eliminating the false codes that are generated in the parallel successive approximation 

ADC developed by Lin and Liu [1].  The elimination of false codes is achieved by 

reducing the switching delays between the successive bits. The reduction of switching 

delays was demonstrated through simulations. The 6-bit parallel successive 

approximation ADC with the proposed error correction scheme was designed and 

simulated using AMI 0.5µm and TSMC 0.18µm specifications. A summary of 

reduction in switching delays for the ADC designed in AMI 0.5µm specifications 

with and without the error correction scheme are as shown in table 5.1.  

Bit pairs Delays without error 

correction scheme 

Delays with error 

correction scheme 

D0 and D1 26.48 ns 0.767 ns 

D1 and D2 17.38 ns 0.815 ns 

D2 and D3 13.12 ns 0.816 ns 

D3 and D4 11.02 ns 0.952 ns 

D4 and D5 10.02 ns 0.892 ns 

 

Table 5-1: Summary of the Delays between the Bit Pairs in 6-bit Parallel Successive 
                 Approximation ADC with and without the Error Correction Scheme 
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 From the simulation data the Integral Non-Linearity (INL) and Differential 

Non-Linearity (DNL) were calculated and found to be equal to ± 0.4 LSB and ± 0.45 

LSB respectively for an input of 0-2V (peal-to-peak) triangular signal of 50 kHz 

frequency. The power consumption of the complete system at this frequency was 

800µW. The INL and DNL of the 6-bit successive approximation ADC designed in 

TSMC 0.18µm specifications were ± 0.45 LSB and ± 0.55 LSB respectively for an 

input of 0-1.8V (peak-to-peak) triangular signal of 1 MHz frequency. The power 

consumption at this frequency was 5.6mW. 

 A test setup was built to measure the transient response of the prototype 6-bit 

parallel successive approximation ADC with the error correction scheme. The digital 

output bits were observed and recorded using a logic analyzer.  Though the output 

bits were generated as expected, unstable oscillations were observed during most 

transitions. The instability was mainly due to the oscillatory nature of the high 

impedance node at the output of the differential amplifier stage in the op-amp 

comparator. This problem was fixed by using another configuration for the 

comparator with a small amount of hysteresis. Chapter 4 explains this in detail.  

5.2 Recommendations 

 The comparator architecture plays a major role in determining the overall 

operating speed of the ADC; also the response time of the comparator is an important 

factor determining the switching delays between the output bits. Hence high speed 

comparators are preferred in this ADC architecture. Since stability issues are also 

major concerns in this architecture, high speed comparator with a small amount of 
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hysteresis is highly recommended. Since the unstable oscillations can’t be predicted 

beforehand, having an externally programmable hysteresis will be very helpful. 

 Process variations introduce random offsets in the comparators. In order to 

eliminate these offsets, an offset compensation scheme can be developed on-chip. 

This would improve the accuracy of the converter greatly.   

 A ROM lookup table architecture was used for the 6 bit Gray-to-binary 

encoder circuit to achieve fast switching at the output, the complexity of this 

architecture scales with N2, thus the hardware requirements are very high. There is 

also static power consumption associated with this architecture as the PMOS pull-up 

devices are always ON. More work needs to be done to replace this architecture with 

an architecture that is more easily scale and has less power consumption. 

 Finally the proposed error correction scheme can be applied in other ADCs 

and mixed signal systems. For example, this scheme may be used in architectures like 

two step flash ADCs to make them asynchronous and clock independent and in turn 

faster than the conventional synchronous architecture.  



APPENDICES 
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APPENDIX A:  Model Parameters 

1. Model Parameters for AMI 0.5µm technology 

N-type Metal Oxide Semiconductor (NMOS) and P-type Metal Oxide 

Semiconductor (PMOS) SPICE models from American Microsystems Inc. (AMI) for 

the C5X, 0.5 micron technology are included below.  

 

.MODEL CMOSN NMOS (                                LEVEL   = 49 

+VERSION = 3.1             TNOM    = 27              TOX     = 1.43E-8 

+XJ      = 1.5E-7          NCH     = 1.7E17          VTH0    = 0.6316973 

+K1      = 0.8924973       K2      = -0.0902277      K3      = 18.8565832 

+K3B     = -8.0489454      W0      = 1E-8            NLX     = 1E-9 

+DVT0W   = 0             DVT1W   = 0             DVT2W   = 0 

+DVT0    = 2.7020016       DVT1    = 0.443677        DVT2    = -0.1664701 

+U0      = 446.5100657     UA      = 1E-13           UB      = 1.566578E-18 

+UC      = 1.119677E-11    VSAT    = 1.594327E5      A0      = 0.6446495 

+AGS     = 0.1225918       B0      = 2.542522E-6     B1      = 5E-6 

+KETA    = -2.766372E-3    A1      = 1.793928E-4    A2      = 0.3765523 

+RDSW    = 1.302848E3      PRWG    = 0.0478691       PRWB    = 0.0310396 

+WR      = 1               WINT    = 2.575009E-7     LINT    = 1.972181E-8 

+XL      = 0               XW      = 0               DWG     = -1.576465E-8 

+DWB     = 4.01026E-8      VOFF    = 0               NFACTOR = 0.8911037 

+CIT     = 0               CDSC    = 2.4E-4          CDSCD   = 0 
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+CDSCB   = 0               ETA0    = 2.028077E-3     ETAB    = -1.865829E-4 

+DSUB    = 0.0617444       PCLM    = 2.4190159       PDIBLC1 = 0.7056965 

+PDIBLC2 = 2.316338E-3    PDIBLCB = -0.0551292     DROUT   = 0.935536 

+PSCBE1  = 6.351046E8      PSCBE2  = 2.2064E-4       PVAG    = 0 

+DELTA   = 0.01            RSH     = 81.4            MOBMOD  = 1 

+PRT     = 0               UTE     = -1.5            KT1     = -0.11 

+KT1L    = 0               KT2     = 0.022           UA1     = 4.31E-9 

+UB1     = -7.61E-18       UC1     = -5.6E-11        AT      = 3.3E4 

+WL      = 0               WLN     = 1               WW      = 0 

+WWN     = 1               WWL     = 0               LL      = 0 

+LLN     = 1               LW      = 0               LWN     = 1 

+LWL     = 0               CAPMOD  = 2               XPART   = 0.5 

+CGDO    = 2.32E-10        CGSO    = 2.32E-10        CGBO    = 1E-9 

+CJ      = 4.307715E-4     PB      = 0.9125306       MJ      = 0.4333174 

+CJSW    = 2.954601E-10    PBSW    = 0.8             MJSW    = 0.1787703 

+CJSWG   = 1.64E-10        PBSWG   = 0.8             MJSWG   = 0.1787703 

+CF      = 0               PVTH0   = 0.0738371       PRDSW   = 38.5009681 

+PK2     = -0.0293341      WKETA   = -0.0141948      LKETA   = 1.788309E-3     

) 

* 

.MODEL CMOSP PMOS (                                LEVEL   = 49 

+VERSION = 3.1             TNOM    = 27              TOX     = 1.43E-8 
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+XJ      = 1.5E-7          NCH     = 1.7E17          VTH0    = -0.9477676 

+K1      = 0.5088738       K2      = 0.0182258       K3      = 2.9985897 

+K3B     = -0.9254387      W0      = 1E-8            NLX     = 1E-9 

+DVT0W   = 0               DVT1W   = 0               DVT2W   = 0 

+DVT0    = 1.9552649       DVT1    = 0.4740329       DVT2    = -0.1171383 

+U0      = 225.7807359     UA      = 3.370225E-9    UB      = 1.889306E-21 

+UC      = -5.92247E-11    VSAT    = 1.88759E5       A0      = 0.8051434 

+AGS     = 0.1369375       B0      = 1.320993E-6     B1      = 5E-6 

+KETA    = -9.449611E-4    A1      = 0                A2      = 0.3 

+RDSW    = 3E3             PRWG    = -0.0513922      PRWB    = -0.0252987 

+WR      = 1               WINT    = 3.214328E-7     LINT    = 3.363702E-8 

+XL      = 0               XW      = 0               DWG     = -3.048524E-8 

+DWB     = 1.522192E-8     VOFF    = -0.0658136      NFACTOR = 0.8719957 

+CIT     = 0               CDSC    = 2.4E-4          CDSCD   = 0 

+CDSCB   = 0               ETA0    = 0.1165988       ETAB    = -0.0937113 

+DSUB    = 1               PCLM    = 2.2122666       PDIBLC1 = 0.0669589 

+PDIBLC2 = 3.491721E-3  PDIBLCB = -0.0652212      DROUT   = 0.2526333 

+PSCBE1  = 5.106969E9    PSCBE2  = 5E-10           PVAG    = 0.0331968 

+DELTA   = 0.01            RSH     = 102.9           MOBMOD  = 1 

+PRT     = 0               UTE     = -1.5            KT1     = -0.11 

+KT1L    = 0               KT2     = 0.022           UA1     = 4.31E-9 

+UB1     = -7.61E-18       UC1     = -5.6E-11        AT      = 3.3E4 
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+WL      = 0               WLN     = 1               WW      = 0 

+WWN     = 1               WWL     = 0               LL      = 0 

+LLN     = 1               LW      = 0               LWN     = 1 

+LWL     = 0               CAPMOD  = 2               XPART   = 0.5 

+CGDO    = 3.05E-10        CGSO    = 3.05E-10        CGBO    = 1E-9 

+CJ      = 7.203862E-4     PB      = 0.9515393       MJ      = 0.4968215 

+CJSW    = 2.756241E-10    PBSW    = 0.99           MJSW    = 0.2743682 

+CJSWG   = 6.4E-11         PBSWG   = 0.99            MJSWG   = 0.2743682 

+CF      = 0               PVTH0   = 5.98016E-3      PRDSW   = 14.8598424 

+PK2     = 3.73981E-3      WKETA   = 4.278806E-3    LKETA   = -6.211597E-3    

) 

* 
2. Model Parameters for TSMC 0.18µm technology 

N-type Metal Oxide Semiconductor (NMOS) and P-type Metal Oxide 

Semiconductor (PMOS) SPICE models from Taiwan Semiconductor Manufacturing 

Company Ltd. (TSMC) for the 0.18 micron technology are given below.  

 
.MODEL CMOSN NMOS (                                LEVEL   = 49 

+VERSION = 3.1  TNOM    = 27           TOX     = 4E-9 

+XJ      = 1E-7       NCH     = 2.3549E17       VTH0    = 0.364506 

+K1      = 0.5791992       K2      = 3.521434E-3     K3      = 3.206013E-3 

+K3B     = 1.7518342       W0      = 1E-7            NLX     = 1.745374E-7 

+DVT0W   = 0               DVT1W   = 0               DVT2W   = 0 
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+DVT0    = 1.3115714       DVT1    = 0.4129209       DVT2    = 0.024362 

+U0      = 264.0644125     UA      = -1.460442E-9    UB      = 2.481296E-18 

+UC      = 7.327293E-11    VSAT    = 1.02353E5       A0      = 2 

+AGS     = 0.4587051       B0      = 7.565193E-8     B1      = 1.513445E-6 

+KETA    = -0.0145632      A1      = 0                A2      = 0.9036502 

+RDSW    = 105            PRWG    = 0.4562016       PRWB    = -0.2 

+WR      = 1               WINT    = 1.939451E-9     LINT    = 1.362953E-8 

+XL      = 0               XW      = -1E-8           DWG     = -2.857622E-9 

+DWB     = 6.278785E-9     VOFF    = -0.0941712      NFACTOR = 2.3749925 

+CIT     = 0               CDSC    = 2.4E-4          CDSCD   = 0 

+CDSCB   = 0               ETA0    = 3.186986E-3     ETAB    = 9.310602E-6 

+DSUB    = 0.0208131       PCLM    = 0.7619812       PDIBLC1 = 0.1604459 

+PDIBLC2 = 2.449706E-3  PDIBLCB = -0.1            DROUT   = 0.7135573 

+PSCBE1  = 4.283914E10   PSCBE2  = 2.467637E-9     PVAG    = 0.0774246 

+DELTA   = 0.01            RSH     = 6.8             MOBMOD  = 1 

+PRT     = 0               UTE     = -1.5            KT1     = -0.11 

+KT1L    = 0               KT2     = 0.022          UA1     = 4.31E-9 

+UB1     = -7.61E-18       UC1     = -5.6E-11        AT      = 3.3E4 

+WL      = 0               WLN     = 1               WW      = 0 

+WWN     = 1               WWL     = 0              LL      = 0 

+LLN     = 1               LW      = 0               LWN     = 1 

+LWL     = 0               CAPMOD  = 2               XPART   = 0.5 
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+CGDO    = 8.6E-10            CGSO    = 8.6E-10         CGBO    = 1E-12 

+CJ      = 9.523381E-4     PB      = 0.8             MJ      = 0.3789075 

+CJSW    = 2.620943E-10    PBSW    = 0.8             MJSW    = 0.1406578 

+CJSWG   = 3.3E-10         PBSWG   = 0.8             MJSWG   = 0.1406578 

+CF      = 0               PVTH0   = -1.452607E-3    PRDSW   = -0.9998826 

+PK2     = 4.931039E-4     WKETA   = 2.110945E-3    LKETA   = -5.82039E-3 

+PU0     = 4.5744857       PUA     = -4.96443E-12    PUB     = 0 

+PVSAT   = 1.196096E3      PETA0   = 1.003159E-4     PKETA   = 2.170319E-3     ) 

* 

.MODEL CMOSP PMOS (                                LEVEL   = 49 

+VERSION = 3.1             TNOM    = 27              TOX     = 4E-9 

+XJ      = 1E-7            NCH     = 4.1589E17       VTH0    = -0.3830653 

+K1      = 0.5526551       K2      = 0.0320636       K3      = 0 

+K3B     = 7.3466224       W0      = 1E-6            NLX     = 1.36025E-7 

+DVT0W   = 0               DVT1W   = 0               DVT2W   = 0 

+DVT0    = 0.5922956       DVT1    = 0.2373154       DVT2    = 0.1 

+U0      = 115.7940036     UA      = 1.555236E-9     UB      = 1.35139E-21 

+UC      = -1E-10          VSAT    = 2E5             A0      = 1.7679712 

+AGS     = 0.3739476       B0      = 4.133992E-7     B1      = 1.434059E-6 

+KETA    = 0.0158442       A1      = 0.5080834       A2      = 0.3 

+RDSW    = 236.9205988    PRWG    = 0.5             PRWB    = 0.3466813 

+WR      = 1               WINT    = 0               LINT    = 2.427225E-8 
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+XL      = 0               XW      = -1E-8           DWG     = -2.213783E-8 

+DWB     = 4.021425E-10    VOFF    = -0.0954776      NFACTOR = 2 

+CIT     = 0               CDSC    = 2.4E-4          CDSCD   = 0 

+CDSCB   = 0               ETA0    = 0.1116222       ETAB    = -0.055645 

+DSUB    = 1.333722        PCLM    = 2.4627079       PDIBLC1 = 9.70124E-4 

+PDIBLC2 = 0.0208974       PDIBLCB = -9.536244E-4   DROUT   = 1E-3 

+PSCBE1  = 3.195565E9     PSCBE2  = 9.248005E-10   PVAG    = 15 

+DELTA   = 0.01            RSH     = 7.8             MOBMOD  = 1 

+PRT     = 0               UTE     = -1.5            KT1     = -0.11 

+KT1L    = 0               KT2     = 0.022           UA1     = 4.31E-9 

+UB1     = -7.61E-18       UC1     = -5.6E-11        AT      = 3.3E4 

+WL      = 0               WLN     = 1               WW      = 0 

+WWN     = 1               WWL     = 0               LL      = 0 

+LLN     = 1               LW      = 0               LWN     = 1 

+LWL     = 0               CAPMOD  = 2               XPART   = 0.5 

+CGDO    = 6.4E-10         CGSO    = 6.4E-10         CGBO    = 1E-12 

+CJ      = 1.106243E-3     PB      = 0.8376666       MJ      = 0.4113568 

+CJSW    = 2.212431E-10    PBSW    = 0.8227331       MJSW    = 0.338019 

+CJSWG   = 4.22E-10        PBSWG   = 0.8227331       MJSWG   = 0.338019 

+CF      = 0               PVTH0   = 4.347904E-3     PRDSW   = 15.650799 

+PK2     = 3.698084E-3     WKETA   = 0.0258501       LKETA   = -3.187672E-3 

+PU0     = -2.4807326      PUA     = -9.27991E-11    PUB     = 1E-21 
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+PVSAT   = -50             PETA0   = 9.968409E-5     PKETA   = -6.725059E-4    

) 

* 
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APPENDIX B: Matlab Programs 

1. Matlab Program  to Plot the INL and DNL 

%******************************************************************* 

%Program to locate the Analog Voltages at the Transition points of LSB and 

%determine DNL and INL using them 

%******************************************************************* 

clear; 

clc; 

%*********************************************************** 

% Finding the Analog Voltages at the LSB Transition points  

%*********************************************************** 

load D0.txt; 

load vin.txt; 

time = D0(:,1); 

yn=diff(D0(:,2));      %Differentiation of the LSB signal to locate the transition points  

v_input = vin(:,2); 

peak_time = 0; 

v_actual = 0;  

for i=2:length(yn)      %To identify the positive peak and the corresponding Time 

if yn(i-1) < yn(i) & yn(i+1) < yn(i) & yn(i) > 1 

peak_time = [peak_time; time(i)];    %Assigning the Transition points to a new vector 

v_actual = [v_actual; v_input(i)];     %Assigning the Analog Voltages at transition  
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                                                          %points to a new vector 

end 

if yn(i-1) > yn(i) & yn(i+1) > yn(i) & yn(i) < -1   % To identify the Negative Peak 

                                                                               % and the corresponding Time 

        peak_time = [peak_time; time(i)]; 

        v_actual = [v_actual; v_input(i)];         

    end 

end 

v_actual = 2*v_actual/max(v_actual);      %To have transfer curve in the range of 0- 

                                                                   % 2V rather than 0-1.96V 

v_ideal  = [0:2/63:2]';                                %Ideal Voltage levels from 0-2V 

t_ideal  = [0:(1/63)*50e-6:50e-6]; 

t=0:1/63:1;                                              %Ideal time level (0 -> 63/63 in steps of 1/63) 

t1=0:63; 

figure 

stairs(v_actual,t1); 

%hold on; 

%stairs(v_ideal,t1,'r');   

xlabel('Analog Voltage'); 

ylabel('code [000000 to 111111]'); 

title('Transfer curve of the ADC'); 

hold off; 
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%********************* 

% Calculation of DNL  

%********************* 

LSB=v_ideal(2)-v_ideal(1); 

for i=2:length(v_actual) 

    vout1(i)=v_actual(i)-v_actual(i-1);    %finding difference in step size b/w 

                                                                %successive transition points 

dnl1(i)=LSB-vout1(i);                            %finding the DNL (Actual - ideal) 

end 

DNL=dnl1/LSB;                                     %DNL in terms of LSB 

figure 

subplot(2,1,2); 

plot(DNL); 

xlabel('CODE'); 

ylabel('LSB'); 

title('DNL'); 

grid; 

%********************* 

% Calculation of INL  

%********************* 

for i=2:length(v_actual); 

    inl1(i)=v_actual(i)-v_ideal(i);      %finding the INL 
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end 

INL=inl1/LSB;                                 %INL in terms of LSB 

%figure 

subplot(2,1,1); 

plot(INL); 

xlabel('CODE'); 

ylabel('LSB'); 

title('INL'); 

grid; 

2. Matlab Program  to Plot the Data Captured Using Logic Analyzer 

% ***************************************** 

% Program to plot the logic analyzer output 

% ***************************************** 

load bcl10k.txt;                    % load 

x=dec2bin(bcl10k(:,1),6);   % conversion from decimal to binary (the logic levels 

                                            % (voltages) are obtained as decimal values from the 

                                            % Logic Analyzer)  

y1=x(:,1); y2=x(:,2); y3=x(:,3); y4=x(:,4); y5=x(:,5); y6=x(:,6); % load the 6 bits in  

                                                                                                      % different arrays  

ya=(y1=='1')*2; yb=(y2=='1')*2; yc=(y3=='1')*2; yd=(y4=='1')*2; ye=(y5=='1')*2; 

yf=(y6=='1')*2; % converting char array to double array, the char 1s and 0s are 

                          % converted to numeric 1s and 0s  
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z=bcl10k(:,2);      %load the time axis 

subplot(6,1,1); 

stairs(z,yf); 

subplot(6,1,2); 

stairs(z,ye); 

subplot(6,1,3); 

stairs(z,yd); 

subplot(6,1,4); 

stairs(z,yc); 

subplot(6,1,5); 

stairs(z,yb); 

subplot(6,1,6); 

stairs(z,ya); 

 

 

 

 

 

 

 

 

 



APPENDIX C: Layouts 

 Layout of various blocks is shown below. The Analog block consists of the 

comparators, buffers and the R-2R ladder network. Common centroid of the resistors 

was done to improve matching. The total area occupied by the analog block is 

1176µm x 262µm. Figure C-1 shows the layout of the analog block. 

 

                                              Figure C-1: Layout of the Analog Block 

 The digital block includes the binary-to-Gray converter, the false code 

cleanup circuit and the Gray-to-binary ROM lookup table. The total area occupied by 

the digital block is about 943µm x 630µm. The layout is shown in figure C-2. 
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Figure C-2: Layout of the Digital Block 

The layout of the complete chip is shown in figure C-3. 

 

Figure C-3: Layout of the Complete Chip 

 119



Guard cells were used while splitting the guard rings to decouple the analog and 

digital power and ground lines. While doing so, a guard cell is included to avoid latch 

up. The layout of the guard cell is as shown in figure C-4. 

 

Figure C-4: Layout of the Guard Cell 
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