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ABSTRACT 
 

 

There has been a growing need for Successive Approximation ADC in recent years. 

Biomedical applications demand for long battery life-time which needs the requirement for 

designing ultra-low powered SAR ADCs. SAR analog to digital converter architecture is 

chosen in this master thesis project because it is one of the successful ADC which requires 

moderate resolution among all data converter with low power consumption. This thesis 

work investigates and compares different structures of comparator and SAR control logics. 

Based on the analysis double tail dynamic comparator is suited for the project and SAR 

control logic type 2 is considered for designing the SAR control logic block because of its 

minimal power consumption compared to the SAR control logic type1. Digital to Analog 

converter is designed with the split capacitive based DAC structure. The 8-bit SAR ADC 

design is done in cadence virtuoso 180 nm technology with 1.5 V power supply and power 

consumption of the ADC is found to be 25 µW for 1.5 V supply. Layout of double tail 

dynamic comparator and SAR control logic is done in SCL 180 nm technology. LVS is 

verified for the two mentioned layouts. 

 

Keywords: Dynamic comparator; SAR ADC; SAR control logic 
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Chapter 1  

Introduction 
 

1.1 Introduction 

                                                                                                                                                                           

Monitoring of bio-potential signals is very important part in modern clinical practice. These 

readings are generally uncomfortable to patients as they will be get connected to bulky and 

main-powered instruments. Demand for biomedical acquisition systems is growing because 

of technology scaling and recent advances. The requirement of these implantable devices is 

that the battery of the device should deliver power for a few years at the least before dying 

down completely. If we consider an example, a low power operated general purpose can 

provide approximately 3 days of operation. With dedicated solutions and specialized 

techniques of low power are employed then it consumes approximately 8 µW which is 

guaranteeing minimum 10 years of operation with the same battery. 

 

Figure 1.1: Block diagram of bio-potential acquisition system 

ADC is an important block in the sensing stage of the biomedical systems, such as 

implantable devices, for accurate detection of the physiological signals like 

electrocardiogram (ECG). ADCs are most important components in analog domain. Typical 

ADC consumes a significant amount of power so if we reduce power consumption of ADC 

then a considerable power saving can be achieved. Low power ADCs with low sampling 

frequency and moderate resolution is best suited for biomedical applications. To achieve 

power savings, SAR ADC architecture is often incorporated as it is known to be most 

power-efficient due to minimal active analog circuit requirements. 
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As mentioned above it is clear that there is an increasing drive towards implantable 

bioelectronics. Power consumption is our main concern here. It is cumbersome to change 

the battery of the device every few months or years. This has led to increasing emphasis on 

ultra-low power design. 

 

1.2 Motivation 

It is proved that there is an increasing demand and necessity towards implantable 

bioelectronics. The main constraint in these devices is the power consumption. It is 

cumbersome to change the battery of the device for every few months or years. This has led 

to increasing emphasis on ultra-low power design and utilizing the sub-threshold region of 

operation. 

The demand for biomedical electronics has been gaining significance in healthcare industry 

and these biomedical devices are mainly used in the diagnosis of disease or other health 

conditions, or in the mitigation, cure and prevention of disease. The main usage of these 

devices comes in a condition such as cochlear implants for deafness or cardiac pacemakers 

for arrhythmia or retinal implants for blindness. A considerable research is going on in 

developing brain machine interfaces for stroke, paralysis and blindness.  

 Analog to digital converters mostly with low power consumption, moderate 

resolution and with low sampling frequency is suitable for biomedical applications. These 

specifications prove that SAR ADC is the best choice for biomedical applications. SAR 

ADC consumes less amount of power because of its simple structure. 

This project aim is to implement SAR ADC for catering the needs of biomedical 

applications mostly in bio potential acquisition systems and battery powered medical 

instrumentation. The specifications of this project are  

Technology: 180nm 

Supply voltage: 1.5V 

Vendor: UMC 180nm 

Sampling Frequency: 100KS/sec 

Resolution: 8bit 

Power consumption: 25 µW 
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1.3 Thesis Objective 

 

I. Design of comparator with different topologies suitable for biomedical applications and 

study the performance metrics like propagation delay and power dissipation with 

different supply voltages. 

II. Digital to analog converter Design with Binary weighted capacitive array DAC and 

split capacitive array DAC. 

III. Successive approximation register control logic  

IV. Design of 8 bit low power SAR ADC. 

 

1.4 Thesis Outline 

Thesis is organized as follows 

 Chapter 2 This Chapter describes about different types of analog to digital 

converters and ADC performance metrics. 

 Chapter 3 It explains successive approximation ADC architecture and deals with 

the sub blocks of SAR ADC 

 Chapter 4 In this Chapter different types of comparator structures such as open loop 

comparators and dynamic comparators are described. 

 Chapter 5 Binary weighted DAC and split capacitive based DAC are explained 

here. DAC switch which is used for controlling the DAC inputs from SAR logic is 

described.  

 Chapter 6 Successive approximation logic types and operation is explained. Low 

power set reset based D flip-flop is implemented with the transmission and nor 

gates. 

 Chapter 7 It provides simulation results of all blocks of SAR ADC. It has various 

graphs and tables regarding power supply, propagation delay and power 

consumption.  
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Chapter 2  

ADC Performance Metrics and Types of 

ADCs 
 

2.1 ADC Performance Metrics 

2.1.1 Resolution 

The smallest change in voltage that can be detectable by ADC is considered as resolution. 

LSB voltage is smallest voltage step which is equal to 
𝑉𝑟𝑒𝑓

2𝑛  where n is number of bits. 

2.1.2 Quantization error 

Quantization error can be seen when analog data is quantized to a finite number of steps. 

𝑉𝐿𝑆𝐵

2
 Is the maximum quantization error. 

2.1.3 Differential Nonlinearity 

Differential Nonlinearity is defined as the deviation of the code width from the ideal code 

width. DNL is positive for wide code width whereas it is negative for narrow code width. 

Ideal ADC has zero DNL since it has code width as one always.  

 

Figure 2.1: Differential Nonlinearity 

 

2.1.4 Integral Nonlinearity 

INL is summation of DNLs. It is the deviation of the points or values on the actual transfer 

function from a straight line. The best straight line must be considered which is employed 

to have minimized deviations or it is a line drawn between the end points in transfer 

function. 
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Figure 2.2: Integral Nonlinearity 

 

2.1.5 Missing Code 

If ADC don’t generate digital code for the corresponding analog input voltage then there 

exists a missing code. 

2.1.6 Signal to Noise Ratio 

Signal to Noise Ratio can be defined as the ratio of signal power to noise power. 

SNR = 
3

2
 22𝑁 = 6.02+1.76 [Db] 

2.1.7 Spurious-Free Dynamic Range 

It is the ratio of the input signal peak to the largest peak or spur or harmonic distortion tone. 

SFDR can be represented mathematically as  

SFDR = 20 𝑙𝑜𝑔10

𝑉𝑠𝑖𝑔𝑛𝑎𝑙

𝑉ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐  

2.1.8 Signal to Noise and Distortion Ratio 

SNDR is the ratio of the input signal value to the sum of the total noise and harmonic 

distortion.  

SNDR = 20 𝑙𝑜𝑔10
𝑉𝑠𝑖𝑔𝑛𝑎𝑙

𝑉𝑛𝑜𝑖𝑠𝑒+𝐻𝐷
 

2.1.9 Effective Number of Bits 

Effective number of bits obtained from SNDR. It is expressed as  

 ENOB = 
𝑆𝑁𝐷𝑅−1.76

6.02
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2.2 Different Types of ADC Structures 

2.2.1 Flash ADC 

Flash ADC is also called as direct conversion ADC or parallel ADCs. Here 2N-1 

comparators are used with 2N resistors. Flash ADCs used to convert in a fastest way but 

they consume more power which is a disadvantageous characteristics of the ADC. This 

ADC contains a linear voltage ladder with different reference voltages which are formally 

created by resistors. The comparators which are present at every node point compares 

applied input signal with the respective reference voltage of linear voltage ladder. 

The Vref for each comparator is LSB value greater than the given reference voltage for the 

comparator which is below of it. When analog input voltage is greater than the given 

reference voltage then each comparator gives logic one. Otherwise, the comparator 

produces logic 0. The output of comparator is given as input to digital circuitry block and 

hence produces corresponding digital output. 

Pros:  Fast conversion rate 

Con:  As resolution increases number of comparators required will be increased and hence 

noise and power consumption increases. It is expensive. 

 

 

Figure 2.3: Flash ADC Block diagram 

 

2.2.2 Counter type ADC 

 Counter type ADC also called as ramp type ADC or stair case approximation ADC. 

The counter provides an N bit digital output. This is given as an input to the DAC. An Op-

amp comparator is used to compare the analog output voltage form digital input and input 

analog voltage. The two voltages are compared by Op-amp and it gives high pulse to the N 
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bit counter, this pulse acts as clock pulse to increment the counter. This process will be 

continuously repeated until the DAC output equals to or greater than the given input analog 

voltage. The clock goes low when the DAC output voltage is equal to or greater than that 

of input analog voltage. 

 

 

Figure 2.4: Counter type ADC 

Pros: It is simple to understand and operate. The cost of ADC is less as it has less 

complexity in design. 

Con: Speed of the process is less because it has to start from zero every time. 

Aliasing may occur if the next input is sampled before the completion of 

one operation. 

 

2.2.3 Dual slope Integrating ADC: 

The integrator produces two different ramps, the one is with the known analog 

voltage VA and other one is known reference voltage -Vref. So it is named as dual slope 

ADC. An integrating ADC converts an unknown given input voltage into a digital form 

with the help of an integrator. High resolution analog to digital conversions are mostly 

provided by Integrating ADCs with good noise rejection. This type of ADCs are mostly 

used for digitizing low bandwidth signals. These ADCs mostly find in applications like 

digital multi-meters and panel meters etc., 
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  Figure 2.5: Dual Slope Integrating ADC 

Pros: The converted digital output is insensitive to errors. It has less noise effect. 

It gives high accuracy 

Con: It is a slow process ADC. Cost is high. 

 

2.2.4 Pipeline ADC 

Pipeline ADC is also called as sub ranging ADC. This ADC is more popular for its 

high sampling rates ranges from few Mega samples per second (Msps) to 100Msps. It can 

achieve high resolution and throughput. SAR ADC dominates for lower sampling rate 

applications where as this pipeline ADC has dominance in higher sampling rate 

applications. Hence it has wide range of applications in the field of medical imaging, CCD 

imaging.  

Pipe line ADC conversion process contains four stages mainly. At first step a discrete time 

signal is generated through sample and hold circuit from applied analog signal. A Flash 

ADC is used to convert the signal into 3-bit digital signal. This mostly focus on computation 

of MSB bit. This three-bit digital value will be subtracted from sample and hold circuit and 

the remained value is sent to the subsequent stages for further conversion. Four-bit Flash 

ADC which is connected the last stage of pipeline ADC will be needed for LSB 

computation. 

Pros:  Moderate sampling rate, High throughput and Good efficiency. 

Con: Latency. 
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Figure 2.6: Pipeline ADC Block diagram 

 

2.2.5 Sigma-Delta ADC 

This is one of the efficient ADC. Efficiency of converter is decided by the 

oversampling rate which is a ratio between nyquist frequency and sampling frequency. Each 

application has specific ordered sigma delta ADC. Mostly second order ADC is used. It has 

mainly difference block, integrator block, 1 bit DAC and comparator block. The error 

waveform from difference block is integrated and compared with the given reference 

voltage level. Comparator produces output as logic zero or one based on comparison. 

 

Pros: High resolution and lowest noise can be achieved 

Cons: slower ADC and moderate cost and power consumption. 

 

Figure 2.7: Sigma-Delta ADC Block diagram 
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2.3 Why SAR not any other ADCs 

SAR ADC has comparator block which consumes less power. This power reduction 

is possible as there is no power hungry block like op-amp. SAR ADC architecture is most 

power efficient due to minimal active analog circuit requirements. SAR ADC is suited not 

only because of its power efficiency but also it gives flexible conversion algorithm and 

supports reconfigurability. 
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Chapter 3  

SAR ADC Architecture 

This chapter describes a overview of SAR ADC. Successive approximation logic is 

explained at first and followed by sub blocks of SAR ADC description is provided. 

 

3.1 Successive Approximation Algorithm 

Successive approximation ADC has a simple structure with sample and hold circuit (S&H), 

comparator block, digital to analog converter (DAC) and successive approximation register 

(SAR). The operation is performed on the basis of binary search algorithm. Comparator 

output is decided by comparing the analog sampled input and DAC output. This comparator 

output is provided as input to SAR logic block and SAR logic gives digital outputs. Based 

on digital bits generated from SAR logic, DAC decides the corresponding analog voltage 

which is in turn compared by comparator.  

 

Figure 3.1: SAR ADC block diagram 

Successive approximation register ADC is a best option for low power related applications. 

Analog input is converted to digital code by SAR ADC after employing successive 

approximation algorithm. For every cycle one bit is determined with binary search 

algorithm. 
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Figure 3.2: DAC output waveform 

 

SAR logic is described as follows 

Consider 4 bit ADC, DAC voltage is fixed to half of the reference voltage. This is done by 

setting the code to 1000. Comparison is performed between this generated voltage Vref and 

given analog input voltage and then MSB bit is logic high. If given analog voltage (Vin) is 

greater than reference voltage (𝑉𝑖𝑛 >
𝑉𝑟𝑒𝑓

2
)  

Then MSB bit will not be changed it maintains to be at one, otherwise the MSB becomes 

zero. In this case MSB remains at one. The DAC input is set to be 1100 in the next clock 

cycle and now the 𝑉𝑖𝑛 is compared with the binary equivalent of (
3𝑉𝑟𝑒𝑓

4
) but D2 bit changes 

to logic low since analog input voltage is less than DAC generated output voltage  

(𝑉𝑖𝑛 <
3𝑉𝑟𝑒𝑓

4
) . For the next cycle the DAC input is set to 1010 now D1 is set to logic high 

based on the comparison made, given (𝑉𝑖𝑛 >
5𝑉𝑟𝑒𝑓

8
). Now the DAC input is set to 1011. But 

LSB bit changes to logic low since (𝑉𝑖𝑛 <
11𝑉𝑟𝑒𝑓

16
).  Therefore our generated digital code 

for given analog input is 1010 in four cycles. 

 

3.2 Sub blocks of SAR ADC 

 

3.2.1 Sample and hold circuit: 

Sample and hold circuit has a switch and a capacitor in general. S&H circuit has two modes 

namely tracking mode and hold mode. In the tracking mode, Analog input signal is tracked 

when the sampling signal is high and the switch is get connected. In hold mode, this holds 

the value when the sampling signal becomes low. Like this a constant voltage is produced 

at the ADC input during conversion. 
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3.2.2 Comparator 

A comparator does comparison between the analog input and the given reference voltage 

and produces a logic output high or  low. If given analog input is greater than reference 

voltage then it gives logic output high else logic low output is generated. 

 

 

Figure 3.3: Typical comparator diagram 

 

There are different type of topologies available for comparator design. Mainly clock based 

double tail dynamic comparator is best suited for low power applications. 

Performance metrics of comparator includes resolution, propagation delay, input referred 

offset, comparison rate, kickback noise and metastability. 

 

3.2.3 Digital to analog converter 

The digital to analog converter (DAC) converts the digital input which comes from SAR 

logic output to corresponding analog voltage. This DAC output voltage is compared with 

the given analog voltage at the comparator block. 

The characteristics of a DAC can be divided into static and dynamic properties.  

The static characteristics are  

1. Resolution  

2. Full scale value of the DAC  

3. Dynamic range  

4. Signal to noise ratio  

5. ENOB  

6. Differential Nonlinearity 

7. Integral Nonlinearity   
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DACs are designed mainly with 2 architectures. They are binary weighted capacitor array 

and split capacitor based DAC. 

3.2.4 Successive Approximation Register Logic 

Successive Approximation Register (SAR) control logic decides every bit successively.  An 

N bit requires N bit Successive Approximation register. SAR control logic has three choices 

for each bit, SAR can have possibility to give logic high, reset to logic low or retains its 

value. MSB bit is set to logic high in the first cycle and other bits will be reset to logic zero 

and this generated digital output is converted to the corresponding analog value with DAC. 

This generated analog signal from DAC is given as one of the comparator’s input and this 

input is compared with the sampled input. The SAR control logic defines the MSB value 

based on the comparator result. The MSB remains at logic high if the input is higher than 

DAC analog output voltage. Otherwise MSB will be reset to ‘0’. All remained bits can be 

known in the same manner. The converted digital word is stored in the last cycle. Hence, 

an N-bit SAR ADC generally needs N+1 clock cycles for the completer conversion. 
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Chapter 4  

Comparator Design 

This chapter describes overview of different type of comparators. Double tail dynamic 

comparators are clocked comparators they are mainly employed for low power applications. 

 

4.1 Comparator 

The basic function of a voltage comparator is to compare one analog voltage with other 

analog voltage or reference voltage and output a binary decision (a logic high or a logic 

low) on the comparison made. In other words, a voltage comparator may simply be viewed 

as a one-bit ADC.  

The circuit symbol and the practical and ideal comparator voltage transfer function is as 

shown in the figure below: 

 

Figure 4.1: Circuit symbol, ideal VTC and practical VTC of comparator 

 

As shown in the figure, an ideal comparator outputs logic 1 or VDD if 𝑉in+>  𝑉in- and logic 

0 or 𝑉SS if Vin+<Vin as it is having zero rms noise, zero offset and infinite gain. A practical 

comparator outputs a logic high only if  (𝑉𝐼𝐻  +  𝑉𝑜𝑓𝑓𝑠𝑒𝑡  +  (| 𝑉𝑛𝑜𝑖𝑠𝑒|))  <  (𝑉𝑖𝑛+  − 𝑉𝑖𝑛−) 

and gives output as logic low only if  



16 

 

(𝑉in+− 𝑉in-) <  𝑉IL – (| 𝑉noise|) because of the finite gain, no offset voltage and non zero 

root mean squared noise. Sampling or clock frequency limits the VIH and VIL due to meta 

stability in latched comparators 

Comparators can be categorized as  

1) Open loop comparators 

2) Fully dynamic comparators 

 

4.2 Open loop comparators: 

Open loop comparators are continuous time comparators. They are operational amplifiers 

without compensation capacitance to achieve the highest bandwidth, thereby improving the 

speed. No-compensation will not give any problem because precise gain and linearity are 

not important in comparator design. Open loop comparators are very slow in many 

applications because of the limited gain-bandwidth product. Large gain-bandwidth can be 

achievable by cascading open loop amplifiers. The cascaded gain bandwidth product is 

larger than single amplifier. The main disadvantage with this type of comparators are 

occupying more area and consumption of more power and cascading will not give any 

practical advantages. 

 

 

Figure 4.2: Open loop comparator diagram 
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4.2 Dynamic latched comparators 

Dynamic comparators are clock based comparators. Dynamic comparators are operated 

with two phases. They are reset phase (when clock is low) and evaluation phase (when clock 

is high). The Different types of comparator structures are seen.  

 

4.2.1 Resistor Divider Comparator (or Lewis-Gray Comparator) 

For the analysis, the simple comparator form shown in Figure 7 is drawn. Operation of this 

comparator has two phases. They are reset phase (when clock is low) and evaluation phase 

(when clock is high). 

 

  Figure 4.3: Simplified lewis gray comparator 

Reset phase (Clk=0V):  

Transistors M9 and M10 charge the out nodes up to 𝑉𝐷𝐷  (it turns on NMOS transistor 

of input stage M3 and M4 and corresponding node voltage at VD3,4 starts to discharge to 

ground) and M1 and M2 input transistors starts to discharge Di node voltages to ground and 

NMOS transistor pair M5 and M6 turns off. 

Evaluation phase (Clk = 𝑉𝐷𝐷): 
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Switching transistors M5 and M6 turns on, voltage at nodes Di+ and Di− rises up 

to the certain values instantly, the voltages at nodes are defined as 

 𝑉𝐷𝑖+=
𝑟𝑑𝑠1𝑜𝑛

𝑟𝑑𝑠1𝑜𝑛+𝑟𝑑𝑠3,4𝑜𝑛+𝑟𝑑𝑠5,6𝑜𝑛
× 𝑉𝑜𝑢𝑡−(≈ 𝑉𝐷𝐷) 

 

 𝑉𝐷𝑖+=
𝑟𝑑𝑠2𝑜𝑛

𝑟𝑑𝑠2𝑜𝑛+𝑟𝑑𝑠3,4𝑜𝑛+𝑟𝑑𝑠5,6𝑜𝑛
× 𝑉𝑜𝑢𝑡+(≈ 𝑉𝐷𝐷) 

During evaluation phase, the input transistor pair M1 and M2 operates in the linear region, 

the trans-conductance for those transistors is considered as 

𝑔𝑚1,2 = 𝜇𝑛𝐶𝑜𝑥 (
𝑊1,2

𝐿
) 𝑉𝑑𝑠1,2 

During evaluation phase, transistor M3 and M4 operates in the saturation region where the 

trans-conductance for M3 and M4 transistors is taken as 

   𝑔𝑚3,4 = 𝜇𝑛𝐶𝑜𝑥 (
𝑊3,4

𝐿
) (𝑉𝑔𝑠3,4 − 𝑉𝑡𝑛) 

Advantage: 

Lewis gray comparator consumes zero static power consumption and adjustable threshold 

voltage. 

Drawback: It gives high offset voltage. 
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4.2.2 Differential Pair Comparator/Latch-type Voltage SA 

 

Figure 4.4: Differential pair comparator 

Reset phase ( when Clk is low): The cross-coupled inverters (M3-M6) out nodes will be 

reset to 𝑉𝐷𝐷 with  M7 and M8 reset transistors. 

Evaluation phase (when Clk is high ): The tail transistor Mtail turns on at the edge of rising 

Clk. Each Di node voltage is discharged with a different time rate that is proportional to the 

give input voltage which is varying from 𝑉𝐷𝐷 to 0V at the input transistor pair (M1 and M2) 

. The cross coupled inverters NMOS transistors M3 and M4 switches on and positive 

feedback initiated when both Di node voltages get  

( 𝑉𝐷𝐷 −  𝑉𝑡ℎ).  When both the out node voltages gets ( 𝑉𝐷𝐷 −  𝑉𝑡𝑝) the positive feedback is 

enhanced and it enables the small differential voltage ΔV generation which lead into a full 

swing differential output. 

Advantage: It will have faster operation and less overall offset voltage when compared to 

lewis gray structure. 

Disadvantage: It contains stack of 4 transistors which require large voltage. 



20 

 

4.2.3 Double-Tail Dynamic Latched Comparator-type1: 

 

Figure 4.5: Double-Tail Dynamic Latched comparator type-1 

Operation: 

reset phase (when Clk is low , Clkb is high ): Pre-charge node capacitances of transistor 

pair M4 and M5 charges up to supply voltage 𝑉𝐷𝐷 ( the input transistor pair for the output 

stage M10 and M11 are switched on and out nodes are reset to logic low ) and M1 and M12 

tail transistors which are present in the input stage and output latch stage are turned off.  

Evaluation phase (when Clk is high , Clkb is low): Each Di node voltage starts to discharge 

from 𝑉𝐷𝐷 to ground with a different time rate proportional to each input voltage when the 

input stage M1 tail transistor is switched on. Then, the voltage difference built between Di 

nodes is passed to out nodes in the output latch-stage through the input transistor pair (M10 

and M11) of the output latch-stage. The cross-coupled inverters regenerates the voltage 
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difference which is created between out nodes as soon as the common-mode voltage which 

is present at the Di nodes is not much enough to clamp out nodes to ground and the PMOS 

output tail transistor M12 is on. 

Advantages: This comparator offers lower power consumption and also lower offset voltage 

than the other configurations. 

Drawback: There is a need for high accuracy timing between both the Clk and Clkb because 

the second stage needs to detect the voltage difference formed between the first gain stage 

differential outputs at very limited time. 

4.2.4 Double-Tail Dynamic Latched Comparator-type2: 

 

Figure 4.6: Double-Tail Dynamic Latched comparator type-2 
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In this topology the output latch-stage is modified. During reset  phase  (Clk = 0V,  Clkb 

= 𝑉𝐷𝐷),  its  Di  node  capacitances,  mostly  drain  diffusion capacitances of PMOS transistor 

(M10 and M11) and  NMOS  transistors (M2 and M3), are reduced, which is much less  

than the Di node capacitances, mostly gate capacitances of NMOS transistor M10 and M11. 

Therefore, it can be operated at less power consumption and faster speed. However, since 

it still has Clk and Clkb used  for its operation and very high accuracy timing between Clk 

and Clkb is must for the proper operation. 

 

4.2.5 Double-Tail Dynamic Latched Comparator-type3: 

 

Figure 4.7: Double-Tail Dynamic Latched comparator type-3 

Above mentioned problems can be mitigated by replacing Clkb with Di nodes. Because of 

this,Clk load was decreased and the the input-referred offset was again reduced because the  

output  latch-stage  gets  the  gain  from  the  both  second-input transistor pairs (M10/M11 

and M12/M13). But the improved offset has to trade off with the increased delay. 
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Chapter 5  

Digital to Analog Converter Design 

 

Digital to analog converter is designed mainly with 2 different capacitive structures. They 

are binary weighted capacitor array DAC and split capacitor based array DAC.   

Unit capacitance value is calculated by considering thermal noise and quantization error 

with respect to the DAC nonlinearity. Same unit capacitance is used for both the structures. 

The equation is providing the relation among capacitance value, thermal noise and 

quantization error. 

That is the root mean square of the thermal noise and quantization error should be less than 

or equal to the half of LSB. 

√
∆2

12
+  

𝑘𝑇

𝐶
≤

𝐿𝑆𝐵

2
  

The unit capacitance assumed to be 15fF after solving above equation. 

Resistive DACs are only structures of historical importance they rarely find application in 

today’s  

applications. Capacitive DACs generally will take smaller area and consume lower power 

where as in binary weighted capacitive DAC a wide range of capacitances present 

depending on the resolution of the DAC, so there is a possibility for mismatch among them 

and this may result in non-linearity in split capacitive DAC, the capacitor values need not 

to be large hence capacitive mismatch will be reduced. The capacitor values plays  a  critical  

role  on  the characteristics of the DAC. If the capacitor values are too low, there would be 

higher KT/C noise, but higher bandwidth. If the capacitor values are high, there would be 

lesser thermal noise but the speed would be affected. Split capacitive based DAC was 

studied and implemented in this work. 

Differential Nonlinearity is difference between ideal and non-ideal values. DNL can be 

written as 

   DNL = 𝑚𝑎𝑥 |
𝑉(𝑖+1)−𝑉(𝑖)

𝑉𝐿𝑆𝐵
− 1| 

DNL measures how good the generation of analog waveform taking place from DAC 

output. DNL is less than half LSB generally. If DNL error is more than half LSB means it 

is not monotonic i.e, the analog value will not be increased as digital code values increases. 
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Integral Nonlinearity is the difference between DAC output and the reference straight line 

that is drawn between last and first output points. 

   INL = 𝑚𝑎𝑥 |
𝑉(𝑖)−𝑖.𝑉𝐿𝑆𝐵

𝑉𝐿𝑆𝐵
| 

 

5.1 Binary weighted capacitor array 

An N-bit binary-weighted capacitor array is one of the architectures of DAC. It has scaled 

binary capacitors, i.e., 2N-1C, 2N-2C… 2C, C, C. Dummy capacitor is connected at the last 

which has same value as LSB capacitor. Thus, the total value of the capacitors is 2NC. 

 

Figure 5.1: Binary-weighted capacitive array 

 

There are two phases in binary DAC operation. First phase is reset phase where all the 

bottom plates are grounded. And next phase is redistribution phase where actual conversion 

is performed, based on the provided digital code, the switches are connected to either Vref 

or ground. 

If the MSB bit is high and remaining bits are low then voltage divider occurs and it gives 

analog output voltage as  

  𝑉𝑜𝑢𝑡 = 𝑉𝑟𝑒𝑓
2𝑁−1𝐶

(2𝑁−1+2𝑁−2+.……4+2+1+1)𝐶
  

        = 𝑉𝑟𝑒𝑓
2𝑁−1𝐶

2𝑁𝐶
  

        = 
𝑉𝑟𝑒𝑓

2
. 

The ratio of 𝑉𝑜𝑢𝑡 and 𝑉𝑟𝑒𝑓 is given by   

   𝑉𝑜𝑢𝑡 =
2𝐾𝐶

2𝑁𝐶
. 𝑉𝑟𝑒𝑓 = 2𝐾−𝑁 . 𝑉𝑟𝑒𝑓 
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where it is considered as kth bit, Dk is one and remaining bits are zero𝑉𝑜𝑢𝑡can betaken as 

  𝑉𝑜𝑢𝑡 = ∑ 𝐷𝐾 2𝐾−𝑁 . 𝑉𝑟𝑒𝑓
𝑁−1
𝐾=0  

The area occupied and power consumption increases as resolution increases. 

 

5.2 Split capacitor based DAC 

The charge redistribution architecture is very familiar and simpler structure and it gives 

good accuracy. 

High resolution can also be achieved with this type of DAC. 

This charge Scaling DAC is considered to mitigate the large capacitive size of BWC DAC 

achieved through a scaling or attenuating capacitor Cs. The value of the scaling capacitor 

or coupling capacitor can be found as follows 

   

  i.e., 𝐶𝑠𝑝𝑙𝑖𝑡=
𝑆𝑢𝑚 𝑜𝑓 𝐿𝑆𝐵 𝑎𝑟𝑟𝑎𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟𝑠 

𝑆𝑢𝑚 𝑜𝑓 𝑀𝑆𝐵 𝑎𝑟𝑟𝑎𝑦 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑜𝑟𝑠
. 𝐶 

Figure 5.2: Split capacitor based DAC 

 

This architecture decreases area occupied and power consumption. 

Switched capacitor DAC is the DAC of choice for this work because of its low power 

consumption. Binary weighted DAC and charge scaling DAC architectures were seen. In 

capacitive DACs, the linearity is a direct function of the capacitors used and the matching 

between them. In a binary weighted DAC, the ratio between the MSB cap and LSB cap is 

27. So the variation would be high and the INL and DNL would be affected. So charge 

scaling DAC was implemented. 
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5.3 DAC Switch Design 

DAC switch is designed with two transmission gates and one inverter where 𝑉𝑟𝑒𝑓 and 𝑉𝑔𝑛𝑑  

are inputs. Based on the control voltage value (𝑉𝑐𝑛𝑡𝑟𝑙), the output 𝑉𝑜𝑢𝑡 connects to  𝑉𝑟𝑒𝑓 or 

𝑉𝑔𝑛𝑑. If 𝑉𝑐𝑛𝑡𝑟𝑙 is logic high then 𝑉𝑟𝑒𝑓 will be connected to 𝑉𝑜𝑢𝑡. When 𝑉𝑐𝑛𝑡𝑟𝑙 is logic low 

then 𝑉𝑔𝑛𝑑 is connected to 𝑉𝑜𝑢𝑡. The capacitors of DAC will charge or discharge based on 

the 𝑉𝑐𝑛𝑡𝑟𝑙 voltage.  

 

 

Figure 5.3: DAC Switch 
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Chapter 6  

SAR Control Logic 

This chapter describes about successive approximation register logic, types in SAR Logic 

and its performance analysis with respect to supply voltage and applied clock frequency. 

6.1 SAR Logic Design 

Successive approximation register ADC has mainly two approaches to design SAR LOGIC. 

First one is given by Anderson which is considered as SAR Type 1 and the other one is 

designed by Rossi and is taken as SAR Type2. SAR type 1 has a ring counter and shift 

register. In this design we have to use at least 2N flip flops. Rossi design contains N flip 

flops and combinational logic. Transmission gate based D flip flops with set reset are used 

to have low power consumption.            

Finite state machine showing SAR operation: 

Cycle Sample     D7         D6         D5         D4         D3         D2         D1         D0        comp 

0     1     0            0            0            0           0            0            0            0    - 

1     0     1            0            0            0           0            0            0            0    a7    

2     0     a7           1            0            0           0            0            0            0    a6 

3     0     a7           a6           1            0           0            0            0            0    a5 

4     0     a7           a6           a5           1           0            0            0            0    a4 

5     0     a7           a6           a5           a4          1            0            0            0    a3 

6     0     a7           a6           a5           a4          a3           1            0            0    a2 

7     0     a7           a6           a5           a4          a3           a2           1            0    a1 

8     0     a7           a6           a5           a4          a3           a2           a1           0    a0 

9     0     a7           a6           a5           a4          a3           a2           a1           a0     - 

    Table no.1 SAR control logic  
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Based on the output of comparator SAR logic determines bits sequentially. Here each 

conversion takes 10 clock cycles. All outputs are zero because SAR is in reset mode in the 

first clock cycle. Data is converted in the next 8 clock cycles.   

 

Figure 6.1: Positive edge triggered DFF with SET and RESET using Transmission gates 

6.1.1 SAR logic Type1 

This logic contains of a ring counter and code (shift) register. In every conversion at first 

the Start signal becomes high and then low for all other clock cycles. Most significant bit is 

set to logic high and all other bits reset to zero. This is equivalent to the digital value of 

DAC. In second clock pulse, the next MSB bit set to logic one whereas the SAR control 

logic decides the first MSB value based on the comparator’s output. If comparator output 

is logic high then MSB remains 1 else it becomes zero. Like this binary search algorithm 

continues till it reaches LSB. Last cycle is used to store the result. 
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Figure 6.2: SAR type1 block diagram 

D flip flops are connected in manner where output of first flip flop is given the input of the 

second one and this connection continues same manner. In each cycle, the outputs of ring 

counter determine the set values of code register flip flops. Q output of all flip flops in ring 

counter is connected to the set pin of corresponding flip flops in code register. This has a 

data line which is fed from comparator output to all D inputs of code register flip flops. 

When external signal is given then the MSB flip flop of shift register then it sets the 

corresponding MSB flip flop in code register, hence MSB becomes 1 i.e, it will give 

100000000 and weight of MSB is Vref/2. In next clock pulse the second flip flop in ring 

counter give logic high output which sets the second flip flop in code register. The low to 

high transition of the second flip flop in code register triggers the first flip flop of code 

register to store the control bus value to the output. In the third clock cycle ring counter FF3 

sets value of code register FF3 and other previous flip flops will be set or reset based on 

stored control logic. As this code register outputs are connected with DAC it keeps 

producing new possible reference values for the comparator. 

6.1.2 SAR logic type2 

The SAR ADC working principle works on the binary search algorithm. The working 

principle of the SAR logic is explained with the help of the figure given below: 
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Figure 6.3: SAR Control logic type2 diagram 

 

Figure 6.4: Single SAR Block 

A 4:1 mux is implemented S0 and S1 are the control signals of multiplexer. 

S1 S0 operation 

- 1 Memorization 

0 0 Shift right 

1 0 Comp 

Table 2 4:1 Multiplexer inputs 

SAR logic determines each bit successively. There are three possibilities for every bit- it 

can go to logic high, it can go to 0 or it can retain its value. The MSB is set in the first cycle 

and the input is compared with the DAC output. If the analog input is greater than the DAC 

output, dn is set at 1, else it goes to 0. This is determined by the output of the dynamic 

comparator. In the next cycle, dn-1 is set to high and again the analog input is compared 

with the DAC output. So this is basically a binary search algorithm. At the end of ‘n’ clock 
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cycles the digitized value is obtained for an ‘n’ bit ADC. The algorithm below illustrates 

how the SAR logic works. 

6.2 SAR ADC Schematic 

Figure 6.5: SAR ADC Schematic 
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Chapter 7  

Simulation Results 
 

7.1 Comparator simulation results 

The comparator was simulated with clock frequency 100 kHz, input frequency 10 kHz and 

reference voltage of 600 mV. 

A) Output waveform 

 

 

Figure 7.1: Comparator transient output waveform 

 

B) For Basic double tail dynamic comparator: 

Supply Voltage (V) Offset Voltage (mV) Power dissipation (nW) Propagation Delay (µs) 

1.8 15 582 5 

1.5 20 210 10 

1.2 37 38 23 

1 52 15 32 

 

Table 3: Performance metrics of Double tail dynamic comparator type 
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C) Graphs  

I) 

 

 

    Figure 7.2: Power dissipation comparison  

 

 II) 

 

     

Figure 7.3: Propagation Delay comparison 
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7.2 DAC simulation results  

Unit capacitance value is taken as 15 fF for both the DAC configurations. 

7.2.1 Binary weighted Capacitor array DAC 

 

A) Output waveform is simulated with 1.5 V. Resolution of DAC obtained is 5.8589 

mV 

 

Figure 7.4: 8 bit binary DAC output waveform 

 

B) Analog output waveform: 

  

 

Figure 7.5: Analog output waveform from DAC 
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In the analog output waveform spikes indicates non-linearity of digital to analog 

converter. 

 

        C) 

 

Figure 7.6: Analog output waveform from DAC with some error for 1.8V 

 DNL of BWC DAC is 0.00214 

 INL of BWC DAC is 0.00385 

 

7.2.2 Split Capacitive array DAC  

 

Figure 7.7: Split capacitive DAC transient waveform 

 DNL of Split capacitive array DAC is 0.00248 

 INL of Split capacitive array DAC is 0.00234. 
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7.3 SAR Logic Simulation results 

 

1) Output of SAR Logic type1: 

Figure 7.8: SAR control logic waveform 

 

2) DAC output after applying Logic: 

 

Figure 7.9: DAC output waveform 
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3) SAR ADC : 

 

Figure 7.10: waveform showing comparator, SAR Logic and DAC block outputs 

 

4) Power consumption of SAR type 1&2 for corresponding input frequency: 

 

 

Figure 7.11: Power consumption vs frequency of SAR Logic types 
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5) Power consumption of SAR type 1&2 for different supply voltages: 

 

Figure 7.12: Power consumption vs supply voltage of SAR Logic types 

7.4 SAR ADC Results 

1) Power consumption of SAR ADC for different supply voltages: 

S.No Supply Voltage(V) Power consumption(µW) 

1 1.5 25 

2 1.6 31 

3 1.7 38 

4 1.8 47 

Table 4: SAR ADC power consumption                                                                     
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7.5 Layout   

Layout of dynamic comparator and SAR control logic is done in SCL 180 nm technology. 

A) Dynamic comparator layout 

 

Figure 7.13: Dynamic comparator layout 

    

Figure 7.14: Dynamic Comparator LVS 
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B) SAR Logic Control Block Layout 

S 

Figure 7.15: SAR Control logic layout 

 

Figure 7.16: SAR Control logic LVS comparison result 
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7.5 CONCLUSION AND FUTURE WORK 

 

 Different types of comparator structures are studied and these structures are 

simulated using Cadence Virtuoso UMC 180nm technology. Double tail dynamic 

comparator type 1 is found to be best suited for the biomedical applications because of its 

optimal power consumption and propagation delay. Comparator simulations are performed 

with 10 kHz input signal frequency and 100kHz clock frequency. Propagation delay and 

power dissipation variation with supply voltage is listed out for all considered structures. 

DAC analysis with two different capacitive structures is done and it is concluded that the 

split capacitive array DAC is best suited for low power applications. SAR ADC is 

implemented with SAR type2 control logic to have low power consumption. Power 

dissipation of SAR LOGIC and SAR ADC is considered. Power dissipation of SAR ADC 

for 1.5 V supply voltage is found to be 25µW. Among all blocks DAC block is consuming 

almost 80% of the power. Layout of double dynamic comparator and SAR control logic 

block is performed in SCL 180nm technology. 

Future work involves the design of adaptive SAR ADC where the power consumption of 

the circuit minimized significantly. 
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