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Abstract 

For the past 40 years, the number of transistors per chip has been increasing at an exponential 

rate confirming Moore’s Law regarding the growth of chip complexity. Increases in transistor count 

have led to enhancements in functionality and made possible products with features that were 

unimaginable ten years ago. Consequently, the resulting increase in digitization in all electronics, across 

a wide range of applications, requires the Analog-to-Digital Converters (ADCs) with a higher resolution 

and lower power consumption. The evolution of the integrated circuit technologies and scaling 

methodologies partially helps in providing faster circuits and allowing complex functionalities in a given 

silicon area. 

The objective of the present work is to better understand the design of ADCs in the context of 

low voltage operation as a function of temperature, speed and power consumption. However, one 

requirement in designing faster circuits with transistor of smaller geometries is reducing the supply 

voltages. Additionally, the increase in the number of battery-operated applications has focused in 

reducing the supply voltage in current designs to improve energy efficiency. Few low voltage 

methodologies have been studied and implemented for analog circuits in general and more specifically 

for ADCs. In the present work, an ADC was designed which implemented the Successive 

Approximation (SAR) method – based on a binary search. The functionality of ADC was tested in 

simulation by applying a DC voltage and a ramp signal as the input and analyzing the resulting output 

digital codes. The power consumption at different temperatures and supply voltages was recorded and 

analyzed. The results indicate that the effect of temperature on power consumption is significant.  

The SAR ADC was designed for TSMC 0.25µm CMOS technology. The design of the ADC at 

the schematic level was captured in Virtuoso Cadence. Cadence offers an integrated Electronic Design 

Automation (EDA) solution, which encompasses the entire design flow from behavioral modeling to 
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post-layout simulation. The Spectre simulator from Cadence was used to analyze the behavior of the 

ADC at different voltages and temperatures through simulation. Finally, a built-in Cadence calculator 

was used to calculate the power consumption and Spurious-free dynamic range (SFDR) at different 

voltages and temperatures to compare the design to previously reported ADCs.  

The ADC was simulated at 27 ºC with the sinusoidal signal as the input. The input sinusoidal 

signal has 0.5 V P-P running at frequency of 500 Hz. The SFDR and the power consumption for the 

ADC at these conditions were calculated to be 40.56 dB and 2.5640 µW respectively – a 63% decrease 

in power consumption in the proposed design relative to the leading ADC reported in literature with 60 

times decrease in speed.  
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Chapter 1: Introduction 

1.1 Motivation 

In the last few decades the geometries of silicon have been reducing providing both higher 

densities of transistors on silicon and simultaneously improving the transistor drive current – both of 

which have permitted the clock frequency to increase in digital circuits. Consequently, for the last two 

decades, Digital Signal Processors (DSPs) have become increasingly more powerful in terms of 

computation. With evolving Integrated Circuit (IC) technology, the possibility exists now to implement 

new DSP functionalities in an efficient manner. Signal processing that had traditionally been 

implemented in analog is now implemented in the digital domain. The digital domain increases robust-

ness, decreases power consumption and area, speeds up the design process and increases accuracy.  

However, natural signals are in analog form. The input signals to be processed and the output 

signals after processing are analog while the intermediate processing is done in the digital domain. 

Hence, there exists a need to convert the signals at both ends of the signal pathway to take advantage of 

DSPs. The circuit used at the input is an Analog-to-Digital Converter (ADC) whereas the output is the 

Digital-to-Analog Converter (DAC).  

Increase in digitization and the necessity for converters require analog and digital circuits to 

share the same silicon, which leads to new challenges. Every new technology (i.e. shrinking feature size, 

finer widths, denser interconnect and more routing layers) increases the digital functionality on silicon. 

New applications demand higher clock frequencies but with the engineering trade-off of additional 

power consumption. Moreover, the decrease in feature size also results in various problems such as RC 

effects, voltage drop, increased power dissipation and reduced signal integrity.  

With the increase in the number of battery-operated applications, interest has been focused on 

reducing the supply voltage and developing low voltage design methodologies and a significant 
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challenge exists in designing an ADC is low voltage operation. To design an ADC at low voltages, 

several challenges must be overcome such as process scaling, power consumption, switches, noise and 

transistor matching. These issues manifest themselves differently for analog circuits than for digital 

circuits. 

1.2 Organization of the Thesis 

This work concentrates on the design of ADC at low voltages. The organization of the thesis is 

as follows: 

Chapter 2 studies the effects of supply voltage and process scaling on signal to noise ratio, circuit 

speed and power consumption.  

Chapter 3 discusses the selection of the Successive Approximation Register (SAR) algorithm as 

the well-suited ADC and describes the ADC operation.  

Chapter 4 describes the design of an ADC for low voltage operation and also describes the oper-

ation and design conditions for sub-circuits such as the sample and hold (S/H), operational amplifiers 

(op-amp), comparators and digital to analog converter (DAC).  

Chapter 4 discusses the analysis of the results.  

Chapter 5 provides the conclusions.  

Appendix shows the schematics of the circuits used for the design.  
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Chapter 2: Background 

2.1 Low Voltage Challenges 

The two motivations for technology scaling are reduced area and increased speed. However, as 

geometries shrink, the maximum electric field across the gate oxide eventually approaches the intrinsic 

breakdown of silicon oxide. Consequently, along with geometry scaling, there must be a corresponding 

scaling of the voltage and lower voltages are not well-suited for analog circuits. Due to the rise in the 

level of integration, the power dissipation of a single chip also tends to rise. The total power dissipation 

in a circuit [1] is expressed as: 

)1.2()(.).(. 2
−−−−−−−+++= staticleakageSCDDCLKDDloadTtotal IIIVfVCP α  

Where VDD is the supply voltage, Cload is the load capacitance, fCLK is the clock frequency. From 

the above expression that the total power dissipation depends on VDD (supply voltage). Hence, one 

efficient approach to reduce the power consumption is by lowering the supply voltage – particularly for 

digital circuits.  

2.1.1 Process Technology Scaling 

The scaling of the supply voltage VDD is the most pronounced affects in sub-micron analog 

design. Table 2.1 shows the parameters of different process technologies. The data, including the 

effective channel length, supply voltage, oxide thickness, threshold voltage, and threshold voltage 

matching parameter, is collected from real processes and reprinted here from [2]. However, in analog 

circuits the reduction of power consumption through lowering supply voltages is more complicated. The 

limitations of power consumption in different types of analog circuits are discussed in [3]-[4], and data 



 4 

converters in [5]. Several low voltage circuit techniques have been discussed previously in [6] and [7] 

and for ADCs [8]. 

Table 2.1: Technology Data for Different Processes 

Sno  Lmin  Vdd  Tox  Vth  AVth  
1  3.0  5.0  700  1.5  35  
2  2.5  5.0  600  1.2  30  
3  2.0  5.0  400  1.1  25  
4  1.5  5.0  250  1.0  22  
5  1.2  5.0  250  1.0  21  
6  1.0  5.0  250  0.95  20  
7  0.8  5.0  200  0.85  13  
8  0.5  3.3  135  0.73  11  
9  0.35  3.3  100  0.59  9  
10  0.25  2.5  60  0.52  6.0  
11  0.18  1.8  50  0.42  4.2  
12  0.12  1.2  42  0.32  3.8  
13  0.10  1.2  36  0.31  3.2  
14  0.07  0.9  30  0.30  2.5  

 

2.1.2 Signal to Noise Ratio 

One of the important fundamental differences in the analog signal processing when compared to 

the digital signal processing is thermal noise [9]. Thermal noise limits the smallest distinguishable 

signal. On the other hand, the supply voltage limits the amplitude of the signal [10]. 

For a sinusoidal signal the peak signal-to-noise ratio is determined by: 

)2.2(
*2*2
max −−−−−−−−−−−−−−−−==

RMSNoiseNoise

signal

V

V

V

V
SNR  

Where Vmax is the maximum peak-to-peak signal amplitude and VRMSNoise is the noise voltage. 

Lowering the supply voltage results in the decreased signal-to-noise ratio unless the noise level is scaled 

down simultaneously. Thermal noise remains largest component of noise. Therefore, one approach to 

reduce noise is cooling, which reduces the ever-increasing thermal component [10]. 
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2.1.3 Power Consumption 

The important advantage in low voltage circuits is power consumption. If the supply voltage is 

scaled down while all other parameters are kept constant, the propagation delay will increase. The 

average switching power dissipation is proportional to the square of the supply voltage; hence, reduction 

of VDD will significantly reduce the power consumption with a quadratic relationship. However, this 

assumes that the switching (operating) frequency remains constant. If the circuit is always operated at 

the maximum frequency allowed by the propagation delay – which is generally slower at lower voltages, 

the number of switching events per unit time (i.e., the operating frequency) will drop as the propagation 

delay becomes larger with reductions of the supply voltage. Therefore, the dependence of switching 

power dissipation on the supply voltage becomes stronger than a simple quadratic relationship [1].  

2.1.4 Circuit Speed 

Low voltage circuits are slower than the high voltage circuits. The speed of analog circuits is not 

usually dependent on the supply voltage. However, if the dynamic range is kept constant while 

decreasing the supply voltage then the capacitance has to increase to allow the circuit to run at less speed 

[10].  

In switched capacitor circuits the maximum clock frequency is inversely proportional to the 

settling time, which is determined by slew rate and op-amp bandwidth.  

For a single stage op-amp the gain bandwidth product is given by: 

)3.2(
2

−−−−−−−−−−−−−−−−−−−−−−−−=
L

m

C

g
GBW

π
 

Where gm is the transconductance of the input transistor and CL is the load capacitance, which 

can be approximated to be proportional to the sampling capacitor C. Thus, 
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)4.2(
. 2

13

2

−−−−−−−−−−−−−=
KTkDRk

Vg
GBW DDm  

When the settling time is dictated by the op-amp GBW, then the speed of a circuit can be 

reduced with the square of the supply voltage. 

For low resolution circuits, the settling time depends on slew rate (SR), 

)5.2(max
4 −−−−−−−−−−−−−−−−−==

L

SR

clk C

I

T

V
kSR  

Where Tclk is the clock period and ISR is the slewing current, Tclk is given by: 

)6.2(
2

43
2

1 −−−−−−−−−−−−−−−=
DDSR

clk
VI

KTDRkkk
T  

The above expression indicates when slewing current is kept constant then the clock rate 

decreases linearly with the increase in supply voltage [10]. 

2.1.5 Switches 

The important fundamental block in circuits is the switch. An ideal switch has infinite impedance 

when is open and has zero impedance when is closed. At higher voltages, the switch behaves 

approximately similar to the ideal but when the supply voltage scales down then the problems arise in 

the functioning of a switch. 

The on-resistance of a MOS switch is approximated by: 

)7.2(
)(

−−−−−−−−−−−−≥
−

= TGS
TGSoxn

VVwhen
VVWC

L
R

µ
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Where VGS is the transistor gate-source voltage and VT is the threshold voltage. When VGS is less 

than VT (switch is turned off), the resistance is infinite essentially with only the sub-threshold leakage. 

To turn on the switch, its gate-source voltage has to greater than or equal to its threshold voltage.  

The transistor cannot conduct the whole rail-to-rail signal range when is ON. For example, the 

NMOS cannot conduct logic 1 properly. Similarly, PMOS cannot conduct logic 0 properly. However, 

the whole range can be covered by putting an NMOS and a PMOS in parallel to form a transmission 

gate.  

The threshold voltage decreases linearly with the technology scaling until 0.35 µm. The 

threshold voltage cannot be scaled down linearly with the supply voltage because of increasing leakage 

current. The leakage current increases exponentially with linear decrease in VT. The threshold voltage 

values from 0.35 µm to 0.07 µm generations in Table 2.1 fit accurately to 0.32.√VDD [10].  

The on-resistance can be reduced by lowering the threshold voltage or increasing the supply 

voltage.  

2.2 Previous Work 

Many papers have been published in the design of ADCs with an aim to operate at low voltage in 

order to reduce the power consumption [14-18]. This chapter discusses some of the proposed methods 

and analyzes their pros and cons.  

In [14] the author has employed a new biasing scheme and current-mode approach to design a 

low-voltage S/H, DAC, and a latched comparator. The design in [14] was implemented in 1.2 µm 

CMOS process technology. The S/H used poly resistors in this design to achieve the highly linear gain. 

The proposed S/H circuit is shown in fig. 2.1 [14]. 
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Figure 2.1: S/H with Poly Resistors at Input and Output. 

R-2R architecture is used for the DAC to implement in the low-voltage. In the normal R-2R 

DAC, one op-amp is used at the output. However, in the proposed design, two op-amps were used so 

that one of the outputs can be used for measuring the performance of the DAC. The proposed DAC is 

shown in fig. 2.2 [14]. 

 

Figure 2.2: Proposed R-2R DAC. 
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The R-2R DAC is fast, suitable for low-voltage design. However, the R-2R architecture is not 

accurate. The DAC used in the present work is the Charge scaling DAC, which is fast and accurate. The 

DAC in the present work doesn’t have an op-amp at the output, which increases the speed of the DAC. 

Thus, the speed of the DAC in the present work depends only on the delay of the capacitors. 

In [15] the author describes time-interleaved SAR ADC with an aim to achieve the high speed at 

low voltages for the UWB applications – where the minimum power consumption is required. The 

proposed ADC block diagram is shown in fig. 2.3 [15]. 

 

Figure 2.3: Block Diagram of Proposed ADC DAC. 

As shown in fig. 2.3, the SAR ADC in this design consists of three blocks: capacitor array, 

comparator and a digital block. The capacitor array acts as both DAC and S/H. The output of the 

capacitor array is connected to the comparator, which compares the signal to the ground. The capacitor 

array used in this design is shown in fig. 2.4 [15]. 
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Figure 2.4: Proposed Capacitor Array. 

The comparator used in this design is a basic single stage differential pair op-amp with active 

load. The drawback of this design is the comparator requires high gain and slew rate to maintain virtual 

ground in the feedback mode. The design proposed in the thesis work has the latch circuit at the output 

of the comparator. The latch at the output stage provides a large and fast output signal whose amplitude 

and waveform are independent of those of the input signals [16]. The comparator doesn’t require a large 

gain when the latch is used at the output. 

In [18] the author proposed energy-saving switching sequence technique to achieve low power 

consumption for Bio-Medical applications. The proposed SAR ADC architecture is shown in fig. 2.5. 

The drawback in this design is the comparator requires high gain. The design used in the thesis work has 

a latch at the output stage of the comparator. 
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Figure 2.5: Proposed SAR ADC Architecture. 

 

 

 

 



 12 

Chapter 3: Successive Approximation Analog to Digital Converter 

To identify the most suitable ADCs for use in low voltage operation, this chapter explores 

several commonly used ADCs in industry and provides a comparison.  

Types of Analog to Digital Converters used in industry include:  

1. Pipelined  

2. Flash  

3. Sigma-Delta  

4. Successive Approximation ADC  

This work mainly concentrates on identifying ADCs that perform well with low voltage and 

provide low power, high resolution and high accuracy. After studying on the above mentioned types of 

ADCs, SAR ADC is the best fit, which includes 8 KS/s with 8 bits at 0.8 V. Ideally, an ADC that would 

work in the subthreshold regime would be preferably as the ADC would be capable of sharing a very 

low supply voltage subthreshold digital circuit. The first step in identifying a subthreshold ADC, 

however, is identifying an ADC that would perform well in the just-above-subthreshold regime, where 

the possibility of using a charge pump exists for generating the higher supply voltage. 

3.1 Successive Approximation (SAR) 

Successive approximation employs a “binary search” and is used in determining an unknown 

weight by a minimal sequence of weighing operations [11]. The binary search continues until every bit 

in the SAR has been tested. The resulting digital code is the approximation of the sampled input voltage.  

Mathematically, let Vin = xVref, with x in [-1, 1] is the normalized input voltage.  



 13 

The objective is to approximately digitize x to an accuracy of 1/2n. The algorithm proceeds as 

follows:  

1. Initial approximation x0 = 0.  

2. ith approximation xi = xi−1 − s(xi−1 − x)/2i  

Where, s(x) is the signum-function (sgn(x)) (+1 for x =0, −1 for x < 0). It follows using 

mathematical induction that |xn − x| =1/2n [19].  

1. As shown in the above algorithm, a SAR ADC requires:  

2. An input voltage source Vin.  

3. A reference voltage source Vref to normalize the input.  

4. A DAC to convert the ith approximation xi to a voltage.  

5. A Comparator to perform the function s (xi − x) by comparing the DAC output voltage with 

the sampled input voltage.  

6. A Register to store the output of the comparator and apply xi−1 − s (xi−1 − x)/2i.  

SAR ADCs versus other Architectures  

1. Versus Pipelined: A pipelined ADC uses a parallel structure in which each stage works on 

one to a few bits. This structure increases throughput, but at the expense of power 

consumption and latency. An N-bit Pipelined ADC consists of N comparators for 

determining the signs of the N outputs (for digital correction). On the other hand, a SAR 

ADC requires one comparator for the accuracy of whole system. A pipelined ADC requires 

more silicon area then SAR ADC [20].  
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2. Versus Flash: A flash ADC is made up of a large bank of comparators, each consisting of 

wideband, low-gain preamps followed by a latch. The comparators have to be accurate. The 

flash ADCs are the fastest architecture. The trade-off of these converters is with power 

consumption and form factor. In a flash ADC the number of comparators goes up by a 

factor of two for each bit and requires far more accuracy for every extra bit of resolution 

above eight bits increasing the complexity. On the other hand, in a SAR ADC, increasing in 

resolution requires more accurate components without increasing the complexity 

exponentially [20].  

3. Versus Sigma-Delta: Sigma-delta converters are over sampling converters. This converter 

requires no special trimming or calibration, even to attain 16 or 18 bits of resolution. The 

over sampling nature of the sigma-delta converter may also tend to “average out” any 

system noise at the analog inputs [20]. The trade-off of these devices is its speed which is 

reduced logarithmically with the number of bits and these converters consume a lot of 

silicon area. 

3.2 Functional Description of Analog to Digital Converter 

In this chapter the components required to build a SAR ADC are discussed. As explained in the 

previous section, a SAR ADC requires a sample-hold, DAC, Comparator and a digital logic SAR are 

shown in fig. 3.1. Transistor level schematics for every block are presented in this chapter. 



 15 

 

Figure 3.1: Block Diagram of SAR ADC. 

3.2.1 Nonredundant Successive Approximation Register (SAR)  

The digital component of the SAR ADC is a SAR. The basic SAR block composed of a shift 

register, memory register and a sequential finite state machine (FSM). A non-redundant SAR is simple 

and codes the 2N possible conversion output values with the minimum number of flip flops (FF) (log2N) 

[21]. Non-redundant SAR allows area optimization while reducing minor code probability error. The 

delay is reduced during the conversion because of the fewer number of flip flops in the design. The logic 

between the shift register and memory register is reduced which in turn results in reducing the delay. 

The FSM can be implemented using a counter. The usage of counters increases the speed and 

performance of the Successive Approximation register.  

The proposed non-redundant SAR in [21] uses the minimum number of flip flops; this can be 

achieved using the same number of FF storing the conversion result to code the 2N possible states of the 

FSM. For the total number of 2N states N flip flops are required. 
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SAR Operation  

As discussed in the previous sections, the operation of a SAR is based on a binary search. At the 

beginning of the conversion (initialization) the MSB of SAR is set to ’1’ and all other bits are set to ’0’. 

This digital word is applied as input to the DAC. This analog output from the DAC is compared with the 

sampled analog input. If this compared result is high, the SAR makes the MSB ’1’. If the compared 

result is low, the SAR makes the MSB ’0’. The process of applying the digital word to the DAC 

continues. As the MSB is obtained, the second bit is assumed to be at ’1’ and the remaining bits at ’0’. 

The comparison and applying to the DAC continues until the whole digital word is obtained.  

The functionality of SAR can be defined as a sequential finite state machine (FSM), which 

generates the sequence of N steps. Each conversion step corresponds to a state of the FSM. Step 0 is the 

first state of conversion, which is the initialization state. From the Table 3.1, for a generic step, three 

actions are possible on a single bit: setting the bit to ’1’, setting the bit to comparator output, or storing 

the bit at the previous step. For these steps, some decoding and multiplexing logic are required and 

shown in fig. 3.2. 

 

Figure 3.2: Decoder and Multiplexer. 



 17 

Table 3.1: FSM Sequence 

Conversion 
step b9 b8 b7 b6 b5 b4 b3 b2 b1 b0 Comp 

Output 

0  1  0  0  0  0  0  0  0  0  0  a9  

1  a9  1  0  0  0  0  0  0  0  0  a8  

2  a9  a8  1  0  0  0  0  0  0  0  a7  

3  a9  a8  a7  1  0  0  0  0  0  0  a6  

4  a9  a8  a7  a6  1  0  0  0  0  0  a5  

5  a9  a8  a7  a6  a5  1  0  0  0  0  a4  

6  a9  a8  a7  a6  a5  a4  1  0  0  0  a3  

7  a9  a8  a7  a6  a5  a4  a3  1  0  0  a2  

8  a9  a8  a7  a6  a5  a4  a3  a2  1  0  a1  

9  a9  a8  a7  a6  a5  a4  a3  a2  a1  1  a0  

result  a9  a8  a7  a6  a5  a4  a3  a2  a1  a0  −  

 

 

Figure 3.3: Generic Flip Flop with Shift Register. 
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Table 3.2: FF Outputs 

 Previous Bit Operation 

1 - Memorize Result (K) 

0 1 Data Load (a) 

0 0 Shift Right 
 

The circuit in fig. 3.2 has a decoder and a multiplexer, which were used in setting the bit. The 

signal Bit is the bit from previous cycle, OR is output from logical OR of the previous bits. A generic 

flip flop, which performs all the functions, is shown in fig. 3.3.  

The states that can be attained by the flip flop after decoding are shown in TABLE 3.2. 

 

Figure 3.4: Successive Approximation Register (SAR) 

SAR Circuitry 

The basic structure of the SAR is a multiple input N bit shift register, which is shown in fig. 3.4. 

The multiplexer and decoder alone are not sufficient to select the value for the bit. The SAR circuitry 

requires some control logic. Referring to the algorithm for the Kth flip flop, the all zero state for the less 

significant bits than the Kth bit are decided by the OR chain of the outputs off the flip flop storing them.  
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SAR fundamentally needs to initialize the current MSB to ‘1’ and remaining bits to ‘0’. 

Initialization is done by “set” input of flip flop. Conversion starts when the “start” signal is enabled and 

the result is obtained once the conversion completes and then the “stop” signal is enabled.  

The SAR codes the possible conversion output values with minor code error probability with a 

FSM using the minimum number of states. The SAR is designed using relatively simple circuitry, which 

helps in operating at higher speeds.  

3.2.2 Charge Scaling Digital to Analog Converter (DAC) 

Charge scaling DACs are the most popular Digital to Analog Converter architecture. The charge 

scaling DACs were used for the design due to increased accuracy and speed. Another advantage of the 

charge scaling DAC is that it is compatible with switched capacitor circuits.  

 

Figure 3.5: Charge Scaling Digital to Analog Converter 
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Fig. 3.5 shows the general implementation of a charge scaling DAC. A two-phase, non-

overlapping clock is used for this converter [22]. During CLK1 the top and bottom plates of all 

capacitors are grounded. During CLK2, capacitors are associated with the bits that are ‘1’ are connected 

to VREF and the bits with ‘0’ are connected to ground (GND). The output from the DAC is obtained 

during CLK2. The basic charge scaling DAC has an op-amp serving as a buffer at the output. But the 

output of the DAC is connected to the input of a comparator, which is a high impedance node. 

Therefore, the op-amp can be eliminated and then the circuit runs much faster. Thus, the speed of the 

DAC is only dependent on the delay in the switches of the DAC and hence it settles quickly.  

The DAC conversion is explained in following steps:  

1. First, during CLK1, the capacitor array is completely discharged to the ground. This step 

provides the offset cancellation.  

2. Conversion process occurs during the CLK2 phase. First, the MSB capacitor is switched to 

VREF. Due to the binary-weighting of the array the MSB capacitor forms a 1:1 divided 

between the MSB capacitor and the rest of the capacitor array. Thus, the output voltage of 

DAC is now VREF/2. Subsequently, if Vin is greater than VREF/2 then the comparator outputs a 

digital ‘1’ as the MSB, otherwise comparator output is a digital ‘0’ as the MSB. Each 

capacitor is tested in the same manner until the comparator input voltage converges to the 

offset voltage, or at least as close as possible given the resolution of the DAC.  

The output voltage of the DAC is given as: 
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Figure 3.6: DAC LSB Switch. 

The charge scaling DAC comprises of capacitors and switches. Fig. 3.6 shows the single unit of 

charge scaling DAC. This single unit is for the LSB. As it is mentioned earlier, the charge scaling DAC 

consists of an array of individually switched binary weighted capacitors. The LSB capacitor used in 

DAC has a value of 62.5fF and the rest capacitors are doubled from each other with MSB capacitor 

value of 32pF.  
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3.2.3 Sample and Hold Circuit 

An important analog building block in designing data-converters is a Sample-Hold circuit. The 

main requirement in designing sample-hold circuit is the speed. The sample-hold circuit should operate 

reliably even at higher frequencies as the input is sampled and the same is used as the reference for the 

rest of conversion period. The “hold” step should be of minimum period.  

When the stop signal is enabled the sample is acquired. In this step, the conversion stops and 

digital outputs are memorized. No conversion process takes place during this step and this period can be 

utilized to acquire the new sample. The sample and hold circuit is in hold mode throughout the 

conversion process.  

The sample and hold circuit considered for the ADC design is based on the circuit proposed in 

[23] is shown in fig. 3.7. The other important problems faced in designing sample and hold circuits are 

clock feed through and charge injection. These problems are being minimized in this proposed circuit.  

The sample of the input is taken during CLK1 and the input voltage is kept at hold for the 

conversion process during CLK2. During sampling, all switches are on except Q2. This connects C1 and 

C2 together and charges them to the input voltage. During this period, the op-amp is being reset and the 

positive terminal of the op-amp is charged to 0 V. Q4 and Q5 are turned off, and shortly thereafter Q1 

and Q3 are turned off. Finally Q2 is turned on. In this period, sample and hold circuit is in hold mode. 

The sample and hold circuit in hold mode is shown in fig. 3.8. The unity-gain feedback holds the voltage 

level for the whole period (i.e. during hold mode) and also the output impedance of sample and hold 

circuit is low [23].  
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Figure 3.7: Recycling Sample and Hold 
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Figure 3.8: Sample and Hold Circuit in Hold Mode 

In the sample and hold circuit, Q4 and Q5 are turned off slightly before Q1 and Q3, their clock 

feed through is not only signal independent but largely cancels due to the common-mode rejection of the 

input stage of the amplifier. The charge injection of Q1 and Q2 doesn’t affect the output voltage. The 

charge injection of Q3 is signal dependent and does affect the output voltage, but its effect is minimized 

by the loop gain [23].  

3.2.4 Comparator 

In any ADC, comparators are the most critical components because their input offset voltage, 

delay and input range directly influence the resolution and speed of the ADC. The noise generated 

within a comparator plays an important role in overall performance at higher frequencies.  

Fig. 5.5 shows the proposed comparator. The comparator consists of a CMOS latch circuit and 

an S-R latch circuit. The CMOS latch circuit includes the biasing part, differential and regeneration 

circuit. The PMOS differential pairs are responsible for the amplification in circuit.  

 

 



 25 

Comparator Optimization  

1. Transistor M1-M3: Consider the PMOS differential pair (M1 -M3). From [24] the 

difference of currents between differential and regeneration stage will be  
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From the equation 3.2, the size of the PMOS transistors have significant effect on the 

comparator performance. Increasing the W/L ratios of PMOS transistors of differential 

pair (M1-M3) will produce ∆I [25]. This saturates either M8 or M9 for a smaller 

difference between Vin and Vref. This way the offset error can be reduced. However if 

W/L ratios of the transistors are too large, this will create too large current of ID2 and 

ID3. This excess current will disable the S-R latch before the regeneration happens.  

2. Transistor M4 and M5: PMOS transistors M4 and M5 are controlled by CLK. Since the 

design uses no pre-amplifier these transistors help to minimize the kickback effect by 

separating the inputs from outputs during the regeneration process.  

3. Transistor M6 and M7: NMOS transistors M6 and M7 act as switching transistors. The 

switching time of these transistors is given by [25]  
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From the equation 3.3, by decreasing the widths and lengths of switching transistors, the 

switching time will increase with a performance improvement in the regeneration 

process.  
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Figure 3.9: Latched Comparator 

4. Transistor M6 and M7: NMOS transistors M6 and M7 act as switching transistors. The 

switching time of these transistors is given by [25]  
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From the equation 3.3, by decreasing the widths and lengths of switching transistors, the 

switching time will increase with a performance improvement in the regeneration 

process.  

5. Transistor M8 and M9: NMOS transistors M8 and M9 implement a regeneration circuit. 

Drain current of these transistors affect the regeneration process. By increasing the W/L 
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ratios of NMOS transistors will produce larger drain currents and thus producing the 

quicker regeneration process. However, too large drain current will discharge the two 

branches too quickly, which will cause the increase of offset voltage to maintain a proper 

regeneration process.  

Comparator Operation  

The comparator operates in two phases (clock high and low), amplification phase and 

regeneration phase during the comparison cycle. When the clock is low, the amplification phase occurs. 

During this amplification phase the PMOS cascade pair M4 and M5 turn on while the switching NMOS 

transistors M6 and M7 are turned off and inputs are amplified and sampled at differential nodes.  

When the clock is high, the NMOS switching transistors M6 and M7 turn on and regeneration 

occurs. Now, the differential nodes are discharged to ground.  

3.2.5 SAR ADC Operation 

The components that are required to design ADC are explained in previous sections.  

The description of the converter is as follows: The conversion cycle starts with enabling the 

“start” signal in SAR control. During this period, the initial pattern of 1000 0000 is set in SAR. This 

pattern is given to the DAC, which generates an analog equivalent for this pattern. This analog voltage 

value is compared with the sample and hold output. Based on the comparator output, either the MSB bit 

is set to zero or remained at same level. Here the MSB is accomplished and a similar process is 

continued for rest of the bits. Including the first step on in which initial pattern is generated; 8 bit 

converter takes 10 steps to convert. On the tenth step, the decision for all 8 bits is completed and the 

digital output is ready. This is accomplished by a “stop” signal, which locks the bits of the SAR on tenth 
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step. During the stop period or on the last step of every conversion, the analog input is sampled and used 

as the reference for the next conversion cycle. The operation of a 5-bit SAR ADC is shown in fig. 3.10.  

 

Figure 3.10: Operation of 5-bit SAR ADC 
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Chapter 4: Results 

In this chapter, the simulation results obtained during the design of the Successive Approx-

imation Analog to Digital Converter are presented. The overall simulation waveforms of the ADC are 

shown in this chapter. 

4.1 Experimental Setup 

Successive Approximation ADC is designed at transistor level. The transistor level imple-

mentation and simulations has been accomplished using Virtuoso Cadence ICFB design environment. 

Cadence offers an integrated Electronic Design Automation (EDA) solution, which encompasses the 

entire design flow from behavioral modeling to post-layout simulation. The simulations are done in 

Analog Design Environment (ADE) and are carried out using Spectre simulator provided by the tool. 

The transistor level schematics are implemented in schematic editor. TSMC 0.25µm technology is used 

for the design.  

The implementation of each component is described as follows: each component is implemented 

at transistor level in the schematic editor and a symbol is created. The symbol is instantiated in a test 

bench, which provides the stimulus to the component. The component is simulated using ADE through 

the test bench. The results are viewed in the Waveform Editor and when required, the results are 

exported to a text file.  

4.2 Successive Approximation ADC Functionality Verification 

In the previous chapter, the components required to build ADC are discussed. In this section, the 

ADC has to be checked for the correctness and its performance characteristics such as power 

consumption and SFDR must be determined at different temperatures and different voltages. An 

Analog-to-Digital converter generates the digital code corresponding to the analog input provided to it.  
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In this implementation, the reference voltage provided is 0.8 V. The analog input voltage ranges 

from 0 V -0.5 V. As the implemented ADC is of 8 bits, all the analog input sample voltages are 

represented by 256 distinct digital codes. This implied the voltages of all the samples ranging from 0 V -

0.5 V can be represented in 256 distinct codes.  

The LSB value can be calculated as: 
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     The important feature of Successive Approximation ADC is the feedback mechanism in its 

structure. During each step of a conversion cycle, the SAR must guess a digital code, which brings the 

output of DAC closer to the sampled input. This implies, during every conversion the output of DAC 

indicates the correctness of ADC. ADC converts convert analog signal into finite number of digital 

codes. This introduces a quantization error, which limits the maximum Signal-to-Noise ration that can 

be achieved for a given resolution. The Signal-to-Noise ratio for N-bit ADC is given by: 

)3.4(76.102.6max −−−−−+= dBNdBSNR  

The ADC implemented here has 8 bits. Hence, the maximum value of Signal-to-Noise ratio is: 

)4.4(92.4976.18*02.6max −−−−−=+= dBdBdBSNR  

To verify the ADC performance, initially a DC input was applied then a ramp signal and then a 

sinusoidal waveform were applied as input signal. This yields to digital codes that correspond to the 

captured sample. The digital codes were converted back to their analog equivalent and the value is 

compared with the analog voltage at the beginning of conversion.  
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Considering all the above concepts, the following simulations are carried out on the ADC to test 

its performance:  

Initially DC inputs of 0.25 V, 0.4 V and 0.8 V are applied separately and their simulated results 

are analyzed. The inputs yields digital codes “01001111”, “10000000” and “11111111” respectively. 

This validates the behavior of ADC.  

Next, a ramp signal of 500 Hz and with 0 V -0.5 V peak-to-peak voltages is applied. The 

simulated results are observed.  

The dynamic performance of the ADC is mainly characterized by SFDR. The method of 

calculating SFDR involves the application of the input analog sinusoidal signal and the digital codes are 

collected. These samples are converted into frequency domain using Fast Fourier Transform (FFT). 

SFDR is described as the difference between the fundamental signal strength and the largest spurious 

signal strength. The built in function “dft” in Virtuoso Cadence calculator was used to implement FFT. 

SFDR can be calculated by visually observing FFT.  

4.2.1 ADC Performance with DC Input Signal 

This is the basic method to test the ADC. Three DC voltages are applied to test the performance 

of the ADC. DC voltages of 0.25 V, 0.4 V and 0.8 V are applied and tested the digital output codes 

whether the correct corresponding digital value is attained by the ADC. 
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Figure 4.1: Simulation Results for the input DC Voltage of 0.4V 

V
o
l
t
a
g
e 

Time in µs 



 33 

As seen in the FIGURE 4.1, when a DC voltage of 0.4 V is applied, the digital output codes are 

read as “1000 0000”. Since, the reference voltage is 0.8 V in this design, the DC voltage of 0.4 V is 

exactly half the reference voltage and the output digital codes are correct. Similarly, the simulations are 

performed for the DC voltage of 0.25 V and 0.8 V.  

 

4.2.2 ADC Performance with Ramp Input Signal 

In this section, the simulation waveforms obtained when ramp signal is applied as input signal is 

observed. 

As seen in the FIGURE 4.2, a ramp signal of 500 Hz and 0.5V P-P is applied and the digital 

output codes are read and verified.  

In the above two sections the functionality of ADC is being tested and verified using DC input 

signal and ramp input signal. Their digital output codes are read and compared with the input signal.  

4.2.3 ADC performance with Sinusoidal Input Signal  

In this section, the behavior of ADC is discussed when a sinusoidal signal of 500 HZ and 0.5V 

P-P is applied. The simulation waveforms for the applied sinusoidal signal at supply voltages 0.8V, 

0.9V, 1.0V and each at 0 ◦C, 27 ◦C, 65 ◦C temperatures is observed. The power consumption and SFDR 

is calculated for each power supply and at each temperature. The maximum frequency that can be 

processed by the converter is 4 KHz due to the Nyquist Criterion as it samples at 8 KSPS but as per 

requirement the input analog signal frequency considered as 500 Hz.  

 



 34 Figure 4.2: Simulation Results for the input Ramp Signal of 500 Hz of 0.5V P-P 
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As seen in the FIGURE 4.3, a sinusoidal signal of 500 Hz and 0.5V P-P with supply voltage of 

0.8 V is applied and the respective digital output codes are observed. Stop signal is high when the analog 

input signal is converted and the digital bits are obtained during this period. Stop signal indicates the end 

of conversion. The FIGURE 4.3 shows the simulation results performed at 27 ºC.  

The simulations are even done at 0 ◦C and 65 ◦C and the power consumption and SFDR.  

Similarly, the simulations are done using the same input sine wave with supply voltages 0.9 V 

and 1.0 V. The simulation results for the supply voltages at 0.9 V and 1.0 V and at 27 ºC temperature is 

shown in Figure 4.4 and 4.5 respectively.   

Table 4.1: Digital Bits with 0.8V as supply voltage at 27 ◦C  

Time (µs) Digital Bits 

15 01010011 

140 01110001 

265 10001001 

390 10011100 

515 10011111 

640 10011000 

765 10000110 

890 01101011 

1015 01001100 

1140 00110000 

1265 00001111 
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Figure 4.3: Simulation Results for Sinusoidal Signal with Supply Voltage 0.8V 
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4.2.4 Calculation of Power Consumption and SFDR  

In this section, the calculations for power consumption and SFDR at different supply voltages 

and at different temperatures are shown.  

The circuit has three different power supplies: first is for sample and hold circuit, second is for 

successive approximation register (digital block) and the final one for DAC and comparator.  

The power consumption is calculated by multiplying supply voltage with the current drawn from 

voltage source to ground. Since, the circuit has three supplies; the total power consumption is obtained 

by simply adding the three power consumption components.  
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Figure 4.4: Simulation Results for Sinusoidal Signal with Supply Voltage 0.9V 
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Figure 4.5: Simulation Results for Sinusoidal Signal with Supply Voltage 1.0V 

V
o
l
t
a
g
e 

Time in µs 



 40 

Using the above equations and the calculator from Cadence ICFB, the power consumption for 

the ADC at three different voltages (0.8V, 0.9V, 1.0V) at 0 ◦C, 27 ◦C and 65 ◦C each are calculated.  

Table 4.2: Power Consumption for Supply Voltages 0.8 V, 0.9 V and 1.0 V  

Pcons 0.8V 0.9V 1.0V 

 0 ºC 27 ºC 65 ºC 0 ºC 27 ºC 65 ºC 0 ºC 27 ºC 65 ºC 

Pvdd (µW) 0.442 0.610 0.807 1.307 1.666 2.206 3.492 4.165 5.065 

Pvdda (µW) 1.948 1.870 1.796 4.763 4.469 4.165 10.329 9.485 8.537 

Pvddd (µW) 0.079 0.083 0.095 0.103 0.107 0.120 0.127 0.133 0.151 

Ptotal (µW) 2.471 2.564 2.788 6.175 6.244 6.493 13.949 13.784 13.754 

 

         Where, 

Pvdd represents power consumed by Sample and Hold Circuit,  

Pvdda represents power consumed by DAC and Comparator,  

Pvddd represents power consumed by SAR (digital block) and  

Ptotal represents the total power consumed by the ADC.  

The above table represents power consumption of individual voltage supply and the total power 

consumption for supply voltage of 0.8V at 0 ◦C, 27 ◦C and 65 ◦C temperatures.  

Similarly, the total power consumption is calculated for 0.9V supply voltage as 6.1751µW, 

6.2435µW and 6.4927µW at 0 ◦C, 27 ◦C and 65 ◦C temperatures respectively and for 1.0V supply 

voltage as 13.9491µW, 13.7843µW and 13.7544µW at 0 ◦C, 27 ◦C and 65 ◦C temperatures respectively.  

From the above table, the total power consumption increases with the temperature. Leakages in 

the circuit increase with the increase in temperature, which results in the increase in power consumption. 
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)7.4(−−−−−−−−−−−−−++= − Leakcircuitshortdynamictotal PPPP  

From the above equation, Ptotal represents the total power consumption of a CMOS circuit. Ptotal 

can be expressed as the sum of three components, Pdynamic, Pshort-circuit and PLeak, which represents 

dynamic power component, short-circuit power component and leakage power component. As the 

temperature increases, leakage power component becomes major component in the total power 

consumption [1]. 

Spurious Free Dynamic Range (SFDR): SFDR is defined as the difference between the value of 

the desired output signal and the value of the highest amplitude output frequency that is not present in 

the input. SFDR is expressed in dB below the fundamental.  

For calculating SFDR, FFT is applied to the output digital bits. SFDR can be visually calculated 

from the FFT.  

From the fig. 4.6 SFDR is calculated as 40.56 dB and fig. 4.7 and fig. 4.8 shows the FFT signals 

for ADC running at 0 ◦C and 65 ◦C respectively.  

 

 

 

 

 

Figure 4.6: FFT for ADC operating at 27 ºC with 0.8 V Supply Voltage 
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SFDR is calculated at 0 ◦C and 65 ◦C for supply voltage 0.8V are obtained as 40.56 dB and 

40.92 dB respectively.  

4.2.5 Impact of Noise in Vin and Vref  

The noise in ADC includes quantization noise and the noise generated by the circuit. Assuming 

that the circuit is considered in isolation, the noise in the circuit has to be considered. The noise in the 

circuit consists of noise from the input Vin and reference voltage.  

In this section the amount of noise from the Vin and reference voltage that can be tolerated by the 

circuit is analyzed. Let us assume that the sample and hold has a noisy input signal. The sample and hold 

tries to track this noisy signal and has the noisy signal for the conversion during hold mode. Now let us 

consider the Vref signal, an input to the Digital-to-Analog converter, also contains noise. In every step 

the DAC generates a fraction part of Vref depending on the state of switches. The noisy signals from 

sample and hold and DAC are the inputs to the comparator. The comparator generates a logic high or a 

logic low voltage depending upon whether the voltage at its Vin+ terminal is greater than that of the Vin-

terminal or not. To do so, it must be able to resolve amplitudes with a difference of LSB/2 at its 

terminals. 
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Figure 4.7: FFT for ADC operating at 0 ºC with 0.8 V Supply Voltage 

From the above discussion, that as long as the noise at the inputs is of a magnitude that the 

comparator can still make a correct decision, it is acceptable. The noise can result in a wrong decision by 

the comparator but will not propagate to the output as noise again. For the same reason, this noise will 

also not affect the digital outputs generated by the Successive Approximation Register [27].  

Figure 4.8: FFT for ADC operating at 65 ºC with 0.8 V Supply Voltage 
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Chapter 5: Conclusions and Future Work 

5.1 Conclusions  

The SAR ADC is implemented at the transistor level and its behavior is verified using 

simulations. The objective of implementing the ADC at low voltages and improving the sampling 

frequency of the binary search based CMOS SAR ADC is achieved. 

 Table 5.1: Measured ADC Performance  

Supply Voltage 0.8V 

Technology TSMC 0.25 µm CMOS 

Resolution 8 Bits 

Conversion Rate 8 KS/s 

Power Consumption 2.5640 µW 

Input Swing 0 – 0.5V 

SFDR 40.56 dB 

Temperature 27 ºC 
 

The comparison to the previous work is shown in the following table. 
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Table 5.2: Comparison to the Previous Work  

 Year Resolution Speed Supply Voltage Power Consumption 

Moetezapour, S. 2000 8 Bit 50 KS/s 1V 0.34mW 

Sheung Yan Ng 2005 5 Bit - 3V 30mW 

You-Kuang Chang 2007 8 Bit 500 KS/s 1V 7.75µW 

SAR ADC 2009 8 Bit 8 KS/s 0.8V 2.56µW 

 

5.2  Future Work  

The performance of ADC is studied in this work at 0.8 V. The future work on this includes 

designing the ADC at the sub-threshold voltages and analyzing the challenges and its performance. The 

transistor level implementation can be laid out and fabricated to test its performance. This work was 

developed on 250nm transistor length technology. More extensive research work can be carried out to 

know the performance at 90nm, 65nm or 45nm transistor length technologies.  
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Appendix 

Standard cells and gates designed in TSMC 0.25 µm CMOS technology 

 

1. OR Gate         
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2. 3 to 1 MULTIPLEXER 
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3. D-Flip Flop             
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4. Sample and Hold 
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5. Comparator 
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6. 8 Bit Digital to Analog Converter 
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7. Operational Amplifier         
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