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ABSTRACT 

The Analog to Digital Converters represent one half of the link between the world we live in 

- analog - and the digital world of computers, which can handle the computations required in 

digital signal processing. This dissertation report is focused on ADCs for biomedical 

applications, where ultra-low power consumption and small form factor is required with 

medium frequency range. Successive approximation register analog-to-digital converters 

(SAR ADCs) are attractive when low power operation is important and high-speed operation 

is not a concern. SAR ADCs appear to be most promising candidate for implantable 

biosensors, such as implantable heart-rate sensors or sensors used in neuroprosthesis 

applications. 

This dissertation report presents a 10-bit successive approximation register ADC design 

for medical implant devices. Two step capacitor switching is implemented using delay based 

control logic to reduce DAC power consumption. A dual supply scheme is used to further 

reduce the power consumption of SAR Logic. SAR logic is operated at 400mV while other 

analog circuits at lv. Maximum simplicity is provided on the ADC's high voltage level 

architecture, while all the complicated circuit for charge sharing switching scheme is 

implemented in lover voltage level along with the digital control logic circuit. Full range 

sampling is used to minimize the required voltage level. The ADC is designed in GPDK 

90nm process and simulated in Cadence Virtuoso Front and Back Design Environment. It 

consumes 24nW and achieves an ENOB of 9.2 bits. 
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Chapter 1 

INTRODUCTION 

The Analog to Digital Converters (ADCs) are heart of a system using digital signal 

processing. In the modern era a rapid evolution in digital signal processing is noticed. All the 

real world signals are analog. Analog to digital converters are the only medium which acts as 

intermediate link between the real world analog signals and modem digital signal processors. 

ADCs are a matter of research from long time and still lot of research is going on for different 

types of ADCs to improve their accuracy, to increase the speed and to reduce the power 

consumption, simultaneously. 

As the technology has grown up the use of electronics is increased significantly in 

medical science. The evolution in the semiconductor technology has made it feasible to have 

system-on-chip (SOC) having very low power consumption. The SOCs specially designed for 

low power applications can be operated with a small battery power for a long time. This 

feature has invoked the use of SOCs in medical implantable devices significantly. Cardiac 

pacemakers, neuroprosthesis sensors, and implantable cardiac defibrillators etc. are such 

medical implant devices. ADCs are very critical components in medical implant devices in 

terms of power consumption. Power consumption of such devices should be extremely low in 

order to operate for 5-10 years [1], on a small non-rechargeable battery power. In nowadays 

ADCs are available for medical implant devices with ultra-low power consumption. But there 

is still need to reduce the power consumption and form factor without degrading the ADC 

performance. 
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1.1 ADC Terminology 

There are a lot of ADC designs are available in the market. So, we need a baseline to 

compare the performance of various ADCs. There are many parameters on which an ADC 

performance can be compared. Some important parameters which are standardized 

worldwide are covered in this section. These parameters are characterized in two major 

sections 1) static parameters and 2) dynamic parameters. 

The parameters which characterize the DC input characteristics of the ADC are called 

static characteristics. Thus, static parameters are measured with DC input voltage. The 

dynamic parameters are measured with varying input signal and they tell us the frequency 

response of ADC. 

1.1.1 Static Parameters 

For an ADC the error calculation is done by the taking the difference between the theoretical 

input and the actual input which is required to generate a particular code at the output. There 

are different types of errors defined as static parameters for an ADC which are listed 

following. 

Analog Resolution: 

The smallest increment in the analog input voltage corresponding to the change of output 

code by 1 LSB is called the analog resolution of the A/D converter. As an example, for a 10-

bit ADC with a full scale input range of OV-1V the resolution is about 0.97mV ((1-0)/2'0). 

Offset Error: 

The difference between the theoretical input and the actual input voltage that is needed to 

change the initial output 000...00 to the next output 000...01 is called offset error of the ADC. 

Fig. 1 . 1 (a) shows ideal 3-bit ADC transfer characteristic. Offset error is shown in Fig. 1.1(b) 

Gain Error: 
4- 

The difference between the slope of the lines connecting the initial output transition 000.. .00 

to 000.. .01 and full scale output transition 111... 10 to 111... 11 on the input output graph for 

actual and the theoretical transitions. Fig. 1.1 (b) shows the gain error for a 3-bit ADC. 
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,I1. Differential Non-Linearity Error (DNL): 

The difference in the step size of an ideal ADC and that of real ADC is called differential 

non-linearity error. If the transition width (bin) of each code of ideal ADC is A and the bin for 

kth output code of ADC is Ak,  then the differential nonlinearity error for the kt]  bit will be: 

A 
DNL= k -A (1.1) 

A 

Integral Non-Linearity Error (INL).- 

The INL shows the difference of the transfer function of a real ADC from the ideal ADC. As 

the name specifies INL is summation of previous differential nonlinearity errors of all the 

previous bits. 

IiNL= DNL (1.2) 

1.1.2 Dynamic Parameters 

The dynamic parameters tell us about the speed and the frequency response of the analog 

components of the ADC. These parameters are defined in terms of frequency, data-rate 

conversion or time or defined corresponding to dynamic conditions. The quality of dynamic 

features is determined as their capacity to remain same for the full dynamic operation range. 
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Signal-to-Noise Ratio (SNR): 

SNR accounts for the noise introduced by the circuit itself and the quantization noise for the 

entire Nyquist interval. For the calculation of SNR of an ADC a sinusoidal signal having 

peak-to-peak voltage equal to the full scale input range of the ADC is applied to its input. The 

output of the ADC obtained is a quantized sinusoidal signal along with the noise added by the 

ADC circuit. The Fourier transform of the output is calculated. SNR is given by the ratio of 

amplitude at the input signal frequency and root mean square value of other frequency bins 

excluding the harmonic noise. The SNR is generally dependent on the frequency of the input 

signal. 

For an ideal ADC the noise present in the output signal is only due to the quantization 

error. Thus, the SNR of the ideal ADC is only dependent on the number of bits N which 

decide the quantization error. For an N-bit ideal ADC the expectation value of the 

quantization error voltage will be given by: 

- (1.3) 
12 

where, A is the resolution of the ADC. The rms value (Vrins)Of full-scale peak-to-peak input 

voltage (VFs) is given by: 

V.. 

= 

2NxL 

V = 2 2,[2  
(1.4) 

Thus the SNR for an N-bit ideal ADC is: 

SNR= 
FE 

_ 2 -/i (1.5) 
E2  

Generally the SNR is expressed in db. 

SNRdB  = 6.02N + 1.76dB (1.6) 



Signal-to-Noise-and-Distortion Ratio (SINAD, S/N+D or SNDR): 

SINAD is same as that to SNR in terms of definition but the difference is that the distortion 

occurred due to the input sine wave frequency is also added to the noise for the noise 

calculation. For an M-point FFT of the output of ADC with sinusoid signal applied at its 

input, if the frequency of the input signal fin  resides in the frequency bin in, then the SNDR of 

the ADC is given by: 

rn—I M12 

SNDR = 10 log A 1  >A + > A (1.7) 
I k- rn+l 

where, Ak is the amplitude of the khhl  frequency bin. 

Very often several bins close to fundamental frequency f 1  are not accounted in the 

calculation to avoid the spectral leakage. The SNDR depends on the frequency and the 

amplitude of the input signal and degrades at higher amplitude and frequency. 

Effective Number of Bits (ENOB): 

ENOB is simply a way of representing the SNDR in terms of bits rather than in decibels. The 

representation in bits is done by solving the ideal ADC SNR equation: 

SNR =6:02N+ 1:76dB 

using the measured SNDR, for the number of bits N. The ENOB is thus given by: 

SNDR —L76 dB 
ENOB= (1.9) 

6.02 dB/bit 

1.2 Selection of the Right ADC Architecture 

Among the different ADC architectures, choosing the right architecture is a very crucial 

decision. For medical implant application the requirement is extremely low power 

consumption with a sampling frequency range from 1-100 KHz approximately. Sampling rate 

with respect to resolution of different ADC architecture's is shown in Fig. 1.2 [2]. Sigma-

delta ADCs have high resolution but though are slow. Thus, Sigma-delta ADCs are 

commonly used in industrial management, audio and voice band. The Successive 



Approximation (SAR) ADCs have a medium frequency range and has a resolution from 8 

bits to 18 bits practically and are suitable for data acquisition. Flash ADCs are used for high 

frequency and low resolution. Pipeline ADCs are used at GHz range up to a resolution of 16 

bits. 

20 

24 

U) 16 
.0 

0 
12 

 
U) 

a 8 

4 

1K lOOK IM lOOM lOG 

Sampling Rate (Hz) 

Figure]. 2: Sampling rate vs. resolution of various ADC 'S types [2] 

SAR ADCs appear to be best candidate for medium frequency range and low power 

consumption. The SAR logic and comparator consume most of the power for lower 

resolution SAR ADCs (<6b), while charging and dis charging of capacitive array DAC is 

most power consuming for higher resolution ADCs. Since the capacitive array size increases 

exponentially with increasing resolution, so the power consumption and the area also increase 

exponentially. 

1.3 Thesis Contribution 

This dissertation report presents a SAR ADC design at 90nm technology. Designing an 

extremely low power ADC for such a low sampling rate at deep sub-micron technologies ( 
90nm) incur significantly different problems. One of the big problem is that leakage i.e. sub-

threshold conduction increases with reducing device size. For the digital circuit design 

leakage increases the static power consumption while for the analog circuit design leakage 

deteriorates the ADC performance as well. In a capacitive array SAR ADC the input is 



sampled and held on the capacitor array in the form of stored charge. This stored charge gets 

altered significantly because of high leakage through the sampling switches deteriorating the 

performance. Low leakage circuit design techniques are employed to address the issue. Apart 

from leakage high gate current of MOS transistors [3] at deep submicron technologies is a 

great matter of concern. The capacitive arrays of SAR ADCs are connected to the comparator 

4 
for the comparison. The charge stored on capacitive DAC gets altered significantly by the 

gate current of a MOS transistor of the comparator to which it is connected. To resolve this 

issue the comparator is designed in two stages. The first stage is specially designed in such a 

way that it reduces the corresponding gate current to an acceptable range. The next stage of 

the comparator is designed to amplify the output of first stage and to obtain rail to rail output. 

This thesis presents a 10-bit SAR ADC design that achieves ultra-low power 

consumption of 24nW at an operating frequency of 1kS/s with an ENOB of 9.2 bits near the 

Nyquist input frequency. A dual supply scheme is used to minimize the power consumption 

in SAR logic as well as maintaining high ENOB. SAR Logic is operated at 0.4V supply and 

analog supply is kept at 1V. 

1.4 Thesis Organization 

This thesis consists of six chapters. The chapters are organized as following. 

Chapter 2 provides the basic understanding about SAR ADC architecture and its 

working principle. It describes the principles and working of the differential SAR ADC 

architecture which is implemented in the dissertation work. It also describes about the 

different techniques which are employed to the differential SAR ADC architecture to reduce 

the power consumption and to improve the ADC performance. 

Chapter 3 is about the design and implementation of analog components required for 

the differential SAR ADC. It deals with the capacitor array DAC design. The proposed 

design of delay circuit for 2-step capacitor switching implementation is presented in this 

chapter. The proposed two stage comparator design to reduce the gate current of the input of 

the comparator is also presented here. It also shows the design of sampling switch and level 

shifter employed in the implemented SAR ADC. 

Chapter 4 deals with the design of the digital components employed in the implemented 

SAR ADC. It shows the SAR logic design, 4-bit counter design, decoder and thultiplexer 

7 



design. The design of proposed transmission gate T flip-flop with enable and asynchronous 

reset input is shown in this chapter. The design of different D flip-flops optimized with SAR 

logic operation is presented here. This chapter also presents the D flip-flop design 

incorporated with the delay circuit used for 2-step capacitor switching implementation. 

Chapter 5 shows the final simulation results of the ADC. It shows the output waveform 

of the ADC. The layout of the different sections of the ADC and the complete layout is also 

shown here. The simulated static and dynamic performance of the implemented SAR ADC is 

also shown here. This chapter also shows the total power consumption and the power 

consumption of the different sections of the ADC is shown here. 

Chapter 6 concludes this dissertation report. 
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Chapter 2 

SAR ADC 

.11 2.1 SAR ADC Basic Architecture 

Fig. 2.1 shows the simple SAR ADC architecture. It consist of a DAC, a track and hold 

device, a comparator, an N-bit shift register and a SAR logic controller. A SAR ADC utilizes 

binary search algorithm. 

ANALOG IN P I TRACK/HOLD 
v 'NcPARATOR 

N-BIT 
REF DAC 

DIGITAL DATA OUT 

N-BIT 
(SERIAL OR PARALLEL) 

REGISTER 

SAR 

Figure 2.1: SAR ADC Basic architecture 

The input (VIN) which is to be converted to digital signal is applied to track and hold 

device. To apply successive approximation algorithm the MSB of N-bit shift register is set to 

HIG1-I keeping the other bits LOW. The DAC converts the output of shift register to the 

corresponding analog voltage. Al! the bits of N-bit shift register have binary weightage (MSB 

= VRIj:/2, MSB-1 = Vpj /4 etc.). Since the weightage of MSB is VREF/2, thus the DAC output 

is VRI.:I:/2.  The DAC output is then compared with the sampled input analog voltage (V) by 

the comparator. If VIN > VREF/2  the output of comparator is I-uGH and LOW if VIN is less 



than VREF/2.  Now the decision for MSB is taken depending upon comparator output. If 

comparator output is HIGH (LOW), MSB is kept I-IIGI-I (LOW) for the entire conversion 

process. The SAR logic now moves to MS13-1 and is set to HIGH for the next comparison. 

The process continues until all the bits up to LSB are decided. The converted digital output is 

now available at N-bit shift register output. 

2.2 Description of Internal Major Blocks 

The SAR consists of the three major sections. Firstly the capacitor array DAC, the SAR logic 

and the comparator. 

2.2.1 Capacitor Array DAC 

Fig. 2.2 shows a 5-bit DAC using binary weighted capacitor array. R-2R resistive ladder 

network can also be used but are avoided to constant power dissipation in the resistive 

network. Capacitive array DAC is mostly used for low power consumption. The capacitor 

array consists of one additional capacitor equal to that of LSB capacitor. Switches are used to 

connect the bottom plate of the capacitors to predefined voltage levels. A comparator is used 

to compare top plate voltage level of capacitors to a reference voltage. Three steps are 

required for a conversion to be accomplished. 

Sample Mode: 

In the sample mode input is sampled at the top plates of the capacitor array of the DAC. 

Firstly the top plates of the capacitor array are connected to ground and the bottom plates are 

connected to the input voltage through the switches as shown in Fig. 2.2. The capacitor array 

gets charged proportional to the input voltage. 

QX -2C VIE 
vv=o 

V,,, 0— 
REF 

Figure 2.2: 5-bit A/D converter illustrating the sample mode operation [4] 
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Hold Mode: 

Fig. 2.3 shows operation for hold mode of the DAC. The switch which earlier had connected 

the top plates of the capacitor array to the ground is opened. The bottom plates of the 

capacitor array are connected to ground. Because of charge conservation on top plates of the 

capacitor array the potential on top plate becomes - VIN. 

Qx=-2CVIN  
v,.=-v.. 

2 
VIN VREF 

Figure 2.3: Pre-redistribution hold mode operation 141 

Charge Redistribution Mode: 

Fig. 2.4 shows charge redistribution. Once the input gets sampled on the top plates of the 

capacitor array in the hold mode the comparison of bits starts successively from MSB to 

LSB. Firstly for the MSB testing the bottom plate of the MSB capacitor (largest capacitor) is 

connected to the reference voltage VREF.  The capacitor array now acts as a voltage divider 

network with two equal capacitors in series. Thus the voltage (Vx) at top plates of the 

capacitor array gets raised by VpF/2.  Since Vx was equal to —VIN due to the stored charge on 

the capacitor array, Vx now becomes: 

Vx = —V + VREF/2 

The comparator senses the polarity of Vx. The output of comparator is HIGH if Vx <0 

and LOW if Vx >0. Alternatively this means comparator goes HIGH if VrN > VREF /2 

otherwise goes LOW if VIN <VR1 /2. Thus MSB is set to HIGI-! for VIN > VREF /2 or set to 

LOW for VIN < VREF /2 accordingly. The switch connecting MSB capacitor to Viur  Si is 

returned to GND only if MSB is LOW. SAR logic now moves for the comparison of MSB-1 

bit. Bottom plate of MSB-1 capacitor is connected to VREF and comparison is made for the 

next decision. The process continues in a similar manner until all the bits are decided. The 

converted digital output is now available. N-bit conversion requires N charge redistribution 

cycles. 



Q-2CV 

V REF 

Figure 2.4: Charge Redistribution Mode Operation f4J 

2.2.2 Comparator 

A comparator compares two analog inputs and generates a binary output depending upon the 

result of the comparison. The input terminals of the comparator are generally named as 

inverting terminal and non-inverting terminal. The comparator output is HIGH if non-

inverting terminal voltage is greater than the inverting terminal voltage. This behavior is 

defined for an ideal comparator. A practical comparator has many limitations such as it has a 

finite gain, input offset slew-rate limitation etc. The comparator has a smaller delay time if 

the input voltage difference is larger but it also has a upper limit due to slew-rate. Because of 

the input offset voltage the comparator output does not changes if the voltage difference at 

the input is smaller than the input offset voltage of the comparator. 

2.2.3 SAR Logic 

The SAR control logic consists of several D flip-flops and a processor which controls the 

inputs of the D flip-flops. The processor generates the control signals which control the 

switches of the capacitor array DAC and the multiplexes to connect the output of comparator 

to D flip-flops or to memorize the result of data conversion. 

Fig. 2.5 shows the controller has three inputs clock, clear and the output of 

comparator. Depending upon the output of the comparator the current state of the ADC the 

processor generates the control signal for the switches of capacitor array DAC for the next bit 

comparison and stores the current bit result into the corresponding D flip-flop. 
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Figure 2.5: Schematic of SAR control logic 

2.3 Implemented SAR ADC Differential Architecture 

A 10-bit differential SAR ADC architecture is shown in Fig. 2.6 (a) and the switching 

waveform of capacitor array DAC is shown in Fig. 2.6 (b). It consists a binary weighted 

capacitive DAC, a two stage reduced gate current dynamic latched comparator, an ultra-low-

power delay based SAR logic employing 2 step capacitor switching, and a contention 

mitigated low power level shifters between the low voltage SAR control logic and high 

voltage analog sections. Differential ADC architecture is utilized to minimize the common-

mode noise. 
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Fig. 2.6: (a) Differential  SAR ADC architecture (b) Waveform ofDAC switching [51 
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2.3.1 lop Plate Sampling 

In a conventional SAR ADC [4] top plates are set at a fixed voltage or reset to ground, the 

sampling of input voltage is done on the bottom plates of the capacitor array. Commonly one 

of the power rails are chosen as a reference voltage in order to avoid an extra voltage level 

(VR11=VDD). But the most common problem in choosing the rail voltage as reference voltage 

It is that the output goes beyond the rails when input sampling range is rail to rail. The input 

sampling range can be decreased to solve this problem but at a cost of reduced signal to noise 

ratio. 

A different sampling and switching scheme is used in this ADC in order to avoid the 

DAC output going beyond the rails and also to use full range input sampling. MSB is preset 

in this ADC and the sampling is done at the top plates of the capacitors instead of bottom one 

.4- 
to achieve full range input sampling keeping DAC output within the rails. As the Fig. 2.7 

shows, the inputs to be sampled are connected initially to the top plates of the capacitor array 

through the sampling switches and MSB is set to HIGH keeping all the other bits LOW, 

simultaneously. In the next clock cycle the sampling switches are opened and the input data 

gets sampled on the top plates of the capacitor array. The input is applied to the comparator 

for the first comparison. MSB in this case is a sign bit. If VIACp  is greater than VDACN,  the 

MSB remains FIIGI-I or goes LOW otherwise. The next approximation step starts by setting 

MSB-1 to HIGH, and again comparison is performed by the comparator in the same manner. 

The process continues in a similar manner until all the 10-bits are compared. 

(a) (b) 

Pig. 2.7: (a) Capacitive DAC sampling phase with MSB preset (b) Related time sequence [1] 
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As shown in Fig. 2.7 bottom plates of MSB capacitors are connected to opposite rail in 

comparison to entire capacitive array. If sampled voltage VIN  is greater than V1 , MSB is 

reset. The polarity of bottom plates of the MSB capacitors changes. The top plate voltage of 

the two capacitor arrays now becomes: 

VDACP = V1p + VjF/2 

VDACN = VIN - VIF/2  

VDACP - VDACN = V1  - V + VIF 

Since the difference VDACP - VDACN gets added by a voltage VREF  and Vip and VIN  are 

within the supply rails, VI)Acp now becomes greater than VDACN. Thus, the DAC output 

remains within the rails for the entire conversion cycle. For full-scale sampling of the input 

the common mode of the differential input is equal to the mid-rail voltage and thus the 

common mode voltage of the output of the DAC is also at the mid-rail voltage. If the 

common mode input of the comparator is constant it reduces the amic offset of the 

comparator [6]. 

2.3.2 2-Step Switching */ 

2-step switching is implemented in this design to reduce the switci n-jowerof the capacitor 

array DAC. This section shows the advantage of 2-step switching method over single step 

switching method. For the ease of computation the calculations are carried out for only 2-bit 

capacitor array DAC. 

The conventional I step switching is shown in Fig. 2.8 in which the MSB capacitor (C2) 

is switched down and the MSB/2 capacitor (C1 ) is switched up simultaneously. The energy in 

this case drawn from VRI+ is [7]: 

EI_2IStep  = COVEF (2.1) 

For implementation purpose this method is simple as numbers of switches required are 

less and the numbers of required clock cycles for the switching are also less. 
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Figure 2.8: 1-step switching method for a "down" transition [7] 

In the two step switching method same transition is done in two steps rather than one 

step. In the ls  first step of switching (time Ti to T1.5), both the capacitors C1  and C2  are 

connected to VREF.  In the second step, at time TI.5, the capacitor C2  (largest) is disconnected 

from VREF and connected to ground, as shown in Fig. 2.9. 

The total switching energy drawn in this case is [7]: 

= COV EF (2.2) 

Comparing the eq. 2.1 with eq. 2.2 we can see that 40% of the switching energy while 

down switching can be saved by two step switching method. Qualitatively, some of the stored 

charge of C2  is shared with C1 . Two step switching method is shown in Fig. 2.9. 
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?
CO  

I Ic1 
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T-I-Lvx 

v  C 

 C - I 
L~_T COT T-T-T oo  

TIME I TIME 1.5 TIME 2 

Figure 2.9: 2-step switching method for a "down" transition [71 

2.3.3 Dual Supply Scheme 

Operating at lower supply voltage is an effective technique to reduce power consumption due 

to leakage as well as to reduce the switching power consumption also. At significantly lower 

data rates as our requirement is, low supply voltage operation is very effective to minimize 

the static as well as dynamic power consumption. The transistors become slow at lower 

supply voltage but can still fulfill the speed requirement because of low frequency operation. 
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The problem with using lower supply voltage is that the effect of noise increases on the 

analog circuit and their dynamic range is also reduced which can degrade the performance of 

the ADC severely. To avoid degrading the ADC performance because of lower supply 

voltage a dual supply scheme is used. The digital circuit is operated at lower supply voltage 

to reduce the power consumption while supply for the analog voltage is kept higher to 

maintain the ADC performance in a reasonable limit. Voltage level shifters are used to 

communicate between the SAR logic and the capacitive array DAC. Voltage level shifters 

convert the low voltage level digital signal generated by the SAR logic to high voltage level 

digital signal. 
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Chapter 3 

DESIGN OF ANALOG COMPONENTS 

3.1 Capacitive Array DAC Design 

To minimize the power consumption and area of a binary weighted capacitive DAC, its unit 

capacitor should be kept as small as possible. More commonly the size of the unit capacitor is 

determined by thermal noise or capacitor mismatch. 

Generally, the modeling of the unit capacitor is done with a nominal name of C and 

with a standard deviation of o. The worst-case standard deviation of integral nonlinearity 

error (INL) and differential nonlinearity error (DNL) occurs at the MSB transition for a 

binary-weighted capacitive array ADC. This happens because of the accumulation of 

mismatch of the capacitors. 

The DNL and INL can be represented in terms of LSB according to the analysis in [8] 

as following: 

UDNLMAX /2N_1LSB (3.1) 
CU  

°INL,MAX = 
J2NI ---LSB 

CU 

(3.2) 

where N is the resolution of the ADC. Comparing eq. (3.1) with eq. (3.2), the worst case 

standard deviation of the DNL derived is greater than that of the worst case standard 

18 



deviation of the 1NL. Therefore, eq. (3.1) is taken as a reference to analyze the value of unit 

capacitor. The standard deviation for a typical metal-insulator-metal (MIM) capacitor is given 

by: 

(c' Ka  I=---- and C=Kc.A (3.3) 
c) ./A 

where (AC/C) is the capacitor mismatch standard deviation, A is the capacitor 

implementation area, K is the capacitor matching coefficient, and Kc is the density 

parameter of the capacitor. The standard deviation of a nominal value single capacitor is 

smaller than the standard deviation of the difference between two capacitors by a factor J2. 

Thus, (AC/C) divided by I2 is equal to 3DNLMAX should be greater than 0.5LSB for 

high yield. Combining the earlier equations, the minimum value obtained for the unit 

capacitor to avoid mismatch effects is: 

C=18x 
2N1 xK0xK (3.4) 

The density of MIM capacitor is 1.1 ffIim2  in this technology and has a matching 

coefficient of 1%. According to the above calculations the minimum unit capacitance is 

obtained to be 2.2fF. All of the above calculations discussed so far, is for the single-ended 

capacitive array DAC architecture. 

Because of the differential ADC architecture, the unit capacitance can be halved in this 

design while still fulfilling the requirement for the mismatch. This can be done because the 

signal range gets doubled by the differential mode but the voltage error introduced because of 

the mismatch is increased only 42 times. 

Two more factors are there which are dominant over the mismatch to decide the value 

of unit capacitance. The first one is leakage through the sampling switch and the next one is 

the tunnel gate current of the transistor of the comparator to which it is connected. Because of 

the deep submicron technology both of these effects alter the stored charge on the top plates 

of the capacitor array. Thus, the unit capacitor is set higher than 2.2ff to minimize the error 

introduced by them. 

Except of that, the design rule itself has limit on the minimum value of the MIM 

capacitance which can be fabricated. The minimum value of MIM capacitance which can be 

fabricated by this process is 17.6ff. Accordingly, the value of unit capacitance in our work is 
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defined to be 8.8ff. which is implemented by the series connection of two minimum MIM 

capacitors defined by the process limitation. Thus, the total capacitance of each side of the 

capacitive array DAC is about 9pF. 

A partial common centroid layout scheme is used for binary weighted DAC capacitor 

array implementation. A common-centroid configuration is utilized for the layout of the MSB 

capacitors (C9-05) to reduce the errors which occurs due to the non-uniform growth of the 

oxide during fabrication of the MIM capacitors. The other capacitors (C4-Co) are placed near 

the switches connecting the bottom plates of the corresponding capacitors in order to reduce 

the parasitic capacitances and resistances due to interconnect and to simplify the routing as 

well. The layout floor plan of one side of the capacitive array is shown in Fig 3.1. The layout 

of other side of the capacitive array is its mirror image. 

H- 
•--- 

. C3  

H CO  

C9  C8  C7 C9 C8  C7  C6  C5  C6  C7  C8 C9  C7  C8 C9  

Figure 3.1: Partial centroid layout of capacitor array DAC 

3.2 2 Step Switching Implementation 

2 step switching scheme is implemented using the delay circuit. The delay circuit associates 

the delay only to the falling edge of input signal. The circuit is explained further in section 

3.3. For D8  to D0  switching the delay circuit is inserted between the two latches of the flip-

flops used in SAR logic as shown in Fig. 3.2. It increases clock to output delay of the flip-

flop for the rising edge only. For MSB flip-flop delay is inserted at the rising edge of the set 

input as it switches opposite to others in the first clock cycle of each conversion. Since the 

delay circuit increases transition time, special care has been taken in the succeeding latch 

design such that the transition time is minimized at the inputs of level shifters. 

20 



Fol 

r eiay I I i0 
-C 

Circuit H fl _'. 

CLK 

-a Figure 3.2: Dflip-flop using delay circuit 

3.3 Delay Circuit 

Since the delay required is in order of few .tS, it is not practical to be obtained by using the 

inverter delay [9]. Fig 3.3(a) shows the delay circuit. This circuit introduces the delay only to 

the falling edge of the input waveform. The input is applied to the NMOS MNlwhose drain 

is connected to the VDI)  through a source-gate connected PMOS transistor MP I so that MP 1 

always remains in OFF condition. MPI and MNI are sized in such a way that the OFF state 

leakage current of MP1 is significantly higher than OFF state leakage current of MN1. Thus, 

when the input is LOW i.e. both the transistors are in OFF condition, node A remains HiGH. 

At the falling edge of the input the MN1 turns OFF and MPI charges 'node A' slowly which 

causes the delay. At the rising edge of the input MNI turns ON and 'node A' goes LOW 

sharply. Thus, the delay is associated to the falling edge of the input only. 

For a process, the OFF state leakage current of a PMOS transistor is an order of 

magnitude lower than that of NMOS. Therefore, MP1 is implemented by using a low 

threshold transistor utilizing its high OFF state leakage current feature in order to avoid the 

need of an extra wide transistor. The delay is associated by MP 1 to rising edge of node A but 

not at the falling edge. When the input is low both the transistors MP1 and MThTl are in OFF 

state thus their drain to source resistance are high. Since, both these resistances act as a 

voltage divider network. Even though drain to source resistance of MP 1 (OFF state) is 

designed to be much smaller than drain to source resistance of MN 1 (OFF state) but still they 

are comparable to each other. As a result 'node A' remains at few millivolts (20 mV approx.) 

lower to VDD.  Thus, the succeeding stage should be designed in such a way that the leakage 

current due to lower voltage at 'node A', can be minimized. An inverter is used to minimize 

this sub-threshold leakage current. It also maintains the rise and fall time of the pulse in 

-4. reasonable limit. Fig. 3.3(b) shows the simulated waveform of the delay circuit. 

Since, the sub-threshold current of a PMOS transistor is an order of magnitude lower 

than that of a NMOS transistor for a given technology, same circuit is used to associate a 
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delay in rising edge of a signal with the help of inverter. If a complementary delay circuit 

with a source gate connected NMOS transistor is used to associate a delay in rising edge of a 

pulse, the sub-threshold leakage current of the NMOS of succeeding inverter will cause 

comparatively much higher power consumption. Fig. 3.4(a) and 3.4(b) shows the rising edge 

delay circuit and its simulated waveform, respectively. 

Figure 3.3: (a) Delay circuit (b) Simulated waveform. 
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Figure 3.4: (a) Rising edge delay circuit 'b) Simulated waveform. 

3.4 Comparator Design 

The top plates of capacitive array DAC are connected to the comparator for comparison. 

Since, there is a finite tunneling gate current of MOS transistors for each technology, the 

charge stored on the top plates of the capacitors is consumed by the comparator. At such a 

low sampling rate of 1kS/s the total charge consumed per conversion cycle is significant. As 

the technology length of the MOS decreases the thickness of gate oxide also gets reduced 

ON resulting in higher tunnel gate current. Because of the increasing gate current with decreasing 

channel length, stored charge consumed by the gate current of the comparator significantly 

alters the DAC top plate voltage level, degrading the ADC performance. 
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The gate current of NMOS is an order of magnitude higher to that of PMOS for a given 

CMOS technology. Thus, the comparator design is chosen in such a way that the transistors 

to which the top plates of capacitive array DAC are to be connected, should be PMOS 

transistors. Even though gate current of PMOS is much less than that of NMOS, it is much 

higher at lower technology length to deteriorate the ADC performance. Fig. 3.5(b) shows the 

gate current of PMOS for two different configurations, 1) drain and source of PM 1 is tied 

together and its source voltage is varied from OV to 1V keeping gate at OV and 2) gate drain 

of PM2 is connected to ground and its source is varied from OV to 1V. Fig. 3.5(a) shows the 

circuit used for gate current evaluation. The graph shows the gate current of PMI is almost 

double to that of PM2 even though the VDS  of PMI is zero. This shows that the gate current is 

not due to hot carrier effect. The gate current of PMI is approximately double to that of PM2 

because both the drain and source of PMI are at high potential while only the source of PM2 

is at high potential. 

Figure 3.5. (a) Gate current circuit ('b) Gate current for 90nm technology with (W/4),1 , 

As we see from graph of Fig. 3.5 (b) the gate current of PM2 is about 50pA. For a 

sampling frequency of 1kS/s the hold time of the DAC is about 833is. The comparator is in 

comparison mode for only half of the clock cycle. Thus, the total charge consumed in one 

conversion cycle is about 21fC (Q = I x  T). Since, the total capacitance of each side of the 

DAC is about 9.1pF, the total voltage change on each side is about 2.3mV (V = Q/C). For a 

10-bit differential ADC with input range 0-IV the resolution is 1.95mV. Thus, the error 

introduced is not acceptable. 
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From graph of Fig. 3.5 (b) we got the conclusion that both the drain and source terminal 

of the PMOS should be kept at lower potential to reduce the gate current. One way to do that 

is to reduce the power supply (VDDH) but it will degrade the ADC performance in other 

design aspects. Furthermore, the current through those PMOS is limited by a series 

connection of a PMOS operating in sub-threshold region. 

Two stage dynamic latch comparator is shown in Fig. 3.6. The first stage of the 

comparator is inherently designed to minimize the effect of the gate current. The dynamic 

latch comparator proposed by [10] is modified with MP1 and MP2 connected in OFF state to 

minimize the current through MP3 and MP4 respectively, thus minimizing the effect of gate 

current. Because of extremely low driving current of 1st stage output VP 1 and VP2 does not 

achieve rail to rail voltages and are sensitive to loading effect. 2nd stage of comparator is 

used to obtain rail to rail output without having a loading effect on the 1st stage. The output 

of the second stage is followed by a SR latch to make the output available for full clock 

cycle. 
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Figure 3. 6. Dynamic latch comparator (a) 1i  stage, 2nd stage and (c) SR latch 

Fig. 3.7 shows the simulated waveform for comparator. CLK1 and CLK both are low for 

approximately lOjtS. Consequently, both comparator stages are in the evaluation phase for 

this lOj.iS. A delay element is used to provide delay in the rising edge of CLK1 which is 

explained further in section 2.3. 

r-- _ 
_ 

II'i 
- -------------------------- ---- - - I----------------------- 

fyI'l /VN1 

'VO? /VON I 

Ll ----------- L-1 

0 50.0 100 150 200 250 300 350 
time (us) 

Figure 3.7: Simulated waveform of 2-stage comparator. 
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3.5 Sample Switch Design 

Sampling switch connected to the top plates of the capacitor array is implemented through a 

transmission gate, to achieve full range sampling of the input. The DAC capacitor array along 

with a sampling switch performs the sample and hold operation of the ADC. For the sampling 

switch design of an N-bit SAR ADC the settling error of the voltage sampled on the top 

plates of capacitor array should be less than half of LSB. For an N-bit ADC, the settling error 

of the sampled voltage should be less than LSB/2. The required criterion for this is [11]: 

"3dB > fs  
(N + 1).1n2 

(3.5) 
71 

wheref is the sampling frequency. The sampling frequency for this design is determined by 

the clock frequency. The clock frequency for this circuit is N +2 times higher than the 
4 

sampling rate. Thus, eq. (3.5) can be written as: 

(N + 2).(N + 1).1n2 
3dB > f (3.6) 

71 

Based on the eq. (3.6), the minimum required switch resistance is about 30 kl-Iz for a 1-

kS/s SAR ADC with 10-bit resolution. Since, the total capacitance of single side of capacitor 

array DAC is about 9.lpF, the on-resistance of the sampling switch should be less than 583 

kn so that the settling error remains less than half of LSB. 

Apart from settling error, the leakage current of the sampling switch is also one of the 

major issues because of high leakage current at deep-submicron technology level. Since, the 

sampling rate of the ADC is very low i.e. 1kS/s the error voltage introduced by the sampling 

switch leakage current can degrade the performance of the ADC severely. Due to deep-

submicron technology design the OFF resistance of the transistor is comparatively very low. 

Thus, OFF state leakage current of the transistor is dominant. Also, the leakage current has a 

non-linearly dependent over the voltage drop across the sampling switch. Because of this 

non-linear dependency the leakage current introduces harmonic distortion. One common 

solution to bring down the sub-threshold leakage is to increase the channel length of the 

transistor. Another effective way of leakage current reduction is to use stacked-transistor [12] 

(shown in Fig. 3.8). 
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Fig. 3.8 (e) shows the leakage current of 2, 3 and 4 transistor stacked transmission gate 

(shown in Fig. 3.8 (a), 3.8 (b) and 3.8 (c) respectively) switches with respect to input voltage. 

The circuit used to plot the leakage current is shown in Fig. 3.8 (d). It can be observed that 

the leakage current as the number of stacked transistor in the switch increases. The reduction 

in the leakage current with the increasing number of stacked transistors decreases 

exponentially. 

Fig. 3.8 (f) shows the contribution of NMOS and PMOS leakage current in the total 

leakage current with respect to input voltage variation of two transistor stack. It can be 

observed from the graph that the leakage current contribution of NMOS is much higher than 

that of PMOS. It also can be observed that the leakage current due to the NMOS increases 

significantly when the input voltage reaches near OV. 

Fig. 8.3 (g) shows the leakage current of 2, 3 and 4 transistor stacked transmission gate 

with respect to channel length. The length of each transistor in the stack was varied from L 11  

to 10L11111 . It can be observed from the graph that the leakage current is minimum, when the 

channel length is about 1 to 1 This happens due to the combined effect of short 

channel effect (SCE) and reverse short channel effect (RSCE) [13]. 

Keeping the above facts in mind sampling switch is implemented through a 

transmission gate having 4-transistor stack of NMOS and 2-transistor stack of PMOS. Fig. 

3.9 shows the sampling switch circuit diagram. The charge injected on the top plates of the 

capacitor array through the PMOS and NMOS of the sampling switch is of opposite polarity. 

Thus, the net charge injected is comparatively smaller. The introduced error voltage is 

significantly small because charge introduced by the sampling switch is shared by the entire 

capacitor array. 

1TT1 

Figure 3.9: Sampling switch 
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3.6 Level Shifter 

A level shifter is required to control the DAC and the sampling switch by the SAR logic. The 

contention mitigated level shifter [14] shown in Fig. 3.10 is used. Its complementary outputs 

can be directly used to control the bottom-plates of the both the capacitor arrays. Thirteen 

level shifters; ten for DAC control signals, two for the two clocks of two stage dynamic latch 

comparator, and one for the sampling switch, are used in the entire design. 

VDDH 

Figure 3.10: Level Shifter [14] 
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Chapter 4 

DESIGN OF DIGITAL COMPONENTS 

4.1 SAR Logic Design 

SAR Logic generates control signals for DAC and sampling switches. Fig. 4.1 shows the 

block diagram for SAR logic. The working mechanism of 10-bit shift resister is similar to 

that of [15]. 

A 4-bit counter followed by 4 to 2 decoder (output for 0 and 11 only) is used to 

generate I KHz internal clock for sample signal and counter reset signal. The generated 

sample signal itself is used as set and reset signals for the shift register. Synchronous counter 

is used instead of asynchronous, in order to avoid glitch in the sample signal to preserve the 

performance of the ADC. 14 transmission-gate flip-flops are used for entire SAR control 

logic. 

Several power reduction techniques have been utilized: 1) optimized channel length 

considering the effect of SCE and RSCE; 2) use minimum transistor width; 3) stacked pair 

transistors wherever required mostly for NMOS; 4) lower supply voltage for SAR logic 

operation. Because of low drive current, drive strength of gates are poor. Input signal 

transition times were evaluated carefully at each gate input to avoid unwanted increase in 

short-circuit current. 
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Figure 4.1: SAR Logic Block Diagram 

4.1.1 SAR Operation 

The SAR assumes that keeping the other bits LOW, the MSB is set to HIGH for the 

initialization step. The digital word stored in the 10-bit shift register is applied to the 

capacitor array DAC, which generates the corresponding analog output which is FS/2 (where 

FS is full-scale sampling range of the analog input). The DAC output is then compared to the 

input voltage VIN.  If  VIN  is greater than the DAC output then the comparator output obtained 

is HIGH. SAR keeps the MSB HIGH if the output of the comparator is HIGH. If the output 

of the comparator is low, the SAR logic sets the MSB to low. The value of MSB is known at 

this stage. The digital word is once more applied to the DAC with MSB having its previously 

known value and the next bit to MSB (MSB-1) is set to high keeping all the other remaining 

bits low. Again, the comparison is made with the sampled input and the output of the DAC is 

applied to the SAR logic. If the comparator output is high, the next bit to the MSB (MSB-1) 

is proven to be high otherwise low. The successive approximation step is applied to the other 

remaining bits also until the value of LSB is determined. The finite state machine (FSM) 

sequence for a 10-bit SAR logic is shown in table 4.1. 

I able 4.1: 1M sequence, Iv = I U 

Step Input D/AWord 
COfiP 

: 
3 a9 a8 a7 a6 a5 1 0 0 0 0 a4 
4 a9 a8 a7 a6 a5 a4 1 0 0 0 a3 
5 a9 a8 a7 a6 aS a4 a3 1 0 0 a2 
6 a9 aB a7 a6 a5 a4 a3 a2 1 0 al 
7 a9 a8 a7 a6 a5 a4 a3 a2 al 1 a0 

Result a9 a8 a7 a6 a5 a4 a3 a2 al a0 - 
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4.1.2 SAR Circuit 

The SAR logic is basically a 10-bit shift register as shown in Fig. 4.1. To initialize the 

conversion cycle the 'MSB' flip-flop is set to high and all the other flip-flops are reset to low. 

This state is called the initialization state. A mechanism is needed for initialization which can 

bring the 10-bit shift register in the initialization state. The mechanism used here to initialize 

the flip-flops is that the flip-flops are used with set and reset inputs and a control signal (start) 

is connected. If the control signal is high it sets the MSB flip-flop and resets all the other flip-

flops. For the next states, a generic flip-flop (kill  flip-flop) should have a mechanism to 

choose between three data inputs which are coming from: 

- The output of the (kth)  flip-flop itself (memorization) 

- The output of the comparator (a) (data load). 
4- 

- The output of the (k+ 1)th  FF (shift right). 

9 8 1 0 

SIS1d 

START 

STOP 

Figure 4.2: 10 bit multiple input SAR 

A multiplexer is used to select the desired input from these three inputs. This 

multiplexer is added to each flip-flop as shown in Fig. 4.2. According to the kt' flip-flop 

algorithm a chain of OR gates is used which is connected to the output of all the less 

significant bits than the kth  (k-i, k-2. ,.., 0) to reveal the zero states for all the corresponding 

less significant bits. The multiplexer needs two selector inputs in order to select the correct 

input for the kth  flip-flop. The first input is the output of the OR gate (from chain of OR 

gates) connected to the preceding flip-flop (A). The second input is the output of the k111  flip-

flop itself (B) as mentioned in Table 4.2. Fig. 4.3 shows the kth  flip-flop symbol and its 

internal structure. 
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i5 

Ak 

Figure 4.3: k" FF symbol and kl/l  FF internal structure 

At the end of the conversion cycle a control signal (stop) can be applied to the chain of OR 

gates at the LSB flip-flop OR gate to stop the conversion. When the control signal (stop) is 

active it forces the output of all the OR gates in the chain to high due to which all the 10-bit 

shift register goes to memorization mode. 

iaoie 4.z I-'r ouwuts 
A B Operation 

1 - memorization(k) 

o i data load (a) 
o o shift right (k+1) 

The delayed clock generated for comparator stage 1 (CLKI) shown in Fig. 3.7 is used for 

SAR logic operation so that comparator output is stabilized and available for SAR Logic. Fig. 

4.4 shows the SAR logic clock waveform compared to the clock applied to the two stages of 

the comparator. The output of comparator is available to the SAR logic when the clock of 

stage 2 of the comparator (CLKSTAGE2) goes LOW i.e. prior to the rising edge of SAR 

logic clock (SAR—CLK). Thus, the two stage operation of the comparator does not need any 

extra clock cycle. 

o --------------------------- 
-.21 - .---- - 

75.0 100 125 ISO 171 700 225 

Figure 4.4: SAR clock timing diagram 
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4.2 4-bit Counter Design 

To design 4-bit counter we looked up for both synchronous and asynchronous designs. 

Generally asynchronous designs are used for high frequency ADCs in order to avoid the high 

frequency clock signal running throughout the system. An asynchronous counter can be 

useful in this design in terms of low power consumption and less hardware requirement. 

Fig. 4.5 (a) shows a 4-bit asynchronous counter using T flip-flop. Since, T flip-flop can 

be easily implemented using transmission gates and inverters only, thus the power 

consumption is veiy low. For our design the power consumption of a 4-bit counter using T 

flip-flop obtained through simulation at 90nm technology length is about 155pW. The main 

drawback of using asynchronous T flip-flop counter in our design is the glitches produced in 

the output. Since, the output of the counter is used to control the top plates sampling switches 

of the capacitor array DAC; these glitches can degrade the ADC performance severely. 

A synchronous counter design eliminates the problem of glitches. A conventional 

synchronous counter is made up by using JK flip-flops. Fig. 4.5 (b) shows a 4-bit 

synchronous counter design using JK flip-flop. In comparison to T flip-flops it is hard to 

implement JK flip-flop using transmission gates. Using static gates for JK flip-flop design 

increases the power consumption. According to simulation results the 4-bit counter using JK 

flip-flop shows a power consumption of about 750pW. 

Fig. 4.5 (c) shows a 4-bit synchronous counter design using T flip-flop. The T flip-flop 

used in this design needs an extra enable signal. Because of low power operation static gates 

should be avoided to introduce this enable input. The low power T flip-flops designs are 

available with reset and enable input but using domino circuits. Because of low frequency 

operation domino circuits cannot be used in our design. Thus, the enable signal should be 

incorporated in the T flip-flop by using transmission gates only. Fig. 4.6 (b) shows T flip-flop 

design with enable and asynchronous reset input using transmission gates and inverters only. 

According to simulation results the 4-bit counter using this T flip-flop shows a power 

consumption of about 235pW. Thus, this is the best counter design suitable for our 

application. 
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A B C D 

(a) 

(b) 
A B C FBI 

(c) 

Figure 4.5: 4-bit counter (a) using Tflip-flop (asynchronous), (b) using JKJ1ip-Jlop 

(synchronous) and (c) using Tflip-flop with enable input (synchronous) 

4.3 T Flip-Flop Design 

The T flip-flop used in 4-bit synchronous counter is shown in Fig. 4.6 (b). This is a master-

slave positive edge triggered T flip-flop and incorporates enable signal and asynchronous 

reset input. 12 transmission gates and 4 inverters are used in the design. The basic design is 

taken is of master-slave positive edge triggered transmission gate D flip-flop [16] shown in 

Fig. 4.6 (a). 

The output Q of the D flip-flop is fed to D input of the flip-flop to get T flip-flop 

operation. To incorporate asynchronous reset operation both the latches (latch 1 and latch 2 

shown in Fig. 4.6 (a)) are broken at node 1' and node 2' and two transmission gates are 

inserted at both the nodes (TRSTI and TRST2 at 'node 1' and TRST3 and TRST4 at 4 node 

2'). The two transmission gates TRST3 and TRST4 are inserted at 'node 2' keep the output Q 
1OW when reset is HIGH and TRST1 and TRST2 are inserted keep the output of latch I 

HIGH simultaneously. TRST1 and TRST2 are used to ensure that when reset goes LOW the 

output Q goes HIGI-I only at the next rising edge of clock. 
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2-to-1 MUX 

To incorporate the enable input' the output Q and  Q of the D flip-flop are fit to its D 

input through 2-to-i transmission gate multiplexer. The enable input is used as the selector 

signal for the 2-to-i multiplexer. A transmission gate TEN1 is added to latch 2 so that it 

latches its own value even if the clock is 1-uGH if the enable input is LOW. The transmission 

gate TEN2 is added to detach the output of latch 1 from the input of latch 2 when the enable 

input is LOW to hold the toggle operation. 

Latch 1 Latch 2 
.--------------------- 

 

Figure 4.6: (a) Basic Tx-gate Dflip-flop (b) Tx-gate Tflip-flop with enable and 

asynchronous reset 
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4.4 Decoder Design 

Decoder is used to generate the sample signal for top plate sampling switches of the capacitor 

array DAC, reset signal for 10 bit shift register and stop signal to reset the counter. Fig. 4.7 

shows the decoder circuit. It consists of only three NOR gates for the three output signals. 

Fig. 4.8 shows the simulated waveform of the decoder when the output of 4-bit counter 

applied to its input and the stop signal of the decoder applied to the reset input of the 

comparator. 13 is the MSB input and JO is LSB. 

10 tO Ii Ii 2 12 3 13 

RST 

WOU 

SAMPLE 

Figure 4.7: Decoder circuit diagram 

0 .250 .500 .750 10 1.25 
time (ms) 

Figure 4.8: Decoder output waveform with input applied through 4-bit counter 
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4.5 Multiplexer Design 

Multiplexer is used in the SAR logic to put the D flip-flops of the 10-bit shift register in three 

modes of operation; memorization, data load and shift right according to the different states 

of the ADC as explained in section 4.1. The multiplexer is implemented by the use of 

transmission gates only and uses only five transmission gates. Fig. 4.9 shows the multiplexer 

circuit according to the truth table given in table 4.2. The k input of the multiplexer itself is 

used as the second selector input (B). 

AA 

k 

k 

 

 

k+ I 

Y 

Figure 4.9. Multiplexer circuit diagram 

4.6 D Flip-Flop Design 

Depending upon the different operations of the D flip-flop required in the 10-bit shift register 

of the SAR logic three different types of circuits are used to implement the 10-bit shift 

register. The flip-flop for bit D9  requires only set input while flip-flops for bit D8  to D0  

require reset input only. 

4.6.1 D Flip-Flop for D9  

Fig. 4.10 shows the circuit diagram of the D flip-flop used for bit D9. Since, D9  is set HIGH 

in the beginning of the ADC conversion cycle, no delay circuit is required for this D flip-flop 

for implementation of 2-step capacitor switching. The basic design of the transmission gate D 

flip-flop is taken from Fig. 4.6 (a). Two extra transmission gates are added to the second latch 

incorporate the set input operation. The operation is similar to that of reset input operation 
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discussed in section 4.3. Since, the time period of the set input applied to the D flip-flop is 

always greater than one clock time period and also the input to the D flip-flop remains HIGH 

when the set input is HIGH no transmission gates are required to be added to the first latch to 

keep its output LOW as in case of T flip-flop discussed in section 4.3. So the synchronous 

behavior of the D flip-flop is maintained throughout the operation of SAR logic. 

k 

 

IC 

 

Figure 4.10: Dflip-flop circuit diagram for D9  

4.6.2 D Flip-FLop for D8  

According to the SAR logic operation, if the decision for bit D9  is taken LOW by the 

comparator D9  goes LOW and bit D8  goes HIGH simultaneously for the next bit comparison. 

Since, both the capacitors corresponding to bit D8  and D9  are switch in opposite direction thus 

a delay should be provided in the rising edge of output of D flip-flop corresponding to bit D8  

in order to implement 2-step capacitor switching. There are two ways to add this delay to the 

rising edge of output of D flip-flop. First one is that the delay circuit is inserted in the path of 

D to Q but then two extra transmission gates are required to be added in the first latch similar 

to TRSTI and TRST2 shown in Fig. 4.6 (b) in order for proper reset operation. The second 

way is that the delay circuit is added in the reset path in such a way that it delays the falling 

edge of reset signal. Since, the output of D9  is applied at the input of D flip-flop of bit D8  at 

this time (shift-right operation), the input D of D flip-flop is HIGH at this time. Thus, the 

output Q of D flip-flop goes I-IIGI-I as we remove the reset. So, a delay is provided to the 
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falling edge of the reset signal to introduce a delay in rising edge of output Q. Fig. 4.11 

shows the circuit diagram of the D flip-flop used for bit D8  which uses the second method to 

implement the 2-step switching. 

F 

 

 

 

on 

Figure 4. 11. Dflip-flop circuit diagram for D8  

4.6.3 D Flip-Flop for D7  to D9  

As per the SAR logic operation the reset input applied to the D flip-flops corresponding to bit 

D7  to D0  has time period more than a clock cycle and also the input applied to the D input of 

all the flip-flops is LOW (shift-right mode operation). Thus, no transmission gates are 

required to be inserted in the first latch of the flip-flop for proper reset operation. Fig. 4.12 

shows the circuit diagram of the D flip-flop used for bit D7  to. The Delay circuit is inserted in 

D to Q path of the second latch to provide delay in the rising of output Q in order to 

implement 2-step capacitor switching. Since, the delay circuit increases the transition time of 

the output and the output of D flip-flop is directly applied to the input of level shifters, it 

increases the power consumption. If the transition time of the input of the level shifters is 

high, the short-circuit current of the level shifter due to VDDII  supply causes large power 

consumption. Thus, an extra inverter is added at the output to reduce the transition time of 

output Q. 



 

191 

k 

 

Figure 4.12: Dflip-flop circuit diagram for D7  to D0  
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Chapter 5 

SIMULATION RESULTS 

The complete ADC is implemented in the GPDK 90nm CMOS process. The layout and 

parasitics extraction is done with CADENCE Virtuoso Layout XL. The simulation is done in 

CADENCE Virtuoso Front to Back Design Environment. 

5.1 ADC Waveform 

The complete ADC waveform is shown in Fig. 5.1 with constant DC input applied to the 

sampling switches. VINI' and VINN  were set to be 0.745V and 0.255V respectively. The digital 

output code which should be obtained for this input voltage is 101 1111010". The output 

code obtained is same as that to be obtained ideally. 

It can be seen from the switching graph of bit D8  and D7  that there is a difference of 

few .ts between D8 going LOW and D7  going HIGH which shows that 2-step switching is 

implemented. The same switching pattern can also be seen at the switching time of D2  and 

D1 . It also shows the clock applied to the two stages of the comparator 

(COMPSTAGE1_CLK and COMP STAGE2_CLK). It can be seen form the wave form 

that the output of two stage comparator is available prior to the clock applied to the SAR 

logic (SAR_CLK). 

- 
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Figure 5.1: 10-bit SAR ADC Simulated Waveform 

5.2 ADC Layout 

Fig. 5.2 shows the layout of different sections of the implemented SAR ADC. The 

implementation area is about 222 x  140im2. The capacitor array acquires most of the chip 

area as expected. The total implementation area of capacitor array DAC is about 193 x 

140i.tm2  which is about 87 % of total implementation area of the ADC. The SAR logic is 

implemented in about 60 x  25tm2. 
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5.3 Static Characteristics 

Fig. 5.3 and Fig. 5.4 show the simulated differential nonlinearity (DNL) and the integral 

nonlinearity (INL) errors, respectively. DNL and INL are less than +0.44/-0.5LSB and 

+0.38/-0.44LSB, respectively with 10-bit resolution at a supply voltage of 1V. The figure 

shows that transition of the MSB capacitor results in major error. 
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cc iiiill lii Ii II Ii I 
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Figure 5.3: Simulated DNL for 10-bit SAR ADC 
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Figure 5.4: Simulated INL for 10-bit SAl? ADC 

5.4 Dynamic Characteristics 

Fig. 5.5 shows the simulated FFT spectrum with rail to rail input with near Nyquist 

frequency, at a sampling rate of 1kS/s. The SNDR is 57.3dB, providing an ENOB of 9.2 bits. 

Fig. 5.6 shows the ENOB of the ADC with respect to the input frequency. 
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Figure 5.5: FFTp1ot of 10-bit SAR ADC output near Nyquist 
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Figure 5.6: ENOB vs. input frequency of 10-bit SAR ADC 

5.5 Power Consumption 

The total power consumption of the SAR ADC obtained through the simulation is about 

24nW. Table 5.1 shows the power consumption of different sections of the SAR ADC. The 

capacitor array DAC consumes I 7nW which is about 71 % of the total power. 

Table 5.1 ADC Power Breakdown 
DAC 17nW 
Comparator 1.2nW 
Level Shifter 4.5nW 
SAR Logic 1.3nW 

5.6 Summary of ADC Performance 

10- The simulated ADC performance including extracted parasitics of 10-bit ADC is summarized 

in Table 5.2. The figure-of-merit (FOM) which is used for ADC performance comparison is 

defined as: 

0.1 0.2 0.3 0.4 0.5 

f. If in s 



FOM = Power/(2ENOBNyquist *fs) 

Table 5.1, shows the power breakdown of ADC in different blocks. Table 5.2 shows the 

AD performance summary. Table 5.3, shows the comparison of previously published SAR 

ADCs of 1 kS/s sampling rate to simulated results of this work. The comparison shows, 

lowest power and FOM are achieved by this ADC. 

Table 5.2 ADC Performance Summary 
Sampling Rate lkS/s 
Chip Area 0.03mm2 
SAR logic supply voltage 0.4V 
DAC and Comparator supply voltage 1V 

Inout Range 1V 
1 

INL +0.38/-0.44 LSB 
DNL +0.441-0.5 LSB 
SFDR (near Nyquist) 70 dB 
SNDR (near Nyquist) 57.3 dB 
Total Power 24nW 

Table 5.3 ADC Comparison 
Zou 2009 Zhang 2012 This Author! Year 117] [4] Work 

Technology[nm] 350 130 90 
Sample Rate [kS/s] 1 1 1 
Power [nW] 230 53 24 
ENOB [bit] 10.2 9.12 9.2 
FOM [U/Cony.] 195 94.5 40.8 
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Chapter 6 

CONCLUSION 

A 10-bit 1KS/s SAR ADC is designed for ultra-low power consumption which makes it well 

suited for bio-medical implantable applications (e.g. implantable heart rate sensors). A full 

range sampling scheme without extra reset voltage and switch bootstrapping is utilized. SAR 

logic is operated at reduced supply voltage of 400mV to reduce the power consumption. A 

delay based control logic is used to implement 2 step switching to minimize the DAC 

switching power without extra switches. A two stage comparator is designed to minimize the 

effect of gate current at deep submicron technology level. The ADC delivers 9.2 ENOB near 

Nyquist frequency at a sampling rate of 1kS/s with a power consumption of 24nW. 
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