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Abstract 
 
Analog-to-digital converters (ADC) targeted for use in medical implant devices serve an important role as 
the interface between analog signal and digital processing system. Usually, low power consumption is 
required for a long battery lifetime. In such application which requires low power consumption and 
moderate speed and resolution, one of the most prevalently used ADC architectures is the successive 
approximation register (SAR) ADC. 
 
This thesis presents a design of an ultra-low power 9-bit SAR ADC in 0.13µm CMOS technology. Based 
on a literature review of SAR ADC design, the proposed SAR ADC combines a capacitive DAC with S/H 
circuit, uses a binary-weighted capacitor array for the DAC and utilizes a dynamic latch comparator. 
Evaluation results show that at a supply voltage of 1.2V and an output rate of 1kS/s, the SAR ADC 
performs a total power consumption of 103nW and a signal-to-noise-and-distortion ratio of 54.4dB. Proper 
performance is achieved down to a supply voltage of 0.45V, with a power consumption of 16nW. 
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Abstract 
 
 
Analog-to-digital converters (ADC) targeted for use in medical implant 
devices serve an important role as the interface between analog signal and 
digital processing system. Usually, low power consumption is required for a 
long battery lifetime. In such application which requires low power 
consumption and moderate speed and resolution, one of the most prevalently 
used ADC architectures is the successive approximation register (SAR) ADC. 
 
This thesis presents a design of an ultra-low power 9-bit SAR ADC in 
0.13µm CMOS technology. Based on a literature review of SAR ADC design, 
the proposed SAR ADC combines a capacitive DAC with S/H circuit, uses a 
binary-weighted capacitor array for the DAC and utilizes a dynamic latch 
comparator. Evaluation results show that at a supply voltage of 1.2V and an 
output rate of 1kS/s, the SAR ADC performs a total power consumption of 
103nW and a signal-to-noise-and-distortion ratio of 54.4dB. Proper 
performance is achieved down to a supply voltage of 0.45V, with a power 
consumption of 16nW. 
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1. Introduction 

1.1. Background 

With the development of healthcare technology, more and more advanced 
medical implant devices (such as pacemakers) are required. Such implantable 
devices mainly consist of two parts: 1) an integrated circuit, which has a high 
capability for communication and signal processing, and 2) a battery, which 
keeps the integrated circuit to work for many years. Typically the battery 
gives a life span of more than 10 years [1]. So low power consumption is 
critical for medical implant devices to allow long battery lifetime.  
 
Figure 1.1 shows an example of a pacemaker system which contains a 
pacemaker device and pacing leads [1].  
 

 
Figure 1. 1 Cardiac pacemaker system [1] 
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A simplified block diagram of the pacemaker system is shown in Figure 1.2. 
Within the whole system, there are four main blocks: 1) Input Block: a 
sensing system, followed by filtering amplifiers and analog-to-digital 
converter, 2) Logic Block: digital programmable logic, control and algorithms 
for therapy, 3) Output Block: high voltage multiplier and output pulse 
generator, and 4) Housekeeping Block: batter power management, voltage 
and current reference generators [1].  
 

 
Figure 1. 2  Pacemaker system outline (Simplified from [1]) 

 
The A/D converter in the input block is to digitize the sensed and amplified 
signal, which is a critical component in the interface between analog world 
and digital signal processing system. It is also important to design ADCs with 
ultra-low-power for medical implant devices.  

1.2. Objective 

In this work, a 9-bit successive approximation register ADC (SAR ADC) is 
proposed. The primary goal is to minimize the power consumption into the 
range of nano-watt.  
 
The proposed SAR ADC is designed in transistor level, using ST’s 0.13µm 
CMOS process technology. Based on the simulation, the ADC achieves a total 
power consumption of 103nW with a 1.2V power supply and 1kS/s sampling 
rate. By decreasing the supply voltage, the ADC can still work at a supply 

 - 2 -



voltage of 0.45V, achieving power of 16nW and ENOB of 8.6 bits. 

1.3. Thesis Organization 

The rest chapters of the thesis are organized as follows: 
 
Chapter 2 illustrates the performance metrics of ADC and discusses different 
ADC architectures. A comparison of the popular ADC architectures is also 
presented in terms of power, resolution and speed.  
 
Chapter 3 is dedicated to a literature review of successive approximation 
ADC designs. Different circuit techniques applied to its architectures and 
components are presented. 
 
Chapter 4 presents the implementation of the proposed SAR ADC in 
transistor level.  
 
Chapter 5 shows the ADC performance by Spice simulations and subsequent 
Matlab calculations.  
 
Chapter 6 draws conclusions on this work and gives a short discussion on 
future work. 

1.4. Reference 

[1] L. S. Y. Wong, et al., “A Very Low-Power CMOS Mixed-Signal IC for 
Implantable Pacemaker Applications,” IEEE Journal of Solid-State Circuits, 
vol. 39, no. 12, pp. 2446-2456, Dec. 2004. 
 

 - 3 -



 

2. Basic Principles of ADC 

2.1. Introduction 

As signal processing is widely used in different fields, such as audio, control, 
communication and medical systems, the problem of dealing with both 
analog signal and digital signal becomes prevalent. Data converters serve 
such a role as the interface between the analog and digital world.  

 
Figure 2. 1 Basic signal processing system [4] 

 
Figure 2.1 depicts a typical signal processing system. The analog input signal 
is first filtered to remove high-frequency components in order to avoid 
aliasing. Then the signal is sampled at frequency fS, and the discrete sampled 
data is quantized in the analog-to-digital converter (ADC). The digital outputs 
from ADC are executed in the digital signal processor (DSP). Finally, they 
return to an analog signal by the conversion of digital-to-analog converter 
(DAC) and smoothing of the followed reconstruction filter. 
 
This chapter focuses on the basic principles of ADC. Some general 
considerations of ADC such as resolution, aliasing and quantization error are 
explained. ADC specifications regarding static and dynamic performance 
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metrics are introduced. An overview of different ADC architectures is also 
presented. Finally, comparison among the popular architectures is described 
in terms of speed, power and resolution. 

2.2. General Considerations  

2.2.1. Resolution  

The resolution of an ADC is the number of its output words, which indicates 
the minimum input voltage that an ADC can generate a code transition. 
Figure 2.2 shows a simplified block diagram of an ADC. The smallest step is 
defined as the least-significant-bit (LSB) by equation VLSB = VREF/2N, where 
VREF is the reference voltage of the converter. The N-bit binary codes 
D0D1…DN-1 represents the input voltage with a value of 
(D02-N+D12-N+1+…+DN-12-1)*VREF. 
 

 
Figure 2. 2 Simplified block diagram of an ADC 

2.2.2. Aliasing  

When a continuous analog signal is sampled, it becomes a discrete signal. 
The sampling frequency should be at least two times larger than the signal 
frequency; otherwise, aliasing will be caused. This rule is known as Nyquist 
Criterion. Figure 2.3 shows an example of aliasing caused by inappropriate 
sampling frequency. It may result in another different frequency and keep it 
difficult to recover from the original one. 
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Figure 2. 3 Aliasing caused by under-sampling [1] 

 
The phenomena of aliasing can also be investigated in the frequency domain 
(Figure 2.4). The analog signal has a band-limited spectrum FX. If it is 
sampled by a frequency Fs, the original spectrum will be duplicated at 
frequencies multiplied with Fs. If the signal is under-sampled, which means 
Fs < 2Fx, the spectrums will overlap and destroy the original signal spectrum. 
Thus the analog signal can hardly recover. 
 

 

Figure 2. 4 Explanation of aliasing in the time and frequency domain 
 
There are two ways to solve the problem of aliasing. One is to use a higher 
sampling frequency; the other is to add an anti-aliasing filter before sampling 
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to restrict the frequency of the signal less than half of the sampling frequency. 
Generally, to avoid this problem, circuits combined the above two methods is 
employed. 

2.2.3. Quantization Error 

ADC converts the analog signal to certain steps. The infinite analog 
information is translated to limited digital codes. During the quantization, 
even ideal ADC produces error, known as quantization error. Figure 2.5 
shows the analog signal and the digital output of a 3-bit ideal ADC. At the 
start of each code transition, there is no error. As the analog signal increases, 
the error also becomes larger. The maximum error here is 1LSB (∆).  
 

 
Figure 2. 5 Transfer characteristics and quantization error (Modified from [5]) 

 
In order to make the quantization error be centered about zero and with a 
maximum error of ±1/2LSB, the above transfer curve is shifted to left by 
1/2LSB.  
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Figure 2. 6 Shifted transfer characteristics and quantization error (Modified from [5]) 
 
The probability density function of the quantization error can be modeled as a 
uniformly distribution shown in Figure 2.7 [5]. The RMS value of the error 
signal can be calculated as: 

0.5 2
, 0.5

1
12

LSB

e RMS LSB

LSBQ e d
LSB −

= ∫ e =      Eq.2. 1 

PDF

error0.5LSB-0.5LSB

1/LSB

 

Figure 2. 7 Probability density function of quantization error [5] 
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2.3. ADC Performance Metrics 

2.3.1. Static Performance 

Static errors are deviation of converter transfer characteristics from ideal one. 
The static performance of an ADC is defined by these metrics: offset error, 
full-scale error, differential nonlinearity, integral nonlinearity and missing 
code. 
 
a) Offset Error and Full-Scale Error 
Offset error is the difference between the first code transition point and the 
ideal one; Full-scale error is the difference between the last code transition 
point and the ideal one. An example is depicted in Figure 2.8. 

Offset Error

Full-Scale Error

 

Figure 2. 8 Transfer curve of an ADC for offset error and full-scale error  
(Modified from [5]) 

 
b) Differential Nonlinearity (DNL) 
Differential nonlinearity is the difference between the ideal code width of 
1LSB and the actual code width. An example is depicted in Figure 2.9. As the 
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code width is 0.5LSB longer than the ideal one at code 2 (0102), so the 
corresponding DNL error is +0.5LSB. While at code 6 (1102), the DNL error 
becomes -0.5LSB due to the 0.5LSB smaller code width compared to the 
ideal one. Note that nonlinearity (INL/DNL) measurement eliminates the 
offset and full-scale error. Therefore, LSB after correcting for offset and 
full-scale error becomes LSB = (Last transition - first transition) / (2N-2). 

 
Figure 2. 9 DNL error of a 3-bit ADC (Modified from [5]) 

 
c) Integral Nonlinearity (INL)  
Integral nonlinearity is the difference between the actual code transition point 
and that of the ideal code transition. Moreover, INL is found equal to the 
cumulative sum of DNL [5]. Figure 2.10 shows an example of the DNL error 
of a non-ideal 3-bit ADC. 
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Figure 2. 10  INL error of a 3-bit ADC (Modified from [5]) 
 
d) Missing Codes 
Depicted in Figure 2.11, when the analog input increases from zero to the 
full-scale value, not all the digital output codes are generated. This is known 
as missing codes. In the example, code 4 (1002) is missing. The DNL error for 
code 4 is -1LSB. Therefore, to guarantee no missing codes, the DNL of an 
ADC mustn’t be -1LSB. 
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Figure 2. 11 Transfer curve of a 3-bit ADC with a missing code  
(Modified from [5]) 

2.3.2. Dynamic Performance 

Static error is tested by DC signal, and it does not include any information 
about noise and high frequency effects. Opposite to static error, dynamic error 
is tested with periodic waveform, which provides additional information of 
ADC performance, such as SNR, SINAD, SFDR and ENOB. 
 
a) Signal-to-Noise Ratio (SNR) 
For an ideal ADC, signal-to-noise ratio (SNR) is the ratio of an rms (root 
mean square) full-scale input to its rms quantization error [11]. Suppose a 
sine signal is adopted, with a peak-to-peak value equal to the full-scale 
reference voltage of the ADC, then the rms value for VIN(max) is 

(max)
2 ( )

2 2 2 2

N
ref

IN

V LSBV = =        Eq.2. 2 

So 
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(max) 2 ( ) 2 220log 20log 6.02 1.76
12

N
IN

error

V LSBSNR N
V LSB

= = = +    Eq.2. 3 

 
b) Signal-to-Noise-and-Distortion Ratio (SINAD) 
Signal-to-noise-and-distortion ratio (SINAD) represents the value of the input 
signal amplitude over the rms sum of all other spectral components (including 
not only random errors but also harmonic distortions). Mathematically, 
SINAD is expressed as 

1020 log ( /( ))SIGNAL NOISE HDSINAD A A A= +      Eq.2. 4 

 
c) Spurious-Free Dynamic Range 
Spurious-free dynamic range (SFDR) is the value of the input signal to the 
largest spur, which is always (but not definitely) a harmonic of the input tone. 
 
d) Effective Number of Bits 
Effective number of bits (ENOB) is often used in place of the SINAD. It is 
frequently used to indicate ADC accuracy at a specific input frequency and 
sampling rate [11]. Related to SINAD, ENOB is frequently expressed as:  
 

( ) 1.76
6.02 /

SINAD dB dBENOB
dB bit

−
=     Eq.2. 5 

 
Generally, SNR refers to signal-to-noise ratio. In the characterization of ADC, 
the term SNR is ambiguous, since it has also been used to represent SINAD. 
It is not used in the IEEE standard 1241 [12]. Therefore, in this work, we will 
also not use it. 
 
An example of FFT spectrum from a 9-bit SAR ADC simulation is shown in 
Figure 2.12.  
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Figure 2. 12 Output spectrum of a 9-bit SAR ADC (Modified from [5]) 

2.4. ADC Architectures 

2.4.1. Flash ADC 

Flash ADC is known for its fast speed. As depicted in Figure 2.13, it has 2N-1 
comparators corresponding to 2N-1 quantization steps. The total 2N resistors 
generate all the voltage references. The comparator outputs one if the input 
voltage is larger than the related reference voltage, and zero vice versa. There 
is a decoder followed at the last stage to translate the thermometer code 
produced by comparators to N-bit binary digital output. 
 
Though Flash ADC has a high speed, the great numbers of comparators 
consume huge power and area. Taking a 9-bit Flash ADC as an example, 
there will be 511 comparators in the circuit. This disadvantage limits the 
resolution of Flash ADC up to 6 bits. 
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Figure 2. 13 Block diagram of a Flash ADC [1] 

2.4.2.  Pipeline ADC 

Pipeline ADC, shown in Figure 2.14, consists of N steps conversion shown in 
Figure 2.14. Each stage (except the LSB’s) is composed of a sample and hold 
circuit, a comparator, a differential amplifier and an amplifier with a gain of 
2.  
 
The input voltage (VIN) is sampled and firstly compared to half of the 
reference voltage (VREF). If VIN is larger, the comparator outputs one. Then 
VIN is subtracted by Vref/2 and input to the gain 2 amplifier. If VIN is smaller, 
the comparator outputs zero, and the original signal is directly passed to the 
amplifier. MSB is decided by the comparator result. Same as the operation of 
the first stage, the amplified residue is again sampled and compared with 
Vref/2. The above operation continues until the LSB is decided. Pipeline 
ADC needs N clock cycles to complete the first conversion, but afterwards it 
can make each conversion per clock cycle due to its property of pipelining. 
 
Despite the initial N-clock cycles, Pipeline ADC is frequently used for its 
high speed and resolution.  
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Figure 2. 14  Block diagram of a Pipeline ADC [1] 

2.4.3. Integrating ADC 

Integrating ADC, as its name indicates, integrates the input signal and counts 

he single slope converter consists of an integrator, a comparator and a 

the integration time. The counted time converts to N-bit digital information. A 
famous type of converter based on this concept is the dual slope converter 
(shown in Figure 2.16). Before the explanation of the dual slope converter, a 
single slope converter, which is the simplest type of integrating ADC, is first 
explained here (shown in Figure 2.15). 
 
T
counter. Before the integration starts, the input voltage is sampled (VIN) and 
the integrator is reset by closing the switch. Then VIN is hold and sent to the 
comparator. At the same time the integrator starts producing the ramp 
function and the counter begins countering clock pulses. The moment the 
integrated voltage (VC) is larger than VIN, the counter stops. An equation 
below shows the relation between the input signal and the integrating time: 

int
IN

REF

VT RC
V

=   [2]     Eq.2. 6 

Based on the equation, it is concluded that the accuracy of conversion is 
tightly related with the RC constant, the reference voltage and the clock 
generator.    

 - 16 -



 
Figure 2. 15 Block diagram of a single slope ADC [1] 

 

Figure 2. 16 Block diagram of a dual slope ADC [1] 
 
To eliminate the accuracy problems of single slope ADC, the dual slope ADC 
is designed (shown in Figure 2.16). It has two integration steps. First, VIN is 
integrated with a constant time and then VREF is integrated until the 
discharged voltage is arriving at zero which detected by the comparator. 
Figure 2.17 shows the time diagram of these two integrations. An equation 
shows the relationship:  

2

1
IN REF

TV V
T

=   [2]      Eq.2. 7 

As VIN is decided by the ratio between the charge and discharge time, the 
accuracy problem of clock itself is suppressed. However, a drawback of this 
design is that it needs more integration time than that of the single slope. 
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Figure 2. 17  Dual slope integration 

2.4.4. Successive Approximation Register ADC 

Successive approximation register (SAR) ADC is designed based on a binary 
search algorithm. It consists of a successive approximation register (SAR), a 
digital-to-analog converter, a comparator and a sample and hold circuit, 
which is illustrated in Figure 2.18. First, input voltage (VIN) is sampled and 
the registers are reset to zero. Secondly, the conversion starts through an 
approximation of MSB (set MSB as one) by SAR; DAC converts the digital 
information to a voltage VOUT (half of the reference voltage VREF); 
Comparator compares VOUT with VIN. If VIN is larger than VOUT, it outputs 
one, otherwise, it outputs zero; SAR loads the comparator result, registers the 
value of MSB and generates its next approximation; the conversion continues 
until the LSB is decided. Therefore, an N-bit SAR ADC needs N clock cycles 
per conversion. 
 
SAR ADC is known for its simple structure, thus consuming less power and 
saving more die size. However, with increase of its resolution, the linearity 
problem of DAC becomes more severe, which directly causes non linearity of 
ADC. Therefore, SAR ADC is not suitable for high resolution. 
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Figure 2. 18 Block diagram of a SAR ADC [1] 

2.4.5. Sigma-Delta ADC 

Up till now, all the architectures explained here could be categorized into 
Nyquist-rate ADCs because the sampling frequency is two times of the input 
signal frequency. In order to obey the Nyquist rule, anti-aliasing filters are 
always used between analog input and Nyquist-rate ADCs. While, to design 
such kind of a filter is not an easy task due to the sharp transition band. To 
overcome this problem, another category of ADC whose sampling frequency 
is much higher than the signal bandwidth, named oversampling ADC, has 
been designed [1], [3].  
 
Sigma-Delta ADC is referred to as oversampling ADC. The block diagram of 
a first-order sigma-delta ADC is shown in Figure 2.19. It consists of a 
differential amplifier, an integrator and a 1-bit ADC with feedback loop 
contains a 1-bit DAC. The 1-bit ADC is simply a comparator, which outputs 
ones or zeros. The purpose of DAC is to keep the average output of the 
integrator near the comparator’s reference level [6]. When the input increases, 
the comparator outputs more ones, otherwise it generates less ones. The 
density of positive pulses is proportional to the input signal. The integrator 
serves as a low-pass filter to the input and a high-pass filter to the 
quantization noise. Therefore, oversampling has improved converter’s SNR 
by changing the distribution of noise power [6].  
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Figure 2. 19 Block diagram of a first-order sigma-delta ADC [1] 

2.4.6. Comparison 

The five popular ADC architectures were described in the above sections. 
ADCs are selected according to specific application within the consideration 
of resolution, power, size, sampling frequency, performance and etc. For 
some applications, almost all the architectures may work well; for others, 
there may be a better choice to achieve the best performance. For example, a 
Flash ADC is most popular for applications requiring ultra-high speed when 
power consumption is not primary concern; A Sigma-Delta ADC is always 
the best choice when high resolution is demanded; A SAR ADC is usually 
first considered coming to low power and small size with medium 
resolution[7],[8].  
 
Table 2.1 shows a category of three most popular ADC architectures available 
nowadays in terms of resolution, power and sample rate. The idea of 
classification is referred to [10] and the data is based on [9]. The three 
architectures (Sigma-Delta, SAR and Pipeline ADC) have been widely 
studied nowadays due to the hot topic of low-power and low-voltage 
applications. Although the data shown here is not an absolute representation 
of the exact performance that these ADCs can achieve, it is at least a rough 
and quick reference based on the information provided by manufacturers’ 
guide [9]. For example, when it comes to medium resolution, if speed is the 
priority, Pipeline ADC can be the best choice due to its high sample rate. 
However, if the power consumption is the tightest budget, SAR or 
Sigma-Delta ADCs can be selected.   
 
Based on the data presented, it can be seen that SAR ADC is the ideal choice 
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when low resolution and low power are required meantime speed is not so 
important. Therefore, to achieve an ultra-low power ADC with 9 bits and 
1kS/s sample rate, SAR ADC is selected in this work. In Chapter 4, the 
proposed implementation is presented.  
 

Table 2. 1 Classifications of 3 types of ADCs (Data from [9]) 

Performance ADC 
Low Resolution  

(8-13 bits) 

Medium 
Resolution    
(14-19 bits) 

High 
Resolution   
(>=20 bits) 

Sigma-Delta N.A. 128S/s - 100kS/s
15S/s - 
625kS/s 

SAR   20kS/s - 4MS/s 40kS/s - 4MS/s N.A. Sample Rate

Pipeline  
2MS/s - 
550MS/s 

1MS/s - 400MS/s N.A. 

Sigma-Delta N.A. 0.3mW - 245mW
0.3mW - 
600mW 

SAR   
0.25mW - 
225mW 

1.95mW - 
413mW 

N.A. Power 

Pipeline  
15mW - 
2250mW 

250mW - 
1900mW 

N.A. 
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3. SAR ADC Literature Review 

3.1. Introduction 

In Chapter 2, the performance metrics of ADC are illustrated. An overview 
and a comparison of the popular ADC architectures are described. SAR ADC 
becomes the architecture of choice for our design in terms of low power and 
moderate resolution and speed.  
 
In this chapter, a literature review of different SAR ADC architectures is 
described. Different design techniques regarding its components 
(digital-to-analog converter, comparator and successive approximation 
register) is investigated.  

3.2. The Architectures of SAR ADC 

3.2.1. Separate DAC and S/H Circuit 

This type of SAR ADC has separate DAC and S/H circuit as explained in Sec. 
2.4.4. Figure 3.1 shows a simplified block diagram of this kind of ADC. 
Based on the binary search algorithm, the output of the DAC VA successively 
approximates the sampled voltage VH. One bit is obtained per clock cycle.  
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Figure 3. 1  SAR ADC with separate DAC and S/H circuit 
 
Figure 3.2 shows an example of a 4-bit SAR ADC. In the example, VA is first 
set as a value of VREF/2 and compared with VH, we get VH > VA. So, D3 
(MSB) is set to ‘1’. The DAC is then set to 11002 and the second comparison 
is made. As VH < VA, D2 is set to ‘0’. The DAC is set to 10102 in the third 
comparison. D1 remains ‘0’ due to VH < VA. The DAC is set to 10012 and the 
final comparison is performed. Finally, D0 still remains ‘0’ because VH < VA. 
For a 4-bit ADC, there are 4 times comparisons required. 

VA

t

VH

D3=1 D2=0D1=0 D0=0

VREF

VREF/2

VREF/4

3VREF/4

 
Figure 3. 2  An example of a 4-bit SAR ADC 

 
The architecture mentioned above is quite straightforward. It is used by many 
SAR ADC designs in the literature [2-5]. Another advantage is that the 
separate S/H circuit makes the whole input capacitance of the converter 
independent of the DAC capacitor array [2]. However, the drawback of this 
approach is that additional S/H circuit consumes more power. 
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3.2.2. Capacitive DAC with Inherent S/H Circuit 

This type of SAR ADC has a capacitive DAC which also realize the function 
of sample and hold. Figure 3.3 shows a simplified block diagram of such 
architecture. The conversion technique is based on charge redistribution on 
binary-weighted capacitors. During conversion, the output of DAC VA is 
positive or negative compared to the analog ground. Its magnitude decreases 
with the increase of conversion steps in one conversion cycle. When the 
conversion cycle is completed, both inputs of the comparator are near analog 
ground.   
 

 
Figure 3. 3  SAR ADC based on capacitive DAC with inherent S/H circuit 

 
This approach was first implemented in all-MOS technique by Mccreary [6]. 
An advantage of this architecture is its simplicity which only contains one 
comparator, one capacitor array and a digital logic. It is suitable for low 
power design. Designs based on this architecture are prevalent in literature 
[7-11]. 
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3.2.3. Time-Interleaved SAR ADC 

Referred to the data collected in [12], time-interleaved SAR ADC becomes 
more and more popular in the field of high speed and low power ADC design 
[13], [14]. Generally, for a sampling frequency larger than 500MS/s, the flash 
ADC is a traditional choice. However, as explained in Sec.2.4.1, the 
maximum resolution of flash ADC can only go to 6 bits due to its large 
number of comparators and power consumption. Though SAR ADC is 
generally used for low frequency operation, by time-interleaving it can 
achieve high speed and still maintain good power efficiency. 
 
Figure 3.4 shows a SAR ADC based on time-interleaving S/H [13]. The 
operation speed is increased by the interleaving factor. However, the factor 
can’t be too high, for it will introduce large input capacitance to the preceding 
stage, thus needing a power-hungry buffer to drive the converter. Moreover, 
additional attentions should be paid to the problems of channel matching, 
time matching and etc. The 10 bit ADC designed in [13] achieves a sampling 
rate of 1.35GS/s with a power consumption of 175mW.  
 

 
Figure 3. 4  Time-Interleaved ADC architecture [13] 

3.3. Design of DAC  

DAC with capacitor arrays are widely used in SAR ADC designs [2], [3], 
[6-8]. Compared to the conventional voltage driven R-2R techniques, the 
capacitor arrays are more easily fabricated with less mismatch errors and save 
more power based on charge-redistribution techniques [6]. Figure 3.5 shows a 
binary-weighted capacitor (BWC) array, which was first reported in 1975 [6]. 
The operation of the circuit has two modes. During the reset mode, all the 
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switches are connected to ground, allowing the bottom plate of the capacitor 
arrays to discharge. During the conversion mode, the digital codes determine 
which switches change connection from ground to VREF. The charge 
redistributes through the conversion period. 

 

Figure 3. 5  Binary-weighted capacitor array 
 
Since the total capacitance of this array rises exponentially with the increase 
of the resolution, the accuracy of the BWC DAC is limited to 8 to 10 bits [15].  
To overcome this problem, a two-stage weighted capacitor (TWC) array was 
introduced in [16]. Figure 3.6 shows an example of 8-bit circuit. It consists of 
two weighted capacitor stages (sub-DACs) and a coupling capacitor CS.

 
Figure 3. 6  A two-stage weighted capacitor array 

 
An extension of the TWC array is a C-2C ladder, shown in Figure 3.7, in 
which two is the largest ratio between capacitors [17].  
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Figure 3. 7  C-2C ladder 
 
Compared with conventional BWC array, this architecture is easier to achieve 
capacitor matching. Moreover, it has a smaller RC constant to obtain a higher 
speed and it also consumes lower power due to smaller capacitance. However, 
the drawback is the losing of linearity due to its parasitic capacitance on the 
interconnecting nodes. Several attempts have been made to improve this 
problem. One published approach, named pseudo C-2C ladder, aims to 
compensate for the parasitic effects by accounting for them during the design 
[15]. 
 
All the above capacitor arrays can be employed to a fully differential 
technique [9], [10], [18]. Figure 3.8 shows a simplified fully differential 
converter, which consists of two capacitor arrays and a fully differential 
comparator and a digital block. The fully differential technique has its own 
advantages. One of them is the noise rejection from digital circuits and power 
supplies. Another advantage is the improvement of dynamic range [18]. 
However, in the real world, relatively few analog signals are differential. 
Changing the sing-ended signal to differential ones need extra circuits and 
additional considerations [18].  
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Figure 3. 8  Simplified block diagram of differential SAR ADC 

3.4. Design of Comparator 

3.4.1. Open-loop Comparator 

Comparator is a critical part in the design of SAR ADC. It is used to compare 
the instantaneous value of two analog inputs and generate a digital output 
according to the sign of voltage difference. 
 
A straightforward approach to make a comparator is to design a high gain 
amplifier with differential analog input and single-ended large swing output. 
This kind of comparator is also called open-loop comparators. The approach 
is presented in [8], shown in Figure 3.9.  
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Figure 3. 9  One-stage amplifier as a comparator 

 
The minimum input voltage difference (V∆(min)) is decided by converter’s 
resolution. A high resolution results in a very small V∆(min), thus requiring a 
high gain amplifier. Based on the plot shown in Figure 3.10, to maintain the 
same unity-gain frequency (fu), a higher gain (Av) leads to a smaller 
3dB-frequency (f0). As f0 decides the setting time of the comparator, the 
converter will be slower due to the smaller f0. In [8], a SAR ADC with 8 bits 
and a maximum sample rate of 500kS/s are designed, which is applied in 
biomedical field where low sample rate and moderate accuracy are required.  
 

 
Figure 3. 10 Frequency response of a single stage amplifier 

 
To improve this problem, cascading lower gain stages are used to broaden the 
operation frequency, but the same time larger input-referred offsets are 
introduced to hamper the performance of the comparator. In literature, this 
technique is relatively seldom used. A more common way is to employ a 
latched comparator [2, 3, 7, 9-11]. 
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3.4.2. Latch-only Comparator 

Different from open-loop comparators, latched comparators make use of the 
combination of amplification and positive feedback. They operate in 
discrete-time domain rather than continuous-time domain. According to the 
latch signal, they operate in two phases. Shown in Figure 3.11, in the reset 
phase (Latch low), the comparator tracks the inputs; in the regeneration phase 
(Latch high), the positive feedback starts work and the comparator generates 
a digital output based on the sign of the input difference.  

 
Figure 3. 11  Operation of latched comparator 

 
The simplest form of CMOS latch is shown in Figure 3.12. The latch employs 
a cross-coupled inverter or NMOS (or PMOS) transistors to constitute a 
positive feedback. They are faster compared to open-loop comparators. 
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Figure 3. 12  Simplest form of CMOS latch 

 
In Figure 3.13, the circuit schematic of a latch comparator is shown [2, 7]. 
During the reset phase (RST low), nodes Vo+ and Vo- are pre-charged to VDD 
by M5/M6. When RST goes high, the comparison starts. Vo+ and Vo- 

discharge the output capacitance with unequal rates due to the different input 
voltages. When one of the nodes is lower than VDD-VTHP, the cross-coupled 
PMOS transistors M3/M4 are activated, allowing VDD to fully charge one of 
the output capacitances. The output inverters are for signal level recovery [7]. 

 

Figure 3. 13  Latch comparator circuit [7]  
 
It is important to note that M7 works as a bias transistor. It consumes power 
during the whole comparison. There is a trade-off between choosing a small 
bias current for low power consumption and a large value for speed 
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maximization and noise minimization [7]. Moreover, due to the mismatch of 
the transistors, high input-referred offset voltage directly adds to the total 
ADC offset. Offset cancellation techniques is required if necessary.  
 
A more power efficient approach is to design a dynamic latched comparator, 
which only consumes the power during regeneration phase. Figure 3.14 
shows an example, presented in [19]. Unlike the comparator presented in [7], 
a switch M9 instead of a bias transistor is employed. During the reset phase 
(Comp low), M5/M6 and M7/M8 switch on to pull the internal nodes down to 
ground. M9 is cut off and no supply current exists. When Comp goes high, 
M9 is switched on and current flows in it. The reset switches are cut off. The 
cross-coupled inverters start to make the regeneration. After the regeneration, 
one of the outputs is VDD and the other is GND. Therefore, no supply current 
flows and the power efficiency is maximized. However, the problem of the 
offset voltage happens again. In [19], a programmable capacitor array (shown 
in Figure 3.14) is used to calibrate the offset error. 
 

 
Figure 3. 14  Dynamic latched comparator circuit schematic [19] 

 

3.4.3. Combining Pre-amplifier and Latch 

It was described above that there is a trade-off between comparator’s speed, 
power and resolution. Though latch-only comparators provide fast speed and 
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low power, they suffer from high input offset error which makes them 
unattractive to designs requiring small input differences. An optimal solution 
combining a pre-amplifier and a latch, shown in Figure 3.15, is employed to 
compromise the situation [10, 14].  
 

 

Figure 3. 15  Comparator combining pre-amplifier and latch 
 
The offset voltage of latch is attenuated by the gain of pre-amplifier, shown in 
the following equation:  

2
_ _ _2

_

1
OS Total OS Amp OS Latch

V AmpA
σ σ σ= + 2      [20]   Eq.3. 1 

Figure 3.16 shows a detailed implementation presented in [14]. The 
preamplifier is a conventional one-stage differential amplifier with NMOS 
input pair and PMOS resistive load. It provides sufficient gain to attenuate the 
error. The design of latch comparator is quite similar to the circuit shown in 
Figure 3.14, which employs differential technique with a cross-coupled 
inverter as a positive feedback. 
 

 - 34 -



 

Figure 3. 16  Comparator with preamplifier and latch schematic [14] 
 

3.5. Design of SAR 

In the literature, there are mainly two approaches to design the successive 
approximation register (SAR). One is proposed by Anderson [21], and the 
other is proposed by Rossi and Fucili [22]. 
 
Figure 3.17 shows a simplified SAR logic which is proposed by Anderson. It 
is based on a ring counter and shift registers. In this work, a binary search 
SAR is implemented based on this approach. The detailed operation of this 
circuit will be explained in Sec. 4.4.  
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Figure 3. 17  SAR logic proposed by Anderson 

  
As the SAR proposed in [21] consists of at least 2N Flip-flops (FF). One 
chain of N FFs stores the conversion result; another chain of N FFs does the 
approximation. To decrease the numbers of registers, Rossi and Fucili 
proposed a nonredundant SAR which make uses of N FFs and combinational 
logics. The basic structure is a multiple input N bit shift register, shown in 
Figure 3.18.  
 

 
Figure 3. 18  SAR logic proposed by Rossi and Fucili 

 
There are three inputs coming from: shift right, data load and memorization 
[21]. Figure 3.19 shows the internal structure of the register. It adds a 
multiplexer and a decoder with a FF to make the selection from the three 
inputs. The decoding logic is shown in Table 3.1. 
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Figure 3. 19  Internal structure of symbol used in Figure 3.18 

 
Table 3. 1  Decoding logic [22] 

A B Operation 

1 - memorize 

0 1 load comp data 

0 0 shift right 
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4. Implementation of SAR ADC 

4.1. Introduction 

In the previous chapters a general understanding of the data conversion 
principles is described and a literature review of SAR ADC design is 
provided. Our work is to design an ultra-low power 9-bit SAR ADC with a 
sampling rate of 1kS/s. As the requirement for resolution and speed is not 
very high, we choose a relatively simple architecture for our work. In this 
chapter, the implementation of the proposed SAR ADC circuit is presented.  
 
The SAR ADC uses ST’s 0.13µm CMOS process technology, which provides 
3 types of transistors, namely high-speed, low-voltage and low-leakage. As 
the main target of our design is to minimize power, so the low-leakage type of 
transistors is selected for its relatively high voltage threshold (VTH). The 
NMOS and PMOS transistors have VTH values of 0.29V and -0.33V 
respectively. The typical supply voltage of this process is 1.2V. 
 
Figure 4.1 shows the block diagram of the SAR ADC. It consists of a 
latch-only comparator, a digital logic block, and a capacitive DAC 
incorporating a sample-and-hold function. The digital logic block contains a 
successive approximation register for binary search algorithm and a switching 
network to be implemented at the bottom plate of the capacitor array. A 
single-ended structure is chosen for less power consumption. Slightly 
different from the architecture shown in Figure 3.3, the analog ground at the 
inputs of the comparator is adjusted to the same value as the reference voltage. 
This allows a conventional NMOS differential pair input to be employed in 
the comparator. 
 

 - 40 -



 
Figure 4. 1 Block diagram of the SAR ADC 

 

4.2. Charge Redistribution 9-bit DAC 

The 9-bit DAC (show in Figure 4.2) is implemented with a binary weighted 
capacitor array, based on the charge redistribution principle. Two switch 
blocks control the voltage paths (VIN, VREF and ground) for top-plate and 
bottom-plate of the array respectively. The signals Sample and Data (stands 
for D8, D7…D0 respectively) decide the switches’ status. They are both low 
at the beginning. 
 

 
Figure 4. 2 Block diagram of 9-bit DAC 

 
The operation of the DAC is performed in three modes: 
 
1. Sample Mode: When Sample becomes high, the common terminal (top 
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plate of the capacitor array) is connected to VREF and the free terminals 
(bottom plate of the capacitor array) are connected to VIN. 

 
2. Hold Mode: When Sample goes low, the common terminal is cut from 

VREF and the free terminals change connection from VIN to ground, thus 
driving the output of the DAC VCOMP to –VIN + VREF. 

 
3. Redistribution Mode: The first conversion step starts when D8 becomes 

high. The free terminal of the MSB capacitor changes the connection 
from ground to VREF. Because the MSB capacitor is half of the total array 
capacitance, when the system reaches stable the voltage VCOMP becomes 
an amount equal to –VIN + VREF + 0.5VREF. VCOMP is then compared with 
VREF in the comparator. If VIN is larger than half of VREF, the comparator 
outputs 1, otherwise 0. The comparison result represents the exact value 
of the MSB D8. In the next conversion step, D7 is switched to VREF and 
D8 is settled according to the previous result. If D8 is 1, switch D8 
remains connected to VREF, otherwise it returns to ground. After the 
charge redistribution, the DAC output VCOMP equals to –VIN + VREF + 
(0.5D8 + 0.25)*VREF. This process continues until all 9 bits are generated, 
with the final conversion step being generated at a voltage equals: 

8 7 1 08 92 4 2 2
REF REF REF REF

COMP IN REF
V V V VV V D D D D V= − + + + + + +   Eq.4. 1 

4.2.1. Capacitor Array 

The linearity of the DAC directly limits the performance of the ADC. The 
DAC is affected by the capacitor mismatch due to the process variation. In 
order to minimize the mismatch error, its design starts by setting the value of 
the unit capacitance. The rest array capacitors are dimensioned with a binary 
weighted value of this unit capacitor. Note that the “Dummy” capacitor in 
Figure 4.2 has the same value as the unit capacitor. It is used to make the total 
capacitance equal the value of 29Cunit.  
 
The value selecting of the unit capacitance is important. In order to save the 
power consumption, the value should be as small as possible. However, the 
thermal noise (KT/C), capacitor matching and the design rules limit the 
minimum value of the unit capacitance [3]. In [1] and [3], a value of 20 fF for 
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a 9-bit implementation and a value of 24fF for an 8-bit one are chosen 
respectively in the same 0.18µm CMOS process. The design presented in [2] 
employs a value of 12 fF for an 8-bit converter in 0.25µm CMOS process. 
Considering the process and the resolution, in this work we choose the value 
of 20fF, same as [2]. Table 4.1 shows the design parameters for the array. 
 

Table 4. 1 Capacitor Values 
Device Size Unit 

C0=DUMMY 20 fF 
C1 40 fF 
C2 80 fF 
C3 160 fF 
C4 320 fF 
C5 640 fF 
C6  1.28  pF  
C7 2.56 pF 
C8 5.12 pF 

Total 10.24 pF 

 
Worth mention here is that during the layout of the capacitor array, 
common-centroid technique can be used to reduce the mismatch error [4]. 
The capacitors shown in Figure 4.3 are symmetrically placed according to a 
common center point. 

 

Figure 4. 3 Example of common-centroid layout 
 

4.2.2. Switches 

Figure 4.4 shows the block diagram of bottom-plate switches. Gates and 
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inverters are used to create the digital logic. The operation of the logic is: if 
Sample = High, VIN is connected to the array; if Sample = Low and Data = 
High, VREF is connected to the array; if Sample = Low and Data = Low, GND 
is connected.  

 
Figure 4. 4 Block diagram of bottom-plate switches 

 

A simple NMOS (M1) is used for the ground reference, and CMOS 
transmission gates (TG) are employed in the other two branches. Generally, 
there are 3 types of switches: PMOS, NMOS and CMOS TG. Figure 4.5 
shows the comparison among the three types of switches. Unlike CMOS TG, 
both NMOS and PMOS can’t pass the full range of signal: the largest voltage 
for an NMOS to pass is VDD-VTHN, and the smallest voltage for a PMOS to 
pass is VTHP. Moreover, CMOS TG also has the lowest on-resistance. Because 
the voltage range of VREF and VIN is not full VDD, TG is selected as switches. 
With the same reason, the top-plate switch also uses a TG. 
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Figure 4. 5 Small signal on-resistance of MOSFET switches 

 
Generally, when a switch is on, certain amount of charge is stored in the 
channel. The moment the switch turns off the stored charge exits through the 
source and the drain. This phenomenon is called charge injection [6]. 
Considering the example of Figure 4.6, the charge injection to the left side 
causes no error because VIN is an ideal source, but the charge injection to the 
right side held by the load capacitor will introduce an error.  

VIN
CLOAD

VLOAD

CLK

Charge injection

 
Figure 4. 6 Charge injection 

 
To reduce this error, one technique is to use dummy transistor beside the 
switch. Another approach simply uses a CMOS TG so that the opposite 
charge generated by PMOS and NMOS cancel each other (Figure 4.7) [6]. 
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Figure 4. 7 CMOS TG to reduce charge injection 

 
In this work, charge injection to the bottom-plate is not a big problem, 
because most capacitive nodes are actively driven during all the modes of 
conversion cycle [2]. The only place to care about the charge injection event 
is at the top-plate when the switch turns off at each beginning of the 
conversion. However, considering the large amount of array capacitance, the 
resulting error voltage becomes very small. Moreover, a CMOS TG is 
employed as a switch here, and it further reduces the charge injection to a 
smaller content. 
 
Because of the low sampling frequency (1kS/s), the minimum transistor size 
is used and appropriate ratio for PMOS and NMOS is kept. By using a 
smaller size the parasitic capacitance of the transistor becomes less, thus 
decreasing the charge injection error and power consumption. Table 4.2 
shows the design parameters for the switches. 
 

Table 4. 2 Design parameters for the switches 
Device Size Unit 

M1 0.3 µm 
TG_N 0.15 µm 
TG_P 0.3 µm 

INV_N 0.15 µm 
INV_P 0.45 µm 

NOR_N 0.15 µm 
NOR_P 0.9 µm 

NAND_N 0.3 µm 
NAND_P 0.45 µm 
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4.3. Comparator 

The comparator shown in Figure 4.8 consists of a latch-only comparator, a 
buffer and a SR latch. Moreover, isolation switches are added before the 
differential input pair to reduce the kick-back noise. 
 

 
Figure 4. 8 Block diagram of comparator 

 
The operation of this circuit is divided into reset mode and regeneration mode. 
During the reset mode (latch = Low), the outputs are pulled up to VDD and 
isolation switches turn on to pass the input signals; during the regeneration 
mode (latch = High), the comparator works and outputs the result. The 
following SR latch remains in the previous state in the reset mode. 

4.3.1. Latch-Only Comparator 

The latch-only comparator (Figure 4.9) is referred to [7] due to its low power 
configuration. When latch is low, the reset switches M7/M8 and M9/M10 are 
ON. They precharge the output nodes and the drains of the differential pair 
(M1/M2) to VDD. At the same time M11 is OFF and cut the current path from 
VDD to ground. During this reset mode, the only time when the comparator 
consumes power is the moment VDD charges output capacitance. When latch 
goes high, the reset switches are cut off. As M11 turn on, the current starts 
flow in the differential pairs. M3/M5 and M4/M6 constitute cross-coupled 
inverters. The path which receives more current discharges the output more 
quickly. When this voltage is lower than VTHN, the corresponding 
gate-connected NMOS is turned off and allows VDD to fully charge its output 
capacitance. After regeneration is completed, one output is at VDD and the 
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other becomes ground. In this situation, there is no supply current. Therefore, 
the comparator consumes power only during the regeneration. 
 

 
Figure 4. 9 Block diagram of dynamic latch comparator 

 
The transistor sizing is shown in Table 4.3. Due to the channel modulation 
effect and large mismatch error for using minimum transistor length, the 
length of the differential pair is set as three times of the minimum length, and 
others are two times of it. 
 

Table 4. 3 Design parameters of the dynamic latch comparator 
Device Width Length Unit 

M1/M2 12 0.39 µm 
M3/M4 0.9 0.26 µm 
M5/M6 0.45 0.26 µm 

M7/M8/M9/M10 0.9 0.26 µm 
M11 0.45 0.26 µm 

 
It is important to note that the size of the differential pair (M1/M2) is critical 
to the comparator’s performance. By enlarging the width, the gain is 
increased, thus improving the resolution. Meanwhile, the input offset mainly 
caused by transistor mismatch can also be reduced due to its inverse 
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proportion to the multiple of width and length [8]. While the drawback is a 
larger kickback noise (See Sec. 4.3.2) generated due to the parasitic 
capacitance.  

4.3.2. Isolation Switches 

The cross-coupled inverters of the comparator introduce large voltage 
variations during regeneration (Figure 4.10). The variations are then coupled 
to the input voltages through the parasitic capacitance of the input pair. If the 
proceeding stage doesn’t have zero output impedance, it will be disturbed by 
these variations, thus degrading the accuracy of the ADC. This phenomenon 
is called kickback noise [7]. 
 

 
Figure 4. 10  Kickback noise generation 

 
To avoid this noise source, an isolation switch is added between the 
differential pair and the preceding stage. The switch is simply a NMOS 
transistor with minimum size. It is controlled by the inverse of the latch signal. 
See Figure 4.11, when latch goes high, the comparator starts regeneration, 
and the isolation switches are cut off in order to protect the input signals from 
disturbance caused by kickback noise. 
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Figure 4. 11 Isolation switch with comparator 

4.3.3. Output Buffer and SR Latch 

The buffer followed the comparator is a simple inverter with minimum size 
and appropriate P/N ratio. Two cross-coupled NOR gates constitute a SR 
latch at the final stage, shown in Figure 4.12. The SR latch helps to keep the 
comparison result constant for a whole period of clock cycle. Otherwise the 
comparator output is always precharged to VDD at the reset mode. 

Unnecessary signal level change will consume extra power.  

 

Figure 4. 12 SR latch 

4.4. Successive Approximation Register 

The successive approximation register (SAR) is based on ring counter and 
shift register presented in [2]. See Figure 4.13, numbers of D Flip-flop (DFF) 
with set and reset are the major part of SAR.  
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Figure 4. 13 Block diagram of SAR 
 
SAR supports three main operations: First, it shifts the initial guess “one” to 
the right by one bit; secondly, it loads the result from the comparator by the 
positive triggering of next nearest bit; thirdly, it holds the determined bits. 
After 9 clocks, SAR outputs a pulse, which means that one whole conversion 
is completed. The signal eoc in the above figure is generated to indicate the 
start of the next sampling. 
 
Table 4.4 gives a detailed explanation of SAR algorithm. In step 0, all the 
data outputs are reset to zero and eoc is set to one. In step 1, SAR outputs a 
guess ‘one’ of D9 and eoc returns to zero. Meanwhile, the comparator decides 
the real value of D9. In step 2, SAR loads the result of D9 and again makes a 
guess ‘one’ of D8. Following this sequence, SAR completes one conversion 
through 10 clocks in total. 
 

Table 4. 4  SAR algorithm for 9-bit ADC 

Step DAC eoc COMP 

0 0 0 0 0 0 0 0 0 0 1 - 
1 1 0 0 0 0 0 0 0 0 0 D9 
2 D9 1 0 0 0 0 0 0 0 0 D8 
3 D9 D8 1 0 0 0 0 0 0 0 D7 
4 D9 D8 D7 1 0 0 0 0 0 0 D6 
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5 D9 D8 D7 D6 1 0 0 0 0 0 D5 
6 D9 D8 D7 D6 D5 1 0 0 0 0 D4 
7 D9 D8 D7 D6 D5 D4 1 0 0 0 D3 
8 D9 D8 D7 D6 D5 D4 D3 1 0 0 D2 
9 D9 D8 D7 D6 D5 D4 D3 D2 1 0 D1 

 

4.4.1. D Flip-Flop with Set and Reset 

There are several types of D Flip-Flops (DFF). The transmission-gate based 
(TGMS) flip-flop (Figure 4.14) shows a good power-performance trade-offs 
in 0.13µm CMOS process [9]. The logic of the set and reset is: if reset = High, 
q outputs 0; if reset = Low and set = High, q outputs 1; if reset = Low and set 
= Low, q remains its initial value. The sizing of the DFF, same as the above 
digital design, is kept minimum size and appropriate P/N ratio. 
 

 
Figure 4. 14 Block diagram of DFF 

4.5. Timing Diagram of SAR ADC 

Figure 4.15 depicts the SAR ADC operation through a timing diagram. It 
takes 10 clock cycles to complete one conversion. During the first clock, 
input voltage is sampled on the capacitive DAC; then the converter outputs 
the digital output from D8 to D0 in the following successive 9 clocks. The 
Latch signal for the comparator is an inverse of the clock signal. When it is 
high (clock is low) the comparator generates a result, which is kept constant 
and loaded by SAR at the rising edge of next clock. The rising edge of 
Sample signal, generated by SAR, indicates the end of the current conversion 
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and the beginning of next sampling. 

 

Figure 4. 15 Timing diagram of SAR ADC operation 
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5. Performance Evaluations 

5.1. Introduction 

The implementation of the proposed 9-bit SAR ADC is addressed in Chapter 
4. In this chapter, we focus on the circuit simulations to testify the 
performance of ADC. Testing environments to check the static and dynamic 
performance are set up. Conversion time of the ADC is simulated. Though 
speed is not a major concern in this work, by knowing the conversion time it 
is convenient for us to measure the design margin in terms of power and 
speed. Besides the power consumption simulated under the typical supply 
voltage (1.2V), it is also measured under some other low supply voltages 
(down to 0.4V) to investigate the minimum power figure. 

5.2. Test Bench Setting 

The test bench is depicted in Figure 5.1. Input voltage, power supply, and 
reference voltage are all given as ideal source. A clock buffer is added 
between the ideal clock and the internal clock for the sake of driving the large 
capacitive load if necessary. A Filewrite model written in Verilog-A is used to 
save the ADC output data, which include 9-bit digital outputs, the input signal 
and the comparator output. All the above blocks are simulated in 
transistor-level by Cadence. The recorded data from Cadence is executed in 
Matlab for calculating the static performance (DNL/INL/Offset) and the 
dynamic ones (SINAD/SFDR/ENOB).  
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Figure 5. 1 Testbench setup 

5.2.1. Clock Buffer  

The clock synchronizes all the data transfer on the chip. The number of total 
clock load could be very large. In order to get an on-chip clock with relatively 
sharp rise and fall edge, clock buffer is critical to drive such a big load. Figure 
5.2 shows the block diagram of the clock buffer. It is made by a chain of 4 
inverters, with a taping factor of 3. The first inverter is rather small, with a 
minimum size and appropriate P/N ratio. 
 

 
Figure 5. 2 Clock buffer contains a chain of 4 inverters 

5.2.2. Ideal Sources 

The typical supply voltage is 1.2V according to 0.13µm CMOS process. The 
reference voltage for the ADC is chosen as 0.8V. The analog input has a range 
from 0 to VREF. 
 
Considering the appropriate input level to the comparator, the reference 
voltage isn’t chosen as VDD. The reason is as follows: recall the equation 4.1 
shown in Sec.4.2, when analog input is zero, the input voltage to the 
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comparator arrives the maximum value as 3/2*VREF during the approximation 
of MSB. If VREF is set as the same value of VDD, the comparator won’t work 
correctly due to the extra large input voltage. Therefore, VREF is chosen a 
value as 2/3*VDD. 
 

8 7 1 08 92 4 2 2
REF REF REF REF

COMP IN REF
V V V VV V D D D D V= − + + + + + +     Eq.4. 2 

 

5.2.3. Filewrite 

Cadence provides mixed-signal simulation environment, which makes the 
analysis of the data conversion systems easier. It also contains INL/DNL 
models in behavioral level to directly get the simulation results.  
 
As these models are not quite suitable for SAR ADC, here data is first stored 
during simulation and then executed by Matlab. “Filewrite” is a behavioral 
model to store the simulation data, which is written in Verilog-A. 

5.3. Basic Function Check 

A basic simulation is run to assure whether the ADC works correctly at the 
first step. Shown in Figure 5.3, a constant input signal with value of 0.532V 
(randomly pick) is sent to the ADC, and the output from the DAC is checked 
after 10 clock cycles. A correct waveform will show the output of DAC 
VCOMP eventually approximates to the reference voltage VREF. 

 
Figure 5. 3 Basic function check of ADC 

 
Figure 5.4 shows the probed simulation waveform. The red line strands for 
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VCOMP, and the blue line for VREF. The waveforms match our expectation. 
And the ADC gets a digital output of 1010101002, the same as the value by 
calculation. 

 

Figure 5. 4 Simulation plots of VCOMP and VREF

 

5.4. DNL/INL and Offset Evaluation 

Input/output transfer curve is helpful to obtain the static performance such as 
DNL/INL and offset. A ramp signal from 0 to 0.8V is applied to ADC in steps 
of LSB/4. The data recorder stores both the 9-bit digital results and the input 
signal at each rising edge of the clock. The stored data is executed according 
to the definition of static performance metrics explained in Chapter 2. Figure 
5.5 shows the testbench set-up for this measurement. 
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Figure 5. 5 Measurement of input/output transfer curve 
 
Figure 5.6 shows part of the input/output transfer curve. The blue line stands 
for the simulation result, and the red line is an ideal transfer curve. Based on 
these two lines, non-linearity error and offset error are calculated.  

 
Figure 5. 6 ADC transfer curve, ideal and simulation 

 
Figure 5.7 shows the DNL and INL plots respectively. From the figure, it can 
be seen that the maximum DNL is +0.26/-0.25 LSB, and the maximum INL is 
+0.31/-0.23 LSB. There is no missing code because none of the DNL error is 
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less than -1 LSB. The offset error is -0.25 LSB. The major contribution of 
DNL and INL errors can be attributed to the charge injection of the switches 
and the limited numbers of sample taken per code. 

 

Figure 5. 7 Matlab results of static error measurements 

5.5.  SINAD/SFDR/ENOB Evaluation 

The dynamic performance including SINAD, SFDR and ENOB can be 
obtained by the fast Fourier transform (FFT). Shown in Figure 5.8, a 
full-range sine wave is applied to the ADC. The stored data stream is then 
taken the FFT transform in Matlab. Ideally, the transform will indicate only 
one spectral component corresponding to the input waveform and show 
quantization noise elsewhere. By examining this spectrum, the above listed 
items can easily be calculated. 
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Figure 5. 8 FFT Testing 

5.5.1. Coherent Sampling 

One potential problem along with the FFT transforms is the spectral leakage 
if less attention is paid to the frequency of the input signal and the record 
length of the data collected [2], [3]. This problem can be eliminated by two 
ways: coherent sampling or window sampling [4]. In this work, we use 
coherent sampling to measure the dynamic performance.  
 
Coherent sampling pays attention to the coherence of the sampled waveform 
in the data record. There should be integer number of sinusoids in a record. 
Moreover, the number of cycles and samples in a record should have no 
common factors, which guarantees that the samples are uniformly distributed 
in phase from 0 to 2π[3]. Mathematically, refer to [3], this can be expressed 
as: 

C
s

Mf f
M

=    [3]           Eq.5. 1      

where 
f is the signal frequency 
fs is the sampling frequency 
MC is the number of cycles per record 
M is the record length 
 
In our measurement, we use the sampling frequency fs with a value of 1KHz. 
A length of 1024 samples is recorded from 23 sine cycles. Based on the above 
equation, we get the signal frequency as a value of 22.4609372Hz. Figure 5.9 
shows the spectrum of the digital data after Fourier transform. The resulting 
SINAD is 54.4dB and the SFDR is 72.6 dB. Based on SINAD, we get the 
ENOB as 8.74 bits.  

 - 61 -



 

Figure 5. 9  Measured FFT spectrum at 22.46Hz input signal frequency 
(Modified from [6]) 

5.6. Conversion Time 

The conversion time of the ADC depends on the following items: the time for 
comparator to make a decision, the duration of sampling, the time for DAC to 
be settled down and the clock-to-q delay for DFF in SAR. The last item can 
almost be neglected compared to the first three ones. The worst-case of 
sampling and DAC’s settling time happens during the approximation of MSB, 
because the maximum capacitance is needed to charge. So the total 
conversion time is defined as: 
 

TCONV = TSAMPLE_MSB + 9 (TB DAC_MSB + TCOMP) 
 
Table 5.1 gives the simulation results. The total conversion time is 167ns, 
which is much faster than our specified sampling time (1ms).  
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Table 5. 1 Speed simulation 
Block Delay Unit 

Comparator 1.3 ns 
DAC_MSB 15 ns 

Sample 20  ns  
Total 166.7  ns  

5.7. Power Consumption 

The total power consumption of a CMOS circuit can be expressed by three 
items: dynamic power consumption, leakage power consumption and 
direct-path consumption [5]. The last two items are neglected due to their low 
contribution to the power. The dominant factor is the dynamic power based 
on the equation: CfV2.  
 
The ADC is simulated with a sampling rate of 1kS/s. The analog input signal 
is set as a frequency of 500Hz. Command .AVG is used in SPICE to calculate 
the average power consumption. Table 5.2 shows both the total power and 
block power. In total, the ADC consumes an average power of 103nW, which 
is a quite small number. Figure 5.10 gives a pie chart which describes how the 
power is distributed. SAR consumes more than half of the total power, while 
the comparator which utilizes a dynamic latch only consumes 4% of the total 
power. 
 

Table 5. 2  Power consumption simulation 

Block Power Unit 

SAR 69.2 nW 
DAC 21.7 nW 

Comparator 4.2 nW 
Clock buffer 7.8 nW 

Power exclude 
clock buffer 

95.1 nW 

Total power 103 nW 
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Figure 5. 10 Pie chart of power distribution  

5.8. Low Supply Voltage Simulation 

Based on the above simulations, we’ve completed the performance 
characterization of our ADC. A summarize is given in Table 5.3. 
 

Table 5. 3  Performance summarize for ADC  

Items Result Unit 
Technology ST0.13µm - 

Supply Voltage 1.2 V 
Resolution 9 bits 

Input Range 0 - 0.8 V 
Sampling Frequency 1 kS/s 
Power Consumption 103 nW 

Conversion Time 167 ns 
DNL 0.26/-0.25 LSB 
INL 0.31/-0.23 LSB 

Offset -0.25 LSB 
SINAD(f=22.46Hz@1kHz) 54.4 dB 
SFDR(f=22.46Hz@1kHz) 72.7 dB 
ENOB(f=22.46Hz@1kHz) 8.7 bits 
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As the supply voltage has a large effect on the dynamic power, it is interesting 
to investigate the power bound of the ADC by decreasing the supply voltage. 
Simulation data under various supply voltage are summarized in Table 5.4. 
Moreover, Figure 5.11 shows power and SINAD as a function of supply 
voltage. A relatively high SINAD value is obtained down to a supply voltage 
of 0.45V, and the total power becomes 16nW, which saves 84% power 
compared to the original value 103nW. 
 

Table 5. 4  ADC performance under different supply voltage 
Supply Voltage[V] 1.2 0.9 0.6 0.45 0.4 
Voltage Reference [V] 0.8 0.6 0.4 0.3 0.25 
Input Range [V] 0.8 0.6 0.4 0.3 0.25 
SINAD [dB] 54.4 54.2 53.8 53.6 49.3 
ENOB [bit] 8.74 8.71 8.7 8.6 7.9 
Power Consumption [nW] 104 54.3 26 16 13.2 
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Figure 5. 11  Supply voltage versus power and SINAD 

5.9. Comparison with Other Approaches 

The figure of merit (FOM) used in [10] is referred here to compare the 
proposed ADC design with other published works. The FOM is defined as 
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2ENOB
S

PowerFOM
F

=
⋅

. 

In stead of a power point of view, this FOM is from the aspect of energy, 
which concerns the total energy consumed in one full conversion cycle of 
ADC [11]. Here the power doesn’t take into account the reference buffer and 
clock generation [10]. Table 5.5 summarizes the comparison results. Though 
power of the proposed SAR ADC is the lowest, the energy per sample of it is 
relatively higher compared to most of the listed works.  
 

Table 5. 5  Comparison of the proposed ADC with other published works 

Sources [7] [8] [9] [10] [11] [12] 
This 
work 

Technology (CMOS) 0.25µm 0.18µm 0.18µm 90nm 0.18µm 65nm 0.13µm 
Resolution (bit) 8 9 12 9 8 10 9 

Supply voltage (V) 1 1 1 1 1 1 1.2 
Sampling rate (S/s) 100K 150K 100K 20M 400K 1M 1K 

Input range (V) 1 0.5 N/A N/A 1 N/A 0.8 
ENOB (bit) 7.9 8.2 10.55 7.8 7.31 8.75 8.74 

Power dissipation (W) 3.1µ 30µ 25µ 290µ 6.15µ 1.9µ 95n 
FOM 

(fJ/conversion-step) 
130 680 167 65 97 4.4 222 
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6. Conclusion and Future Work 

6.1. Conclusion 

In this work, a 9-bit 1kS/s 1.2V SAR ADC is designed in transistor level and 
it achieves a very low power with good performance. To minimize power, 
this ADC: 1) combines the capacitive DAC with S/H circuit; 2) uses the 
binary-weighted capacitor array for the DAC; 3) utilizes the dynamic latch 
comparator.  
 
In a data conversion system, the comparator is always a critical part. In this 
work, great efforts are spent on the design of the comparator. Different 
topologies of comparator are studied and compared (refer to Chapter 3). A 
dynamic latch comparator is chosen for its lowest power consumption. 
However, it generates more kickback noise which deteriorates the input 
resolution and degrades SNR. To overcome this problem, isolation switches 
are added before the input stage of comparator, thus keeping the input signals 
from disturbing by this noise. Moreover, a latch is followed after the 
comparator to keep the previous output unchanged in the whole clock cycle. 
Such operation avoids unnecessary charge and save power.  
 
Switches are another concerned issue during the circuit design (refer to 
Chapter 4). For a simple NMOS or PMOS switch, its on-resistance is changed 
as a function of reference voltage. Moreover, it introduces charge injection 
error during the status transition. A transmission gate (also called CMOS 
switch) is preferable both for its relatively constant on-resistance and charge 
injection cancellation.  
 
Two main approaches regarding the design of successive approximation 
register (SAR) are found in the literature (refer to Chapter 3). The 
non-redundant SAR proposed by Rossi uses less flip-flops, but when this 
architecture is implemented in this work it consumes more power than the 
one presented by Anderson for its more complicated sampling signal 
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generator. Therefore, the latter approach is chosen in this work. 
 
Based on this work, the SAR ADC represents the optimal choice in terms of 
low power and moderate resolution and speed among the ADC architectures 
available today. 
 

6.2. Future Work 

Based on the work presented above, there are certain areas to improve: 
 
i. In this work, to minimize the power, input offset cancellation 

schemes are avoided during the design of comparator. In real chip 
measurement, the input offset error has to be canceled otherwise the 
comparator will cause a large offset error which directly affects the 
ADC’s performance. Cancellation techniques proposed by [1] can be 
referred. 

 
ii. The capacitor model in this work is ideal, thus neglecting the parasitic 

effects. In real application, the parasitic error caused by process 
variation will decrease the linearity of ADC. To attenuate this effect, 
careful attention need to be paid during the layout for the capacitive 
array. Techniques such as common-centroid structure, dummy 
components and metal shield can be employed [2]. From the circuit 
design perspective, other capacitive DAC architectures, such as 
two-stage weighted capacitor array can be utilized. 

 
iii. The input swing to the designed converter is not rail-to-rail for the 

purpose of making the DAC output compatible with the comparator. In 
literature, there are SAR ADC designs achieving full input swing [2,3]. 
Bootstrapping techniques are employed in [2,3]. Moreover, 
complementary input differential pairs are incorporated in the 
comparator design to increase the input voltage range [3]. However, 
each technique has its own disadvantages. One possible approach is to 
design a DAC with an additional function of input voltage scaling. 

 
iv. In this work, ideal voltage reference source is used during the 
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simulation. There are two approaches to improve this situation: 1) 
adjust the circuit architecture and use supply voltage as the reference; 2) 
design a voltage reference circuit with the sacrifice of extra power. 

 
v. The circuit is implemented in transistor level. It can be followed by 

layout implementation and further checked by post-layout simulation. 
Finally, a chip can be manufactured and it is worthwhile to characterize 
the ADC through real chip measurement.  
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