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ABSTRACT 

 

DIGITALLY ASSISTED ADCS 

 

by 

 

Ivan Timothy Bogue 

 

 

Chair: Michael Flynn 

 

 

This work involves the development of digital calibration techniques for Analog-

to-Digital Converters. According to the 2001 International Technology Roadmap for 

Semiconductors, improved ADC technology is a key factor in the development of present 

and future applications. 

The switched-capacitor (SC) pipeline technique is the most popular method of 

implementing moderate resolution ADCs. However the advantages of CMOS, which 

originally made SC circuits feasible, are being eroding by process scaling. Good switches 

and opamps are becoming increasingly difficult to design and the growing gate leakage 

of deep submicron MOSFETs is causing difficulty. Traditional ADC schemes do not 

work well with supply voltages of 1.8V and below.  Furthermore, the performance 



 xi 

required by present and future wireless and IT applications will not be met by the present 

day ADC circuits techniques. 

Bearing in mind the challenges associated with deep sub-micron analog circuitry 

a new calibration technique for folding ADCs has been developed. Since digital circuitry 

scales well, this calibration relies heavily on digital techniques. Hence it reduces the 

amount of analog design involved. As this folding ADC is dominated, in terms of both 

functionality and power, by digital circuitry, the performance of folding will improve 

when implemented in smaller geometry processes.  

An 8-bit, 500MS/s, digitally calibrated folding ADC was designed in TSMC 

0.18µm. A second prototype, 9-bit 400MS/s, was designed in ST 90nm. This ADC uses 

novel folders to reduce thermal noise.  

The major accomplishments of this work are: 

• The creation of a new folding ADC architecture that is digitally dominated 

allowing large transistor mismatch to be tolerated so that small devices 

can be utilized in the signal path. 

• The development of modeling techniques, to investigate and analyze the 

effects of transistor mismatch, folder linearity and redundancy in ADCs. 

• The design of a new folder circuit topology that decreases the required 

power consumption for a given noise budget.  

• The design of a resistor ladder DAC that uses a unique resistor layout to 

allow any shape ladder to be designed. 
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Chapter 1 

 

Introduction 

 

1.1 Background 

In the world of electronics there are 2 types of signals: analog signals and digital 

signals. Analog signals pertain to the real world values, heat, pressure, sound or 

temperature. Digital signals are discrete time signals and have distinct levels. Analog 

signals are converted to the digital domain for storage, digital signal processing, 

transmission and display. Analog to digital converters (ADCs) perform this function. An 

ADC compares the analog input voltage to known reference voltages and then produces a 

digital output. By its nature an ADC introduces a quantization error. This is simply the 

information lost rounding an infinite set of analog voltages to a finite set of digital codes. 

The more digital codes that the ADC can resolve the less information lost to quantization 

error. 

ADCs are a key component in many systems. Today’s ICs are mixed-signal 

systems consisting of a large digital signal processing (DSP) core surrounded by analog 

circuitry including RF front-ends and I/O. Fig. 1.1 shows how ADCs connect the analog 

to the digital domain. 
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Fig. 1.1. ADC usage 

 

This work concentrates on fast moderate resolution ADCs that are typically used 

in RF devices, wireline communications and consumer video applications. 

1.2 ADC Offsets 

Mismatch in key components of the analog section of the ADC can cause errors in 

the output binary code of the converter. These mismatches become larger as the device 

size shrinks [1]. The main causes of the mismatch and the resultant offsets experienced in 

ADCs are detailed in this section. 

1.2.1 Analog Mismatch 

For an ADC to accurately convert analog signals to the digital domain its analog 

components ideally should match. Differential pairs are the basic building blocks of the 

analog circuits in ADCs and are used extensively in pre-amps, folders and comparators. 

Across any die, transistors with identical geometries are likely to have slightly different 
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characteristics. The impact of MOS transistor mismatch becomes more serious as the 

sizes of the devices are reduced and the available signal swing decreases.  

 

 

 

 

 

 

 

 

Fig. 1.2. (a) Unbalanced differential pair. (b) Equivalent differential pair with offset 

voltage. 

 

Consider a single differential pair, Fig. 1.2(a). If the VTH of the 2 transistors is the 

same, the pair is said to be balanced, however a VTH mismatch causes a voltage offset. 

This can also be considered as a symmetrical differential pair with a voltage source in 

series with one input - the voltage source being equivalent to the offset voltage, Fig. 

1.2(b). 

Other key analog components in ADC design include: 

• Resistors: resistors are used extensively in the reference voltage resistance 

ladder. If one resistor in the ladder is larger or smaller than desired then 

there will be an associated error in the reference ladder voltages.  

• Capacitors: capacitors are used to perform voltage addition, subtraction 

and multiplication in ADCs.  The fabricated value of the capacitance can 

vary from the desired value.  

VTH=0.52V VTH=0.49VVin+ Vin- VTH=0.52V VTH=0.52VVin+ Vin-

0.03V offset 
voltage

(a) (b)

VTH=0.52V VTH=0.49VVin+ Vin- VTH=0.52V VTH=0.52VVin+ Vin-

0.03V offset 
voltage

VTH=0.52V VTH=0.49VVin+ Vin- VTH=0.52V VTH=0.52VVin+ Vin-

0.03V offset 
voltage

(a) (b)



4 

1.3 Offset reduction/correction techniques 

To allow successful operation of ADCs various analog techniques have been 

utilized. The major techniques are presented in this section. 

1.3.1 Large transistors 

The deviation in threshold voltage is seen to be inversely proportional to the 

transistor area [1]. 

( )
WL

VTH

1∝∆σ    (1.1) 

It is apparent that using large transistors, with a large W and L, would reduce VTH 

mismatch. Therefore comparator and folder errors would be lessened. This is a simple 

method and requires no extra offset correction circuitry. However chip area and power 

consumption increase dramatically when this technique is used because of the larger 

parasitic capacitance. When designing moderate-to-fast speed ADCs, it is desirable to 

keep parasitic capacitance as low as possible. 

1.3.2 Offset Storage 

 Offset storage can also be used to reduce voltage offset in the comparators [2]. It 

involves using capacitors to store charge to cancel the offset seen at the inputs. This 

allows small transistors to be used. Complicated circuitry is required with this method 

and this doesn’ t scale well because switches are difficult to implement with a low voltage 

supply. Also, because the offset has to be refreshed periodically, continuous conversion is 

not possible. 
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1.3.3 Offset Trimming 

A DAC current can be used to reduce the differential pair offset [3]. This method 

facilitates continuous conversion but increases analog design complexity. 

1.3.4 Digital Calibration 

Digital calibration is either implemented on chip power up [15], a ‘one-shot’  

calibration or as continuous background calibration [29][35] where the converter is in its 

normal operation while being calibrated. Digital calibration is typically implemented on-

chip using digitally synthesized logic to correct the analog circuitry. Digital calibration is 

commonly used in pipeline ADCs to correct errors due to DAC and inter-stage gain 

errors, and capacitor mismatch [34][44]. 

1.3.5 Current ADC design 

Traditional techniques used in ADCs to overcome transistor mismatch include 

switched capacitor techniques and DAC trimming. Switched capacitor techniques 

measure the mismatch in the analog circuits and correct these errors by using charge 

stored on capacitors[29] [33] [35]. DAC trimming is used to compensate for threshold 

voltage mismatch by digitally controlling the current flowing through the devices [28] 

[3]. Since modern, smaller transistors suffer badly from gate leakage these techniques are 

harder to implement. ADCs now primarily use digital circuitry to overcome analog 

mismatches. One of these methods is to use calibration routines at chip power up to select 

comparators [15]. The ADC described in [28] uses calibration just one time at chip power 

up to correct errors in the pre-amplifiers.  Other ADCs use continuous background 
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calibration, for example to adjust reference voltages in a pipeline ADC [33]. Digital error 

correction to overcome the analog errors is especially common in pipeline ADCs [32-49]. 

1.4 ADC primer 

The flash ADC is conceptually the simplest type of ADC and most other ADC 

architectures are derivatives of flash. An N-bit flash ADC consists of 3 main components: 

•  2N-1 comparators 

•  A resistor ladder which provides 2N-1 reference voltages 

• An encoder 

Each comparator has 2 inputs; one connected to the ADC input, the other 

connected to the reference ladder. If the input signal exceeds a reference voltage of a 

comparator, the output of the comparator will be high. The output of the comparator 

block forms a thermometer code. An encoder converts the 2N -1 bit code into N binary 

signals. A 3-bit flash ADC would require 7 comparators and 7 resistors as shown in Fig. 

1.3. 

 

 

 

 

 

 

 

 
Fig. 1.3. 3-bit flash ADC. 
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1.4.1 ADC metrics 

The main ADC metrics are conversion speed and output resolution. This work 

concentrates on moderate-speed and moderate-resolution ADCs. These are typically 

defined as ADCs in the 30MHz-1GHz range with an output resolution of 6-10 bits.  

Two main types of tests are applied to characterize ADCs- static and dynamic 

tests. Conceptually, in the static test a very slow linear ramp voltage is applied to the 

input of the ADC and output is recorded. For an ADC, the ideal output for this test is a 

staircase with each step having the same width. Differential and integral non-linearity 

(INL and DNL) are a measure of the deviation from the ideal step size. INL and DNL 

values of zero are ideal.  

Dynamic testing is performed by applying a high-speed sinusoidal input voltage 

waveform to the ADC. The reconstructed ADC output should be a sine wave. The quality 

of the reconstructed output sine wave can be determined by running a Fast Fourier 

Transform (FFT). This provides some key information including Signal to Noise and 

Distortion Ratio (SNDR). From this, an effective number of bits (ENOB) of the ADC is 

calculated. The greater the ENOB of a given ADC the more resolution it can provide. 

1.5 Recent ADC publications 

Fast, moderate resolution ADCs are typically implemented as flash, folding or 

pipeline ADCs. While successive approximation ADCs generally have a maximum 

conversion rate of about 100MHz, faster ADCs have been successively implemented by 

interleaving 2 or more of these slower building blocks [30][31].  

Pipeline ADCs are typically small in area and have low power consumption. They 

have a large latency as the signal being converted has to pass through all the stages of the 
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pipeline, anywhere from 3-8 stages, before the final output can be determined. They are 

frequently used for higher bit resolution, 10-14 bit designs, where conversion rate is in 

the order of 20MHz-100MHz. But some faster ADCs have also been published, recording 

conversion rates of 220MHz while providing 10 bits output [38].  Background calibration 

and digital error correction are used extensively in pipeline ADC design [32-49]. 

Successive approximation ADCs (SAR ADCs) can be interleaved to form an 

ADC that can converts at a speed of 600MS/s [31]. SAR ADCs use a large capacitor 

array in the conversion process. The capacitors usually require some form of digital 

calibration [30]. Flash ADCs have the highest conversion rate of any ADC architecture 

[4]. However each additional bit of resolution approximately doubles the area of the flash 

ADC [5]. Therefore flash ADCs are popular for fast, low-medium resolution ADCs. Pre-

amps and resistive averaging have been used to reduce matching requirements in the 

comparators [13]. DAC trimming has also been used to calibrate the comparators [14]. 

Flash ADCs with 6 bits resolution have been reported with conversion rates in the GHz 

range [13,14,17,17,19]. Both two-step and folding ADCs are derivatives of the flash 

ADC. They trade the speed and parallelism of the flash technique for increased 

complexity and reduced area. A lot of the techniques such as auto-zeroing and resistive 

averaging used in the design of flash ADCs also extend to these ADCs. Folding ADCs 

are usually used to provide 6-8 bits resolution with an operating speed of 200-800MHz. 

A faster folding ADC has been reported [28] but this uses 2 interleaved folding ADCs. 

A figure of merit for ADCs that is commonly used is: 

)2(2 ERBW

P
E

BQ =
    

(1.2) 

This figure of merit is known as the “quantization energy”  and has units of Joules 

per conversion. P is the power dissipation, B is the high-frequency ENOB (calculated 
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from SNDR) and ERBW is either the effective resolution bandwidth or the Nyquist 

frequency, whichever is less.  

Table 1.1 shows a summary of the performance of fast moderate resolution 

presented ADCs presented at the 3 main solid-state circuits conferences, ISSCC, CICC 

and VLSI symposium, for the years 1997 to 2007. These are all CMOS ADCs 

implemented in transistor technologies ranging from 0.6µm all the way down to 90nm. 
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Publication 
Year 

Fs [MHz] Resolution Technology 
[µm] 

ERBW 
[MHz] 

ENOB @ 
ERBW 

Power 
[mW] 

Figure of  
Merit 

[pJ/conv] 

Reference 

Flash 
1997 48 10 0.5 12 8.7 240 24.05 [6] 
1998 400 6 0.35 100 5 190 29.69 [7] 
1999 500 6 0.4 125 5.5 400 35.36 [8] 
1999 500 6 0.6 30 5 330 171.88 [9] 
2000 700 6 0.25 136 5.55 187 14.67 [10] 
2000 800 6 0.25 50 5.3 400 101.53 [11] 
2000 1000 6 0.35 450 4.1 900 58.24 [12] 
2001 1300 6 0.35 600 5.02 55 1.41 [13] 
2001 1600 6 0.35 300 5.05 350 17.61 [14] 
2001 300 6 0.25 50 5.2 110 29.95 [15] 
2001 900 6 0.25 150 4.95 450 52.01 [16] 
2002 1600 6 0.18 660 5 328 7.77 [17] 
2002 400 6 0.18 100 4.85 70 12.14 [18] 
2003 2000 6 0.18 941 5.6 310 3.39 [19] 

Folding and Two Step 
1998 400 6 0.5 30 5 200 104.17 [20] 
1999 50 6 0.35 1 5.2 20 272.05 [21] 
2000 125 8 0.35 62.5 6.4 110 10.42 [22] 
2002 100 10 0.12 12.5 8.83 180 15.82 [23] 
2004 600 8 0.35 200 7.3 200 3.17 [24] 
2004 600 8 0.18 200 6.35 207 6.34 [25] 
2004 125 8 0.13 8 7.6 21 6.77 [26] 
2007 160 10 0.09 80 9.1 84 0.95 [27] 

Interleaved 
2004 1600 8 0.18 797 7.25 1400 5.77 [28] 
2004 150 8 0.18 80 7.18 71 3.06 [29] 
2004 50 10 0.18 25 9.2 29 0.99 [30] 
2004 600 6 0.09 300 4.89 13 0.73 [31] 

Pipeline 
1999 100 8 0.5 50 6.68 165 16.09 [32] 
2000 80 8 0.5 4.1 7.4 250 180.51 [33] 
2001 100 10 0.18 50 9.4 180 2.66 [34] 
2001 30 8 0.18 15 6.18 18 8.28 [35] 
2003 150 10 0.18 10 8.37 123 18.59 [36] 
2003 80 10 0.18 100 9.29 69 0.55 [37] 
2004 220 10 0.13 10 9.01 135 13.09 [38] 
2005 50 10 0.18 21 8.84 35 1.82 [39] 
2005 125 10 0.18 80 8.17 40 0.87 [40] 
2005 200 8 0.18 99 7.68 30 0.74 [41] 
2006 50 10 0.18 20 8.8 18 1.01 [42] 
2006 64 10 0.09 19.2 9 32 0.5 [43] 
2006 800 6 0.18 100 5.3 105 13.32 [44] 
2007 80 10 0.09 40 8.25 6.5 .26 [45] 
2007 30 10 0.09 2 9.4 3.7 1.72 [46] 
2007 205 10 0.09 30 8.87 18 1.01 [47] 
2007 200 8 0.18 100 6.4 8.5 0.50 [48] 
2007 205 10 0.13 102.5 9 92.5 0.88 [49] 

Table 1.1 Summary of reported ADCs. 



11 

 

The ENOB recorded is the ENOB at the ERBW and using this number and 

reported power, the figure of merit for all the ADCs was calculated. Fig. 1.4 shows a plot 

of figure of merit change versus publication year. The solid line is the best-fit line. The 

data shows approximately a factor of 100 improvement for figure of merit over the last 

11 years. 
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Fig. 1.4. Figure of Merit for published ADCs. 

 

Fig. 1.5 shows the reported active area of the same ADCs. Again the solid line is 

the best-fit line. The ADCs display only a very slight decrease in area over the last 11 

years. 
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Fig. 1.5. Active area of published ADCs. 

1.6 Technology Scaling 

The past 15 years has seen continuous improvement in CMOS fabrication 

techniques leading to far smaller transistor sizes. With this reduction in transistor size it 

has become easier to include extra functionality in a single die. Digital circuits scale 

particularly well, hence the increasing functionality and speed of microprocessors. While 

most aspects of digital circuitry are enhanced as transistor sizes scale, analog design, 

because of the decreased supply voltage, becomes more problematic and performance 

deteriorates.  

As the feature size decreases the speed (fT) and the power efficiency (gm/ID) of the 

transistors increase. Digital circuits capitalize on these new improved devices. The x86 

processor, from Intel, is an industry leading example of digital circuit innovation. A 

simple metric for microprocessor circuit performance is the number of transistors per 

processor. Fig. 1.6 shows the number of transistor in millions in each of the main Intel 
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x86 processors over the last 11 years [50]. The figure shows about a factor of 100 

increase in transistor number. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6. Intel x86 number of transistors per processor. 

 

A common ADC performance metric is the sampling rate of the converter times 

the number of bits that it outputs. This metric shows the processing power of the ADC 

and is plotted in Fig. 1.7 for the ADCs in Table 1.1. There is only a slight improvement 

over the last 11 years. 
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Fig. 1.7. Published ADC performance.  
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Over the same time frame the digital performance has increased by a factor of 100 

while the analog has increased by only a factor of 10. Signal processing can be 

implemented in either the analog or digital domain. Due to the smaller size of digital 

transistors and the associated deterioration in analog performance, analog signal 

processing is rapidly being replaced by digital signal processing. In the past an electronic 

system consisted of a number of ICs, however using modern CMOS processes much of 

the functionality can be incorporated onto a single chip. These devices are commonly 

referred to as a “System on a Chip” , (SOC) ICs. A SOC has the benefits of: 

• Reduced power, space, weight and cost 

• Enhanced performance 

• Increased reliability 

Since digital performance is improving at a faster rate than the analog 

performance, analog circuits are the bottlenecks in SOCs. The relative area and power of 

analog circuitry in relation to digital circuitry is increasing as the feature size shrinks. 

This means that analog circuit design and in particular ADC design has to evolve rapidly 

to overcome these system issues. 

 

1.7 Porting Designs 

ADCs are commonly integrated with other devices in a SOC. For faster 

performance and low power consumption in digitally dominated SOCs it is advantageous 

to implement these SOC in the latest process technologies. Fig. 1.8 shows the technology 

nodes used by the Intel x86 processors over the last 11 years. In total there were 6 

different processes used, from gate lengths of 0.25µm in 1997 down to 45nm in 2007. 

Digital circuits are easier than analog circuits to port from one process to the next. 
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Therefore a predominantly digital ADC would be desirable for implementation on any 

SOC designed with a view to migration to finer geometry processes in the future. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.8. Technology node used for x86 processor. 

1.8 Contributions of this work 

The major accomplishments of this work are: 

• The creation of a new folding ADC architecture that is digitally dominated 

allowing large transistor mismatch to be tolerated so that small devices 

can be utilized in the signal path. 

• The development of modeling techniques, to investigate and analyze the 

effects of transistor mismatch, folder linearity and redundancy in ADCs. 

• The design of a new folder circuit topology that decreases the required 

power consumption for a given noise budget.  

• The design of a resistor ladder DAC that uses a unique resistor layout to 

allow any shape ladder to be designed. 
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1.9 Thesis Outline 

The motivation for investigating design techniques for digitally calibrated, fast, 

moderate resolution ADCs is discussed in this chapter. The folding ADC architecture is 

reviewed in Chapter 2. A new digital calibration technique is presented in Chapter 3 and 

the prototype results of 8-bit folding ADC implemented in TSMC 0.18 m are presented. 

In Chapter 4 a second prototype, fabricated in ST 90nm, is described. This design uses 

digital calibration and a unique folder scheme to build a 400MS/s, 9-bit ADC. The 

conclusion and suggestions for future work are given Chapter 5.
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Chapter 2 

 

Folding ADC review  

 

2.1 Introduction 

In a flash ADC, fast conversion speed and a high input bandwidth can be 

achieved thanks to the parallel nature of the converter. The input signal is applied to all 

comparators at once and is converted in a single clock cycle. Flash ADCs are 

advantageous in nanometer processes, since, unlike pipeline ADCs, operational 

amplifiers are not required. Very fast ADCs have been reported using the flash 

architecture; however these are usually confined to 4-6 bits of resolution [13,14]. Where 

more than 6 bits is required the number of comparators in a flash ADC becomes 

prohibitive and folding [20] becomes an attractive option. Folding preprocesses the 

analog signal before it enters the comparators, reducing the total required number of 

comparators by the degree of folding performed. In this manner, fast, moderate-resolution 

folding converters have been presented [20-27]. These devices are typically required for 

various applications such as RF quadrature demodulation front-end (e.g. 8-bits, 40MS/s 

[22]), wireline communications such as 10G Ethernet (e.g. 8-bit, 700MS/s [25]) and 

consumer video applications (e.g. 10-bits at 54MS/s [23]). 
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2.2 Folding ADC architecture 

The flash ADC is conceptually the simplest ADC architecture and most other 

ADC architectures can be considered as derivatives of the flash scheme. A flash ADC, 

Fig. 2.1(a), consists of 3 main components; comparators, a resistor ladder and an encoder.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. (a) 3-bit flash ADC with 7 comparators. (b) 3-bit folding ADC with 2 

comparators. 
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of the transition from high outputs to low, known as the meniscus, is related to the value 

of the input signal. Although there is a separate comparator for each ADC code, at any 

given time only a few comparators (those around the transition of the thermometer code) 
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number of comparators and a block called a folder does this pre-processing. A 3-bit 

folding ADC, folding by 4, requires just 2 comparators, as shown in Fig. 2.1(b). A 

separate coarse ADC generates the MSB. In general, a N-bit folding ADC, folding by f, 

requires 2N/f folders and comparators, while the coarse ADC requires log2(f)-1 

comparators. 

 

2.2.1 Folder 

A folder, folding by 4, Fig. 2.2(a), consists of an even number of differential pairs 

whose outputs are connected in alternating fashion. One input of the differential pair is 

connected to the analog input, Vin, the other input is connected to one of the four 

reference voltages, vr1-vr4. Each current source supplies a fixed current, I t. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. (a) Four cross coupled differential pairs. (b) Folder output currents cross four 

times, each crossover point comes from a single differential pair.  
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The polarity of the differential output signal changes each time the input voltage, 

Vin, reaches a reference voltage level. In this way, the input signal is “folded” at each 

reference voltage. Fig. 2.2(b) shows the folder outputs, Ip and In, as the input voltage, 

Vin, is swept from low to high. Ip and In change polarity four times The fifth current 

source, I5, acts as a level shift so that In and Ip cross [20]. The differential output formed 

by Ip and In, is fed to a comparator.  

The output currents of a single differential pair are also shown in Fig. 2.2(b). For 

Vin close to vr2, current flows in both M1 and M2, this is the active region of the 

differential pair. For Vin much less than vr2, I t  flows in M2 and for Vin a lot greater than 

vr2, It flows in M1. These regions are referred to as the switched region of the differential 

pair.  

 

2.2.2 Cascaded folding 

The larger the folding factor, f, the greater the reduction in the number of 

comparators required in a folding ADC. A large value of f is difficult to achieve in a 

single stage because it is hard to avoid overlapping of adjacent folding differential pairs. 

This is especially prevalent in finer geometry CMOS process with shrinking supply 

voltages and reduced available signal swings.  

The use of cascaded folding removes the need to generate all the folds in a single 

stage. Cascading folders together allows the folds to be generated in connected stages. 

Cascading folders simply means that the output of the first stage of folders is folded again 

in the second stage. The overall folding factor is the product of the folding performed by 

each of the two stages. Cascaded folding is analogous to a double reduction gear system, 

Fig. 2.3 [51]. Here the input is attached to the first gear which turns in proportion to its 
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relative motion with respect to the reference ladder. One rotation of the large gear causes 

two rotations of the small gear and four rotations of the second small gear. Gain is also 

illustrated in Fig. 2.3(a) as the output of the small gear in the first stage shares the same 

axle as the large gear in the second stage. The equivalent CMOS block diagram is show 

in Fig. 2.3(b). The first stage consists of 2 folding-by-4 blocks and their outputs are 

folded by 2 to create the overall folded-by-8 output. Cascading folding is commonly used 

in folding ADCs [21][27][51]  

 

 

 

 

 

 

 

 

 

Fig. 2.3. (a)Cascaded folding-by-four generated by two stages of folding-by-two [51] (b) 

Equivalent CMOS block diagram. 
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(folders 1,3,5) and the taps between the inserted resistors recreate the omitted folder 

outputs (folders 2,4). In this example the outputs of folders 1, 3 and 5 are approximately 

linear over a limited range near each zero-crossing. The interpolated signals show some 

distortion, the output is not linear near the zero-crossing in the recreated folder outputs, 

but the distortion suffered is not a problem as long as the location of the zero-crossing 

itself is not affected. As the overall number of folders is decreased the power 

consumption and input capacitance is reduced, however the output impedance of the 

folders is decreased.  

 

 

 

 

 

Fig. 2.4. Interpolation is used to reduce the number of required folders. In this example 

every second folder is omitted. 
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B[2]. Each of the folders has 4 unique reference voltages providing the comparator 

outputs C1 to C4,  Fig. 2.5(b). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5. (a) 4-bit folding ADC has 4 folders and comparators. (b) Output waveforms. 

 

The simplest encoder architecture inverts the polarity of the folding comparator 

outputs, C2-C4, when C1 is high. XOR gates can readily accomplish this. An adder 

converts the XOR gate outputs to the two least significant bits (LSBs), B[1] and B[0]. 

 
2.2.5 Coarse ADC Accuracy 

  In the simple folding encoder scheme described above, it is assumed that the zero-

crossing provided by the coarse ADC aligns correctly with the mid-scale zero-crossing of 

(a) (b)

MSB

MSB-1

C2

C3

C4

Vin

X2

X3

X4

B[0]

B[1]

refBot refTop

Coarse 
ADC

folder

Vin

RefTop

folder

folder

folder

RefBot

B[3]

C1

C2

C3

C4

B[1:0]

X2

X3

X4

(B[2])

(a) (b)

MSB

MSB-1

C2

C3

C4

Vin

X2

X3

X4

B[0]

B[1]

refBot refTop

Coarse 
ADC

folder

Vin

RefTop

folder

folder

folder

RefBot

B[3]

C1

C2

C3

C4

B[1:0]

X2

X3

X4

(B[2])



24 

C1. Even with relatively large transistors, this can be difficult to achieve in practice. 

Fig.2.6 [20] shows the ADC output with a misalignment of �V between the output of the 

coarse ADC and the MSB2 folder, B[3] and B[2]. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

Fig. 2.6. Offsets in coarse ADC cause large errors in output [20]. 

 
 

In practice two coarse ADC comparators and a ‘bit sync’  are used to generate the 

MSB [20], Fig. 2.7. The zero-crossings of the two comparators B3a and B3b are 

nominally placed as shown. Combining the comparator outputs with the output of B[2] 

generates B[3]. This technique is resilient to large offsets in the coarse ADC comparators. 

 
 

 
 
 
 
 
 
 

 
 
 
 

 
 

Fig. 2.7. Use of 2 comparators in coarse ADC to align coarse ADC with folders. 
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Chapter 3 

 

A digitally calibrated 8-bit folding ADC 

 

3.1 Introduction 

  Threshold voltage, VTH, mismatch causes mismatch in the differential pairs used 

in the folders leading to poor folding ADC performance. Traditional methods used to 

overcome mismatch in folding ADCs are implemented in the analog domain. The 

simplest approach is to use large devices, as mismatch is inversely proportional to gate 

area [1]; this however leads to large, slow devices with large input capacitance. DAC 

trimming has also been used in folding ADCs [28] but this increases the complexity of 

the folder design.   

This chapter describes a digital technique, based on redundancy and re-

assignment to calibrate and correct an 8-bit folding ADC. Unlike other folding ADC 

calibration techniques [52] this approach also compensates for unintended non-linearities 

and distortion in the folders. Much as the technique in [53] overcomes amplifier non-

linearity through digital processing, this approach trades analog accuracy and distortion 

for simple digital calibration techniques. Digital calibration decouples analog accuracy 

from ADC accuracy allowing small, minimum length devices to be used in the signal 

path. A fully-integrated self-calibrated prototype 500MS/s 8-bit converter is fabricated in 

0.18�m digital CMOS.
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The digital calibration scheme is briefly described in section 2. The ADC 

implementation is described in section 3. Issues in design of the critical analog blocks, 

particularly distortion and matching requirements, are discussed in section 4. Measured 

performance results of the prototype are shown in section 5. 

 

3.2 Digital Calibration Scheme 

 The new architecture works by generating redundant zero-crossings. At startup, a 

calibration engine controls a DAC that searches the set of available zero-crossings and 

selects and enables circuitry that generates the 2N-1 most appropriate zero-crossings. 

Redundancy can ensure a high yield even with low accuracy analog components, 

decoupling speed and accuracy [54]. Calibration information is stored in SRAM. During 

normal conversion the calibration engine and unselected redundant circuitry is powered 

down.     

A conventional N-bit folding ADC generates a folder zero-crossing for each of 

the 2N-1 codes. In this scheme, a calibration routine selects the 2N-1 most appropriate 

crossings from the set of available redundant crossings.  Reassignment allows any zero-

crossing to be assigned to any code. 

A folding-by-4 folder is used in this design. Folding by 4 reduces the required 

number of comparators by a factor of 4. With an input applied to the folders of frequency 

fin, the input applied to comparators is at least 4 times fin. Increasing the folding factor 

further decreases the required number of comparators but requires a comparator with a 

larger bandwidth. 

Matlab scripts, modeling transistor mismatch and folder nonlinearuty, were run to 

determine the degree of redundancy required. 1000 ADCs  were generated for each of 
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four different values of standard deviation of comparator offset  (0.5, 2, 5 and 10LSBs) 

and the yield was determined as redundancy was increased. A ‘good’  8-bit ADC is one 

with a ENOB of more than 7.5 bits. If a redundancy of 4 is used, a yield of over 96% can 

be attained even with standard deviation of offset of 10LSB (Fig. 3.1.). Increasing the 

redundancy above 4 slightly increases the overall yield but also increase power and area 

required. 
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Fig. 3.1. Yield versus redundancy for an 8-bit ADC. 

 

 To generate four redundant zero-crossings for each code transition the following  

configurations could be used; 

a) four redundant folders each connected to single comparator 

b) a single folder connected to four redundant comparators 

c) two redundant folders each connected to two redundant comparators 

In each case the number of comparators increases by a factor of 4 but the number 

of folders differs. Reducing the number of folders decreases power consumption however 

connecting a single folder to 4 comparators would mean that the zero-crossings generated 
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by the four comparators would show a large dependence on the mismatches of the single 

folder. For this design a redundancy of 2 is used for the folders and each of the folders is 

in turn connected to 2 redundant comparators redundantly, assigning four zero-crossings 

to each ADC code transition. Details on the folder and comparator matching 

requirements are given in section 3.4.3. 

Fig. 3.2 shows a 3-bit folding ADC using redundancy. Instead of using large, high 

accuracy folders as in Fig. 2.1(b), small redundant folders are used. Even though the 

number of folders is doubled, (i.e. a redundancy of 2 is used), since these folders have 

low matching requirements the overall area is about the same. Redundancy is also used 

for the comparators. Each folder is connected to two low accuracy comparators. Again 

these comparators have relaxed matching requirements and can be made small. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2. Small, low accuracy redundant folders and comparators are used to generate 

redundant zero-crossings. 

en
co

d
er ADC

output

Coarse 
ADC

Vin

MSB

folder

folder

folder

folder

en
co

d
er ADC

output

Coarse 
ADC

Vin

MSB

folder

folder

folder

folder



29 

To illustrate the technique, Fig. 3.3 shows a simple example of redundancy and 

reassignment in a 2-bit flash ADC [54].  Four comparators are redundantly assigned to 

each code transition.  Comparators, 1A, 1B, 1C and 1D are nominally assigned to code 

transition 1, Fig. 3.3(a), similarly 2A-2D to code 2 and 3A-3D to code 3. Offsets in the 

comparators cause the trip-points of the comparators to deviate from the nominal values, 

Fig. 3.2(b).  In this example comparator 1A has a trip-point close to the ideal value and is 

assigned to code 1. Comparator 2D is selected for code 2.  In an example of reassignment 

comparator 2A, nominally assigned to code 2, is selected to represent code 3.   

 

 

 

 

 

 

 

Fig. 3.3. (a) Nominal comparator trip-points with a redundancy of 4 comparators for each 

code. (b) Offsets move trip-points. Example of reassignment, 2A is assigned to code 3. 
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accuracy folding waveforms from redundant folder pairs (A1 and A2, B1 and B2) that 

approximate A and B.  By digitally selecting the most appropriate individual zero-

crossings, the correct folder characteristic is constructed. Similar to a conventional 

folding ADC, the calibrated ADC also incorporates a coarse ADC or cycle pointer, but in 
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this case the coarse ADC functions in a somewhat different manner. In this example, the 

coarse ADC divides the ADC input range into four quadrants; labeled 0-3. If a zero-

crossing is selected, then a folder output is enabled for an entire quadrant. In an example 

of reassignment, a zero-crossing from B2, X1, is selected for folding waveform A. Since 

no zero-crossings are selected from folder A2, it is powered down. 

Calibration must ensure that a folder with two zero-crossovers in one quadrant is 

not selected, and also must correct crossover polarity. In quadrant 3, folder B1 has an 

ideal zero-crossing (X2) for A. However if the output of folder B1 is enabled in quadrant 

3, two zero-crossings (X2 and X3), not one, would be selected, and therefore A1 is 

selected instead. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4. Redundancy and reassignment of folder zero-crossings. 
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the top and bottom of the quadrant of interest. For example, B1 is 0 at the bottom of 

quadrant 3, and is 0 at the top of quadrant 3. Because B1 has the same value at both ends 

of quadrant 3, it means that B1 has 2 zero-crossings in this quadrant. On the other hand, 

a boundary check on B2 yields a 1 and 0 respectively at the bottom and top of quadrant 

3. This means that B2 has only a single zero-crossing in quadrant 3. The calibration also 

corrects zero-crossings that occur close to an ideal zero-crossing voltage but with the 

wrong polarity - the zero-crossing of B1 in quadrant 2, X3, is inverted by the calibration 

logic. Comparator redundancy is also used in the digital calibration scheme. Redundant 

comparators increase the number of zero-crossings. A conventional 8-bit folding ADC, 

with fold-by-4 folders, consists of 64 folders connected to 64 comparators. The prototype 

incorporates 128 folders, feeding 256 comparators, generating 1024 potential zero-

crossings as shown in Fig. 3.5. 

At power-up, the ADC undergoes calibration during which the resistor ladder is 

configured as a 10-bit search DAC. The calibration engine controls the DAC to search 

the available 1024 zero-crossings for the best 255 zero-crossings. The calibration results 

are stored in the Zero-Crossing Selector and Polarity Corrector blocks, both 

implemented as SRAM. 

The prototype uses a 3-bit coarse flash ADC to divide the ADC conversion range 

into octants. Although a 2-bit course ADC could be used dividing the ADC range into 

quadrants, the use of a 3-bit rather than 2-bit coarse ADC decreases the risk of having 

more than one zero-crossing in a given segment. The coarse ADC itself is calibrated from 

a set of 21 available redundant comparators. The locations of the coarse ADC trip-points 

are stored in a Coarse ADC Trip-point Register. Synchronization between the coarse 

ADC and folders is achieved through overlap and digital correction.    
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Fig. 3.5. Block diagram of digitally calibrated folding ADC. 

 

In conversion mode, the DAC and the calibration engine are disabled. The Power 

Control block, shown in Fig. 3.5, drives a 256 bit bus, en[1-256] , that powers down 
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section). An adder sums the decoded comparator outputs and combines this sum with the 

output of the Coarse ADC Trip-point Register to give the 8-bit ADC output.  

 

3.3 Implementation 

This section describes the implementation of the key building blocks of the 

converter. 

 

3.3.1 Zero-Crossing Selector and Polarity Corrector memories  

The coarse ADC divides the conversion range into 8 sections or octants, and there 

are 256 comparators. To be able to select zero-crossings in each of the octants requires 

the Zero-Crossing Selector block to use an SRAM of 8 words of 256 bits.  As an 

example, Fig. 3.6 shows 4 rows of the memory array loaded with the correct values to 

select the highlighted zero-crossings.  

 

 

 

 

 

 

 

 

 

Fig. 3.6. Example of Zero-crossing memory, 8 words required for 3-bit coarse ADC. 
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As discussed earlier in the Digital Calibration section, the use of a 2-bit coarse 

ADC would mean that selecting X2 would also select X3. Here, the use of a 3-bit flash 

ADC to identify octants rather than a 2-bit flash ADC that identifies quadrants, enables 

X2 to be selected independently of X3. However the increase in coarse ADC resolution 

causes an increase in the SRAM size. 

Information, on whether a 1-0 or a 0-1 zero-crossing is selected, is stored so that 

the encoder can properly encode the correct 8-bit result. During the boundary check, 

registers temporarily store the value of the comparator output at the top and the bottom of 

the octant in which it lies. By examining these registers it is straightforward to determine 

whether a zero-crossing is a 1-0 or 0-1 transition. Zero-crossings from the same folder 

selected in adjacent octants always have an opposite switching polarity, i.e. if one is 1-0 

the other must be 0-1. This reduces the SRAM requirements so that a 4 word, 256 bit 

configuration is sufficient. Fig. 3.7 shows the Polarity Corrector for the waveforms 

displayed in Fig. 3.6. A 0-1 transition in an odd numbered octant is a 1 as is a 1-0 

transition in even numbered octant.  

 

 

 

 

 

Fig. 3.7. Polarity Corrector memory consists of 4 words of 256 bits. Here 4 bits are 

shown. 
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3.3.2 Coarse ADC calibration  

The coarse ADC is calibrated first. An example comparator search is shown in 

Fig. 3.8. Generating an input to the bank of redundant comparators with the search DAC, 

the search range expands beyond the ideal value until a comparator is found. The location 

of the comparator trip-point is stored in the Coarse ADC Trip-point Register. 

   

 

 

 

 

 

 

 

 

 

Fig. 3.8. Coarse ADC comparator search. In this example, a comparator is found on the 4th 

search iteration. 

  

3.3.3 Sample-and-hold 

A folding ADC, with an input frequency FIN and folding by 4, applies an input to 

the comparators at a frequency of 4 times FIN. A 3.3V sample-and-hold is used at the 

input to the chip, to relax the requirements on the comparator input bandwidth [55] and to 

reduce current slewing at the folder output, Fig. 3.9. 
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Instead of using a dedicated hold capacitor, CL consists of the input capacitance of 

folders and input wiring. Although the input capacitance of the folders varies non-linearly 

with applied voltage, thanks to the small folder devices the folding input capacitance is 

only 1.3pF of the total 2.1pF. M2 is a dummy transistor and cancels charge injection 

when M1 turns off. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.9. The parasitic capacitance of the routing and folder inputs forms the sample-and-

hold capacitance. 

   

3.3.4 Resistor ladder DAC 

 A resistor string generates the ADC reference voltages and during calibration the 

resistor string is configured as a DAC. Each folder requires four reference voltages, 

equally spaced over the entire reference range. Bending the metal 1 resistor ladder 

simplifies the connection of the reference taps to the folders but this adds extra parasitic 

resistance at the corners, Fig. 3.10(a). These corner errors are eliminated by building a 
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ladder comprised of ‘L’  shaped metal resistors so that the ladder can take almost any 

shape, Fig. 3.10(b). Switches for the DAC and substrate connections fit into the ‘cavities’  

of the resistor string, Fig. 3.10(c).  

 

 

 

 

 

 

 

Fig. 3.10. (a) Resistor ladder suffers from parasitic corner resistance. (b) Resistor ladder 

with ‘L’  shaped resistors. (c) DAC switches and substrate connections are embedded in 

ladder cavities. 

 

Averaging is used to increase the effectiveness of the calibration, since the analog 

circuitry may be subject to noise giving spurious zero-crossings. Averaging is performed 

by applying the same test voltage twice during the zero-crossing search. If the same zero-

crossing is found on both searches, it is boundary checked. However if no zero-crossing 

is found twice, but one is found in either the first or second search, then it is boundary 

checked. Likewise, the boundary check routine is implemented twice. Since a failure in 

the boundary check search could lead to a glitch on the ADC output, a zero-crossing is 

only selected if it passes the boundary check on both iterations; otherwise the search 

range is extended. To relax the DAC settling time requirement the DAC is allowed nine 
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clock cycles before the comparators are clocked. Details of the DAC precision are given 

in the next section. 

3.3.5 Zero-crossing search  

The zero-crossing search algorithm is similar to the coarse ADC calibration. For 

each code, the search begins by looking for a zero-crossing between -1 DAC LSB and +1 

DAC LSB of the ideal value. If no zero-crossing is found then the search is extended to -

2 DAC LSB to +2 DAC LSB and so on. As discussed earlier the boundary check ensures 

that selecting a zero-crossing in a given octant only enables a single zero-crossing. If the 

boundary check fails then the search range is extended. The overall ADC calibration 

process is summarized in Fig. 3.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11.  (a) Calibration of coarse ADC. (b) Zero-crossing search 
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3.3.6 Folder and comparator implementation 

To nominally place 4 zero-crossings at each code transition, a redundancy of 4 

could be used for the folders with each folder connected to a single comparator. However 

as comparators consume less power and occupy less area than folders, a redundancy of 2 

is used for the folders and each folder is in turn connected to 2 comparators, nominally 

places 4 zero-crossings at each code. Fig. 3.12 shows the overall folder and comparator 

configuration. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12. Folder output is mirrored into two comparators. 

 

The output currents of the folder are mirrored into the comparators through a 

cascode. With an input frequency Fin the nature of folding causes the output currents to 
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differential pairs have a width of 2.5µm and are minimum length. The tail current 

transistors have a width of 2µm and a length of 0.7µm. The area of a single comparator is 

less than 300µm2. The comparators are powered down if their enable signal, enA or enB, 

is low. If both are low then the folder is powered off. 

Ip from the folder is mirrored into the positive input, Cp, of one comparator and 

into the negative input, Cn, of the other comparator. This protects against the effects of a 

systematic offset in the comparators. 

 

3.4 Distortion and Matching 

The low transconductance of the differential pairs and the low output impedance 

of the tail current sources cause distortion in the folder outputs. These issues are 

examined in this section, as are the matching requirements of the folders and comparators 

used in the folding section of the ADC, as well as the matching requirements of the 

comparators used in the coarse ADC. The DAC precision is also discussed. 

 

3.4.1 Tail current output impedance 

The output resistance of the tail current transistors (M1 to M5) used in the folders 

was thus far assumed to be infinite. However to reduce both area and the tail node 

capacitance, to allow faster folder operation, short, narrow, devices are used. These short 

devices have low output resistance and this distorts the folder zero-crossings. Fig. 3.13 

shows the current flowing in the tail current sources of Fig. 3.12, and the resultant folder 

output as a function of input voltage. I t nominally flows in each current source however 

as the tail node varies and the output resistance is low, different currents may flow in 

each current source.  
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For a small value of Vin all PMOS transistors connected to Vin are on. Current 

flows in the left side of each different pair. As Vin is increased the tail node voltages also 

increase, decreasing the voltage drop across the PMOS current sources and decreasing 

the output current. The decrease in output current with input voltage is shown as the 

diagonal line in Fig. 3.13. 

 

 

 

 

 

Fig. 3.13. Increase in folder input voltage decreases tail current source current. 
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vr1)/Rout. The current sources IM2, IM3 and IM4, for Vin equal to vr1, are supplying the 

same current. When Vin is equal to vr1 the outputs Ip and In are: 

               Ip(vr1)=0.5IM1+IM2+IM4=2.5It+5∆It                                   (3.1) 

 In(vr1)=0.5IM1+IM3+IM5=2.5It+3∆I t   (3.2) 

Instead of Ip and In being equal at vr1, Ip is 2∆It greater than In. From the folder 

output plot in Fig. 3.13 we see that near vr1 a slight decrease in Vin, decreases Ip and 

increases In. In effect, the zero-crossing moves from vr1 to vr1-2∆It/Gm where Gm is the 

transconductance of the folder. We define the error in the zero-crossing voltage, 2∆It/Gm, 

as Ve. 

Performing a similar analysis for the zero-crossing nominally placed at vr2 and 

noting that when Vin equals vr2, IM2, IM3 and IM4 are It+∆I t and IM1 is I t+2∆It, Ip and In 

are: 

 Ip(vr2)= IM1+0.5IM2+IM4=2.5I t+3.5∆It   (3.3) 

In(vr2)=0.5IM2+IM3+IM5=2.5It+1.5∆I t   (3.4) 

Again Ip is 2∆It greater than In at vr2 however in this case a slight increase in Vin 

will decrease Ip and increase In causing the zero-crossing at vr2 to shift to vr2+Ve. 

Similar analysis for the zero-crossings at vr3 and vr4 show that they shift to vr3-(Ve/2) 

and vr4+(Ve/2) respectively.  

In an ideal 8-bit, fold-by-4, folding ADC, consisting of 64 folders, the zero-

crossings for the first 64 codes come from the vr1 differential pair of the 64 folders. 

Codes 65 to 128 come from the vr2 differential pairs of the folders. Codes 129 to 192 are 

from the vr3 pair and 193 to 256 are from the vr4 pair. The low output resistance of the 

tail current source moves codes 1 to 64 down by Ve, codes 65 to 128 up by Ve, codes 128 
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to 192 down by Ve/2 and codes 193 to 256 up by Ve/2. This in turn causes a large DNL 

error at code 64 of 2Ve and another smaller DNL error at code 192 of  Ve.  

In a traditional folding ADC, Ve is reduced by increasing the output impedance of 

the tail current transistor, however this involves using long devices which, for a given 

overdrive voltage, requires a corresponding increase in width, increasing both area and 

tail node capacitance. The transconductance of the differential pair input transistors could 

also be increased to reduce Ve but again this involves using large devices. 

 

3.4.2 Folder transconductance 

In a differential pair all the current is completely steered through one of the input 

transistors when the difference between the two applied voltages is a factor of 2  greater 

than the overdrive voltage of the input transistors. In ideal folder operation, for any DC 

input, at most only one differential pair is in the active region. This requires the overdrive 

voltage on the input transistors to be at least 2  less than the difference between two 

adjacent references ∆Vr, (i.e. ∆Vr= vr4-vr3). Shrinking supply voltages associated with 

finer geometry processes leads to a reduced reference voltage range, forcing adjacent 

references closer together. 

The transconductance is also reduced in the finer processes due to both mobility 

degradation with vertical field and velocity saturation. Fig. 3.14 shows folder output 

currents for three different values of differential pair transconductance, Gm. The larger 

Gm is, the greater the folder gain and the larger the difference between the two folder 

outputs. 
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Fig. 3.14. Folder output currents for three different differential pair transconductance. 

 

Fig. 3.15 shows the folder transconductance for the three different values of Gm. 

Differential pair transconductance is a function of input voltage. When Vin is close to the 

reference voltage, the transconductance is large. The greater the difference between the 

two inputs to the differential pair the less the transconductance. For a large Gm the folder 

transconductance has four distinct large peaks, one at each of the reference voltages. As 

the differential pair Gm is reduced the active region of a differential pair overlaps with its 

neighbor and the overall folder transconductance is reduced. For small Gm the folder 

transconductance is significantly reduced by this effect and at the reference voltages more 

than one differential pair are in the active region.  
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Fig. 3.15. Transconductance of each folder, versus input voltage. As differential pair 

transconductance reduces so does folder transconductance. 

 

The overlapping of the active regions of adjacent differential pairs causes 
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moves from vr1 to vr1+(2Ie/Gm). For Vin close to vr4 and low Gm, the 3rd differential 

pair is in its active region, Ip=2.5It - Ie and In=2.5It + Ie, and the zero-crossing moves 

from vr4 to vr4-(2Ie/Gm). 

When Vin is at vr2 the positive output and negative outputs, for large Gm, are 

equal. 

Ip(vr2)=IM1+0.5IM2+IM4        (3.7) 

   In(vr2)=0.5IM2+IM3+IM5         (3.8) 

For low Gm, at vr2, the 1st and 3rd differential pairs are still in their active 

regions and Eqn. (3.7) and (3.8) become; 

    Ip(vr2)= IM1-Ie1+0.5IM2+Ie3+IM4    (3.9)  

In(vr2)=Ie1+0.5IM2+IM3-Ie3+IM5     (3.10) 

Ie1 and Ie3 are the errors currents that have not switched from the 1st and 3rd 

differential pair respectively. Assuming that the transconductance of all 4 pairs is 

identical, Ie1 and Ie3 are the same and Ip and In are equal. With Vin at vr3, Ie from the 2nd 

and 4th differential pairs cancel. Low folder transconductance causes errors in the zero-

crossings nominally placed at vr1 and vr4 but the zero-crossings at vr2 and vr3 are 

unaffected. 

    A conventional 8-bit folding ADC using 64 of the distorted folders, the same 

folders as those used in the final ADC design, which have both low transconductance and 

low tail current impedance, was simulated with Spectre, Fig. 3.16. The simulation results 

show the DNL at codes 64 and 192 as 3.8LSB and 1LSB respectively. This simulation 

shows the effects of folder distortion due to both low transconductance and low tail 

current resistance and does not include the effects of transistor mismatch. 
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Fig. 3.16.  DNL plots derived from Spectre simulation of an 8-bit ADC using these 

folders. The distorted output of a single folder as the input voltage is swept is in the inset. 

 

In this design the use of small transistors in the folders and comparators with large 

offsets decouples the zero-crossing locations from the effect of low tail current 

impedance and low transconductance. The calibration engine can then pick zero-

crossings and the calibrated ADC shows no DNL errors caused by the either the low 

impedance or low distortion issues. 

 

3.4.3 Folder and comparator matching 
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Redundant, low accuracy comparators together with low accuracy folders are 

used to ensure high yield. If two identical comparators, C1 and C2, are connected to a 

folder, but have no offset, they provide the same outputs, Fig. 3.17(a). As the zero-

crossings provided from C1 and C2 are identical, in effect only two zero-crossings are 

nominally placed at each code. Increasing the comparator mismatch causes the zero-

crossings of C1 and C2 to become unique, assigning four zero-crossings to each code. 

With four zero-crossing per code an acceptable yield is achieved. The comparator used is 

shown in Fig. 3.17(b). The input referred offset of the comparator is dominated by the 

matching of the PMOS latch transistors, MP1 and MP2, and to a lesser degree the 

transistors in the NMOS latch, MN1 and MN2. By using small transistors in the latches, 

the overall mismatch is increased.  

 

 

 

 

 

 

 

Fig. 3.17. (a) Random comparator offsets generate 8 unique zero-crossings. (b) 

Comparator latch, matching is dominated by the size of MP1 and MP2. 
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The overall input referred standard deviation offset δ(eIN) of a folder connected to 

a comparator is; 

2
2 )(

)()(
f

M
MIN A

c
fe

δδδ +=     (3.11) 

�(fM) is the standard deviation folder mismatch and �(cM) is the standard deviation 

comparator mismatch. The voltage gain of the folder, Af, is the small signal voltage gain 

from the folder input to the comparator input when the input voltage is close to a 

reference voltage. Making the folder gain large would reduce the second term in Eqn. 

(3.11), having the same effect as making the comparator mismatch small. The 

combination of low folder gain together with small devices in the comparator is required 

to ensure randomly distributed zero-crossings. 

Fig. 3.18 shows Monte Carlo simulation results of the digitally calibrated 8-bit 

ADC, as both δ(fM) and δ(cM) are varied. The gain of the folder is 4 and the results are 

shown for δ(fM) of 1,4,7 and 10 LSB. Here a ‘good’  ADC is defined as an ADC with 

more than 7.5 effective bits of accuracy. For small δ(cM) the yield is very low as the 

comparator pair connected to a folder does not provide unique zero-crossings. As δ(cM) is 

increased the yield also increases. For δ(fM) of 10 LSB a yield of over 93% can be 

attained with a δ(cM) of 20LSB.  

From a mismatch perspective, minimum size transistors can be used in the 

comparator latch. In practice slightly larger devices are used for metastability and speed 

requirements. MP1 and MP2, the transistors in the PMOS latch in Fig. 3.17(b), and MN1 

and MN2, the NMOS latch transistors, are minimum length with respective widths of 

0.8µm and 0.5µm. 
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Fig. 3.18. ADC yield as comparator offset is varied for various folder offsets. 

 

3.4.4 Coarse ADC matching 

The coarse ADC is a 3-bit flash ADC with a redundancy of 3. From a bank of 21 

comparators, 7 after calibration are enabled and the remaining 14 are powered down. The 

coarse ADC is used to divide the ADC conversion range into 8 octants so comparators 

are nominally at the MSB-2 transition voltages. Much as a traditional folding ADC uses 

synchronization [20] to correct offsets between the coarse ADC and fine ADC this ADC 

uses digital error correction. Overlap and digital error correction are used if a selected 

zero-crossing is within 6 LSB of a coarse ADC trip point. The error correction works by 

ensuring that the zero-crossing is selected in the two neighboring octants. Thus if the 

coarse ADC and folders drift apart during conversion, there are no errors in the output 

code provided the coarse ADC stays within 6 LSB of its original calibrated value. For the 

digital error correction algorithm to work two different digital error correction regions 
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cannot overlap. To achieve this, the only restriction on the coarse ADC is that adjacent 

coarse ADC comparators, after calibration, are at least 12LSB apart. Fig. 3.19 shows 

Monte Carlo simulation of the coarse ADC with redundancy as comparator offset is 

varied. Here a successful coarse ADC is one where the minimum code width is greater 

than 12 LSB. 
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Fig. 3.19. Coarse ADC yield as comparator offset is increased. 

 

Large comparator offsets can be tolerated in this manner. With a standard 

deviation comparator offset of 10 LSB a yield of over 99.8% can be achieved. 

The comparator consists of a single differential pair, the outputs of which are 

mirrored through a cascode to a regenerative latch. The differential pair used is the same 

as that used in the folders and the comparator latch is the same as the latch used in the 

comparators connected to the folders. This helps ensure that the coarse ADC and folders 

remain aligned over all frequencies. 
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3.4.5 DAC precision 

Monte Carlo simulations were used to determine the required DAC precision. 

Five random combinations of folder offset standard deviation, δ(fM), and comparator 

offset standard deviation, δ(cM), were used. The folder gain in each case is 4. The mean 

effective number of bits (ENOB) for 100 of each ADC configuration, after calibration, 

versus DAC precision is plotted in Fig. 3.20.  

 

 

 

  

 

 

 

 

 

 

 

 

Fig. 3.20. Monte Carlo results of mean ENOB versus DAC precision. 

 

Irrespective of the folder and comparator mismatch in the ADC, there is only a 

slight improvement in the mean ENOB, for each configuration, for increases in search 

DAC precision above 10 bits. However, for every bit extra bit of DAC resolution, the 
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number of switches doubles and the DAC decoder logic becomes more complex so a 10-

bit DAC is used. 

 

3.5  Prototype Measurements 

   The prototype 8-bit ADC, fabricated in 0.18�m digital CMOS, Fig. 3.21, has an 

active area of 1.22mm2. The total analog active area (i.e. folders, comparators and 

sample-and-hold), is only 0.2mm2. The prototype is entirely self-contained, incorporating 

all calibration and decoding logic. All digital circuitry is synthesized from verilog, and 

automatically placed and routed.   

  

 

 

Fig. 3.21. Folding ADC die micrograph. 

 

3.5.1 Printed circuit board 

The chip was packed in QFN48 package. A custom printed circuit board (PCB) 

was designed for testing the chip. It is a 4 layer board with copper layers, Fig. 3.22. 
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Fig. 3.22. PCB test board 

 

 The middle two layers are used as power and ground planes. The power and 

ground planes are both separated in two sections, analog and digital. Decoupling 

capacitors are used on the board to reduce noise caused by bonding wire inductance and 

clock kickback. 

 

3.5.2  Test Setup 

The test setup is shown in Fig. 3.23. Separate power supplies were used for the 

analog and digital power supply voltages. The clock source and input source were locked 

to a 10MHz reference signal to allow coherent testing. The 8-bit ADC output was fed to a 

Logic Analyzer. Matlab is used to control all the test equipment and is also used to read 

the ADC output from the Logic Analyzer. Matlab programs measure ADC performance, 
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while adjusting setup for both calibration and conversion, allowing the optimal ADC 

performance to be determined. 

 

Fig. 3.23. ADC test setup. 

 

3.5.3  Prototype results 

  Fig. 3.24 shows the DNL before and after calibration measured at a sampling rate, 

FS, of 500MS/s. Before calibration the maximum DNL is 6.7LSB and after calibration 

maximum DNL is reduced to 0.8LSB. The folder distortion described earlier causes large 

DNL at codes 64 and 192 however the uncalibrated DNL shows missing codes around 

code 64, 192 as well as near code 164. This is due to distortion in the folders and also due 

to the lack of synchronization between the coarse ADC and the folders [20]. The DNL of 

6.7LSB at code 17 is due to threshold voltage mismatch. The calibrated INL is between -

0.57 and 0.73LSB. 
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Fig. 3.24. DNL before calibration is 6.8LSB and after calibration DNL is 0.8LSB. 

 

The SFDR versus sampling rate, measured with a 1MHz input (FIN), is shown in 

Fig. 3.25. At FS=39MS/s, SFDR is 63dB and remains above 55dB up to FS=550MS/s. 

Thermal noise in the folders limits the SNDR to 44dB. Simulations show that thermal 

noise can be reduced significantly by increasing the transconductance of the input 

transistors in the folder differential pairs. This requires only a small increase in total 

analog power. The SFDR, measured at FS=500MS/s, is above 52dB for FIN up to 

120MHz, Fig. 3.26. Using the method described in [55], no metastability error was 

detected in 1012 samples indicating a BER less than 10-12. At 500MS/s analog circuitry 

(clocking, S/H, folders, comparators) consumes 132mW while the digital backend 

consumes 216mW. The thermal noise of the folders in this design limits the ENOB, 

measured at an ERBW of 120MHz, to 6.2 bits.  
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Fig. 3.25. SFDR, SNDR and THD versus sampling frequency with FIN=1MHz. 
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Fig. 3.26. SFDR, SNDR and THD versus input frequency with FS=500MS/s. 
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The overall ADC performance is summarized in Table 3.1. 

 

Analog Power (@500MS/s) 132mW 

Digital Power (@500MS/s) 216mW 

Area 1.16mm2 (0.2mm2 analog) 

DNL(before and after calibration) 6.8LSB,0.81LSB 

SFDR (FIN=120MHz,FS=500MS/s) 52dB 

SFDR (FIN=1MHz,FS=39MS/s) 63dB 

Table 3.1. Summary of 8-bit ADC performance.
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Chapter 4 

 

9-bit folding ADC with novel folders 

 

4.1 Introduction 

This chapter describes the design of a 9-bit folding ADC implemented in ST 

Microelectronics 90nm CMOS. A unique folder architecture reduces thermal noise for a 

given power budget. Thermal noise in folders is discussed in section 2, digital calibration 

and implementation in sections 3 and 4. Matching and yield is examined in section 5 and 

the prototype is presented in section 6. 

 

4.2. Thermal noise in parallel folders 

For moderate to high resolution ADCs thermal noise in the analog circuitry is a 

significant source of error [56]. Thermal noise is caused by the random motion of 

electrons in a conductor. Transistors exhibit thermal noise, primarily due to the noise 

generated in the channel. In a folding ADC, the transistors in the folders and the 

comparators can suffer from thermal noise. The folders provide gain and the input 

referred thermal noise due to the transistors in the comparators is reduced by this folder 

gain. If the folder gain is large enough the comparator thermal noise can be ignored. In 

this section the thermal noise from a folder, folding by 4, is examined, Fig. 4.1. 
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Fig. 4.1. Folding by 4 folder. 

 

If the input voltage, vin, is close to reference voltage vr2 and the transconductance 

of the differential pairs is large enough then the circuit can be simplified to that shown in 

Fig. 4.2., vin is a lot greater than vr1 so M1 is off and the gate voltage of M2 is connected 

to an AC ground. vr3 is greater than vin so M6 is off and M5 is connected to an AC 

ground, and similarly M8 is also off and M7 is connected to an AC ground. The 

transistors M2, M5, M7 and M9, in this particular case, are cascodes and so do not 

contribute noise. M10-M14 are connected to Vb which is an AC ground.  

 

 

 

 

 

 

 

Fig. 4.2. Equivalent circuit for the folder with Vin close to vr2. 

 

The input referred thermal noise power of this circuit, where � f is the bandwidth 

of the folder, the transconductance of the current sources are gmt and the 
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transconductance of M3 and M4 is gm3,4, is given in Eqn. (4.1). The first term is the input 

referred noise from transistors M3 and M4. The second term is the noise from M10, M12, 

M13 and M14. Any noise from M11 is differential and does not affect the folder output. 

f
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kTv t

nin ∆
�
�
�

�

�
�
�

�
+= )

3

2
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3

2
4(2 2
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2
  (4.1) 

 

In general for any value of Vin, the input referred thermal noise of the folder is 

inversely proportional to the transconductance of the input transistors of the differential 

pair operating in its active region and is proportional to the transconductance of the tail 

current sources in the differential pairs acting in their switched regions.  

The transconductance of the tail current sources can be made small, reducing the 

second term in Eqn. (4.1). The primary source of noise is the low transconductance of the 

input transistors, gm3,4. The transconductance of the M3 and M4 can be approximated as 

2It/VDSat where I t is the current flowing in the transistor and VDSat is the overdrive voltage. 

In 90nm technology and below, VDSat typically used is about 100mV. For high speed 

operation the folder bandwidth should be in the order of 1GHz. Using these folders to 

create a 9-bit ADC with an input range of 600mV, giving an LSB size of just over 1mV, 

would mean that to keep the input referred noise less than 0.3LSB, the current flowing 

through each of the differential pairs has to be greater than 50µA 

. 

4.2.1 Reducing thermal noise 

Traditional folding circuits perform their folding using parallel differential pairs. 

For each degree of folding a differential pair is required. An extra current source is also 
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required to provide a DC offset so that the output currents overlap. As an example, a 

folder, folding by 8, would require 9 current sources.  

To reduce thermal noise in a folder there are two options: 

• Increase gm3,4: This would require either more current, increasing power 

consumption or bigger devices which would work slower and require more area. 

• Limit the folder bandwidth, � f, by adding extra capacitance, this would slow 

down the overall ADC performance.  

For low power folding ADCs in nanometer technologies a new folder architecture is 

required. 

 

4.2.2 Stacked Folders 

A more efficient folder is shown in Fig. 4.3(a). Here the differential pairs are 

stacked so that one current source is reused by 3 differential pairs.  

 

 

 

 

 

 

 

Fig. 4.3. (a) Stacked Folder reuses single tail current. (b) Output currents as input is 

swept. 

 

If Vin is less than Vr2 current is steered to the differential pair, M3 and M4, and if 
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all active differential pairs. The current outputs as Vin is increased from low to high are 

shown in Fig 4.3(b). 

If the differential pair transconductance is large then for any value of Vin only one 

of the differential pairs is in its active region, the other two are in their switched regions. 

The thermal noise of the folder is due to the noise performance of the differential pair in 

its active region. If Vin is close to Vr1 then the input referred thermal noise is inversely 

proportional to gm3,4, close to Vr2 the noise is inversely proportional to gm1,2 and close to 

Vr3 its inversely proportional to gm5,6. The input referred thermal noise of the folder can 

be reduced by increasing the transconductance of transistors M1-M6. The 

transconductance of each transistor is proportional to the current flowing through it. 

Therefore the input referred thermal noise of the folder can be reduced by simply 

increasing a single current source, the tail current flowing through M1. This new 

structure means that folding-by-3 requires only one large current source, a traditional, 

parallel folder folding-by-3 requires 3 large current sources. 

In this design the differential pairs, M3, M4 and M5, M6 have a length of 0.1µm 

and a width of 6µm. To increase the output impedance of M1 and M2 they have a length 

of 0.5µm and a width of 12µm. This folder has significant distortion but the digital 

calibration technique overcomes the distortion.  

 

4.2.3 Stacked folding by nine 

 In an N-bit folding ADC, the number of comparators required is 2N/f, where f is 

the degree of folding performed in the folders. The larger f is, the smaller the number of 

comparators required. Similar to the cascaded folder described in section 2.2 of chapter 2, 

here the outputs of 3 of the stacked folders are folded together in a second stage to 
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increase the overall folding factor to 9; Fig. 4.4. The second stage is a simple parallel 

folding by 3 folder. 

The addition of the cross-coupled latches, the Mg transistors, to the individual 

fold-by-3 stacked folders increases the stacked folder gain. The diode connected 

transistors forms a load resistance. The Mg transistors form negative resistance that is in 

parallel with the load resistance. By carefully selecting the value of the negative 

resistance the gain can be substantially increased. 

  

 

 

 
 

 

 

 

 

 

 

 

Fig. 4.4. Stacked folder, folding by 9 requires 3 large current sources and 3 small current 

sources. 

 

For vin approximately equal to any of the reference voltages  the magnitude of the 

gain through the stacked folder increases from gmin/gmd to gmin/(gmd-gmg), where gmin, 
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gmd and gmg are the transconductance of the input transistors, diode connected transistors 

and cross-coupled transistors respectively in the stacked folder.  

The folders are reset when resetb is low. Resetting the folders allows for faster 

folder operation and overcomes hysteresis. With resetb low the outputs are forced equal, 

opening the reset switches. When resetb goes high, the folder outputs quickly switch in 

the correct direction [24]. The transistors used in the parallel folder differential pair have 

a width of 5µm and a length of 0.1µm. A cross-coupled latch is also added to the parallel 

folder to increase the gain of that stage. 

The input-referred thermal noise due to the parallel stage is reduced by the gain of 

the stacked folder, so the current, I2 in the parallel folder does not have to be as large as I1 

used in the stacked folder. The current I1 is 45µA whereas the current I2 is only 15µA. 

VDD is used in place of Vr9, providing more orthodox folding by 8. This new stacked 

folder requires only 3 large current sources and 3 small current sources meaning the total 

current is only 180µA. A parallel folder, with the same thermal noise, folding-by-8, 

would require 9 large current sources, i.e. 9 current sources each supplying about 45µA, 

giving a total of 405µA.  

 

4.3 Digital calibration 

Digital calibration is also used in this ADC. The scheme is similar to the 

calibration described in Chapter 3. However, the ADC described in Chapter 3, is an 8-bit 

folding ADC, folding by 4, this design is a 9-bit folding ADC, folding by 8. To reduce 

both area and power consumption and to accommodate the higher degree of folding some 

changes were made to the digital calibration routine. This includes an increase in the 
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coarse ADC resolution, and changes to how the redundancy is implemented and how the 

polarity of the selected zero-crossings is handled. 

 

4.3.1 Coarse ADC 

A coarse ADC divides the ADC conversion range into sections. This ADC uses 

folding by 8 folders. This high degree of folding increases the required bandwidth of the 

comparator above that required in the 8 bit,  0.18µm version, but this higher bandwidth is 

achievable in the finer geometry. To reduce the probability of a folder output having 2 

zero crossings in a given section a 4-bit flash ADC is used to divide the ADC conversion 

range into 16 sections. The coarse ADC is calibrated from a bank of 45 available 

comparators (i.e. a redundancy of 3 used),  and 15 comparators are selected, their trip 

point locations stored in SRAM and the unselected comparators are powered down.  

 

4.3.2 Redundancy and reassignment 

A 9-bit folding ADC, folding by 8, would require 64 folders each connected to a 

single comparator. This design uses redundant comparators only, and there are no 

redundant folders.  

To determine the degree of redundancy required, a Matlab simulation was run. 

Redundancy was varied for different offsets, and the yield recorded, Fig. 4.5. 1000 ADCs 

were generated in Matlab for each configuration of redundancy and offset. With a ‘good’  

ADC was defined as one with an ENOB of over 8.5 bits, a redundancy of 4 gives a yield 

of over 98% even with a standard deviation of comparator offset of more than 10LSB. 

Increasing the redundancy beyond 4 shows only a marginal improvement in yield.  
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Fig.4.5. Yield versus redundancy for the 9-bit ADC. 

 

To generate the 4 redundant zero-crossings the number of comparators used in the 

design was increased by a factor of 4. No redundant folders were used in the design to 

reduce power consumption. The use of 4 comparators connected to a single folder 

nominally places 4 zero-crossings at each ADC code. The overall mismatch of the block, 

the folder and the 4 comparators, is again given by Eqn. 3.11. To reduce the distortion of 

the folder, larger devices are used in the folder design of this ADC than were used in the 

8-bit version, decreasing the folder mismatch, �(fM). The comparators used are very small 

and their large offset, �(cM), coupled with the low folder gain, Af, means that the overall 

input referred standard deviation offset, �(eIN), of the block is dominated by the 

comparator mismatch. From the available set of zero-crossings the calibration engine 

selects the most suitable zero-crossing for each code 
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4.3.3 Polarity vectors 

In a folding-by-8 folder the output of the folder changes polarity 8 times. The 

polarity of the zero-crossing selected during calibration has to be determined and is used 

to encode the ADC output. To reduce the amount of SRAM required in the ADC, 

polarity vectors are used. Fig. 4.6 shows the outputs of the folding by 8 folders.  

 

 

 

 

 
 

 

 

 

Fig. 4.6. A 4-bit Coarse ADC identifies 16 sections. A selection, (folder 0,15,31,47 and 

63) of the total 64 folding by 8 waveform outputs is also shown. 

 

For simplicity only a 5 of the 64 folder outputs are shown, folders 0,15,31,47 and 

63. The folder outputs are identical but offset from each other. The ADC conversion 

range is divided into 16 sections by the coarse ADC. The polarity of a zero-crossing is 

positive if the folder output goes from low to high as the input voltage is increased, (e.g. 

X1), otherwise the polarity is negative (.e.g. X2). Mismatch in the folders causes the zero-

crossings to move but providing the standard deviation of the folder zero-crossing offsets 

is not large the polarity of a zero-crossing for any folder in any coarse ADC section can 

be predicted. 

During calibration a zero-crossing is selected only if it is close to an ideal cross-

over value and it has the correct polarity. A zero-crossing is only selected in section 0 if it 
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has positive polarity. Similarly a zero-crossing is only selected in section 15 if it has 

negative polarity. In the 8-bit design, described in Chapter 3, a zero-crossing was selected 

irrespective of polarity. However that required a dedicated zero-crossing memory, the 

Polarity Corrector SRAM. In this design the need for a dedicated memory for polarity is 

removed. 

As the folder folds by 8, and there are 16 coarse ADC sections, a folder nominally 

places a zero-crossing in every second section. Of these 8 zero-crossings, alternate ones 

are positive and negative. Therefore the sections repeat in every 4th section. For example 

in Fig. 4.6 section 1 has a positive zero-crossing from folders 31, 47 and 63. Sections 5, 9 

and 13 also have positive zero-crossings from folders 31, 47 and 63. All sections repeat, 

sections 1, 5, 9 and 13 are identical to each other as are sections 2, 6, 10, 14 and 4, 8, 12. 

Table 4.1 shows the polarity vectors used. For example, an offset could cause the 

zero-crossing X1, of folder 31, to shift up or down while still remaining in section 4 or 5. 

From the table we see that a positive edge of folder 31 can be selected in section 4 or 5. 

However if the causes the zero-crossing to shift into either section 3 or 6, then as a 

positive zero-crossing on folder 31 it cannot be selected in those sections and X1 would 

be ignored. Using polarity vectors requires a slight increase in the matching requirements 

of the folders however this removes the need for a dedicated polarity SRAM. During the 

conversion phase the polarity vectors are used to correctly decode the folder outputs.  

Coarse ADC section 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Folder 0 to 15 + - - + + - - + + - - + + - - - 

Folder 16 to 47 + + - - + + - - + + - - + + - - 

Folder 48 to 63 + + + - - + + - - + + - - + + - 

Table 4.1 Polarity of zero-crossings 
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4.4 Implementation 

A prototype ADC was designed in ST Microelectronics 90nm CMOS. The full 

chip implementation is shown in Fig. 4.7. There are 64 folders each of which are 

connected to 4 comparators.  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.7.  9-bit folding ADC uses 64 folders and 256 comparators. 

 

During calibration the bootstrapped sample and hold is disabled and the DAC 

voltage is fed to the folders and to the coarse ADC. The calibration engine loads the 

Coarse ADC Trip-point Register and the Zero-Crossing Selector memories.  In the 

conversion phase the DAC is turned off and the analog input to be converted is fed into 

the bootstrapped sample-and-hold. The Power Control block disables the unselected 

comparators. The comparator outputs are decoded by the Zero-Crossing Selector and 
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Polarity Vectors blocks and the resultant 256 bit output is summed and added to the 

output of the Coarse ADC Trip-point Register block to give the overall 9 bit ADC output. 

 

4.4.1 Sampling Circuits 

A sampling network and source follower, Fig. 4.8, are used at the chip input to 

relax the requirements on folder and comparator bandwidths. When vboot, the signal at 

the gate of M1, is high, M1 is on, and Vin is sampled onto capacitor CL. M2 is a dummy 

transistor to cancel the charge injection introduced as M1 is turning off. M3 with M4 and 

M5 form a source follower. The bulk of M3 is connected to its source to remove the body 

effect. M5 is a current source and adding M4 forms a cascode load. M5 is a high 

threshold voltage transistor and M4 is a low threshold voltage transistor. The threshold 

voltage difference between M4 and M5 is large enough to keep both transistors saturated. 

 

 

 

 

 

 

 

 

 
 Fig 4.8. Vin is sampled into CL and a source follower provides Vout.  

 

In calibration mode the DAC output is connected directly to the output of the 

source follower, Vout. The relatively low output resistance of the source follower would 
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pull the resistor-string DAC output low. Adding M6 and M7 allows M3, M4 and M5 to 

be turned off when enbar goes low. This presents a high output resistance to the output of 

the DAC. 

The signal vboot is a bootstrapped signal. Bootstrapping is necessary when the 

input Vin approaches the supply voltage, VDD. To demonstrate the need for bootstrapping 

consider the simple sample-and-hold, consisting of a single transistor M1 and a load 

capacitor CL, Fig. 4.9(a). Here clk is a digital signal with two levels ground and VDD. 

When clk is high M1 is on and the capacitor CL begins to charge up to Vin. As the drain 

of the transistor approaches Vin the voltage drop across the transistor decreases, and M1 

enters the linear region. 

 

 

 

 

 

 

 

Fig. 4.9. (a) Simple sampling circuit. (b) Bootstrapped circuit generates a constant VGS. 

 

The on resistance of M1 in the linear region is given in Eqn. 4.2. 
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VGS, the difference between the gate and source potential is VDD-Vin. When Vin is 
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and the load capacitor does not charge completely to Vin. For constant low on resistance 

the VGS has to be kept constant irrespective of the value of Vin. A bootstrapping circuit 

can perform this function. Fig. 4.9(b) shows how bootstrapping works. When clk is high 

the gate of M1 is at Vin+VDD generating a constant VGS of VDD. When clk is low, clkb is 

high and the gate of M1 is pulled low. 

Fig. 4.10 shows the complete bootstrapping circuit used in the design.  This 

circuit charges Cboot to VDD. To be able to turn M3 on and off, with its source at VDD, the 

gate of M3 has to switch between VDD+VGS and VDD. The signal ch is a clock signal. 

Initially when ch is low and without any charge on the capacitors, the gate of M2 is at 

ground, and M1 turns on charging Cc1. When ch goes high the gate of M1 is low, M2 

turns on and Cc2 charges. Cc1 and Cc2 eventually charge to VDD. With Cc1 charged to VDD, 

and the signal ch switching between ground and VDD, the gate of M3 switches between 

VDD and 2VDD turning M3 on and off. When M3 is on M4 is also on. The bottom plate of 

Cboot is connected to ground and the top plate of Cboot is connected to VDD.  

 

 

 

 

 

 

 

 

 

Fig. 4.10. Bootstrapping Circuit. 
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When ch is low, chbar is high M5 is on and Vin is connected to the bottom plate 

of Cboot. The output of U2 turns on M6 and the output of the bootstrapping circuit vboot is 

VDD above Vin.  

When ch is high vboot is pulled low by M8. M7 is always on and reduces the VDS 

drop across M7. The bulk of M6 is connected to the top plate of Cboot to prevent the bulk-

source diode of M6 from becoming reverse biased.  To avoid overstressing the NMOS 

transistor in U2 its bulk is tied to the bottom plate of Cboot. 

The output waveforms are shown in Fig. 4.11. When ch is low, the output, vboot, 

is low. For high ch, vboot is VDD above Vin. 

 

 

 

 

 

 

Fig. 4.11. Output vboot is VDD above vin when ch is high. 

 
4.5 Comparator matching and yield 

A comparator redundancy of 4 is used to ensure high yield. Similar to section 4.3 

in Chapter 3, large comparators with good matching do not provide unique zero-crossings 

and the yield would be low. To ensure unique zero-crossings small transistors, 

introducing random mismatch, are used in the comparator design.      

Monte Carlo simulations were run in Matlab to determine the optimum 
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entire folder, including the parallel folder is 8. Assuming that the standard deviation of 
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the folder mismatch is dominated by the differential pair sizing, then the folder mismatch 

of each stage can be calculated from the mismatch of the differential pairs using Eqn 4.3; 

   
WL

A
dp VT2

)( =∂     (4.3) 

AVT is a process parameter and for the process geometries of interest for this work 

is approximately 5mVµm[57]. W and L for the stacked folder was given in section 2.2 

and the input transistors used in the parallel folder have a width of 5µm and a length of 

0.1µm.  

In Fig 4.12 the simulated yield, of calibrated ADCs, is plotted against standard 

deviation comparator offset. A good ADC is defined as one with an ENOB of over 8.4 

bits. For low comparator mismatch the yield is very low. As mismatch increases yield 

approaches 100%.  

 

 

 

 

 

 

 

 

 

Fig. 4.12. Yield versus standard deviation comparator offset. 
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a cascode [59]. Transistors MP1 and MP2 form a PMOS latch. When the comparator is in 

tracking mode 1 is low and the latch is reset. When 1 goes high the latch enters a 

regenerative phase and any difference between the voltages at nodes C and D is 

amplified. When 2 goes low the NMOS latch, MN1 and MN2, amplifies the difference 

further. 

 

 

 

 

 

 

 

 

 

Fig. 4.13. Comparator mismatch dominated by M1, M2 and MP1, MP2 matching. 

 
The input referred mismatch of the latch is primarily from the mismatch of MP1 

and MP2. The overall mismatch of the comparator is given by Eqn. (4.4). 
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δ(dp) is the differential pair mismatch and δ(MP) is the mismatch of the MP1, 

MP2 latch. dpg is the differential pair gain; the gain from the comparator input to nodes C 

and D. M1 and M2, the input transistors, and MP1, MP2, the latch transistors, have a 

width of 0.6µm and a length of 0.1µm. The gain of the differential pair is approximately 

2. Combining Eqn. 4.3 and Eqn. 4.4 gives a comparator input referred offset of about 

32mV. For a 9-bit ADC with a 600mV input range, the LSB size is about 1.2mV 
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meaning that the comparator mismatch is about 26LSB. From Fig. 4.12 a standard 

deviation of comparator offset of 26LSB gives a yield of about 96%. The low matching 

requirements allows for small comparators so that the overall area of the comparator is 

only 60µm2. 

 
4.6 Prototype 

A prototype ADC was fabricated in ST Microelectronics 90nm CMOS, a 7 layer 

process. The ADC layout is shown in Fig. 4.14. The total area is only 0.4mm2, of which 

the analog area, comparators, folders and sample and hold is less than 0.1mm2.  

 

Fig. 4.14. Die micrograph of 9-bit folding ADC prototype. 

 
The simulated ADC performance is summarized in Table 4.2. The total number of 

comparators enabled after calibration depends on the selected zero-crossings. A Matlab 

Monte Carlo model was run to determine the average number of comparators selected, 
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Over 100 calibrations the average was 181. All folders in this design are always enabled.  

The figure of merit calculated from these Matlab simulations and Spectre power 

simulations s approximately 0.8pJ/conv and compares favorably with the Figure of Merit 

for the surveyed ADCs plotted in Fig. 1.4. 

 

Power Consumption 

@ 400MS/s 

Sampling Circuits 6mW 

 64 Folders 14mW 

 181 Comparators 28mW 

 Digital Circuits 65mW 

ENOB  8.35 

ERBW  181MHz 

Table 4.2 Simulated 9-bit ADC performance
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Chapter 5 

 

Conclusion and suggestions for future work 

 

5.1 Conclusion 

A new digital calibration technique for folding ADCs has been developed. The 

calibration algorithm removes the need for large transistors as critical analog 

components. This greatly simplifies analog design and is also robust to variations in die 

fabrication that may otherwise reduce ADC accuracy. The analog circuitry is simplified 

at the expense of digital complexity. By doing so, the overall performance improves with 

processing speed and digital density, thus, aligning precisely with the benefits of CMOS 

scaling. Therefore, as technology shrinks, these circuits will scale accordingly, port 

easily, and will not suffer performance degradation.  

Two different ADCs were described, an 8-bit 500MS/s ADC in TSMC 0.18µm 

and another ADC, a 9-bit 500MS/s in ST Microelectronics 90nm. Both of these designs 

are predominantly digital, the analog area of the designs is relatively small. The designs 

have very low matching requirements and also compensate for non-linearities in the key 

analog blocks. 

The matching requirements of the comparators and folders used in the designs 

were determined by Matlab modeling. Matlab was also used to calculate DAC resolution 

and the amount of redundancy to achieve an acceptable yield. The first design described, 

the 8-bit 500MS/s ADC, used a unique digital calibration technique and also had some
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 novel analog design features including a new method for layout of a resistor ladder DAC 

and a Sample-and-Hold circuit that did not use a dedicated load capacitor. A new folder 

technique was developed for the 9-bit folding ADC that significantly reduces power 

consumption over a traditional folder circuit for a given noise specification. 

The new design techniques used in this design, particularly digital calibration and 

redundancy, will improve with finer processes. The idea of trading analog accuracy for 

digital techniques decreases matching and linearity requirements of the analog circuitry 

but increases the digital power consumption. For the processes used in this work, TSMC 

0.18µm CMOS and ST Microelectronics 90nm CMOS, the digital power is a significant 

percentage of the overall power consumption, however for finer geometry processes the 

energy per transition decreases reducing the digital power consumption.  

The area and performance of the digitally calibrated folding ADC architecture is 

limited by the SRAM area and the thermal noise of the analog circuits. The large amount 

of SRAM required in the designs consumes a lot of power and area and in future work 

techniques to reduce this overhead should be considered. Thermal noise in analog circuits 

reduces ADC accuracy. While a new ‘stacked’  folder has been designed in this work to 

reduce noise, the analog power consumption is still dictated by noise requirements. In 

finer geometry processes new analog techniques are required for moderate, 6-8 bit, 

resolution ADCs. This work reduces the requirement for transistor threshold matching 

however thermal noise caused by the reduced input conversion range of ADCs will 

continue to be a significant issue in deep submicron analog circuits. 

5.2 Suggestions for future research 

Although significant research advances have been made during this research, 

there are several areas in which further investigation would be useful. A few of these 

areas are discussed in this section. 
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5.2.1 Reducing the size of on chip memory 

Both prototype designs are predominantly digital, over 70% of total area of both 

chips is digital. Of that digital area on-chip SRAM accounts for a significant portion. A 

more efficient design could be used for the Zero-Crossing Selector memories, since the 

SRAM needed is large. The number of words is set by the coarse ADC resolution, e.g. a 

4-bit coarse ADC requires 16 words, and the word length is dependent on the number of 

comparators in the design, so that 256 comparators means a word  length of 256 bits. The 

effect of decreasing the coarse ADC resolution, at the cost of increasing the risk of 

having more than one zero-crossing per section could be explored. Similarly ‘sharing’  

words could be examined. If a certain comparator C1 has 4 zero-crossings, nominally in 

section 1, 5, 9 and 13 and comparator C129 has 4 zero-crossings, nominally in section 3, 

7, 11 and 15 then they could possibly share the same Zero-Crossing Selector word. Data 

compression could also be investigated to reduce SRAM size. 

Reducing the SRAM size would not only reduce die area but would also reduce 

power consumption as the SRAM is read repeatedly during conversion mode. 

5.2.2 Continuous background calibration 

Both designs described in this work use power-on calibration. The ADC is 

calibrated once and then enters conversion mode and the calibration engine is turned off. 

A background calibration could continuously check the selected zero-crossings and 

compensate for any drift caused by changes in either supply voltage or temperature.  

Assuming that a random analog input is applied to the ADC then each code in the 

ADC should be ‘hit’  the same number of times. If one code is ‘hit’  more often than its 

neighboring code then the zero-crossing has moved from its calibrated code and a new 

zero-crossing would need to be selected. New zero-crossings could be repeatedly selected 

until a more uniform distribution of codes is found. 
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5.2.3 Sample-and-hold distortion 

The digital calibration technique compensates for non-linearity in the folders. The 

sample-and-hold, with the signal-dependent on-resistance of its switching transistor, is 

non-linear and adds distortion. In the ADCs designed in this work, the sample-and-hold is 

not in the calibration loop. The test voltages, generated by the DAC, are applied directly 

to the folder inputs. Instead, the DAC voltage can be sent through the sample-and-hold 

and the distortion in the sample-and-hold can be overcome through calibration. 

5.2.4 Redundancy in other ADC architectures 

This work focuses on digital calibration techniques for folding ADCs but the 

techniques used could be considered for other architectures. Matching of capacitors is 

crucial in both pipeline and SAR ADCs. Redundant capacitors could be used and a 

calibration engine could pick comparators from the available bank. 
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