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Data converters are essential interface circuits between the analog world that 

people live in and the digital processors that people live with. Linearity, which often is 

a tradeoff against other performance criteria, is one of the major performance demands 

from applications for both analog-to-digital converts (ADC) and digital-to-analog 

converters (DAC). This dissertation describes several novel linearity enhancement 

techniques utilizing mainly digital circuits, targeting different data converter 

architectures allowing their linearity performances to be enhanced without many 

sacrifices from other features such as conversion bandwidth or power consumption.  

A background calibration method for flash ADCs was developed. It cancels the 

error introduced by comparator offsets and component mismatches in reference circuit. 

The calibration works primarily in the digital domain with small analog hardware 

overhead. The offsets in the flash ADC are pseudo-randomly and gradually calibrated, 

thus the accuracy of the ADC is eventually restored. 



 

 

A foreground calibration method for delta-sigma ADCs is also proposed. The 

fully digital calibration technique extracts the multi-bit feedback DAC error and 

cancels it in the digital domain. The calibration scheme requires no precision external 

components and inserts only a small digital block at the modulator feedback path. 

A new approach of radix-based digital technique for compensating capacitor 

mismatch of the two-capacitor DAC is introduced. Digital input words are pre-distorted 

with an ADC-like algorithm before they are fed into the DAC. The proposed methods 

provide better linearity performance when the DAC is converting higher number of bits. 

Extra peripheral circuits to achieve the digital compensation are briefly discussed. 
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LINEARITY ENHANCEMENT TECHNIQUES FOR  

DATA CONVERTERS 
 

Chapter 1. Introduction 

1.1 Motivation 

Data converters, namely analog-to-digital converts (ADC) and digital-to-analog 

converts (DAC), are fundamental interface circuits in between the analog world that 

people are living in and the world of digital processing that modern people heavily rely 

on. ADC converts real life signals, such as temperature, pressure, electromagnetic field, 

to their digital representations so that the computers or digital processors can compute, 

transmit or store them. On the other hand, when the processed data need to be delivered 

to the real world, for example when playing music, displaying picture, or transmitting 

a cell phone signal, the DAC needs to be employed.  

At the beginning of semiconductor industry, Gordon Moore, co-founder of the 

Intel Corporation, observed that the number of components per integrated circuit 

increases exponentially over the time [1], which is later known as Moore’s law. While 

the rate of device shrinking is reduced in recent years [2], the international technology 

roadmap for semiconductors (ITRS) predicts that the level of integration will still grow 

rapidly over the next decade and beyond [3]. A closer look at the ITRS reveals that the 

advancement in semiconductor integration is motivated predominately by digital 
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circuits. While digital circuits benefit greatly from device shrinking in terms of 

operating speed and power consumption, the analog circuit is largely left out. 

Drawbacks from smaller devices such as transconductance saturation and decreasing 

output resistance makes analog designers unwilling to migrate to fine line technologies 

unless when they have to. However, high level integrated semiconductor solutions such 

as system-on-chip calls for data converters to be designed in the same technology the 

rest of the chip uses. At the same time, applications drive data converter development 

in such a way that while their linearity requirements are maintained, the power 

consumption has to be lowered, or their bandwidth needs to be wider. In an era of fast 

growing smart phone usage with ever faster communication speed, and of the emerging 

of wearable electronics and portable health care products, the world calls for lower 

power data converters designed in modern technologies. This makes designers leverage 

digital techniques to boost data converter performances [5, 6]. Converter calibration, 

especially those operates in digital domain, can be very effective and efficient. 

1.2 Dissertation Organization 

In this dissertation, three calibration methods for flash ADC, delta-sigma ADC 

and serial DAC are proposed and analyzed. Before going in to design details, section 

1.3 reviews the data converter structures that the proposed calibration schemes are for. 

The calibration or error correction methods proposed in the following chapters share 

the common theme that linearity enhancement circuit does not require fundamental 
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change to conventional data converter architecture. The calibration circuit can be 

applied to existing designs to either help aid linearity performance or help free design 

resource from linearity to other performance areas. 

Chapter 2 introduces a calibration scheme for flash ADCs. The calibration 

system architecture is laid out in section 2.2. Section 2.3 discusses the problems and 

solutions of the design of major circuit blocks. Circuit simulation results are shown in 

section 2.4. Finally section 2.5 summarize the proposed technique. 

Chapter 3 starts with an introduction to the need of digital calibration for delta-

sigma ADC feedback DAC. Section 3.2 analyzes the error source and shows how it can 

be removed from ADC output. The circuit implementation details are discussed in 

section 3.3 and the scheme is verified with simulations which is in section 3.4. Section 

3.5 presents the summary and further discussions. 

In chapter 4, a calibration method for two-capacitor serial DAC is proposed and 

investigated. Section 4.3 proposes and explains a new radix-based digital correction for 

the two-capacitor DAC. Section 4.4 discusses how to accurately find out the ration 

between the DAC capacitors. The proposed error correction scheme is compared with 

other prior-art schemes in section 4.5. Section 4.6 summaries the proposed method and 

other findings. 
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1.3 Background 

1.3.1 Flash ADC and its calibration methods 

Applications such as disk drives, ultra wideband communications, and 

automobile automation call for ADCs with 5 to 7 bit of resolution running at 1 to 3 

gigasample per second. Flash ADC has the lowest latency and highest single channel 

throughput. It is a logical choice for flash ADC to serve the needs of these applications. 

Figure 1.1 shows (a) fundamental circuit blocks for a flash ADC; and (b) the simulated 

output spectrum plot for a 6-bit ideal ADC with single tone input. Note that the figure 

1.1(a) is a simplified diagram showing only 4 comparators for simplicity. Because of 

technology limitation, mismatch exists among manufactured components which are 

drawn in circuit design diagrams as the same. The device mismatch in comparators 

leads to offset voltage, which alters the tripping point of a comparator. Figure 1.2 shows 

(a) the flash ADC with component mismatch and (b) the simulated output spectrum 

plot for a 6-bit ADC with reference ladder device mismatch and comparator offset with 

single tone input. The offset voltages are modeled as voltage sources (Vos) at one 

terminal of the comparator inputs. Comparing figure 1.2(b) with figure 1.1(b), 

harmonic distortions appear at the output of the flash ADC with device mismatch and 

comparator offset. Flash ADC’s output dynamic range is reduced because of device 

mismatch and comparator offset.  
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To obtain the desired dynamic range or linearity, designers need to control 

device mismatch. Smaller relative mismatch requires larger devices for a given 

semiconductor manufacturing technology. The larger device not only leads to larger 

chip area, which directly transfer to higher cost, but also brings along larger parasitic 

capacitors. The larger parasitic capacitors slows down the flash ADC operating speed 

and increases circuit power consumption because extra current is needed to charge 

these capacitors in a dynamic circuit. 

 

 (a)                                                       (b)   

Figure 1.1: (a) Simplified ideal flash ADC and (b) output spectrum of a 6-bit flash 

ADC. 
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To satisfy design targets, designers have to find alternative methods to reduce 

the impact of component mismatch. Prior art designs implemented various calibration 

or averaging methods to reduce the influence of comparator offset. Nakajima et al. [7] 

designed two identical ADC and developed a digital algorithm for the two ADC to 

calibrate against each other to reduce comparator offset. While existing circuits are 

reused for offset correction in [8], a dedicated DAC and a search algorithm helps 

calibrate the comparator offsets in [9]. 

 

 (a)                                                       (b)   

Figure 1.2: (a) Flash ADC with reference ladder component mismatch and 

comparator offsets, and (b) output spectrum of a 6-bit flash ADC with distortion. 
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1.3.2 Delta sigma ADC and digital calibration 

ADC linearity can be characterized by signal-to-noise-and-distortion ratio, or 

SNDR. The larger the ratio is, the better the linearity is. There are three variables in 

SNDR, the signal, the noise and the distortion. Increasing signal, and decreasing noise 

or distortion gives better linearity. While differential configuration can be used to 

increase effective input signal power, signal amplitude cannot be increased freely 

beyond what the circuit can process. The main focus to improve linearity for a given 

resolution is to carefully design the circuit to minimize noise and distortion. However, 

one area overlooked in SNDR so far is time or sampling frequency. SNDR is the ratio 

of signal power over total noise and distortion components power. In practice, in a fast 

Fourier transform (FFT) spectrum plot, the noise and distortion power is integrated 

from DC to the Nyquist frequency. Increasing sampling frequency makes the same total 

noise power spread across a wider spectrum. Considering only the original signal 

bandwidth, the effective in-band noise portion become less. Define oversampling ratio 

(OSR) as the actual sampling frequency (fs) over two times the signal bandwidth (fB), 

or, OSR = fs/(2fB). The total noise power in-band becomes 1/OSR compared with non-

oversampling scheme.  

Delta-sigma ADC builds on the principle of oversampling and adds noise-

shaping to the output signal spectrum. Figure 1.3 illustrates a basic 1st-order delta-

sigma ADC comprising an integrator, a quantizer and a DAC. Ignoring the DAC error 

E at the moment, the output (V) to input (U) transfer function in z domain is  
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 V = z–1U + (1–z–1)Q. (1.1) 

The output contains of the delayed but undistorted input and the high-pass filtered 

quantization error Q. Equation (1.1) indicates that basic delta-sigma modulation 

maintains the input linearity while lower the quantization noise towards lower 

frequencies. In general, the in-band quantization noise power is 
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where L is the order of the modulator, and q is the quantization error [10]. Equation 1.2 

shows that in a delta-sigma ADC, increasing OSR or noise shaping order are effective 

ways to increase signal-to-noise ratio or SNR. 

Using multi-bit quantizer reduces q and more importantly helps stabilize the 

modulator. But mismatch among multi-bit DAC individual component is inevitable, 

 

 

Figure 1.3: Basic delta-sigma ADC. 
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causing error at the DAC output. When DAC error (E) is present, the transfer function 

becomes 

 V = z–1U – z–1E+ (1–z–1)Q. (1.3) 

The DAC error appears directly at the modulator output. At the same time, Equation 

(1.3) shows that if the DAC error is found, the error can be removed from the output 

with just addition operation and the undistorted transfer function returns. Figure 1.4 

illustrates the block diagram for a digitally corrected delta-sigma ADC. A digital 

correction block is inserted between the output of the delta-sigma modulator and the 

decimation filter, which is used for the out-of-band noise filtering and down sampling. 

The fundamental problem for digital correction for delta sigma ADC is to find the DAC 

error. Conventional method [11] uses a counter to generate all input codes for the DAC 

under calibration and employs another 1-bit delta-sigma ADC to convert the DAC 

output to digital domain to extract DAC error. Chapter 3 proposes a new DAC error 

 

 

Figure 1.4: A delta-sigma ADC with digital correction. 

z
-1

1-z
-1

Q

DAC

E
U

–

Digital

correction

Decimation 

filter

E
V



10 

 

 

extraction scheme that does not require significant change in the original delta-sigma 

ADC itself. 

1.3.3 Two-capacitor DAC and error reduction switching techniques 

The core structure of a two-capacitor charge redistribution serial DAC [12] is 

illustrated in figure 1.1. C1 and C2 are two equal value capacitors. Its operation is as 

follows: At Φ1, C1 is either charged to reference voltage (Vref) or discharged, depending 

on whether the incoming bit is a ‘1’ or ‘0’. At Φ2, the charge stored on C1 is shared 

with C2, which was initially discharged. The digital bit stream is supplied to the DAC 

serially, with the least significant bit (LSB) first and the most significant bit (MSB) last. 

After the conversion of the MSB, the resulting analog voltage Vout appears across C2. 

When there is mismatch between C1 and C2, nonlinear distortion appears at the 

output of the two-capacitor DAC. Note that there is a symmetry between C1 and C2, 

their roles can be interchanged with the introduction of additional switches to charge 

 

 

Figure 1.5: Basic circuit structure of two-capacitor DAC. 
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and discharge C2. Compensative switching [13] utilizes the symmetry property and 

decides which capacitor to charge depending on input sequence. Within the conversion 

cycles of one input digital word, the roles of C1 and C2 are switched back and forth. On 

top of error reduction that the compensative switching technique achieves, the method 

discussed in [14] split the input word to two parts. Each part is converted separately 

with compensative switching technique and the conversion results are added in analog 

domain to further reduce mismatch error effect. Instead of splitting the input word, one 

can convert the digital once in the conventional way, and change the roles of the two 

capacitors throughout a second conversion of the same digital word [15]. The sum of 

outputs of the two complementary switched passes has better linearity than a single 

conversion. The complimentary switching can be further strengthened by alternating 

the role of C1 and C2 every clock cycle within conversion of one digital word, and 

applying complementary switching for the second pass [16]. This alternately 

complementary switching further reduces the second order distortion. 
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Chapter 2. Linearity Improvement Technique for Flash ADCs 

2.1 Introduction 

Flash ADC’s major advantage is low conversion latency. It usually finishes a 

conversion within one sampling period. Generally speaking, the smaller devices the 

designer use to build flash ADCs the faster it can run, mainly due to the smaller 

parasitic capacitances the smaller devices bring along. However, smaller devices 

usually lead to larger relative mismatches. Two building blocks that are directly related 

to flash ADC accuracy are the reference string and comparators. Mismatch in the 

reference string elements causes inaccurate reference levels, while mismatch in 

comparator devices causes comparator offsets. Both these effects shift the comparator 

array tripping points away and deteriorate ADC linearity.  

Applications for flash type ADCs call for higher speed and lower power 

consumption. Designers have to use smaller devices to meet either kind of demand. 

Recent publication [7–9] indicates that for 5 to 6 bits resolution flash ADC running at 

a few gigahertz samples per second, some forms of calibration is a necessity. In this 

chapter, a new background flash ADC calibration method is proposed. The goals for 

the calibration are to provide background calibration that minimizes the need of 

changing existing main circuit and to maximize the use of digital circuit. 
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2.2 System Architecture  

To demonstrate the effectiveness of the calibration, a 6-bit conventional flash 

ADC was used and the calibration mechanism was added to the flash core. The 

calibration does not need to change the flash ADC core design, and cancels comparator 

offsets as well as nonlinearities in the reference ladder the same time the main flash 

ADC is functioning normally. 

The calibration block’s role is to monitor and adjust the flash ADC core so that 

over the time, the offsets of the comparators are minimized and the mismatch of the 

reference string are compensated for. The actual design is a 6-bit fully differential 

calibrated flash ADC. In this chapter however, for simplicity, the diagrams illustrating 

the flash ADC core show only 4 comparators. Figure 2.1 shows such simplified flash 

ADC core with function blocks for calibration.  

The flash ADC includes resistive reference string, comparator array and output 

conditioning and encoding circuit, as one normally finds in a conventional flash ADC. 

A multiplexer array is placed in parallel with the encoder for single comparator output 

selection for calibration purpose. In order for the comparator offset to be calibrated, the 

comparators in the flash ADC core are made offset tunable. Their offset tuning control 

signals are provided by registers accompanying each comparator. Calibration control 

logic circuit updates these registers when necessary. The calibration circuit includes a 

reference comparator, which shares the main signal input with the main flash ADC core 
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and also is fed by a simple DAC. A digital pseudorandom number generator, or linear 

feedback shift register (LFSR) generates a digital bit stream to feed the serial DAC, at 

the same time passes its outputs to calibration control logic. A timing block is employed 

to control the timing phases of each calibration block and to coordinate events between 

calibration blocks and main flash ADC core. 

The calibration circuit monitors the outputs from the flash ADC and the 

reference branch, and compares them. The offsets of the comparators from the flash 

ADC core is adjusted when necessary based on this comparison result. The mismatches 

from the reference string are seen as offsets at the comparator inputs so the calibration 

 

 

Figure 2.1: Simplified block diagram of flash ADC calibration. 
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logic compensates for this effect as well. The background calibration needs to work for 

a period for all the comparator offsets to get corrected. Within each calibration step, 

the calibration control logic randomly selects one of the comparators from the main 

flash ADC comparator array. Depending on necessity, the calibration logic only 

corrects the selected comparators for one stop. There are in total 16 stops available for 

offset adjustment in either direction. 

Figure 2.2 and table 2.1 help further explain the calibration process. Figure 2.2 

shows a particular calibration step. During this step, the LFSR generates, for example, 

a binary bit sequence of ‘01’. The reference DAC convert this digital input to 3/8 of 

the ADC reference voltage, or 3/8Vr. The comparator compares this DAC output 

against the ADC input and makes a one bit binary decision YR. The calibration logic 

gets the LFSR output too and passes ‘01’ to the multiplexers at the flash ADC core 

output. The multiplexer array selects the corresponding comparator #2 output Y2, and 

delivers it to the calibration logic. Because both comparator #2 in the flash ADC core 

and the reference comparator see the same signal input, assuming the reference 

comparator’s output YR is desired, the calibration logic knows if and to which direction 

the offset of comparator #2 need to be adjusted. Table 2.1 lists the decision matrix of 

the calibration logic. When YR and Y2 are equal, the calibration logic will not change 

the corresponding comparator’s offset tuning status. When YR and Y2 are different, the 

calibration logic will adjust the corresponding comparator’s offset up or down by one 

stop, depending or the values of YR and Y2. 
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Table 2.1 Calibration strategy. 

YR Y2 Decision 

0 0 No action 

0 1 Voffset  up 1 stop 

1 0 Voffset down 1 stop 

1 1 No action 

 

 

 

Figure 2.2: Simplified block diagram of the calibrated flash ADC showing one 

calibration step. 
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2.3 Circuit Implementation 

The goal of this design is to demonstrate the effectiveness of the proposed 

calibration scheme. Without calibration, to archive same level of ADC linearity 

performance, the device size used in the circuit have to be larger to contain component 

mismatch. The practice reduces allowable signal bandwidth and leads to more power 

consumption. On the other hand, when calibration is introduced, one can intentionally 

use small devices to save power and run the ADC at a higher throughput rate, while 

maintain a satisfactory linearity. 

Figure 2.3 shows one slice of building blocks from the flash ADC core. Again, 

single-ended block diagrams are drawn for simplicity. The actual implementation is 

fully differential. The slice of the flash ADC core consists of a piece of reference string, 

a simple track and hold circuit, a comparator and part of the digital code conditioning 

circuit. The following subsections will discuss these circuit design in detail. 

2.3.1 The comparator circuit 

An ideal comparator would resolve very small input difference and deliver 

comparison results instantly. In reality, tradeoffs among conversion speed, input-

referred offset, power consumption, and kick-back need to be considered together with 

application specific requirements. Because calibration reduces the impact from 

comparator offset, for this design the devices are chosen to be as small as possible to 
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boost ADC speed as long as the offsets can be brought back to an acceptable range. 

Comparators with preamplifiers [17] provide extra gain stages which reduce the impact 

of offsets from later stages and do a good job isolating the large voltage swing from 

regenerative latches kicking back into comparator input nodes. However, an extra stage, 

especially when working continuously, brings along extra power dissipation, which is 

not desired. This design explores other means for reducing comparator kick-back, 

which shall be discussed later. 

Dynamic latched comparators [18] are effective to achieve fast comparison and 

to reduce power consumption thanks to the lack of static current. This calibrated flash 

ADC design is implemented in 40nm CMOS technology. The supply voltage is 1.1V. 

The low supply voltage means that there is little headroom to maneuver for the stack 

of transistors in the conventional dynamic latched comparator. Double tail latched 

 

 

Figure 2.3: One slice from the flash ADC core. 

VinVRP

VRN

CIH

CRH

Latch

Bubble 

Removal

&

Encoder

Clk



19 

 

 

comparator [19] was introduced to solve this problem. The comparator separates input 

and latch tails to reduce transistor stacking. Compared with conventional dynamic 

latched comparator, the double tail one provides better isolation from the latch to the 

input, resolves input differences faster, and its conversion time and offset depend less 

on input common mode voltage variations. 

This design implemented an improved version of double tail latched comparator 

[20]. Figure 2.4 illustrates the circuit diagram of such comparator modified to suit this 

design’s fully differential architecture. The whole comparator relies on just one clock 

phase CLK. When CLK is at ground, the comparator is in precharge or reset phase. 

During precharge, the drain terminals of the input devices are charged to supply voltage, 

or VDD. Since DP and DN nodes are charged to VDD, VP and VN nodes are pulled to 

ground in this phase, which in turn brings both the output nodes VOp and VOn to the 

supply voltage. The comparator starts to evaluate the input difference when the CLK 

signal turns from ground to VDD. The charges stored on the parasitic capacitors at the 

DP and DN nodes are discharged through input and input state tail transistors. Due to 

voltage differences at the input devices’ gate terminals, the rate of discharging on DP 

and DN node are different. The pair of signals are inverted and amplified respectively 

to VP and VN signals, causing these signals to rise from ground towards VDD at 

different rate. The voltage difference at the output nodes finally gets regenerated by the 

latch, which turns the small difference to full swing due to its positive feedback 

configuration. 
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Because the comparator’s decision is based on the discharging rate difference 

on DP and DN nodes, one simple way to achieve offset tunability is to add controlled 

capacitors at DP and DN nodes [18]. However, the added capacitors slow down the 

entire operation. Further, simulations show that towards the outside of the comparator 

bank, where the difference of REFp and REFn nodes are larger, the comparator offsets 

are larger than the offsets from ones in the middle of the array. An offset tuning scheme 

 

 

Figure 2.4: Comparator circuit for the calibrated flash ADC. 
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that has less impact on the comparator’s speed and that can compensate for the 

difference in the offsets from the comparators at different locations has to be found. 

This design applies a modified shunt current scheme. Instead of controlling the analog 

gate voltage of the offset tuning transistors [21], another digitally controlled transistor 

is added in series with the original tuning transistor. As shown in figure 2.5, an array 

of transistor pairs, Mb and Md, is added at either side between the first state output node 

and the respective tail node. Voltage Vb decides how much current each shunt branch 

is able to divert, while digital control signals adj<1:8> decide which branch is open or 

closed. The bias voltage Vb are generated from a voltage divider circuit while the digital 

control signals are from the digital calibration control unit. Splitting the input devices 

for offset tuning is not an option here because the input device is just four times the 

smallest allowable device in the foundry technology. 

 

 

Figure 2.5: Comparator offset tuning circuit. 
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Because of the existence of offset calibration, the intrinsic input referred offset 

of the comparators can be relaxed. This design purposely uses small input devices to 

save chip area and boost operating speed. Further, in the layout process, to save routing 

space, the comparator’s input devices was not placed in a common centroid way, which 

is a common technique for reducing component mismatch. However, the offset should 

still be controlled so that it is within the reach of offset tuning circuit. 

When designing the offset tuning circuit, there is a tradeoff between offset 

tuning step and the calibration time. There is also a tradeoff between tuning step size 

and overall tuning range, given a certain number of control lines. For accuracy, the 

design should have small steps but too small a step can limit the tuning range and extend 

calibration time. Figure 2.6 shows a series of simulated experimental results for 

achievable signal to quantization noise ratio for a 6-bit flash ADC with offset errors, 

against the calibration cycles needed to restore the accuracy when ¼, ½, and 1 least 

significant bit (LSB) calibration step are used. As expected, finer calibration step size 

provides better final accuracy but it takes longer time to reach the calibrated state.  

As mentioned earlier, the comparators closer to the edges of the comparator 

array has larger differential references (VREF,diff) applied to them. Although they share 

the same circuit structure with the comparators in the middle of the array, they have 

higher offset. Table 2.2 lists the different offset tuning steps and ranges for center and 

outer comparators when different shunt current bias voltage Vb is applied. In the design, 

the comparators are divided into four groups according to their location and are 
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supplied with corresponding bias voltages. With the introduction of the current shunt 

tuning, both tuning step and tuning range are covered for comparators all over the 

comparator bank inside the flash ADC. 

Table 2.2 Design parameters for offset and tuning step  

for center and edge comparators. 

VREF,diff [V] Vb [V] Voff,D,1σ [mV] Range [σ] Step [LSB] 

0.03 0.55 27 ± 3.9 0.20 

0.70 0.70 50 ± 4.8 0.47 

 

 

 

Figure 2.6: Achievable accuracy vs. calibration cycles. 
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2.3.2 Reference string 

The references for the comparator array in the flash ADC is provided by a 

resistive reference string. Figure 2.7 shows a section of such reference string. There are 

two resistor string supplying complementary reference levels to both the differential 

input terminals of the comparator. Although a single string can provide all the voltage 

levels, it requires more complex routing and one comparator kick-back can interfere 

with the other one’s operation. This design uses double tail latched comparator, which 

 

 

Figure 2.7: Section of the reference ladder with anti-kick-back capacitors. 
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has less kick-back compared with single tail dynamic latched comparator, but the 

reference string still suffers kick-back from the comparators which lowers the ADC’s 

linearity performance. One obvious way to solve this issue is to use smaller resistors in 

the string. However, this inevitably increase the current drawn from reference voltage 

sources. A simple solution to reduce the kick-back while limiting the power dissipation 

from the resistor string is to add holding capacitors at the voltage reference nodes of 

the reference string. Each resistor string has 64 unit 25Ω resistors. The positive 

reference VRP is 1.1V and the negative reference is 0V. This leads to a current of 

687.5µA flowing through one reference string. 

2.3.3 Track and hold 

Low frequency input does not require a separate track and hold stage for the 

ADC as the input voltages hold fairly stable when the comparators make their decisions. 

However, as the input signal frequency approaches the Nyquist frequency, harmonic 

distortions shows up at the ADC output if there is no input holding. For this reason, 

this design implements a simple track and hold (T/H) circuit, comprising a switch and 

a holding capacitor, shown as CIH in figure 2.3. To ensure that the T/H switch works 

with all input voltage levels, a bootstrapped switch [22] is used. 
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2.3.4 Digital output 

The comparator array from the flash ADC are followed by SR latches. Their 

output is thermometer coded ADC output, which needs to be converted to a 6-bit binary 

coded output as it is not efficient to bring all of the 64 comparators’ output out. One 

popular thermometer-to-binary encoder is Wallace tree encoder [23], which can 

tolerate bubble error [24]. This design selects a multiplexer based encoder, as it has less 

power consumption and occupies significant less area [25]. Figure 2.8 shows a 

simplified example of such encoder. The actual design was a 6-bit one with NOR gate 

bubble correction. The multiplexer based encoder uses similar hardware as the 

calibration multiplexer array, which is used by the calibration logic to select individual 

 

 

Figure 2.8: A 3-bit example of a multiplexer based thermometer-to binary encoder. 
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comparator output. Each multiplexer array takes one side of the complimentary outputs 

from the comparators and the two function blocks with multiplexers are tightly put 

together in the layout. 

2.3.5 Calibration control unit 

The digital calibration control unit coordinates the circuits in the calibration 

block, monitors the flash ADC core outputs and makes decisions about how to tune the 

individual comparator offset. Figure 2.9 shows the top level block diagram of the 

calibration control unit as well as the latches for storing the comparator offset tuning 

code. The latches are placed close to each individual comparator while the calibration 

control unit is put outside the flash ADC core. They are connected by address lines and 

data bus is used to reduce the number of wires needed. The calibration control unit 

reads the LFSR generated random selection code, fetches the corresponding flash ADC 

 

 

Figure 2.9: Block diagram for calibration control unit and comparator offset latch. 
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comparator output, and takes in the output form the reference comparator. The offset 

adjustment logic implements the decision strategy listed in table 2.1, then updates local 

offset tuning registers, and upload the new offset tuning digital word to the 

corresponding comparator’s offset tuning latches through the data bus. 

2.3.6 Calibration reference 

A cross-coupled LFSR [26] is used to provide pseudorandom bit stream. The 

cross coupled structure provides a very long pseudorandom sequence before it repeats. 

Effectively, for this application, the bit sequence can be considered random. 

Furthermore, the bit sequence is uniformly distributed. When used as a pointer for 

selecting one of the comparator outputs in the flash ADC core, the bit sequence 

guarantee that all the slices have equal opportunity to be selected.  

The DAC used in the calibration reference branch is a very simple two-

capacitor DAC [27]. Figure 2.10 shows a simplified single-ended version of such DAC. 

C1 and C2 are two equal size capacitors. Φ1 (Φ1P, Φ1N) and Φ2 are two non-overlapping 

clock phases, while Φ2 is the reset clock phase. After reset, the DAC begins to convert 

the input in a serial manner. Either Φ1P or Φ1N switch is activated depending on either 

the incoming bit is ‘1’ or ‘0’. During clock phase Φ2, the charge stored on C1, C2 are 

shared. The LSB is converted first while the MSB comes in the last. The serial DAC 

completes the entire conversion of 6 bits after 6 clock cycles. More detailed discussion 

of a two-capacitor DAC can be found in chapter 4. 



29 

 

 

Because the calibration reference branch, containing the calibration reference 

DAC and the comparator, can operate at a lower frequency than the ADC core 

comparators, the design requirements for the calibration reference circuit can be 

relaxed. The capacitors in the calibration reference DAC are made large enough so that 

their own mismatch is negligible in this application. The input switches, connecting 

external references VRP and VRN, to the DAC are made from PMOS and NMOS switch 

respectively. 

The reset switch need to work effectively for common mode voltage (VCM), 

which is 0.55V. Neither NMOS nor PMOS switch would work as reset switch. 

Complimentary or transmission gate switch does not work well either as the 0.55V 

drive voltage barely turns on either of the devices. Bootstrapped switch [22] does not 

work because the voltage stored at the capacitor would not drive the bootstrapped 

 

 

Figure 2.10: Simplified circuit diagram for the reference DAC,  

with dummy devices shown in gray color. 
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switch. A gate boosted switch modified from bootstrapped switch was implemented to 

solve this problem. Figure 2.11 shows the circuit of such switch. In the circuit diagram, 

NMOS MS is the main switch device. Terminals S1 and S2 are the two signal terminals, 

while T is the switch control terminal. M10 is a dummy switch countering clock 

feedthrough problem. When T is at ground, the switch is off, C1’s right plate is charged 

to VDD and both C2’s plates are connected to ground. When T is turned to VDD, both C1 

and C2’s right plates are connected to the main switch MS’s gate, while their left plates 

are raised to VDD. The charges stored in C1 during reset phase is shared with C2 so that 

the switch transistor’s gate drive voltage is boosted over VDD but not to 2VDD. The ratio 

of C1 and C2 determines how high the gate drive voltage is. This design brings the 

switch gate drive to about 1.5VDD for both linearity and reliability concerns.  

 

 

Figure 2.11: Gate boosted switch. 
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The charge sharing switch in the calibration reference DAC needs to work from 

0V to VDD. This switch cannot be bootstrapped because of the same reason why the 

reset switch cannot be bootstrapped. The charge sharing switch in this design is a 

complimentary version of the gate boosted switch in which both NMOS and PMOS’s 

drive voltage are boosted. 

The serial DAC takes 6 cycles to convert one digital word, and an extra cycle 

to reset itself. A closer look at the DAC operating procedure reveals that the DAC can 

be utilized more efficiently. Figure 2.12 shows a differential two-capacitor DAC’s 

possible output levels after converting one, two, and three bits. Suppose that the DAC 

is converting a 3-bit digital word and the third conversion is the final one. We can 

clearly see that the intermediate levels after the first and the second bit conversions are 

not from the possible final levels. In fact the intermediate levels are always half an LSB 

away from a final level. The intermediate voltage levels at DAC output during a 

conversion cycle of 6 clock cycles cannot be directly used. However, because it is just 

half LSB off, they can be used in a coarse way. The intermediate outputs form the 

calibration reference DAC are used for coarse calibration. Again, using figure 2.12 as 

an example, and the 3-bit word to be converted is ‘011’. The first bit to be converted in 

‘1’. After one DAC clock cycle, looking only at the positive side of the differential 

output, the voltage level is (VRP+VCM)/2 or (3/4)VRP+(1/4)VRN as VCM = (VRP+VRN)/2. 

Now the calibration logic compares the calibration reference comparator result YR with 

the seventh comparator’s output Y7. If the two bits are different, the calibration then 
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looks at which output is 1 and which one is 0. Because the ADC input signal is 

connected to the non-inverting nodes of the comparator inputs, if YR is 0, and Y7 is 1, 

it means that the comparator 7 makes a wrong decision and its offset needs to be 

adjusted because the 7th comparator’s correct reference should be (3/4)VRP+(1/4)VRN 

+ (1/16)(VRP+VRN), or half LSB larger. Otherwise the calibration logic ignores the 

current clock cycle because it is uncertain if the ADC comparator makes a good 

decision. This coarse mode lasts first 5 clock cycle every time the calibration DAC 

starts to conversion. The calibration switches to fine mode, using the decision strategy 

listed in table 2.1 for the last DAC bit conversion output. The coarse and fine strategy 

improves calibration speed. It gives comparators which are corresponding to the ADC 

output MSBs more frequent calibration. The MSB decisions in an ADC is usually more 

important than LSB decisions. 

 

 

Figure 2.12: Serial DAC output levels by step. 
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2.3.7 Timing and miscellaneous controls 

The clock phases used throughout this design are derived from an external 

master clock signal and a conventional non-overlapping clock phase generator. The 

clock signal is distributed over the flash ADC core using a tree type structure to 

minimize clock skew for each flash ADC slices. This design also has built-in clock 

edge adjuster among different clock paths to help align clocking signal that control 

different function blocks. Mode registers are used to control calibration state and 

internal clock delays. The mode registers are assembled from shift registers and the 

control bits are supplied externally and serially.  

2.3.8 Circuit layout 

The circuit is implemented in 40nm CMOS technology. Figure 2.13 shows the 

layout of the flash ADC comparator. The fully differential comparator was made 

symmetrical against the horizontal center line. The devices are put next to each other 

 

 

Figure 2.13: Layout of the offset tunable comparator. 
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horizontally to save vertical space for later stacking. All the other supporting circuit, 

such as the T/H, and latches are also arranged in the same vertical space. The layout 

 

 

Figure 2.14: Calibrated flash ADC layout. 
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makes a slice of flash ADC core spread horizontally. Figure 2.14 shows the complete 

ADC layout. The active area the ADC occupies is about 0.075mm2. 

2.4 Circuit Simulations 

Both schematic Netlist and parasitic capacitor extracted Netlist are simulated to 

check the basic function of the ADC. Further, the ADC is tested with Monte Carlo 

simulations which include process variations and component mismatches. Figure 2.15 

shows the Monte Carlo simulation result of the ADC output spectrum for a sinusoidal 

input close to Nyquist frequency when the ADC is running at 1GS/s. The signal-to-

noise-and-distortion ratio (SNDR) is about 22dB or 3.6 effective number of bits 

(ENOB). Note that the noise shown in the simulation is quantization noise only. The 

distortion is mainly caused by comparator offsets. 

 

 

Figure 2.15: ADC output spectrum plot from Monte Carlo simulation. 
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Figure 2.16 shows the ADC linearity performance over different input 

frequencies for schematic, parasitic capacitor extracted and Monte Carlo simulations 

before calibration. Because Monte Carlo simulations include component mismatch, the 

linearity is greatly affected. Due to limited circuit simulation capacity, full length of 

the background calibration was not performed. Short simulations for calibration 

showed the internal signals were as expected. The comparator’s offset was being tuned 

in the correct direction. 

The power consumption of the calibrated flash ADC was simulated. The total 

power dissipation when the ADC runs at 1GS/s is 10.6mW. Figure 2.17 is the pie chart 

showing each function block’s power consumption contribution. The calibration circuit 

running at 125MHz only costs 175µW or 1.6% of the total ADC power. One design 

goal was for the calibration circuit to have minimum load on existing ADC design. The 

simulated result verifies that the design meets the goal. 

 

Figure 2.16: Simulated SQNR across input frequencies. 
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2.5 Summary 

In this chapter, a novel background calibration method is proposed for flash 

ADCs. The calibration scheme cancels nonlinearity distortion from comparator offsets 

and that from reference string component mismatches. The calibration scheme 

decouples the common tradeoff between linearity and speed performance or power 

dissipation. With calibration, the design requirement for intrinsic comparator offset can 

be relaxed so that the comparator can run at higher speed without using excess power. 

The calibration logic picks one offset tunable comparator from the flash ADC core, 

 

 

Figure 2.17: Simulated calibrated flash ADC power breakdown. 
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compare its output with the output from the calibration reference comparator and makes 

a decision about how to tune the offset of the comparator in the ADC core. Over time, 

all comparators in the flash ADC are gradually calibrated. The simulated total power 

consumption is 10.6mW at 1GS/s operation which translate to a Walden figure of merit 

(FoMW) [28] of 0.41pJ/c-s, assuming the calibration bring the signal to noise and 

distortion ration back to 30dB. This is better than that reported in [7] and [8]. 
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Chapter 3. New Digital Calibration Scheme for Delta-Sigma ADCs 

3.1 Introduction 

For delta-sigma ADCs with multi-bit feedback DACs, the DAC non-linearity 

introduces errors which are added directly to the input signal. This error degrades the 

performance of the delta-sigma ADC by introducing harmonics of the signal and 

lowering its signal-to-noise-and-distortion ratio (SNDR). 

One of the most widely used techniques to address this problem is dynamic 

element matching (DEM) [29]. By shuffling the use of DAC elements, DEM turns the 

harmonics of the signal into noise, and performs a first-order filtering on it. Due to the 

fact that DEM has only first-order noise shaping, it tends to become less effective for 

wide-band delta-sigma modulators with low over-sampling ratio (OSR). Also the logic 

for implementing DEM resides inside the loop, and thus introduces undesired excessive 

loop delay. This can cause stability problems for continuous-time delta-sigma 

modulators [30]. 

Digital calibration and correction was proposed to address the problems of 

DEM [11], [31–33]. This chapter introduces a foreground digital calibration methods 

for finding the DAC mismatch errors. The scheme does not require additional analog 

circuitry. It uses the quantizer and feedback DAC reconfigured during calibration. It 

saves calibration time compared with [11] and saves hardware cost compared with [32] 
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and [33]. This approach works well for low OSR, and does not introduce any additional 

loop delay. 

3.2 System Architecture 

The focus of this chapter is to propose a novel DAC mismatch error extraction 

method for digitally calibrated delta-sigma ADCs. While the error extraction is new, 

the error cancellation in digital domain follows conventional principle introduced in 

chapter 1. 

3.2.1 Delta-sigma modulator 

The implementation of the proposed digital calibration is based on a third-order 

feedforward delta-sigma modulator [34]. Figure 3.1 shows the block diagram of the ΔΣ 

modulator employed in the proposed calibration scheme. The signal transfer function 
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Figure 3.1: Third-order low distortion ΔΣ modulator. 
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(STF) and the noise transfer function (NTF) of the third-order delta-sigma modulator 

shown in figure 3.1are 

 STF = 1 (3.1) 

 NTF = (1 – z–1)3 . (3.2) 

Hence the complete transfer function of the modulator is  

 V = U + Q(1 – z–1)3 . (3.3) 

As expected, the input signal U appears at the output undistorted while the quantization 

error Q is shaped by a third-order high pass filter.  

3.2.2 DAC error analysis 

With high loop gain, delta-sigma modulator forces the average of the negative 

feedback at the input of the first integrator to be the same as the signal input. The 

proposed method takes advantage of this property, and uses the feedback DAC to 

calibrate itself without the need of additional analog circuitry or dedicated calibration 

inputs. Before showing how the calibration is performed, the following paragraphs 

show an analysis of the modulator finding out where the error comes from and how 

large the error is. 

Figure 3.2 shows the same delta-sigma modulator as in figure 3.1 but with the 

DAC error modeled as E. The input-output relation can be described by 
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 U + (U – V – E)H3 + 3(U – V – E) H2 + 3(U – V – E) H + Q =V, (3.4) 

where H is the transfer function of the integrator, or H = z–1/(1 – z–1). Rearranging the 

terms yields 

 V = U+Q(1 – z–1)3 + E(– 3z–1 + 3z–2 – z–3), (3.5) 

or 

 V = U+Q(1 – z–1)3 – E + E(1 – z–1)3. (3.6) 

Both equations (3.5) and (3.6) show that in addition to the signal and noise transfer 

functions, the DAC induced error E appears at the output. While equation (3.5) shows 

that the output referred DAC error is a linear combination of delayed DAC errors: E(– 

3z–1 + 3z–2 – z–3), rewriting these terms in equation (3.6) indicates that the nature of the 

 

 

Figure 3.2: Third-order low distortion ΔΣ modulator with DAC error. 
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output referred DAC error contains a delay-free DAC error (–E) and a third-order 

shaped DAC error: E(1 – z–1)3.  

These interpretations of the delta-sigma modulator’s transfer function including 

DAC error provide two strategies for cancelling DAC error: complete cancellation 

using the linear combination of previous DAC errors and simple cancellation of the 

delay-free DAC error portion while leaving the rest of the error filtered in the same 

way as the quantization noise is shaped. The former method removes DAC error from 

output completely, while the latter requires less effort in error cancellation but at the 

same time leaves a small amount of in-band DAC error. 

3.2.3 Error cancellation 

Once the DAC error is found, which shall be discussed later, one can 

compensate the output of the ΔΣ modulator V with a simple digital calculation. Figure 

3.3 shows where such compensation block resides, while figure 3.4 gives an insight on 

how the error correction block is constructed. No matter which cancellation strategy 

one choses, the digital correction block takes the sigma-delta modulator output V and 

 

 

Figure 3.3: Error cancellation block is connected after delta-sigma modulator. 

ΔΣ Mod.
Error 

Correct.

U V W To 

Decimation

E



44 

 

 

DAC error E, and delivers the corrected output W, which is to be fed to the decimation 

filter, same as in the conventional delta-sigma ADC. 

The problem now is to find the digital representation of DAC error E. Before 

doing so, the source and nature of E shall be discussed. As mentioned earlier, the major 

error contributor of a multibit DAC is the mismatch from individual components. While 

the analyses and design within this chapter assume common unary weighted capacitor 

feedback DAC, the proposed method can be applied to other types of DACs, and can 

be adapted to binary weighted DACs.  

Let C denote the average capacitance of all feedback DAC capacitors, and 

 Ci = (1+μi)C (3.7) 

 

 

Figure 3.4: (a) Error cancellation block diagram following equation (3.5);  

(b) error cancellation block diagram following equation (3.6). 
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is the value of the ith capacitor in the N-element feedback DAC. The total capacitance 

CT is NC since Σμi = 0. Thermometer coded quantizer is commonly used with unary 

feedback DAC. For an N-element feedback DAC, the possible DAC input codes are 0, 

1, …, N. Let ‘1’ and ‘0’ represent binary states from a quantizer output bit. Then the 

effective feedback signal the DAC generates from input code 1 is C1/CT, and (C1 + 

C2)/CT for input code 2. In general, the feedback value corresponding to input code i is 

 
i

i

T

C
C 1

1
. (3.8) 

Replacing Ci with (1+μi)C, and CT with NC yields 

 
i

i
NN

i

1

1
 . (3.9) 

The first term in equation (3.9) gives the ideal DAC feedback, while the second term 

indicates the DAC error corresponding to input code i. In other words, the DAC error 

E consists of a vector with elements Ei corresponding to each quantizer output Vi. As 

shown in figure 3.5, a look-up table can be used to convert V to E once one finds all 

the µis. 

3.2.4 Calibration 

The proposed calibration method is a foreground scheme. The key of the 

calibration is to find the mismatch coefficient of each DAC element, as it is clearly 
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shown in equation (3.9). The differential inputs signals are shorted together and are 

connected to input common mode voltage during calibration so that they do not 

contribute to calibration. The calibration reconfigures the feedback DAC elements so 

that one element generates the calibration input while the others provide feedback. 

Figure 3.6 shows the feedback DAC configuration while C1 is being calibrated. 

Φ1 and Φ2 are two clock phases from two non-overlapping clock signals. VREF is the 

DAC reference voltage. The quantizer is reconfigured as one-bit quantizer, which is 

inherently linear. In calibration mode, C1 is singled out, while the rest of unary 

capacitors, namely C2 through CN, are grouped together. C1 delivers charge C1VREF to 

feedback capacitor CF every clock period. C2 through CN together are connected to the 

feedback path. These capacitors deliver – (CT – C1)VREF or 0 to CF each clock cycle 

depending on whether the feedback is ‘1’ or ‘0’. Effectively, during calibration, a one-

bit delta-sigma ADC converts a DC value of [C1/(CT – C1)] VREF. Ideally when all unary 

capacitors are equal, the average of the modulator output will be 1/(N–1). When DAC 

element mismatch is present, the average modulator output will become some other 

 

 

Figure 3.5: Look-up table used to provide DAC error. 

ΔΣ Mod.
Error 

Correct.

U V W To 

Decimation

E

LUT



47 

 

 

value, which we call d1. Given CT – C1 = NC – (1 + μ1)C, we have d1 = (1 + μ1)/(N – 1 

– μ1), or μ1 = [d1 (N – 1) –1] /(d1 +1),which indicates that the DAC element C1 mismatch 

coefficient μ1 can be found from modulator output average d1. Similarly, the rest of the 

capacitors mismatch coefficient can be found by singling out one capacitor a time and 

grouping the others. Recording corresponding one-bit modulator outputs and taking the 

averages to get dis, each feedback DAC unary capacitor’s mismatch coefficient can be 

found from  

 μi = [di (N–1) –1] /(di +1) . (3.10) 

Between consecutive individual DAC element calibrations, we need to reset the 

modulator like in an incremental ADCs [35]. 

 

 

Figure 3.6: Calibration for the first DAC capacitor (C1) in calibration mode;  

the first integrator of the delta-sigma modulator is reconfigured. 
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3.3 Circuit Implementation 

As the emphasis of this chapter is to introduce the novel feedback DAC 

mismatch calibration, this section elaborates more upon calibration related circuitry, 

with a brief description the delta-sigma modulator the calibration scheme applies to. 

3.3.1 Fully differential delta-sigma modulator 

The basic delta-sigma ADC design in this chapter is a discrete-time third-order 

fully differential low distortion feedforward architecture, with a 15-level quantizer, 

implemented in 0.18µm 2P4M CMOS technology. 

Figure 3.7 shows the detailed circuit diagrams for the first stage of the delta-

sigma modulator. It includes the first integrator and feedback capacitor DAC. Φ1, and 

Φ2 are two non-overlapping clock phases. Φ1d, and Φ2d share the same rising edges with 

Φ1, and Φ2 respectively but with slightly delayed falling edges. Together with Φ1, and 

Φ2, they construct advanced cutoff clock phases to reduce charge injection and clock 

feedthrough effects. The feedback DAC consists of 14 unary sections. The unit 

feedback DAC capacitance CDACi is 125.09fF, while the input capacitor Ci1 and the first 

integrator feedback capacitor CF1 are set to be 1.75pF, or 14CDACi. Note that both input 

and DAC reference are cross coupled at both non-overlapping clock phases, which 

effectively delivers a gain of two for the first stage. There is corresponding scaling in 
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the active adder to keep the gain of each feedforward path of the modulator. The input 

switches are bootstrapped switches [22]. 

Figure 3.8 shows the circuit diagrams for the second and third stages of the 

delta-sigma modulator. These stages are conventional switched-capacitor integrators. 

Figure 3.9 shows the circuit diagrams for the active adder of the delta-sigma modulator. 

Ca4 is 87.7fF, while Ca1 = 4Ca4, Ca2 = 6Ca4, Ca3 = 3Ca4, and CaF = CaH = 4Ca4. 

The quantizer used in this delta-sigma modulator is a conventional flash 

quantizer with resistor string, similar to the ones described in [36]. As mentioned earlier, 

one common method to alleviate the distortion introduced by feedback DAC mismatch 

is dynamic element matching, or DEM. This design also included a version of DEM, 

namely data weighted averaging for comparison with the proposed calibration scheme. 

 

 

Figure 3.7: Delta-sigma modulator first stage (a) feedback DAC,  

and (b) first integrator. 
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3.3.2 Calibration logic 

Besides the inherent advantages that conventional digital delta-sigma ADC 

calibration brings, the proposed scheme has another major benefit, which is simplicity 

in implementation. No extra or accurate external input generator for calibration is 

required. The method does not call for any added analog components to the modulator. 

The integrator and feedback DAC circuits in the base delta sigma ADC are left 

untouched. The fully digital calibration logic only intercepts the feedback control signal 

and passes the calibration control to the feedback DAC during calibration mode. The 

following paragraphs discuss the implementation details of the calibration block. 

 

 

Figure 3.8: Delta-sigma modulator second and third stages. 
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During calibration, the signal inputs of the delta-sigma modulator are 

suppressed by shorting both inputs to common mode voltage. The feedback DAC 

elements are used to provide charge to the first integrator. As mentioned earlier, the 

capacitors in the feedback are calibrated one by one. During individual capacitor 

calibration, the rest of the capacitor are grouped together. At the same time, the 

quantizer changes to one-bit mode. All these changes from normal operating mode in 

calibration are realized by the calibration logic with normal-mode quantizer outputs. 

Note that we omit the DEM block here for simplicity. 

 

 

Figure 3.9: Delta-sigma modulator active adder. 
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Figure 3.10 shows the feedback DAC configuration during calibration, The 

DAC components and electrical connections are left intact compared with when it is in 

normal operation, shown in figure 3.7. The only difference for the feedback DAC in 

calibration mode is in the control clock phases for the switches connecting the 

capacitors to the first integrator inputs, or the Φ2 related phases. As discussed earlier, 

the capacitors are calibrated one by one. During the calibration sub-cycles for CDACi, it 

is singled out while the others are grouped together. The switch control for CDACi 

enables it to deliver VREF CDACi every clock cycle regardless of the quantizer outputs. 

 

 

Figure 3.10: Feedback DAC configuration during calibration. 
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For all the rest of the DAC capacitors, the control for the switches connecting the DAC 

capacitors to the integrator input share the same driver, which is generated from 

calibration control logic. 

Figure 3.11 illustrates the simplified calibration control logic. Normal mode 

quantizer feedback signals V<1:14> are fed into calibration control block, where the 

corresponding feedback DAC switch control signals ΦcalP<1:14> and ΦcalN<1:14> are 

generated. It was mentioned in earlier sections that the quantizer is reconfigured as one-

bit quantizer during calibration. The action is achieved by utilizing the mid-level 

 

 

Figure 3.11: Calibration controls to feedback DAC switches. 
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quantizer output V<7> as the reference for switch control signal for the grouped 

thirteen feedback DAC capacitors. CalON signal is the global calibration enable signal. 

It chooses whether the normal quantizer feedbacks bypass the calibration logic or the 

calibration logic cuts the normal feedbacks and replaces them with calibration control 

signals. Fourteen CapSel signals are the control bits for enabling individual DAC 

capacitor for calibration. As clearly shown, the calibration scheme simply replaces the 

feedback DAC switch control signals with calibration controls when needed, and the 

small calibration logic is all the hardware needed by this scheme. 

3.4 Circuit Simulations 

To verify the effectiveness of the digital correction method, a behavioral model 

was built in Simulink software. In the simulation model, the DAC elements are 

intentionally set with a 1.8% standard deviation error. Figure 3.12 shows the output 

spectrum plot of a –4.3dBFS sine wave input. Because of the DAC errors, harmonic 

distortion appears at the output and the signal-to-quantization error (SQNR) is 50.9dB. 

Figure 3.13 shows the output spectrum after digital correction is applied using equation 

(3.6). The harmonic distortion is suppressed and the SQNR becomes over 80dB. 

3.5 Chip Measurement 

The digitally calibrated delta-sigma ADC was manufactured in 0.18µm 2P4M 

CMOS technology with 1.8V analog and digital supply voltages. An HP8665 signal 
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generator was used to generate input signal. The input signal passed through a band-

pass filter before going into the test circuit board. The single ended input signal was 

transferred to differential by a Coilcraft PWB2010LB balun transformer. The outputs 

were collected by a TLA720 logic analyzer and the clock signal was supplied from the 

pattern generator unit on the same logic analyzer. An external micro controller wrote 

the mode registers on chip, telling the chip which capacitor to calibrate. The calibration 

data was processed off chip with Matlab software. Figure 3.14 shows the chip 

microphotograph. The entire delta-sigma ADC core occupies 1.41mm2. The digital 

calibration takes up 0.037mm2, or about 2.6% of the total ADC area. 

 

 

Figure 3.12: Simulated output spectrum before calibration. 
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Figure 3.15 shows the delta-sigma modulator output spectrum from a 214-point 

FFT for a 202kHz sine wave input. The sampling frequency is 62.5MS/s, and OSR is 

16. The vertical dashed line indicates the input bandwidth. With a –5.9dBFS input tone, 

the second order harmonic is at –54.7dBFS. Spurious-free dynamic range (SFDR) is 

48.8dB and SNDR is 48dB. Figure 3.16 shows the output spectrum of the delta-sigma 

modulator after the digital calibration is applied. There is 20.6dB improvement in 

SFDR and 18.4dB gain in SNDR, or 3-bit more effective number of bits (ENOB).  

 

 

Figure 3.13: Simulated output spectrum after calibration. 
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3.6 Summary and Discussions 

This chapter proposed a new calibration scheme for delta-sigma ADCs. The 

feedback DAC error was analyzed. DAC mismatch error extraction was the focus of 

this chapter. The calibration method does not require extensive circuit modifications to 

conventional delta-sigma modulators. The calibration implementation is fully digital. 

The effectiveness of the proposed method was verified by simulation and chip 

measurement. The measurement result showed significant improvement in linearity.  

The reason that the harmonic distortion was not totally cancelled in the 

measurement result was that the internal nodes of the third-order low distortion delta-

sigma modulator tend to saturate during calibration. The calibration scheme works 
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Figure 3.14: Calibrated delta-sigma ADC chip micrograph. 
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better for the delta-sigma modulator architectures that can tolerate higher swing at 

internal nodes. Alternatively, one can use the capacitor ratio measurement method in 

[39], which requires modification to the delta-sigma modulator circuit under calibration. 

 

 

 

 

 

Figure 3.15: Delta-sigma ADC output spectrum before calibration. 
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Figure 3.16: Delta-sigma ADC output spectrum after calibration. 
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Chapter 4. Radix-Based Digital Capacitor Mismatch Compensation  

Techniques for Two-Capacitor DAC 

4.1 Introduction 

Many applications, especially portable ones call for low power or even micro-

power data converters. Quasi-passive switched capacitor D/A converters (DACs) are 

good candidates for many of these applications. One simple two-capacitor structure 

was proposed by Suarez et al. [12]. Capacitor mismatch is a major limitation of the 

conversion accuracy of this DAC. Complementary switching [15], alternately 

complementary switching and hybrid switching [16] were proposed to cancel much of 

the error caused by capacitor mismatch. However, these techniques require two or four 

times the conversion time of the original operation, and storing of intermediate analog 

results. Other methods utilize digital word dependent switching. The compensative 

switching [13] is not effective for all input codes. The input word splitting technique 

[14], which decomposes the digital input into two values, feeds inputs through two 

DACs with compensative switching, and obtains the final analog output by adding the 

outputs of the two DACs, does compensate for all input words, but it requires two 

DACs and a complex algorithm.  Mismatch shaping technique is available [37]; 

however, it needs oversampling. This chapter presents a new mismatch compensation 

technique targeting Nyquist-rate two-capacitor DACs. 
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In this chapter, the conversion behavior of the two-capacitor DAC is analyzed. 

A new radix-based digital mismatch compensation technique is introduced. The 

proposed circuit is analyzed and simulated, and is compared with the alternately 

complementary switching technique. The limitations and drawbacks are also briefly 

discussed at the end. 

4.2 Two-Capacitor DAC Conversion 

A closer look at the conversion process of the two-capacitor DAC shown in 

figure 1.5 reveals that an N-bit conversion results in 

  
iN

1i 21i21refout /CC1b)/C(CVV


   (4.1)

where b1 stands for the MSB and bN is the LSB. Ideally, when the capacitors are 

matched, the analog output voltage Vout is simply 

 
iN

1i irefout 2bVV


  (4.2)

Note that mismatch of the capacitors turns the binary conversion (4.2) or radix-two 

conversion into a non-radix-two conversion, and thus introduces nonlinearity. 

Figure 4.1 shows (a) a two-capacitor DAC followed by a direct-charge-transfer 

(DCT) buffer, and (b) its simplified clock timing diagram for converting one N-bit 

digital word. The configuration has the potential for very-low power applications, as 
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the buffer amplifier does not need to slew. Note that one extra clock cycle (tCK) is 

needed for the output delivery (Φrd = 1) and capacitor reset (Φrst  = 1). 

The error from capacitor mismatch can be reduced by exchanging the roles of 

the two capacitors in certain clock periods, and/or performing multiple conversions as 

mentioned in section 4.1. The following sections discuss another approach, in which 

the compensation is done in the digital domain prior to the D/A conversion. 

4.3 Radix-Based Digital Correction 

As can be seen from (4.1), the two-capacitor DAC is effectively performing a 

radix-r conversion, where r is (1+C1/C2). Assuming that the capacitance ratio C1/C2 can 

 

 

Figure 4.1: (a) A two-capacitor DAC with DCT buffer and  

(b) simplified clock timing diagrams for converting one digital word. 

biΦ1 Φ2+Φrd

C1 C2

Vref

Φrd

 _
Φrd

_
biΦ1

Φ1 Φ2 Φ1 Φ2 Φ2Φ1

Φrd Φrst

(N+1)tCK

 _
Φrd+Φrst

 _    _
ΦrdΦrst

(b)

(a)

Φrd

Vout



63 

 

 

be found in digital form, which is to be discussed later, one can pre-distort the input 

digital code so that the conversion of the new code by the mismatched two-capacitor 

DAC is close to that obtained from an ideal DAC for the original code. 

The algorithm shown in figure 4.2 can be used to generate compensative digital 

input for the DAC. It is similar to a successive-approximation analog-to-digital 

conversion (SAR ADC) process. Here, D denotes the original digital word; Code is the 

digital code after pre-distortion, while i represents the bit index and Code(1) is the MSB. 

The main idea is to compare the inputs with r–i, rather than with 2–i as in a serial ADC. 

 

 

Figure 4.2: Radix-based digital pre-distortion algorithm flowchart. 
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In a conventional positive integer radix R system, the coefficients are elements 

of {0, 1, ..., R–1}. The above algorithm together with the digital-to-analog conversion, 

however, gives us a binary weighted non-binary radix word. The coefficients here must 

be either ‘1’ or ‘0’, since DAC can use only on/off switches. The behavior of such 

numbering system is discussed, e.g., in [38]. 

The proposed algorithm utilizes a serial ADC approach to approximate the 

original input value. Note that the error introduced by the approximation can be further 

reduced by adding one or more bits to the word length of the new code. Alternatively, 

a search algorithm can be implemented. Given any digital word, its analog level after 

ideal conversion and the possible levels of the mismatched DAC input-output transfer 

curve are calculated. An optimum level can be found by searching through the latter 

for one that is closest to the former. Its digital representation is then returned as the new 

code. However, searching is a complex and memory demanding operation, particularly 

when the resolution is high. Simulations show that the method provides only marginal 

performance advantage over the ADC-like algorithm. 

4.4 Capacitance Ratio Readout 

In order to implement the radix-based digital compensation it is necessary to 

find a digital representation of the radix or the capacitance ratio C1/C2. Delta-sigma 

techniques provide robust and high precision measurement of capacitance ratios. 

Figure 4.3 illustrates the basic structure of a capacitance ratio readout circuit [39]. The 
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single-bit digital output y from the comparator is fed back to control the charge flow 

from C1 and C2 to Cf. It is shown in [39] that the relative mismatch is ΔC / Ĉ ≈ 2 – 4ŷ, 

where ΔC = C2 – C1, Ĉ = (C1 + C2) / 2, and ŷ is the average value of digital output 

stream y(n) over many clock periods. Thus, the DAC conversion radix can be expressed 

as r = 1 + ŷ / (1- ŷ). The basic circuit architecture shows the concept of capacitance 

ratio readout with delta-sigma technique. However, it is susceptible to circuit 

nonidealities. Several improved circuits have been proposed in [39] and [40] to reduce 

the sensitivity to nonideal effects and to improve the measurement speed. Over 18-bit 

accuracy readout was reported.  

 

 

Figure 4.3: Single-stage first-order capacitance ratio readout circuit. 
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4.5 Noise Analysis 

Noise is one of many considerations when designing a switched capacitor 

circuit. This subsection quantify will the thermal noise contribution to the two-

capacitor DAC.  

Referring to the basic two capacitor DAC circuit in figure 1.5, let C1 = C2 = C. 

At the end of Φ1, the noise power on C1 is kT/C, where k = 1.38×10–23 J/K is the 

Boltzmann constant and T is absolution temperature. After Φ1 switch closes, the charge 

on C1 and C2 are shared. The noise power transferred to C2 is (kT/C)·(1/2)2 = kT/(4C). 

When the Φ2 switch is closed, C1 and C2 are in series, the noise contributed by the Φ2 

switch is kT/(C/2). Noise power that remains on C2 at the end of Φ2 is kT/(C/2) divided 

by 22, which equals kT/(2C). In total, noise power remaining on C2 after one bit 

conversion is  
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For the following bit conversion, again, at the end of Φ1, noise on C1 is kT/C. The noise 

power transferred to C2 is (kT/C)·(1/2)2 = kT/(4C). Noise contributed by Φ2 switch is 

kT/(2C). In total, noise remained on C2 after the second bit conversion is 
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After the third bit conversion, the noise remaining on C2 is 
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As bit conversion progresses, the noise power on C2 asymptotically converges to kT/C. 

Another way of thinking the problem is to assume that after many bit conversion 

cycles, the noise on C2 reaches stady state. Denote the noise power V2n
2. As usual, at 

the end of Φ1, noise on C1 is kT/C. The noise power transferred to C2 is be (kT/C)·(1/2)2 

= kT/(4C). The noise contributed by Φ2 switch would be kT/(2C). Then, the following 

equation holds: 
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Thus, V2n
2=kT/C. 

The analysis in this subsection so far ignores the C2 reset switch. After 

converting a digital word, C2 needs to be reset via a reset swtich. Resetting C2 puts a 

kT/C amount of noise on C2. So the noise power on C2 during coversion will be exactly 

kT/C for all bit coversion cycles. 

4.6 Performance Evaluation 

4.6.1 Simulation example 

To verify the proposed method, it was simulated for an 18-bit DAC with a 1% 

capacitive mismatch. Its performance across resolution and mismatch ranges is 
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discussed later in this section. Figure 4.4 compares the DAC output spectra (218-point 

FFT) for a full scale sinusoidal input for (a) uncompensated condition, (b) radix-based 

algorithm, (c) alternately complementary switching (ACS), and (d) input word splitting 

compensative switching. Clearly, the proposed digital compensation method provides 

the best performance. While harmonics are visible in the spectrum with ACS, the radix-

based compensation (RBC) eliminates the harmonics, giving a 35dB spurious-free 

dynamic range (SFDR) gain. The signal to noise and distortion ratio (SNDR) is also 

 

 

Figure 4.4: DAC output spectra plots for (a) uncompensated condition, (b) radix-

based algorithm, (c) alternately complementary switching and (d) input word 

splitting compensative switching. 
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improved by about 6dB. With one extra bit added to radix-based digital compensation 

(not shown), so that 19-bit wide words are generated by pre-distortion, another 2dB 

SNDR gain results. 

Figure 4.5 shows the endpoint integral nonlinearity (INL) curves for (a) 

uncompensated condition (b) RBC, (c) ACS, and (d) input word splitting compensative 

switching. The proposed digital compensation gives INLs bounded by about ±0.5 LSB, 

referencing to their average value. The average INL for RBC is shifted by about –0.5 

LSB. 

 

 

Figure 4.5: INL curves for (a) uncompensated condition, (b) radix-based algorithm, 

(c) alternately complementary switching and (d) input word splitting compensative 

switching. 
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The superior performance of the proposed digital compensation technique is 

partly due to the fact that the capacitor mismatch is relatively large compared with the 

DAC resolution. The conversion errors of the proposed digital compensation are 

resolution dependent – as the LSB voltage becomes smaller with higher resolution, the 

absolute conversion errors become smaller as well. On the other hand, the conversion 

errors of the techniques like ACS are mismatch dependent only. For higher resolution, 

the error voltages remain unchanged, and hence in terms of LSBs, they become larger 

numbers. Figure 4.6 shows the curves of SFDR performance boundaries. The solid line 

is for RBC versus ACS, while the dashed line represents RBC with one extra bit against 

ACS. As indicated in the graph, for the areas above the lines, where the mismatch is 

relatively large compared with the DAC resolution, the performance of the digital 

compensation methods in terms of SFDR is superior to that of ACS. 

 

 

Figure 4.6: SFDR performance boundaries. 
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4.6.2 Limit on the radix  

The preceding discussions assumed that the DAC conversion radix is smaller 

than 2, in other words that C2 has larger capacitance than C1. If C1 is the larger one of 

the two, or radix is greater than two, the performance comparison will no longer hold. 

Figure 4.7 shows the DAC ramp characteristics, or input-output transfer curves for 

conversion radix equal to two, less than two, and greater than two. Exaggerated 

mismatch is used here to help make the point. Note that individual steps are so small 

that the curves look like straight lines. Capacitor mismatch causes big jumps in the 

curves at major carry changes. For the case where the radix is greater than two, the 

 

Figure 4.7: DAC transfer curves for ideal matched capacitors, mismatched 

capacitors with conversion radix less than two, and mismatched capacitors with 

conversion radix greater than two. 
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transfer curve is monotonic. For some steps on the ideal curve, around the jump, it is 

impossible to find any step on the mismatched curve that is close to them, which results 

in large INLs no matter what digital compensation algorithm is applied. However, in 

the case where radix is smaller than two, there is always one step on the mismatched 

transfer curve that is not too far from the target step on ideal transfer curve. 

Therefore, the proposed digital compensation requires C2 to be larger than C1. 

If this is not the case, the roles of the two capacitors in the DAC need to be interchanged. 

Since the capacitance ratio is known at the start of the correction algorithm, this is not 

a limitation. 

4.6.3 Capacitance ratio readout 

As mentioned earlier, in order to obtain accurate digital value of capacitance 

ratio, an active circuit such as a delta-sigma modulator is required. Since the 

capacitances do not vary during operation, this circuit is only needed at power-up. 

Therefore, its operation will contribute little to the overall system power consumption. 

The active component for the capacitance readout circuit can be borrowed from DAC 

buffer. Also, if multiple two-capacitor DACs are used in the system, they can share the 

capacitance ratio readout circuit. 
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4.6.4 The digital calculation 

The SAR ADC-like algorithm described in earlier only requires comparison and 

subtraction in the loop. Multiplication for calculating the negative orders of conversion 

radix is also needed, and the calculated values must be stored in a memory for later 

usage. The digital operations do not demand extensive digital circuitry, or they can 

simply be integrated into the system’s digital signal processor if available. As the input-

splitting method, the algorithm takes O(N) operations, thus have no impact on the DAC 

throughput if calculated on-the-fly.  

The performance of the algorithm depends on the accuracy of the actual radix. 

DAC-resolution-level accuracy of the capacitance ratio readout is recommended. 

4.7 Summary 

A radix-based digital correction method was proposed in this chapter for 

capacitor mismatch in two-capacitor DACs. Pre-distortion of digital input is used to 

reduce the conversion nonlinearity. The technique eliminates the need to run the same 

digital input through the DAC multiple times to compensate for the capacitor mismatch, 

and analog summation or averaging at the output. For high resolution DACs, the 

proposed method relaxes the requirements on the capacitor matching accuracy. In 

practical design, one must consider other limitations such as thermal noise. 
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Chapter 5. Summary 

This dissertation discussed three research projects which share a common 

theme of linearity enhancement for data converters. These techniques target flash 

ADCs, delta-sigma ADCs and two-capacitor DACs respectively. The calibration 

methods utilize digital techniques to assist the linearity performance of the data 

converters, leveraging the benefit of rapid advancement in digital circuit integration. 

The calibration method for flash ADCs discussed in chapter 2 and the digital 

calibration technique for delta-sigma ADCs described in chapter 3 are yet to be 

published. The digital correction for two-capacitor DAC research project result shown 

in chapter 4 was announced at the International Symposium on Circuits and Systems 

(ISCAS) in 2010 [27]. 

A multi-channel mixed-signal noise source with uniform amplitude distribution 

was presented at ISCAS 2012 [41]. Cross-coupled, counter-propagating linear 

feedback shift registers are used to produce mutually independent binary distributed 

noises, which in turn generates mutually independent uniformly-distributed discrete-

analog noises after digital-to-analog conversion. A stochastic comparator offset 

cancellation technique based on the proposed analog noise source was demonstrated. 

The architecture is simple and structuralized. Designers can flexibly choose the length 

of pseudorandom sequences and output analog resolution. Compared with other types 

of random signal generators, the proposed architecture is unique in that the distribution 
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is discrete uniform. It fits the needs of applications like [42]. Unlike earlier chaotic 

random number generators, the noise from the proposed scheme does not correlate with 

other channels, further it does not correlate over the time within a pseudorandom period. 

We also developed a new digital calibration method for successive-

approximation-register (SAR) ADCs. Unlike the previous method proposed in [43], 

which relied on the use of accurate external components, the novel calibration requires 

no extra analog circuitry and minimal digital operations. It is carried out in the digital 

domain, and involves only digital addition, subtraction and shifting. The calibration is 

highly effective when enough bits are used in the correction vector. The calibration 

scheme can also be adapted to other type of binary or unary weighted ADCs. It can also 

be used to calibrate two-capacitor DACs and binary or unary weighted DACs. This 

SAR ADC calibration technique is yet to be published. 
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