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Abstract

The goal of this dissertation was to study and model the settling transient response of switched-
capacitor (SC) circuit, which is the most important building block of Analog-to-Digital converters
(ADCs), and to improve the settling performance of the SC circuit implemented in ADC in CMOS
technology.

In the design of the SC circuit, there are common obstacles in obtaining a precise and fast
settling with low power consumption. The main contribution of this thesis is to speed up different
SC circuits without adding extra power consumption or to achieve the required settling precision
with low power consumption.

Two solutions to reduce the power consumption of SC integrators in sigma-delta (SD) ADCs
were designed and verified by simulations. These implementations are based on the passive charge
redistribution technique by injecting a precalculated open-loop charge in the output of the first
integrator. The injected charge was implemented either by a continuous function of the input and
feedback voltages or by quantizing to three levels. In both cases, the idea is to minimize the initial
transient voltage in the input of the first OTA and hence bypass the slewing of the OTA.

Another approach was proposed for the traditional SC residue circuit of the pipeline ADC,
where a load capacitor is connected to the output during the evaluation phase. Here, a pre-charge
of the load capacitance can be used. One proposed implementation is called the continuously
controlled pre-charged technique. It pre-charges the load capacitor to the proper voltage during the
previous phase, connects the pre-charged load capacitor to the output of the OTA during the
evaluation phase, and hence pulls the charge sharing so that the initial input step of the OTA is
instantaneously minimized. The other implementation called the minimal pre-charged method
implemented for the SC residue circuit of the pipeline ADC is to simply pre-charge the load
capacitor with the fixed existing voltage, minimized the spread of the initial input voltage. This
proposed technique did not require any additional active components.

Keywords: initial input voltage, passive charge redistribution, pipeline Analog-to-
Digital converter, settling behavior, sigma-delta Analog-to-Digital converter, sigma-
delta modulator, switched-capacitor circuit





Sun, Jia, Kytkettyihin kapasitansseihin perustuvien vahvistimien asettumisajan
nopeuttaminen analogia-digitaalimuuntimissa. 
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Tiivistelmä

Kytkettyihin kapasitansseihin (SC-tekniikka) perustuvat vahvistimet ovat CMOS-tekniikkaan
perustuvien analogia-digitaalimuuntimien (AD-muunnin) tärkeimpiä osia. Tämän väitöstyön
tavoitteena oli tutkia ja mallittaa SC-tekniikkaan perustuvien vahvistinpiirien asettumisaikaa, ja
etsiä piiriteknisiä keinoja asettumisajan nopeuttamiseksi.

SC-piirien suunnittelun suurimpia ongelmia on saavuttaa tarkka ja nopea asettuminen mah-
dollisimman pienellä tehonkulutuksella. Tämän työn päätuloksina on joukko keinoja, joilla voi-
daan nopeuttaa SC-kytkettyjen vahvistimien asettumista ilman että niiden tehonkulutusta lisä-
tään, tai saavuttaa aiempi suorituskyky pienemmällä tehonkulutuksella. Menetelmät perustuvat
siihen, että SC-piirin passiivista varausjakautumista ohjataan niin, että vahvistimen tulosolmus-
sa oleva transientti minimoituu, jolloin vahvistin ei ajaudu virtarajoitteiselle toiminta-alueelle,
vaan sen asettuminen nopeutuu merkittävästi.

Sigma-delta-tyyppiset AD-muuntimet koostuvat SC-integraattoreista, ja näiden asettumisen
nopeuttamiseen kehitettiin ja varmennettiin simuloiden kaksi tapaa. Varauksen jakautumista
autettiin syöttämällä erillisellä varauspumpulla transkonduktanssivahvistimen lähtösolmuun tiet-
ty, integraattorin tilasta ja tuloista riippuva varaus. Tällöin vahvistimen tulossa näkyvä alkutran-
sientti pienenee, ja vahvistin ei ajaudu virtarajoitteiselle toiminta-alueelleen, jolloin sen asettu-
misvirhe pienenee merkittävästi. Varausinjektio toteutettiin kahdella eri tavalla: laskemalla tar-
vittava varaus joko jatkuvana funktiona tulosignaaleista, tai approksimoimalla sitä muutamalla
diskreetillä tasolla.

Pipeline-tyyppisissä AD-muuntimissa peruslohko koostuu SC-kytketystä vahvistimesta, jon-
ka kuormakapasitanssi on kytkettynä vahvistimen lähtöön asettumisen aikana. Tämän kapasi-
tanssin esivaraaminen sopivasti tarjoaa hyvin yksinkertaisen keinon ohjata varausjakautumista
niin, että vahvistimen tulossa oleva transientti saadaan minimoitua ja toiminta virtarajoitteisessa
moodissa vältettyä. Tässäkin tapauksessa kehitettiin ja varmennettiin kaksi vaihtoehtoista toteu-
tusta. Ensimmäisessä kuormakapasitanssin esivarausjännite lasketaan tulosuureiden jatkuvana
funktiona erillisellä summausvahvistimella. Toisessa, hyvin minimalistisessa ratkaisussa esivara-
ukseen käytetään kolmea käytettävissä olevaa kiinteää jännitettä. Tämä menetelmä ei vaadi lain-
kaan ylimääräisiä aktiivikomponentteja.

Asiasanat: alkutilan jännite, asettuminen, passiivinen varausjakautuminen, pipeline-
AD-muunnin, SC-piiri, sigma-delta-AD-muunnin, sigma-delta-modulaattori
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Abbreviations 

ADC Analog-to-digital converter 

AD Analog-to-digital 

A State transition matrix 

A0 Finite open-loop DC gain 

Cs Sampling capacitor 

Cf Feedback capacitor 

CMOS Complementary metal oxide semiconductor 

CL,tot Total effective load capacitance 

CL Load capacitance connected at the OTA output 

Cout Parasitic capacitance at the OTA output 

Cin Capacitor connected to the input signal of the SC summing OTA  

Cref Capacitor connected to the reference voltage of the SC summing 

OTA  

Csum Summing capacitor of the SC summing OTA circuit 

Co Parasitic capacitance at the OTA output 

Cc Compensation capacitor 

C Capacitor matrix 

Cext Additional pulling capacitor connected at the OTA output  

Cpar Parasitic input capacitance of the OTA 

CBSC Comparator-based switched capacitor 

CMD Capacitive common-mode detector  

CP Charge pumping 

ctrl Clock phase 

DC Direct current 

DA Digital-to-Analog 

DAC Digital-to-Analog Converter 

db Decibel 

ENOB Effective number of bits 

err The total settling error 

e The total settling error modeled by polynomial fitting 

errA0 Static error result from the finite open-loop DC gain 

FFT Fast Fourier transform 

fin Input frequency 

fs Sampling frequency 

f Feedback factor 



10 

G Conductive matrix 

GBW Unit gain bandwidth 

Gm+ Positive transconductance 

Gm- Negative transconductance 

gm Transconductance 

IB1/IB2 Current mirror branches of the current pumping circuit 

Imax Maximum available output current from the OTA 

Ipump Dynamically controlled pumping current with a fixed short duration 

Ipump_fix Fixed pumping current with a time dynamically controlled pulse  

ipump The needed pulse magnitude  

k Slewing proportion of total settling time 

kHz Kilohertz 

LCMFB Local common-mode feedback 

LUT Lookup table 

LMSE Least mean square error 

MDAC Multiplying digital-to-analog converter 

OTA Operational transconductance amplifier 

PM Phase margin 

PSD Power spectral density 

PC Pico coulomb 

Pdiss Power dissipation 

Qpre Precalculated charge to pulling the initial input voltage of the OTA 

Rs Effective resistance of the switch 

Ro Effective output resistance of the OTA 

RC Resistor capacitor 

SFDR Spurious-free dynamic range 

SNDR Signal-to-noise-and-distortion ratio 

SC Switched capacitor 

S Switch 

S/H Sample and hold 

SD Sigma-delta  

SDM Sigma-delta modulator 

SR Slew rate 

Simulink Programming environment for modeling simulating and analyzing 

multi-domain dynamic systems 

tSR Time spent in slewing 

tr Rise time of the current pulse 
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tw Width of the current pulse 

ts Total settling time 

UGBW Unit gain bandwidth 

V Volt 

VDD Positive supply voltage 

Vi Input voltage of the OTA 

Vo Output voltage of the OTA 

Vlin Linear input range 

Vin,diff Differential input voltage 

Vref,diff Differential reference voltage 

Vref Reference voltage 

Vi0 Initial input voltage of the OTA 

Vo0 Initial output voltage of the OTA 

Vi0,i+1 Initial input voltage of the following stage 

Vo0,i+1 Initial output voltage of the following stage 

Vi02 Initial input voltage of the second stage 

Vo02 Initial output voltage of the second stage 

Vop1 Previous output of the first stage 

Vop2 Previous output of the second stage 

Vo,pre,i+1 Previous output voltage of the following stage 

Vref,pre,i+1 Following stage reference voltage of the previous evaluation phase  

Vi02 Initial input voltage of the second stage 

Vo02 Initial output voltage of the second stage 

Vpre Precharge voltage 

Vin,i Input voltage of the ith stage 

Vref,i Reference voltage of the ith stage 

Vi,diff Differential input voltage of the OTA 

Vout,diff Differential output voltage of the OTA 

Vi0,diff Differential initial input voltage of the OTA 

Vout+ Comparator’s positive output 

Vout- Comparator’s negative output 

Vout+_d Delay of comparator’s positive output 

Vout-_d Delay of comparator’s negative output 

VinFS,diff Full-scale voltage of the differential input voltage 

V1 Previous output voltage of the following stage 

V2 Following stage reference voltage of the previous evaluation phase 

Verilog-A Spectre behavioral language in face of competition from VHDL 
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Vmax Largest voltage step 

ZCBC Zero-crossing based circuit 

β1/β3 Size ratio of the transistors in the current pumping circuit 

ɸ Clock phase 

τ Single-pole time constant 

∆t Dynamically controlled pulse length 

∆tslew Time spent in slewing 

∆t_fix Fixed short duration 

∆i+ Positive output current 

∆i- Negative output current 

△tslew Slew time 

4-D Four-dimensional   
accuracy  The degree of correctness with which a measured value agrees with 

the true value 

resolution   The least value of the measured quantity that can be distinguished 

precision  The quality of coherence or repeatability of measurement data, 

customarily expressed in terms of the standard deviation of the 

extended set of measurement results from a well-defined (adequately 

specified) measurement process in a state of statistical control 
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1 Introduction 

Switched-capacitor (SC) circuits were originally developed for precise analog 

filtering purposes. Their use in analog filters have been reducing, but many types 

of ADCs and Digital-to-Analog converters (DACs) still rely on SC techniques. The 

Analog-to-Digital converter (ADC) is a key component in digital communications 

receiver channels. Pipeline and sigma-delta (SD) ADCs are the most popular ADC 

architectures nowadays. Currently fifth-generation (5G) or sixth-generation (6G) 

development aims in high-speed, low-latency networks, with high baseband 

bandwidths. High sampling frequency and wide analog input bandwidth of ADC 

and Digital-to-Analog converter (DAC) are hence required for 5G or 6G. Pipeline 

ADC would be a good architecture to be used in 5G/6G wireless technology. The 

most critical design bottleneck for ADCs is to achieve high-speed operation while 

maintaining low power consumption. The most important circuit block in pipeline 

ADCs or sigma-delta ADCs is the SC residue amplifier or integrator circuit, and 

therefore the settling behavior analysis, settling accuracy, settling speed and power 

dissipation of SC circuits should be carefully studied and designed.  

This dissertation addresses two main areas. First, methods of behavioral 

modeling and settling analysis for fast capturing the settling behavior of switched-

capacitor (SC) stages are investigated. Second, speed-up techniques based on 

passive charge re-distribution technique are proposed for different SC circuits for 

minimizing the initial input voltage of the operational transconductance amplifier 

(OTA). The aim is either to reduce power consumption, or to increase the speed 

with a moderate power increase. The new speed-up techniques presented later are 

implemented completely outside the OTA structure, and hence do not affected the 

optimization of other performance metrics of the amplifier. 

Some background information on the SC circuit is first presented in Chapter 2. 

The operation and performance metrics are described. The settling behavior and 

essential design considerations are studied in Chapter 3. Continuous-time circuit 

level transient analysis is the most accurate simulation approach, but it is extremely 

time-consuming. To speed up the simulation, behavioral modeling is commonly 

used. Here, the errors caused by incomplete settling of SC circuits is often modeled 

by equation-based behavioral and discrete-time models (Zare-Hoseini, Kale, & 

Shoaei, 2005; Suarez, Jimenez, & Felix, 2007; Chen, Zhang, & Yum, 2009; 

Pugliese, Amoroso, Cappuccino, & Cocorullo, 2010; Koe & Zhang, 2002). As the 

complexity of the equations easily increases, Chapter 3 presents a technique where 

a non-linear and continuous-time behavioral model is used to tabulate the settling 
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errors to be used in a discrete-time system simulation (Rahkonen, Korajoki, & 

Tuikkanen, 2004, Neitola & Rahkonen, 2008). Such technique is especially well-

suited for circuits, where the error is a function of several node voltages, like in 

circuits where several amplifiers are settling simultaneously in a loop. The model 

is formed by characterization simulation using a comprehensive set of initial input 

and output transients, and the settling errors are trained and stored into a four-

dimensional (4-D) lookup table (LUT). Compared to previous work by (Rahkonen 

et al., 2004, Neitola et al., 2008), intermediate polynomial modeling is required in 

our dissertation for resampling/training the data of settling error into a 4-D LUT on 

an evenly spaced grid of initial voltages. For verifying the accuracy of the proposed 

efficient modeling methodology, a comparison with circuit level simulation was 

shown and published in Paper I. 

A major design bottleneck in the design of AD converters is the tradeoff 

between settling speed and power consumption. To reduce the power consumption 

of sigma-delta ADCs, many techniques have been utilized. The details of recently 

published approaches are presented in Chapter 4.1. Dominantly these techniques 

affect the internal design and dimensioning of the OTA itself. In Chapter 4, two 

new methods for saving the power consumption of the classical SC integrators in 

sigma-delta ADCs are explored in Paper V. These are based on utilizing passive 

charge redistribution, where an assisting charge is injected in open loop into the 

output of the first integrator. Compared to the previously published techniques, the 

open-loop injection method is completely outside the OTA structure, and therefore 

it does not affect the optimization of the other OTA performance metrics. The 

injected charge can be a continuous function of the input voltage and feedback, or 

quantized to a few levels. In both cases, the idea is to minimize the initial transient 

voltage in the input of the first OTA.  

State-of-the-art of power saving and speed-up techniques for pipeline ADCs 

are reviewed in Chapter 5.1. The proposed passive charge redistribution technique 

can also be used to minimize the initial transient voltage in the input of OTA in 

pipeline ADCs, either to save power or to increase the sampling rate. Here we have 

one additional degree of freedom. In the traditional pipeline ADC, the load 

capacitor is connected to the output of each SC residue stage during the evaluation 

phase, and pre-charging this capacitance to a proper voltage offers a very cheap 

possibility for charge injection. Two capacitive pulling techniques implemented in 

SC residue circuit in pipeline ADCs are presented in Chapter 5 and in Papers III 

and IV.  
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Finally, in Chapter 6, future developments and issues faced in the current work 

are discussed.  

The main contributions of the included papers are the following:  

Paper I uses a cascaded non-delaying (consisting of two integrators settling in 

cascade) SC modulator as a test bench for behavioral modeling for the nonlinear 

settling error. The continuous-time effects are characterized first using a continuous 

time state model, filling settling errors into a 4-D LUT table, and then embedded 

into a discrete time simulation model using error, speeding up the simulation 

tremendously. A test simulation takes only 5 seconds in total while the circuit level 

simulation took 20 minutes, reducing the simulation time by a factor of 1:240. 

Paper II studies several ways to calculate the initial voltage step size and ends 

up in a numerical state model modeling technique. It can capture the OTA’s input 

and output transient behaviors including resistor-capacitor (RC) response of the 

switched on-resistance and OTA’s response. It can be easily programmed and is a 

convenient model for a circuit designer to speed up the verification of the initial 

idea without time consumption building up the full transistor level schematic. 

Paper III and Paper IV present two architectures of capacitive-pulling 

techniques to aid the settling of the SC residue circuit. Paper III concentrates on the 

description of simple and minimized pre-charge technique which pre-charges the 

load capacitor of the SC residue circuit with selectable, fixed and already available 

voltages so that no additional OTAs are required. By using this minimal pre-charge 

technique, the test case of a 10-bit pipeline ADC shows 4 dB improvement in 

signal-to-noise-and-distortion-ratio (SNDR). Alternatively, the original 

performance can be achieved by a 30% smaller bias current. Paper IV presents the 

continuously controlled pre-charged technique. In the test case, the conversion rate 

can be increased by more than 30% using the continuously controlled pre-charged 

technique without increasing power consumption. 

Paper V present continuous and discrete-level charge pumping (CP) power-

saving techniques for SC Integrators. The injected charge can be generated as a 

continuous function of the input voltage and feedback, or by quantizing the injected 

charge into three levels. With both of the two proposed power saving techniques, a 

10-bit performance of a second-order delayed cascaded sigma-delta modulator 

(SDM) can be achieved, saving approximately 40% power compared to the 

conventional implementation. 

The emphasis of this research was in the architectural development, and actual 

circuit prototypes were not implemented. To speed up the architectural 

development, some circuit level details were also simplified. Especially, the 
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amplifiers were modeled by non-linear Verilog-A behavioral models whose 

structure and I-V characteristics still closely resemble fully differential amplifiers, 

but use simplified transistor I-V equations. This allowed easy parametrization of 

amplifier’s gain, bandwidth, bias current and slew rate, for example, and faster 

simulation times. In addition to circuit simulations, computer algebra tool Maxima 

and numerical state model built in MATLAB were used to study and model the 

charge sharing, Table 1 shows the level of modeling used in different circuit 

structures (Papers III-V) in this dissertation. 

Table 1. Level of modeling used in the analyzed structures. 

 Charge redistribution 

techniques 

OTA Comparators Charge pump circuits 

SC residue circuits 

 

Minimal pre-charged 

technique 

Verilog-A Verilog-A ----------- 

Continuously controlled 

pre-charged technique 

Verilog-A Verilog-A ----------- 

SC integrators 

 

Continuously controlled 

charged pumping 

technique 

Verilog-A Transistor-

level 

Transistor-level 

Discrete-level charge 

pumping technique 

Verilog-A Transistor-

level 

Transistor-level 
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2 Operation and dimensioning of switched-
capacitor circuit blocks 

2.1 Switched-capacitor circuit operation and performance metrics 

Switched-capacitor (SC) circuits were originally developed for precise analog 

filtering purposes. Their use in the analog filter has been reducing, but many types 

of ADCs and Digital-to-Analog converters (DACs) still rely on SC techniques. 

This dissertation discusses especially the use of SC circuits in two common 

ADC structures: in pipeline ADCs (Devarajan et al., 2005) which is a Nyquist-rate 

ADC and sigma-delta ADCs (Rabii & Wooley, 1997; Zhao, Deng, Chen, Wang & 

Cheng, 2015) which is an oversampling ADC. In both types of ADCs, charge is 

moved from a sampling capacitor to an amplifying or integrating capacitor with the 

aid of a current-output operational transconductance amplifier (OTA) to perform 

the gain or integration function. The settling speed and accuracy of the OTA are 

critical performances in SC circuits. In this chapter, we will review the most 

common circuit blocks, their dimensioning principles and main limitations for the 

performance. 

2.1.1 Operation of a residue MDAC and integrator 

The pipeline ADC shown in Figure 1 (a) consists of a cascade of low-resolution 

stages, each of which converts just 1-2 bits, subtracts their effect, and passes the 

residue voltage to the following stage. The pipeline ADC also consists of a sub 

quantizer as the last stage, delay elements synchronizing the stage outputs, and a 

digital correction logic. For example, a typical 10-bit pipeline ADC consists of 10 

1.5-bit stages, where redundant coding allows some offset errors in the sub-ADCs. 

Hence, each stage repeats the following operations, as shown in Figure 1 (b): 

sampling the signal; coarsing 1.5-bit AD conversion; subtracting the conversion 

result; and multiplying the residue by two. This is performed using a multiplying 

DAC (MDAC) residue amplifier circuit. 

The operation of a SC circuit can be divided into sampling phase and 

evaluation phase. We use a multiplying digital/to/analog converter (MDAC) in a 

pipeline ADC as a demonstration to illustrate the operation and transient behavior 

of the SC circuit in the traditional pipeline ADC.   
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The often-used double sampling, OTA sharing MDAC of a 1.5-bit pipeline 

stage is presented in Figure 1 (c) (Sumanen, 2002). A residue MDAC takes the 

input voltage, multiplies it by two and subtracts or adds the voltage reference 

according to the output of the 1.5 bits sub-ADC, and then transfers the total charge 

to the OTA feedback. During the sampling phase, the bottom plate of the sampling 

capacitor Cs and feedback capacitor Cf are connected to the stage input voltage 

Vin,i while the top plates of the capacitors are grounded through one switch. The 

so-called bottom-plate sampling can be employed by opening the common 

sampling switch to the ground in phase ϕA or ϕB, slightly before the input 

connecting switches in phase ϕAd or ϕBd. When entering the evaluation phase, the 

bottom plate of Cf is connected to the OTA’s output, while Cs is set to -Vref, 0, or 

+Vref depending on the output of the sub-ADC. The OTA-sharing residue MDAC 

has two sets of capacitor banks (bank A and bank B): when the input signal is being 

passively sampled by one capacitor bank, the other capacitor bank is connected to 

the OTA for the evaluating phase, so that a full clock cycle is available for settling.  

                                                       (a) 

(b) 
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(c) 

Fig. 1. (a) Block diagram of a pipeline ADC (b) Block diagram of one pipeline stage (c) 

Double sampling, OTA sharing MDAC implemented in pipeline ADC (reprinted by 

permission from Paper II @ 2016 IEEE). 

The SD AD converter consists of an analog loop filter very coarse AD conversion, 

low-resolution feedback, and a digital filter for rejecting the quantization noise. The 

main idea of the modulator is to perform low-resolution quantization, but then 

move the quantization noise out of the signal band, and to filter it away in the digital 

domain. The benefit of this is a cheap and (in its single-bit version) inherently linear 

AD conversion, where low resolution is compensated by heavy oversampling. 

Here we concentrate on the very common 2nd order SDM (Rabii & Wooley, 

1997) where two integrators are connected to an internal AD converter and a DA 

converter is used in the feedback path. Figure 2 (b) shows the schematic of the 

conventional structure of a 2nd order delayed cascaded SC SDM and its phase 

arrangement. The modulator is operated on a two-phase, non-overlapping clock 

and delayed versions of these clocks. During the sampling phase, switches S1 and 

S3 conduct so that the input to the modulator is sampled onto C1. Likewise, the 

output of the first integrator is sampled onto capacitor C4 of the second integrator. 
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At the end of phase 1, switches S3 are opened slightly ahead of switches S1 to 

reduce signal-dependent charge injection onto the sampling capacitors C1. The 

comparator is activated during the sampling phase when the output of the second 

integrator is not changing. During the integration phase, the capacitor C2 is 

connected, via the switches S2, to either the reference voltage Vref+ or Vref-, 

depending on the result of the comparison. This action performs both 1-bit D/A 

conversion and subtraction functions. At the end of phase 2, switches S4 are opened 

slightly ahead of switches S2 to isolate the inputs of the OTAs from the differential 

charge injection introduced by opening S2. The comparator is reset during the 

integration phase in preparation for the next comparison. 

(a) 

(b) 

Fig. 2.  (a) Block diagram of sigma-delta ADC (b) Schematic and phase arrangement of 

the conventional SDM structure (reprinted by permission from Paper V @ 2019 IEEE). 
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2.1.2 Performance metrics for ADCs 

It is very important to understand ADC specifications to gain an insight into the 

design criteria for converters. SNDR, SFDR and ENOB are the three most common 

and important performance metrics for quantifying ADC dynamic performance and 

defining how accurate an ADC really is. These three performance metrics include 

information about noise, dynamic linearity, distortion and settling errors.  

Spurious-free dynamic range SFDR is measured with a single-tone (sometimes 

with a multitone) test signal and given as an amplitude ratio of the largest spurious 

frequency and the fundamental signal frequency. The settling time is the time from 

the beginning of the evaluation phase to the moment when the circuit output has 

settled within the specified accuracy of its steady-state value. The settling time of 

the evaluation phase has a major impact on the maximum sampling rate of the SC 

circuit. Incomplete settling may cause just a linear error, but especially slew rate 

limitations cause non-linear settling error, which causes non-linear distortion.  

The signal-to-noise-and-distortion ratio SNDR is the ratio of the signal power 

to the noise and distortion at the output, usually for a sinusoidal input.  

Effective number of bits ENOB is a measure of the dynamic range of an 

analog-to-digital converter for a single-tone full-scale sinusoidal test signal. The 

resolution of an ADC is specified by the number of bits used to represent the analog 

value, in principle giving 2N signal levels for an N-bit signal. When an SC circuit 

is employed in the ADC, it is meaningful to speak of resolution, which is expressed 

as a number of bits. ENOB is just another means to express the SNDR for the 

maximum input signal, and for a full-scale sinusoid it is obtained by ENOB= 

(SNDR−1.76)/6.02.  

2.2 Non-linearity effects of the OTA 

The critical nonlinearities of the OTA affect both the static and dynamic linearities 

of the stage, and thus of the whole ADC. The essential non-linearities related to the 

OTA are its finite DC gain, slew rate, and limited gain bandwidth. 

2.2.1 Finite OTA gain 

Static errors result from the finite open-loop DC gain A0 and from the feedback 

factor f. The error introduced by the OTA finite open-loop DC gain is shown in Eq. 
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(1). 
                                                          𝑒𝑟𝑟                                                  (1) 

In a practical implementation of an OTA, this gain is not fixed but depends on the 

input and output voltage of the OTA. The dependency on the input voltage can be 

neglected. However, the output voltage of the OTA varies significantly and 

influences the output conductance of the OTA. Thus, the gain decreases as the 

differential output voltage increases due to the reduction of the output resistance as 

the drain-source voltage of the output transistors decreases.  

The non-ideal effect of the finite OTA gain can easily be captured by replacing 

a linear output conductance with a non-linear conductance of the output stage 

estimated, for example, by a fourth-degree polynomial fitting expression. 

2.2.2 Unity gain bandwidth and slew rate 

A dynamic error in the stage transfer function is caused by the incomplete settling 

of the OTA output because of the finite slew rate (SR) and gain bandwidth (GBW) 

of the OTA. 

SC circuits use OTAs to transfer charge from the sampling capacitors to an 

evaluating or integrating capacitor. There are large transient voltage spikes in the 

inputs of the OTAs due to an immediate charge redistribution. The OTA’s response 

depends on the relation between the input voltage of the OTA (Vi) and linear input 

range Vlin (Vlin=Imax/gm) which is the largest input signal before slewing, as 

shown in Figure 3. Here Imax is the OTA bias current and gm is the 

transconductance of the OTA.  

Fig. 3.  Non-linear transconductor model. 

For a large initial input voltage (Vi0) (Vi0 > Imax/gm or Vi0 < -Imax/gm), the OTA 

enters into the slewing region first, delivers its maximum available output current 

Imax from the OTA (Wang & Harjani, 1999) to charge the effective load. When 
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 is reduced to Imax/gm, it starts linear settling with an exponential waveform ׀Vi׀

towards the ideal output, now being limited by gm and the effective load 

capacitance. The time spent for slewing can be compensated by a higher unit gain 

bandwidth (UGBW) and therefore speeds up the linear settling (Weng & Harjani, 

1999). The larger initial voltage steps at the input of the OTA, the more often 

slewing occurs. 

As an example of the settling of an SC stage, Figure 4 represents the transient 

waveforms with SR effect at the input of the OTA and at the output of the MDAC 

circuit shown in Figure 1. The output begins from a previous output voltage, jumps 

to the opposite direction and eventually settles to the final voltage. The input 

difference sensed by the OTA initially jumps to a large value, causing a large 

voltage spike on the input of the OTA which can drive the OTA into slewing in the 

beginning of the evaluation phase. The OTA will slew during the first part of the 

evaluation phase and settle linearly during the last part of the evaluation phase. If 

the settling time is long enough, Vi gradually approaches zero and finally reaches 

the zero voltage. 

Fig. 4. Transient responses of the OTA’s input and the output of the MDAC. 

It is a normal practice to reserve a quarter or one third of the total settling time for 

slewing and the rest for linear settling. In the worst case, there are both load CL,tot 

and the feedback Cf connected to the output of the settling OTA, resulting in the 

SR of a single-stage OTA is shown in Eq. (2). 

                                               𝑆𝑅
,

                                                       (2) 
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CL,tot = CL + Cout is the total effective load capacitance including the parasitic 

capacitance Cout at the OTA’s output, CL is the load capacitance connected at the 

OTA’s output, while Cf is the total capacitance of the feedback branch during the 

evaluation phase. If -Imax/gm < Vi0 < Imax/gm, no slewing occurs, and the OTA 

enters directly into the linear settling region.  

Finally, the output voltage of the OTA (Vo) has settled within the specified 

accuracy of its steady-state value at the end of the evaluation phase, and Vi returns 

to the virtual ground. Incomplete settling in the SC circuit causes deviations from 

the ideal behavior. If the error is only caused by linear settling, then the error is 

linear. If the settling includes slewing, then the error is non-linear. The total settling 

error could be derived as shown in Eq. (3) and (4). 

 

                                          𝑡𝑆𝑅 𝑀𝐴𝑋
| |

, 0                                            (3)   

        𝑒𝑟𝑟 𝑇𝑠 𝑉𝑙𝑖𝑛 𝑒 𝑉𝑙𝑖𝑛 𝑒 𝑒                 (4) 

The SR induces distortion into the SC circuit. As shown in Eq. (3) and (4) 

(Rahkonen et al., 2004), the total settling error with a single-pole settling model has 

an additional error term that exponentially depends on the portion of Vi0 exceeding 

the Vlin=Imax/gm, where Ts is the total settling time, tSR is the time spent in 

slewing, τ is the single-pole time constant and err is the total settling error. This 

exponential relationship is a major cause of nonlinear distortion.  

Since the slew rate is a non-linear effect, harmonic distortion components can 

be observed in the output spectrum. The SR and UGBW limitations generate 

harmonic distortion, reducing the total SNDR of the SC circuit. Large SR values 

are required to reduce the time spent in slewing and to ensure adequate settling in 

each clock phase. UGBW limits the speed of the linear settling behavior. The 

UGBW of the OTA is related to the transconductance gm and effective load 

capacitance in the evaluation phase. Being time-dependent, the settling error 

creates signal-dependent errors, which in turn leads to harmonic distortion. Signal-

dependent errors are very difficult to cancel or calibrate, which makes high enough 

UGBW and SR very important.  
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2.3 Fundamental design considerations of the SC circuit 

2.3.1 Slew rate limited power consumption 

Besides the OTA unity gain bandwidth, the circuit speed is limited by the fact that 

the OTA can supply only a finite current to the load capacitor. Consequently, the 

output cannot change faster than the SR. The value of the SR needed is decided by 

the time reserved for slewing △tslew. The required SR value can be calculated from 

the largest voltage step Vmax. 

                                      𝑆𝑅
∆

∆
                                                     (5) 

A commonly used rule of thumb suggests that one quarter of the settling time 

should be reserved for slewing, resulting in k of four (Sumanen, 2002). 

The slewing current Imax is chosen based on the SR region partitioning so that 

the given accuracy is achieved in the reserved time, as shown in (Soenen, 2001). 

As shown in Eq. (1), when designing an OTA, the total load capacitance CL,tot and 

Cf are known, Imax can be solved from Eq. (2) and (5), the required slewing current 

Imax is shown in Eq. (6).                                                                      

                                     𝐼𝑚𝑎𝑥
,                                 (6) 

Imax generally equals to the tail current of the OTA differential pair. Therefore, the 

power consumption shown in Eq. (7) of the SC circuit is proportional to the tail 

current of the differential pair or, in other words, is proportional to the slewing 

current Imax which is decided by the SR value.  

                    𝑃 𝑉𝐷𝐷 𝐼𝑚𝑎𝑥 𝑉𝐷𝐷
, 

In chapters 4 and 5 we attempt to decrease the initial input voltage of the OTA for 

each sampled signal with the aim to skip or minimize the slewing and significantly 

decrease the power consumption of the OTA by reducing its SR requirement.  

2.3.2 Settling speed  

As the modulation bandwidths in the modern communication systems increase, the 

need for high-speed and high-resolution ADCs increases. For high-resolution and 

high-speed applications, the SC circuit is the most important building block which 

dominantly affects the settling speed of ADCs. The main design bottleneck in a 
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high-speed ADC is to obtain a very precise and fast settling by the end of the 

evaluation period with small enough power consumption Pdiss. In Chapter 5, the 

initial input voltage of the OTA in an SC residue circuit is minimized by the 

continuously controlled pre-charge technique described in Chapter 5.2.1 to speed 

up the circuit with the same performance as the original structure. 
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3 Analysis of switching transient effects 

3.1 Charge redistribution and initial voltage calculation 

As the slewing is recognized as a major cause of the nonlinear settling error, we 

need to find out when and how deeply OTAs are driven into slewing, and how we 

could avoid slewing. Therefore, we need to solve what is happening immediately 

after switching from one clock phase to another. We will show several ways to 

analyze that, and then show a very fast behavioral simulation technique based on 

the analysis methods. 

The traditional double sampling OTA sharing SC residue circuit shown in 

Figure 1 is used as an example to explain the theory of the initial input voltage 

calculation. Figure 5 shows the capacitor connection of the first and the following 

stage at the end of the sampling phase A (above) and in the beginning of the 

evaluation phase B (below).  

Fig. 5. Charge redistribution in a double sampling OTA sharing SC residue circuit used 

in a pipeline AD converter. The top row is at the end of the sampling phase A, and the 

bottom row at the beginning of the evaluation phase B (reprinted by permission from 

Paper III @ 2018 IEEE). 

At the very beginning of phase B, the OTA itself is assumed having no effect yet, 

and the total charge is almost instantaneously and passively redistributed. The 

instantaneously and passively charge redistribution results in the initial values at 

the input and the output of the OTA. Vi0 and Vo0 are the initial voltage points at 

the input and output of the first OTA, respectively, and Vi0,i+1 and Vo0,i+1 are the 

following stage initial points. These voltages are the initial points where the OTA 

starts settling from.  
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Since the total charge in the OTA input and output nodes A1 or B1 has no path 

to move in the beginning of B, the total charge in these nodes in the beginning of 

the evaluation phase is the same as at the end of A. Based on the conservation of 

charge, we can equate the charge just before and just after switching. The charge 

redistribution equations in the SC residue circuit are shown in Eq. (8), from which 

the expression of initial voltages Vi0 and Vo0 can be solved to (9). If CsB and CfB 

are not zeroed before taking a new sample, V1 and V2 depend on the previous state 

of the following residue stage. V1 equals to the previous output voltage of the next 

stage (Vo,pre,i+1). V2 equals to the next stage reference voltage of the previous 

evaluation phase (Vref,pre,i+1). 

𝐴1: 𝐶𝑠𝐴 𝑉𝑖0 𝑉𝑟𝑒𝑓𝑖 𝐶𝑓𝐴 𝑉𝑖0 𝑉𝑜0
𝐶𝑠𝐴 0 𝑉𝑖𝑛, 𝑖 𝐶𝑓𝐴 0 𝑉𝑖𝑛, 𝑖  

𝐵1: 𝐶𝑓𝐴 𝑉𝑜0 𝑉𝑖0 𝑉𝑜0 𝐶 , 𝐶 , 𝐶𝑓𝐴 𝑉𝑖𝑛, 𝑖
𝑉1 𝐶 , 𝑉2 𝐶 ,                                                                                  (8) 

𝑉𝑖0
,

  

                   𝑉𝑜0                              (9) 

Assuming that the sampling capacitor and feedback capacitor are not scaled from 

stage to stage, according to Eq. (9), Vi0 and Vo0 can be solved to Eq. (10). 

            𝑉𝑖0
,

, 𝑉𝑜0                                (10) 

Eq. (10) dictates that Vi0 is affected by several voltages (Vrefi, Vin,i, V1 and V2). 

Having so many contributions to Vi0 complicates the behavioral analysis, but also 

gives some degree of freedom in minimizing Vi0. 

3.2 Switch resistance effect and numerical state model 

The analysis of the above section assumes instantaneous charge redistribution. 

Unfortunately, the charge sharing is slightly delayed by on-resistance of the 

switches, so that the charge transfer is now also determined by the RC time constant 

of the networks. This adds many nodes to the analysis, but luckily, there is a means 

to obtain an analytical model for this, too. 

We can find a closed-form time-domain solution including the switch 

resistances by building a piecewise-linear state model of form sX = A×X + B×U of 

the system. This has three advantages: 1) Equations can be derived from topological 

properties of the circuits, using matrix approach; 2) It can easily be programmed 
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and solved by the computer; 3) Linearized analysis offers great speed-up for long 

transient simulations. The state mode can model the linear circuits effectively: if 

the circuit is linear, we can immediately calculate where it goes without calculating 

the points in between, that gives us a huge speed-up compared to spice simulation. 

The basic analysis technique is reported in Paper II and repeated here, applied 

for a SC residue circuit in pipeline ADC. The amplification phase of an SC residue 

stage including switch on-resistances Rs1-Rs7 is shown in Figure 6 where gm is 

the total transconductance of the OTA, Ro is the output resistor, and Co is the load 

capacitor.  

 

Fig. 6. Amplification phase of SC residue circuit including switch on-resistance. 

Presented in Paper II (reprinted by permission from Paper II @ 2016 IEEE). 

As long as the initial voltage term of each node in X0 is given, a solution for constant 

input signals can easily be determined for all t>t0 in the form of  Eq. (11). 

                                   𝑋 𝑡 𝑒 𝑋 𝐴 𝐼 𝑒 𝐵𝑈                                   (11) 

I is an n-by-n diagonal unity matrix, A is the state transition matrix, and BU is the 

effect of external inputs. This solution can be directly computed at any time point, 

without calculating any intermediate time points. 

The state transition matrix A for the circuit in Figure 6 is simply formed by the 

following steps: 

– The internal structure and the capacitive loading and feedback network of the 

OTA is described by a set of the current equation: sC×V + G×V = I. Write 

modified nodal analysis equations for nodes n1-n7 in the matrix is formed so 

that the capacitive terms in C matrix (containing linear capacitors) and 

conductive terms in G matrix (containing linear conductance) are separated.  

– Eliminate such nodes that do not have any capacitive terms included, or add 

tiny parasitic capacitances. The capacitive C matrix and conductive G matrix 

of Figure 6 are shown in Eq. (12) and Eq. (13). 

– Here gmin1 and Cmin is small minimum grounded conductance and capacitor 

added if the node is otherwise floating. 
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– Reorganize in the normal ABCD matrix form. Now the state transition matrix 

A will be shown in Eq. (14). 
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                                                (14) 

To check that the model is valid over the signal range in the proposed modeling, 

the voltage curves of the OTA’s input and output in the first stage of a traditional 

pipeline ADC were simulated with the proposed state model modeling technique. 

The validity of this linear model is early checked. If Vi(t) stays smaller than Vlin, 

we can use the linear model. If it exceeds Vlin, we need to break the analysis into 

two steps. Figure 7 shows the SC residue’s transient response obtained by 

numerical state mode in MATLAB. The settling transient response is in the linear 

region for this example because the OTA initial input does not exceed the SR 

limitation. It means that our strictly linear state mode is valid, so we can calculate 

where it is eventually settling. As shown, Vi starts from zero, and after going up to 
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the peak initial voltage, it goes back to zero at the end of the settling phase, and Vo 

approaches the final value determined by the MDAC function. 

Fig. 7. OTA’s input and output transient behavior simulated by MATLAB using proposed 

state model (reprinted by permission from Paper II @ 2016 IEEE). 

The initial motivation of studying behavior modeling methods is not only to 

analyze the settling behavior of original structures, but also fast simulation of the 

initial voltage step of OTA and then choose the appropriate charge redistribution 

speed-up techniques for SC circuits. Therefore, this state modeling method is also 

introduced in Chapter 5 for verifying the idea of a precharge method for SC residue 

circuit without time consumption of building the full circuit schematic. The details 

are presented in Section 5.3.2. 

3.3 Behavioral modeling of nonlinear settling for multiple cascaded 

SC stages 

The effects of incomplete settling are complex to estimate, and the spurious 

responses of SD or pipeline ADCs cannot be predicted without long numerical 

simulations. Continuous-time transient analysis in circuit level is the most accurate 

approach, but it is extremely time-consuming. To speed up the simulation, 

behavioral modeling in MATLAB® and/or Simulink® (© The MathWorks, Inc.) 

platform is commonly used for evaluating the performance of the SC circuit. In a 

typical MATLAB/Simulink behavioral model, the settling behavior is implemented 

as an equation-based block (Zare-Hpseini, Kale, & Shoaei, 2005; Suarez et al., 

2007; Chen et al., 2009; Pugliese et al., 2010; Koe & Zhang, 2002) in a discrete-

time simulation.  

For long data sequences one often wants to use fast behavioral and sample-

based analysis, in which case the errors need to be modeled by a sample-based 
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discrete-time model function (Malcovati et al., 2003). Here a modeling technique 

is presented that combines the continuous-time error modeling and a fast discrete-

time analysis for long clock sequences. Due to its discrete-time nature, it is very 

fast to simulate compared to the time-consuming continuous-time simulations.  

Settling error has been pre-characterized (Rahkonen et al., 2004 and Neitola & 

Rahkonen, 2008) using a continuous-time state-space model, and then by including 

it as a global polynomial fitting or the LUT technique into the sample-based model. 

First, a sufficient selection of settling errors is stored by running a non-linear state 

space OTA model in MATLAB for a full range of initial states. Then an error LUT 

is filled with data from the above continuous-time characterization, and the error 

model is used in long discrete-time simulations. The most time-consuming part is 

characterizing the OTA settling error using the state-space model, while the time 

consumed by the discrete-time simulation with the settling error LUT is short. For 

long sample sequences, this technique speeds up the simulation time tremendously 

compared to the continuous-time transient analysis of the transistor level. 

In traditional SDMs, delaying integrators are commonly used to isolate the 

stages from each other, which simplifies their behavioral modeling, but increases 

the loop delay and results in less aggressive noise shaping. High-order SDMs may 

need non-delaying integrators to reduce to loop delay in some cases, especially in 

some resonators. Yet, this results in simultaneous settling of two amplifiers in the 

same loop, and the initial voltage analysis showed that the initial input voltages at 

the OTA inputs are functions of several node voltages at the same time. As most of 

the literature focuses on the behavioral modeling of the delaying integrator, this 

two-amplifier loop offered a practical and complicated enough test bench for 

experimenting the new modeling technique, where analytical single-input error 

functions would be very difficult to form, but a multi-input LUT is trained by a 

large set of continuous-time simulations before simulating the actual SD 

performance. 

Figure 8 shows the schematic of a second-order cascaded SC SDM. It consists 

of non-delaying SC integrators which are connected together and transfer their 

charges simultaneously during 2. 
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Fig. 8. Implementation of a second-order cascaded SC SDM (reprinted by permission 

from Paper I @ 2012 IEEE). 

In the corresponding discrete-time model shown in Figure 9, the final integrator 

settling errors e1 and e2 are injected into the model by multi-input LUTs. The LUTs 

are filled with the following procedure: first, a sufficient amount of the initial 

voltages in the beginning of the phase are solved; second, the settling errors related 

to the chosen initial voltages are simulated using the continuous-time state model; 

third, polynomial interpolation is built by using a standard LMSE fitting procedure 

(Rust, 2001), and then the resulting settling error table is filled and integrated in a 

Simulink model using a LUT block. This allows us to include the continuous-time 

effects into a discrete time simulation model, speeding up the simulation 

tremendously.  

3.3.1 Procedure of LUT and polynomial fitting behavioral modeling 

technique 

Figure 9 shows the Simulink model of the second-order cascaded SC SDM for 

nonlinear settling behavioral modeling, the dominant non-linear settling effects of 

both stages e1 and e2 are calculated separately by two LUTs integrated into 

Simulink. A flow diagram of the proposed behavioral modeling technique is shown 

in Figure 10. 
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Fig. 9. Simulink model of the cascaded SC SDM for nonlinear settling. (reprinted by 

permission from Paper I @ 2012 IEEE). 

Fig. 10. Flow diagram of the proposed behavioral modeling technique. (reprinted by 

permission from Paper I @ 2012 IEEE). 

First, the equations of the initial voltages are derived based on the passive charge 

redistribution theory. Chapter 3.1 explained the theory based on the SC residue 

circuit, and a detailed calculation of the initial voltages of the cascaded SC SDM is 

presented in Paper I. Since the cascaded SC stages are coupled during the 

integration period, the initial points Vi01 Vo01 and Vi02 depend on Vin, Vref, and 

the previous output voltage of the first stage Vop1. Besides the effect of Vin and 

Vref, Vo02 is also affected by both previous output voltages of the two stages Vop1 

& Vop2 as well. In Figure 11, we only show the charges on all capacitors at the end 
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of 1 and at the very beginning of 2. The charges of all capacitors are marked with 

Q10-Qo20 in Figure 11.  

The settling behavior of each stage is a function of all four initial voltages Vi01, 

Vo01, Vi02, and Vo02. A sufficient amount of initial voltages is calculated by 

sweeping the evenly distributed set of the input voltage Vin, Vref, Vop1, Vop2.  

Fig. 11. Charges on capacitors of the cascaded SC SDM at the end of 1 and at the 

beginning of 2. (reprinted by permission from Paper I @ 2012 IEEE). 

Second, a nonlinear state-space model of the OTA including the effect of SR, 

UGBW, phase margin (PM) and DC gain nonlinearity is built by MATLAB. The 

detailed explanation is presented in Paper I. The OTA is first characterized by 

connecting it to the desired capacitance network, exciting it with a full range of 

initial voltage values. Then the initial voltages are updated at every short interval 

during the settling period, and then the actual settling waveform is calculated. The 

settling error e for each initial state is calculated by comparing the output voltage 

with an ideal output voltage. This approach avoids complex related analytical 

equations which are typically modeled as a group of conditional function blocks in 

Simulink. In order to store enough settling error values for the polynomial fitting 

step, sufficient samples of errors e are acquired by running the state-space OTA 

model started from 450 sets of different initial voltages. 

Third, with the training data collected above, a 4-D fifth-degree polynomial 

fitting model was built. The measured data is not sampled at even grid points. 

Therefore, to fill a regular error LUT, a 25-term interpolation polynomial expression 

in Eq. (15) is used. 
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     (15) 

The 4-D polynomial was chosen because of the shape of charge-sharing equations 

in a case of two simultaneously setting stages. Also, the nonlinear modeling of the 

output voltages models the change in DC gain vs. the output voltage. 

Fourth, the four-dimensional (4-D) LUT is filled by an evenly spaced grid of 

initial voltages and by the error e obtained by using the fifth degree, 25-term 4-D 

polynomial fitting Eq. (15).  

Finally, the LUT filled in this continuous-time characterization phase is used 

in discrete-time simulations. For each sample, four terminal voltages are used to 

calculate the four initial voltages, and based on these initial voltages, the resulting 

error is calculated and injected into the discrete-time Simulink model.  

3.3.2 Simulation results 

For verifying the accuracy of the proposed modeling methodology, the SD 

converter is simulated using the proposed modeling technique and compared to a 

continuous-time circuit level simulation. Figure 12 illustrates the output power 

spectral densities (PSD) of the proposed Simulink model (black solid line) and the 

circuit level model (gray dotted line). The approximate SNDR values are 73.8 dB 

and 73.7 dB, respectively.  

The circuit level continuous-time Verilog-A model simulation took 20 minutes 

for a 216 sample sequence, while the discrete-time Simulink analysis only took 5 

seconds in total. It is significant as the signal sequences are long. Characterizing 

the OTA settling errors using the state-space model and a set of 450 initial points 

takes only 3.43 seconds, which is included in the total 5 seconds. 

The Simulink behavioral modeling technique described in this section provides 

an extremely fast method for capturing the settling behavior compared to the circuit 

level simulation. The cascade SC SDM performance as a function of the OTA’s 

characteristics is captured by the proposed behavioral model very quickly. It is very 

advantageous to have a discrete-time behavioral model of the OTA that still 

faithfully replicates the non-ideal phenomena appearing in the real OTA, and it can 

also catch the gain variations related to the output voltage of the OTA. 
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Fig. 12. Output PSD of the SDM simulated by the proposed Simulink model and 

simulated by the circuit level in Cadence. (reprinted by permission from Paper I @ 

2012 IEEE). 
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4 Active charge pumping power-saving 
technique implemented in a sigma-delta 
modulator 

4.1 Present current saving techniques  

One of the main design bottlenecks is to obtain fast settling with low power 

consumption Pdiss. To reduce the power consumption of sigma-delta ADCs, at least 

the following techniques have been utilized: double sampling halves the sampling 

rate of the ADC, therefore the power is reduced (Kim et al.,2008); inverter-based 

OTA is maximally simple (Michel & Steyaert, 2012); or we could replace the OTAs 

with comparator-based switched-capacitor (CBSC) circuits such as comparators 

and current sources (Huang & Liu, 2009), or we could eliminate the OTAs by using 

passive SC integrators (Yoursy, Hegazi, & Ragai, 2008; Chen, Ramaswamy, & 

Bakkaloglu, 2003).  

There are also numerous ways to improve OTAs so that they can settle fast 

with less bias current. Examples of enhancing the class AB operation of the OTA 

or to make its bias current signal- and time-dependent are published e.g. in (Lin & 

Ismail, 1998; Ah-Reum, Hyoung-Rae, Yoon-Suk, Yoon-Kyung, & Bai-Sun, 2009; 

Shu, Xu, Ye, & Ren, 2012; Cho, 2017; Lopez-Martin, Baswa, Ramirez-Angulo, 

Carvajal, 2005). 

Adaptive biasing deeply affects the design and other electrical properties of the 

OTA. Instead of modifying the internal structure of the OTA, here we propose an 

open-loop charge injection method that is completely outside the OTA structure, 

and therefore does not affect the optimization of other OTA performance metrics. 

4.2 Charge redistribution equations 

The traditional 2nd-order 1-bit SDM is chosen as an example circuit (Rabii & 

Wooley, 1997) for developing the charge pumping power-saving techniques. The 

charge sharing in the beginning of the integration phase causes signal-dependent 

and large initial voltage steps to the input of the OTAs. Then the OTA transfers the 

charge, and the output approaches to the final value determined by the integrator 

transfer function.  
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The initial input node voltage takes different forms in the delaying integrator, 

non-delaying integrator and SC residue circuit in the pipeline ADC. The easiest 

expression of initial input node voltage as seen in Eq. (16) is the conventional 2nd-

order delaying SDM (Figure 2 (b)), where the initial input voltage is affected only 

by Vin and Vref, where Vin is the input voltage sampled in C1 and Vref is the 

feedback reference voltage. 

𝐴: 𝐶1 𝑉𝑖0 0 𝐶2 𝑉𝑖0 𝑉𝑟𝑒𝑓 𝐶3 𝑉𝑖0 𝑉𝑜0 𝑉𝑖𝑛 𝐶1
0 𝐶2 𝐶3 𝑉𝑜𝑝  

𝐵: 𝐶3 𝑉𝑜0 𝑉𝑖0 𝐶3 𝑉𝑜𝑝 

𝑉𝑖0                                                                                         (16) 

Fig. 13. Total precalculated charge injection Qpre in the beginning of the integration 

phase (under CC BY Paper V @ 2019 Authors). 

The main idea of the proposed charge redistribution technique is to add a 

precalculated charge Qpre at the output of the first OTA in the beginning of the 

integration period, as shown in Figure 13. The injected Qpre helps to move the 

charge from C1 and C2 to the integration capacitor C3 in the beginning of the 

integration period when the total charge is redistributed instantaneously. The initial 

input voltage Vi0 of the OTA is forced to close to zero instantaneously after Qpre 

injection, and therefore the OTA bypasses the non-linear slew rate limited region 

and only has a minor linear correction to make.  

After injecting the precalculated charge Qpre at the output of the first OTA in 

the beginning of the integration phase, Vi0 with the injection technique can be 

derived from the laws of charge conservation during the transition from one clock 

phase to another phase as seen in Eq. (17). The charge sharing is assumed to happen 

quickly so that the OTA does not yet take part in it. Hence, we equate the charge in 

node A or B at the end of the sampling and in the beginning of the integration period, 

as seen in Eq. (17). The required amount of Qpre shown in Eq. (18) is solved by 

deriving the expression Eq. (17) and then setting the expression of Vi0 to zero. 
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The expressions of the required amount Qpre vary depending on the structure 

of the circuit implementations. As seen in Eq. (18), the expression of Qpre in the 

normal SC SDM only depends on Vin and Vref. This simplifies the circuit 

implementation of the charge injection.  

𝐴: 𝐶1 𝑉𝑖0 0 𝐶2 𝑉𝑖0 𝑉𝑟𝑒𝑓 𝐶3 𝑉𝑖0 𝑉𝑜0 𝑉𝑖𝑛 𝐶1
0 𝐶2 𝐶3 𝑉𝑜𝑝    

𝐵: 𝐶3 𝑉𝑜0 𝑉𝑖0 𝐶3 𝑉𝑜𝑝 𝑄𝑝𝑟𝑒  

𝑉𝑖0                                                                                 (17) 

𝑄𝑝𝑟𝑒 𝑉𝑖𝑛 𝐶1 𝑉𝑟𝑒𝑓 𝐶2                                                                          (18) 

It is worth noting that the input initial voltage of the non-delaying integrator (see 

Chapter 3.3.1) also depends on the previous output voltage of the first stage Vop1, 

as shown in Figure 8, which means that the settling error is a function of Vop1 as 

well.  

4.3 Various ways to inject the precalculated charge Qpre 

Four methods of implementing the required charge Qpre are shown here: 

4.4 Amplitude-controlled charge injection: Qpre = Ipump×∆t_fix 

Fig. 14. Amplitude-controlled charge injection (under CC BY Paper V @ 2019 Authors). 

The injection of Qpre can be implemented by a dynamically amplitude controlled 

pumping current Ipump with a fixed short duration ∆t_fix injected into the output 

of the OTA in the beginning of the integration phase, shown in Figure 14. The 

expression of Ipump is given in Eq. (19), where tr and tf are the rising time and the 

falling time of the current pumping pulse, and tw is the width of the pulse.  

Ipump= pre

+t

in,diff ref,diff
tf

+t
𝐾1 𝑉𝑖𝑛, 𝑑𝑖𝑓𝑓 𝐾2 𝑉𝑟𝑒𝑓, 𝑑𝑖𝑓𝑓(19) 

This technique is presented in Paper V. 
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4.5 Duration-controlled injection: Qpre = Ipump_fix×∆t 

Fig. 15. Duration-controlled charge injection (under CC BY Paper V @ 2019 Authors). 

Injected Qpre can also be realized by a constant pumping current Ipump_fix with 

a dynamically controlled pulse length ∆t, as shown in Figure 15. To make the pulse 

duration ∆t proportional to an analog voltage-to-time conversion circuit is required. 

However, if we set the time-variable pulse ∆t to be in the range of 30 ps to 1.5 ns, 

a very high-speed and power hungry comparator would be needed. Hence this 

method is not chosen in the dissertation. 

4.6 Capacitive pulling of the output: Qpre = Vpre×Cext 

Fig. 16.  Capacitive pulling of the output (under CC BY Paper V @ 2019 Authors). 

The third alternative method to inject Qpre is implemented by connecting an 

additional pulling capacitor Cext directly at the output for a short time in the 

beginning of the integration phase, where Cext is pre-charged to a voltage Vpre 

(Qpre=Vpre×Cext) during the sampling phase. The method is shown in Figure 16. 

If a load capacitor is connected to the OTA during the integration phase, we can 

pre-charge it to Qpre during the previous phase instead of pre-charging Cext. 

Unfortunately, there is no load capacitor connected during the integration charge 

transfer phase in the conventional SDM implemented with delaying integrators. 

Therefore, we would need an additional Cext that is temporarily connected to the 

output for injecting the Qpre. However, Cext changes the charge sharing equations 

and requires an impractically high value of Vpre to operate.  
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4.7 Three-level pumping current: 

Fig. 17. Three-level pumping current (under CC BY Paper V @ 2019 Authors). 

(a) 

(b) 

Fig. 18. (a) The required charge and the charge pumping level (b) The residual charge 

left for the OTA (under CC BY Paper V @ 2019 Authors). 

Instead of continuous charge pumping method shown in Figure 14, a discrete 

charge pumping method is presented for simpler implementation. A simpler but less 

precise approach is to quantize the injection current to a few levels, as illustrated in 

Figure 18 (a).  
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The simplest solution would be to use just the sign of Vin. Here the injection 

charge is quantized into three levels depending on the input voltage above, inside 

or below the range of [-│VinFS,6│, │VinFS,6│]. The dark blue and green curves 

in Figure 18 (a) represent the required amount of charge needed with the reference 

voltages 1.2 V and -1.2 V separately. The red and light blue curves in Figure 18 (a) 

represent the quantized injection charges with the reference voltage 1.2 V and -

1.2 V separately. For example, when the reference voltage is -1.2 V, we inject a 

charge of either +1.14, 0.71 or 0.29 pC into the output, if the input voltage is low, 

middle, or high, respectively. Qremain shown in Figure 18 (b) is the residual charge 

that the OTA needs to transfer after injecting the three-level pumping current. It is 

small enough to bypass the slewing behavior. This method results in a simple 

implementation and still helps bypass the slewing region, resulting in a more linear 

settling and allowing a reduced bias current.  

The implementation is simple. The charge pumping has only three-level 

proportionality to the input voltage and a sign bit for the reference voltage that is 

available from the comparator of the SDM. Pumping is implemented by choosing 

one of three sinking or sourcing current magnitudes and injecting it for a short 

period ∆t_fix of 1.5 ns. Section 4.5 of this chapter and Paper V describes the 

implementation of this technique.  

4.8 Circuit implementation of a variable amplitude, fixed-duration 

pulse 

4.8.1 Schematic and operating principle 

Fig. 19. Block diagram of the current pumping circuit (under CC BY Paper V @ 2019 

Authors). 

The continuously controlled current pumping injected method shown in Figure 14 

is shown here in more detail. The circuit block consists of three parts shown in 

Figure 19. The first part is a transconductor amplifier stage which converts the input 

voltage to a current △i = k1×Vin,diff. The second part subtracts or adds |△i| from 

a fixed current with a magnitude of |k2×Vref,diff|, and generates the needed pulse 

magnitude ipump. The third part generates the actual pumping current Ipump by 
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amplifying ipump with a gain of 25 implemented by several current mirror stages 

with a current short pulse generator. The circuit implementation is shown in Figure 

20.  

Fig. 20. The schematic of a fully differential current pumping circuit (under CC BY Paper 

V @ 2019 Authors). 

In Figure 20, M1-M8 is a linearized transconductor amplifier which converts 

Vin,diff to k1×Vin,diff. The current that goes through M9,10,11 is the fixed current 

with a magnitude of |k2×Vref,diff|. Node m of Figure 20 is the summing node of 

the output current of the transconductor amplifier and the drain-source current IM11. 

In order to make the current that goes through M12 always positive, four switches 

controlled by the SDM comparator outputs (Vout+ Vout-) choose the ∆i’s direction 

that goes to node m. For example if Vin,diff > 0 and Vout+ =’1’, Vref,diff =1.2V, 

∆i goes through the on-switch controlled by Vout+ and is injected into node m; 

while if Vin,diff  > 0 and Vout- =’1’, Vref,diff =-1.2 V, ∆i goes through the on-

switch controlled by Vout- and is sourced out of node m. 

The transconductance Gm of the linearized transconductor amplifier is set to 

be equal to k1. Source degeneration (M3 and M4 operating in the linear region) is 

added for linearizing the transfer characteristic of the MOS transconductor. 

Matched transistors M1 and M2 are in the saturation region, and biased by current 

sources M5 and M6 they form the input differential pair. M1-M8 are dimensioned 

by the transconductance calculation Eq. (20). The transconductance can be tuned 

by changing I0 and size ratio β1/β3.  

                                Gm 0.5 , α 1 , β μCox                         (20) 

The complete ipump is mirrored to M13 that feeds the actual current pulse generator. 

Next the implementation needs a pulsed current source that can generate sharp, 
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clean pulses of ns duration. This is achieved by having a low impedance source 

follower pull-up for the gate voltages of the actual current sources, as described in 

Paper V.  

4.8.2 Simulation results 

The proposed charge injection technology was added into a conventional second-

order delaying cascaded SC SDM. It was designed at a schematic level using a 

generic 90 nm CMOS process with 1.2 V supply voltage. The sampling frequency 

fs is 50 MHz, the input signal frequency fin is 48.8 kHz, and the oversampling ratio 

is 128. Single-stage folded cascaded OTA is used in both integrators. The proposed 

amplitude controlled charge injection was experimented to speed up the settling of 

the first integrator and compared to a conventional design dimensioned for roughly 

ten-bit performance. 

Figure 21 (a) shows the simulated 65536-point FFT output spectrum obtained 

from Cadence for both the original OTA (black solid line) and the proposed current 

pumping structure (grey dashed line) with the bias current reduced to 27.7% in the 

first stage OTA. The SFDR and SNDR of the conventional structure are 69.8 and 

65.6 dB, while the SFDR and the SNDR of the proposed continuously controlled 

current pumping structure are 70.2 and 66 dB. That is, the performance is the same 

as that of the conventionally dimensioned SDM.  

Figure 21 (b) shows the FFT output spectrum for the traditional second-order 

delayed cascaded SC SDM but using the relaxed OTA which has 27.7% bias current, 

resulting in a much smaller SFDR and SNDR of 43.6 dB and 39.5 dB. Therefore, 

adding the proposed amplitude controlled current pumping improves SFDR by 

26.6 dB, and SNDR by 26.5 dB, respectively. 

In SC SDM with a large OSR, the first integrator of the loop filter dominates 

the ADC performance and power consumption. The OTA of the first stage in the 

conventional structure consumes 1140 μA during the entire clock period (20 ns). 

The continuous current pumping circuit consists of the transconductor-amplifier 

(Gm-amplifier), the current mirror stages, the current pumping stage (M23, M19) 

and the output stage of current injection (M24, M21). The transconductor-amplifier 

and the current mirror stages operate the entire clock period (20 ns) and take 

99.5 μA, but the high-current pumping stage (M23,M19) and the output stage of 

current injection (M24, M21) are active during the short pumping period 

(∆t_fix=1.4 ns) and consume 357 μA during ∆t_fix=1.4 ns. The total power 
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consumption of the current pumping circuitry is hence 11% of the original 1st-stage 

OTA.  

When current pumping is used, the bias of the 1stage OTA is reduced to 316 μA, 

which is 27.7% of the original OTA. Considering the power dissipation overhead 

by the current pumping circuit, the first integrator with the current pumping circuit 

reduces the first stage power by 60% compared to the conventional structure and 

gives approximately 43% power saving for the whole 2-stage SDM 

 

Fig. 21. (a) FFT spectrum of the conventional reference SDM and the SDM with charge 

injection and lower bias current (b) FFT spectrum of the conventional SDM with the 

proposed current pumping circuit (under CC BY Paper V @ 2019 Authors). 

(a) 
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4.9 Circuit implementation of the three-level pumping current  

4.9.1 Schematic and operating principle 

The schematic and operation of the three-level current pumping method shown in 

Figure 17 are presented in this section. The goal of this implementation is to avoid 

the complexity of the continuously controlled charge pumping circuit and decrease 

the power consumption of the charge pumping circuit. It only consists of three 

switchable pumping current sources that implement a 3-level current injection, a 

simple dynamic 1.5-bit ADC and some logic gates to generate the control signals 

for the current sources, as seen in Figure 22.  
 

 

Fig. 22. The schematic of the three-level current pumping circuit (under CC BY Paper V 

@ 2019 Authors). 
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The operation in Figure 22 is straightforward, and it is described in detail in Paper 

V. The comparison results in a thermometer code which is encoded into controls 

X1 X2 X3 by gate logic. X3 at logic one represents that the input voltage is in the 

high voltage range of [׀VinFS,diff/3׀, ׀VinFS,diff׀], X1 represents that the input 

voltage is in the low voltage range of [-׀VinFS,diff ׀-׀,  VinFS,diff/3׀), and X2 

represents that the input voltage is in the middle range. Table 2 shows the selection 

of the three current mirror branches biased by IB1 and IB2 shown in Figure 22. For 

example, when the input voltage is in the range of [׀VinFS,diff/3 , ׀׀ VinFS,diff׀] 
and Vout- =’1’, branch ③ is on and gives 758.2 μA differential pumping current 

sinking from the output node voutp1 and sourcing into voutn1. Branches ② and 

① are off. 

Table 2. Operation of the current mirror branches. 

Vin,diff [-500 mV,-166.67 mV) [-166.67 mV,166.67 mV) [166.67 mV,500 mV] 

X3 0 0 1 

X2 0 1 0 

X1 1 0 0 

Vout+ ‘1’ ③ -758.2 μA ② -476 μA ① -193.8 μA 

Vout- ‘1’ ① +193.8 μA ② +476 μA ③ +758.2 μA 

4.9.2 Simulation results 

A conventional second-order delayed cascaded 1-bit SC SDM was designed using 

a generic 90 nm CMOS process with 1.2 V supply voltage. The input signal 

frequency fin is 48.8 kHz, sampling frequency fs is 50 MHz, and the oversampling 

ratio is 128. Paper V shows an example of the transient response of the first 

integrator during the integration phase and the initial input voltage comparison with 

and without the three-level pumping circuit. The use of the injection drops Vi 

significantly, and therefore, avoids the slew rate region and enters directly in the 

linear settling region. The initial input voltage of the OTA is significantly reduced 

to within [-65 mV, 65 mV] compared to the initial input voltage range which is [-

600 mV, 600 mV] in the conventional structure. 
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Fig. 23.  (a) FFT spectrum of the conventional SDM and the SDM with the three-level 

current pumping circuit (b) FFT spectrum of the conventional SDM with the relaxed OTA 

and without the current pumping (under CC BY Paper V @ 2019 Authors). 

To simulate the achievable performance, the same second-order delayed cascaded 

SC SDM as before was used again. Figure 23 (a) shows the simulated 65536-point 

FFT output spectrum with the original OTA of the first stage (black solid line) and 

the relaxed OTA of the first stage with the proposed three-level current pumping 

circuit (grey dashed line). Figure 23 (b) shows the FFT output spectrum with the 

relaxed OTA of the first stage but without the proposed current pumping circuit, 

and Table 3 lists the performance of each implementation. It is seen that the 

performance with the proposed three-level current pumping circuit is practically 

(a) 

(b) 
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the same as the conventionally dimensioned SDM and that the pumping gave about 

17 dB improvement both in SFDR and SNDR.  

Table 3. Performance summary of SDM with/without the proposed current pumping 

circuit. 

 SFDR SNDR 

the conventional SC SDM with the original 

OTA 

69.8 dB 65.6 dB 

the proposed current pumping technique 

with the relaxed OTA 

70.4 dB 66.2 dB 

the conventional SC SDM with the relaxed 

OTA 

52.7 dB 48.6 dB 

Table 4. OTAs performance comparison (under CC BY Paper V @ 2019 Authors). 

 Original main OTA 

no CP 

Relaxed main OTA 

with CP 

Current Pumping 

(CP) Circuit 

Phase Margin 70.82 degree 74 degree three-level CP circuit 

Gain 66.5 dB 61.3 dB ----------------------- 

Unit Gain Bandwidth 331.7 MHz 185 MHz ----------------------- 

Slew Rate 338 V/μs 131 V/us ----------------------- 

Total current 

(working period) 

1140 μA 

(20 ns) 

440 μA 

(20 ns) 

19.7 μA 

(18.5 ns) 

343.3 μA 

(1.5 ns) 

Power Consumption 100% 38.6% of the original first 

stage OTA 

4.3% of the original 

first stage OTA 
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 The dominant power dissipation of the proposed current pumping circuit is the 

three current source branches and the parallel comparators working in the 

comparison mode. The comparators consume 85.5 μA in the comparison mode. 

One of the three current source branches is chosen in every current pumping period, 

giving on average 238 μA (without bias currents for current source branches) for 

1.5 ns each 20 ns cycle. Including the bias currents, the digital logic gates and 

comparators, the total current consumption of the pumping circuit is approximately 

343.3 μA during the current pumping period. Outside the current pumping period, 

the comparators are in the reset mode, and all the three current source branches are 

switched off. Including the bias currents, the digital logic gates and comparators, 

the total current consumption during the 18.5 ns off-time is about 19.7 μA. The 

relaxed OTA of the first integrator with the current pumping circuit uses 440 μA 

for the entire clock period (20 ns). As shown in Table 4, the total power 

consumption of the current pumping circuit is 4.3% of the original OTA, and the 

bias of the OTA can be reduced to 38.6% of the original. 

Considering the power dissipation overhead by the proposed current pumping 

circuit, the first integrator with the current pumping circuit reduces the first stage 

power by 56% compared with the conventional structure, providing an 

approximately 40% power saving for the overall SDM with no loss in performance. 

4.10 Discussion of the two methods 

Fig. 24. Power comparison (under CC BY Paper V @ 2019 Authors). 

Figure 24 summarizes the power consumption for the two proposed current 

pumping methods. The power consumption of the relaxed 1st stage OTA using 3-

level pumping current (39%) is higher compared to the relaxed 1st OTA using the 
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continuously controlled pumping current (28%), but the power of the circuit of the 

3-level pumping current (4%) need less than 50% power of the continuously 

controlled pumping current circuit. Both of the two proposed methods can save 

more than 40% of the original power consumption. 
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5 Capacitor pulling techniques to aid the 
settling of SC residue circuit 

5.1 State of the art 

For a system which requires a medium- to high-resolution converter with system 

clock frequency operating at the Nyquist rate, the pipeline ADC is a popular choice. 

Within the scope of pipeline ADC research, designers have been focusing on 

techniques that reduce power consumption or speed up the MDAC for a given 

settling precision, which is typically the most critical design block in the ADC.  

In recent research, there are approaches where the OTA is avoided altogether 

to reduce power consumption. Examples of this include the open-loop residue OTA 

(Murmann & Boser, 2003) and zero-crossing based circuit (ZCBC) (Brooks & Lee, 

2007; Brooks & Lee, 2009;). The technique of open-loop residue OTA requires 

complicated background calibration. The ZCBC technique requires calibration for 

high resolution (Chu, Brooks, & Lee, 2010) due to the residue gain accuracy 

limitation, but makes the technique more complex and limits efficiency. High-

performance pipeline ADCs still dominantly rely on OTAs. Research in reducing 

the power dissipation of OTA-based MDACs has yielded innovations such as 

double sampling, OTA sharing (Lee & Tsang, 2009; Peach, Moon, & Allstot, 

2010;), and power off OTA for half a clock cycle (Ahmed & Johns, 2005), replica-

driving technique (Lee, Kim, Kang, & Ryu, 2013). Other techniques, such as 

capacitor level shifting (Hershberg, Weaver, & Moon, 2010) and the ring OTA 

(Hershberg et al., 2012), reduce the OTA power consumption due to negative 

feedback. However, the increased cycles of the amplification phase and the 

oscillation limit the conversion speed. Inverter-based SC circuit (Chae, Souri, & 

Makinwa, 2013) has limited accuracy because of the small gain of a single inverter.  

To achieve high-speed operation while maintaining low power consumption, 

several techniques have been published: the continuous-time current steering OTA 

was replaced with the discrete-time charge steering OTA (Verbruggen, Iriguchi, & 

Craninckx, 2012;). A dynamic OTA with a capacitive common-mode detector 

(CMD) (Lin, Miyahara, & Matsuzawa, 2011) was developed for scaled supply 

voltage. The combination of interpolation pipeline (to shift the gain requirement to 

relative accuracy between a pair of OTA to improve the disadvantage of low gain 

accuracy) and dynamic open-loop residue OTA with an inverter based CMD (Lin 
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et al., 2011) demonstrates the feasibility of low voltage high-speed pipeline ADC 

design.  

5.2 Charge injection techniques in MDACs 

In the most common form, each residue stage does multiply-by-two to the residue, 

and resolves 1.5 bits of information to have some redundancy to cope with 

comparator offsets. In both implementation studies in this Chapter, we use the 

traditional 1.5-bit residue stage described e.g. in (Ishii, Tanabe, & Iida, 2005): 

depending on the input magnitude, the signal is summed with +Vref, -Vref, or 0, 

and the residue is multiplied by two. 

The main idea of charge redistribution technique in the SC residue circuit is 

the same as in SDM presented in Chapter 4. The injected charge Qpre helps to move 

the sampled charge and forces the initial input voltage of the OTA close to zero so 

that the OTA has very little linear correction to accomplish. In Chapter 4 we used 

various implementations to inject precalculated charge Qpre into the integrator in 

SDM. As in the traditional pipeline ADC the load capacitor is connected to the 

output of each SC residue stage during the evaluation phase, also precharging the 

load capacitance is possible, and this technique is employed in this Chapter. 

Fig. 25. Double sampling, OTA sharing SC residue circuit used in pipeline ADC 

(reprinted by permission from Paper III @ 2018 IEEE). 
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Fig. 26. Charge redistribution in a double sampling OTA sharing SC residue circuit used 

in pipeline AD converter. The top row is at the end of the sampling phase A, and the 

bottom row at the beginning of the evaluation phase b (reprinted by permission from 

Paper II @ 2016 IEEE). 

Solving the charge sharing Eq. (21) of a traditional 1.5-bit residue amplifier in 

Figure 25 (repetition of Figure 1 for convenience) we noticed that the charge 

remaining in the load capacitors (i.e., sampling capacitors of the next stage) affects 

the output. Precharging the load capacitor removes this memory. Figure 26 is the 

repetition of Figure 5, showing the capacitor connection of the first and the 

following stage at the end of sampling phase ϕA and in the beginning of evaluation 

phase ϕB. By forcing Vi0 to 0 we can solve the proper pre-charge Qpre as seen in 

Eq. (22).  

𝐴1: 𝐶𝑠𝐴 𝑉𝑖0 𝑉𝑟𝑒𝑓𝑖 𝐶𝑓𝐴 𝑉𝑖0 𝑉𝑜0 𝐶𝑠𝐴 0 𝑉𝑖𝑛, 𝑖
𝐶𝑓𝐴 0 𝑉𝑖𝑛, 𝑖   

𝐵1: 𝐶𝑓𝐴 𝑉𝑜0 𝑉𝑖0 𝑉𝑜0 𝐶 , 𝐶 , 𝐶𝑓𝐴 𝑉𝑖𝑛, 𝑖 𝑄𝑝𝑟𝑒(21) 
𝑄𝑝𝑟𝑒 5𝐶 𝑉𝑖𝑛, 𝑖 3𝐶 𝑉𝑟𝑒𝑓𝑖                                                                    (22)   

5.2.1 Continuously controlled pre-charge technique 

One technique used in Chapter 4 is to inject a dynamically controlled pumping 

current pulse Ipump=Qpre/∆t with a fixed short pulse ∆t into the output of the OTA 

in the beginning of the evaluation phase. If the load capacitor is emptied before the 

evaluation phase, the Ipump equation is equal to (5×Vin,i-3×Vrefi)/∆t. Since the 

charge pump implementation is designed in Chapter 4 for SDM, the 

implementation of the charge pump circuit is not repeated here for the SC residue 

circuit. Instead, the pre-calculated Qpre is implemented by an additional 

continuously controlled amplifier circuit where a load capacitance CL (the 

sampling capacitors of the next stage) is pre-charged to the proper voltage to have 

Qpre=Vpre×CL, before connecting it to the output of the OTA. Therefore, the 
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injected charge pulls the charge sharing and helps to move the charge so that the 

initial input step of the OTA is instantaneously minimized. The OTA hence skips 

the slew region, and enters into the linear settling region, leaving just a minor 

charge to be moved by the OTA. The charge redistribution equations of the 

proposed method are shown in Eq. (23). 

𝐴1:CsA 𝑉 𝑉refi CfA 𝑉 𝑉
CsA 0 𝑉in, CfA 0 𝑉in,  

𝐵1:CfA 𝑉 𝑉 𝑉 𝐶fB, 𝐶sB, CfA 𝑉in, 𝑉pre 𝐶fB,

𝐶sB.                                                                                                                (23) 
Vpre 2.5 Vin, 𝑖 1.5 𝑉refi                                                                       (24) 

If all the capacitors are equal, a simple expression Vpre=2.5×Vin,i-1.5×Vrefi is 

derived from Eq. (23) by forcing Vi0 to zero. As shown in Eq. (24), Vpre does not 

depend on the previous states, but is only affected by the sampled voltage Vin,i and 

reference voltage Vrefi.  

5.2.2 Minimal pre-charge techniques 

Previously in Chapter 4, all presented techniques cause additional and noticeable 

power consumption due to the charge pumping circuits or the three-level current 

pumping circuit. The pre-charge block of the continuously controlled pre-charge 

technique presented in 5.2.1 also has an additional low-precision OTA which 

consumes additional power. The minimal pre-charged technique presented in 

Section 5.3 does not require any additional active components, but the load 

capacitance is pre-charged by fixed/existing voltages in order to minimize the 

spread of the initial input voltage Vi0. 

As seen in Eq. (10) in Chapter 3, without any pre-charge method, V1 and V2 

represent the previous voltages the next stage has deposited in them. No additional 

OTAs would be required if we simply pre-charge the load capacitor CsB,i+1, 

CfB,i+1 with a proper fixed voltage V1 and V2 separately. To make the 

implementation even simpler, we could just set V1 and V2 with the voltages that 

are already available in the circuit. M1, M2 and M3 are the three minimal pre-

charge methods seen below. 

– Method 1 (M1): V1=0, V2=0. 

Zeroing the next stage sampling capacitors CsB,i+1 and CfB,i+1. 

– Method 2 (M2): V1=-Vrefi, V2=0. 
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Pre-charging CfB,i+1 with -Vrefi, zeroing CsB,i+1. 

– Method 3 (M3): V1=-2*Vrefi, V2=2*Vin,i. 

Pre-charging CfB,i+1 with -2*Vrefi, pre-charging CsB,i+1 with 2*Vin. 

According to Vi0 curves separately plotted by using the three minimal pre-charge 

techniques (as shown in Figure 3 of Paper III), the method M3 gives the best 

reduction since the Vi0 range of M3 is minimized to the max(|Vi0|) of 0.075 V 

which is even significantly smaller than the Vi0 range of M2. However, M3 

increases the load capacitance during the evaluation phase since the capacitor 

CsB,i+1 has to be connected between the positive and negative output of the (i-1)th 

stage to precharge 2*Vin,i. As M2 does not add loading to the signal path, it is 

chosen for further study and implementation.  

Due to their different additional power consumption, the natural uses of the 

above techniques may be different. The technique presented in Section 5.2.1 was 

tested in increasing the sampling rate of the ADC, with the same power 

consumption. The completely passive technique in Section 5.2.2 was used to reduce 

the power consumption, while maintaining the original sample rate.  

5.3 Minimal pre-charge technique: M2 

5.3.1 Circuit implementation 

Based on the description of Section 5.2.2, the method 2 (M2) was chosen for in-

depth study and simulation. Using this extremely simple pre-charge method, we 

can avoid the biggest input initial step, thus largely decreasing the settling error 

caused by Vi0 exceeding the linear input range Vlin.  

Figure 28 shows the first pipeline stage implementation for Method 2 (M2). 

Figure 29 shows the second pipeline stage implementation for Method 2 (M2). The 

minimal pre-charge technique is designed based on the traditional double sampling, 

OTA sharing SC residue circuit. The double sampling is used at the first stage of 

the most significant bit, and no extra capacitors are introduced at the first stage. At 

the second stage shown in Figure 29, when capacitors in bank A of the second stage 

are being sampled, capacitors bank B are evaluating in the feedback configuration. 

Since the minimal pre-charge technique needs to separately pre-charge the load 

capacitors of the first stage to fixed voltages V1=-Vrefi and V2=0, it is necessary 

to add the third capacitor bank C in the second stage for pre-charging to fixed 
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voltages and then connect them to the output of the first stage in the next phase. 

This allows us to sample in capacitor bank A at the second stage, evaluate with 

capacitor bank B and precharge capacitors C all at the same time. In Figure 27, 

clock phases A and B are for the first stage, three clock phases ctrl1, ctrl2 and ctrl3 

are for the capacitors bank C, B and A at the second stage. The implementation does 

not introduce additional latency in the conversion, but as we need to precharge the 

capacitors of the 2nd stage to the predefined voltages, the 2nd stage requires three 

capacitor banks instead of the normal two. 
 

Fig. 27. Clock phases arrangement of Method 2 (reprinted by permission from Paper III 

@ 2018 IEEE). 

Fig. 28. Circuit implementation of the 1th pipeline stage using Method 2 (reprinted by 

permission from Paper III @ 2018 IEEE). 
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Fig. 29. Circuit implementation of the second pipeline stage using Method 2 (reprinted 

by permission from Paper III @ 2018 IEEE). 

5.3.2 MATLAB modeling of the minimal pre-charge technique  

Continuous-time transient analysis in circuit level is the most accurate approach for 

verifying the minimal pre-charge method. However, in order to avoid the time 

consumption building up the full complex schematic and speed up the verification 

of the initial idea for the circuit designer without time consumption of building the 

full circuit schematic, the state model modeling technique of SC presented in 

Section 3.2 offers an easy and fast method to compare the chosen minimal 

precharge technique (M2) with the traditional structure (M0).  

The main purpose of designing the state model presented in Section 3.2 was to 

model the settling behavior of charge injection techniques implemented in a 

pipeline ADC. Due the charge pulling, the initial input voltage of the OTA never 

exceeded the SR limitation, and therefore this linear state model could be used to 
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capture the settling performances of the charge injection technique rather quickly 

compared to normal transient analysis.  

Figure 30 shows the transient behavior modeling curves of the pre-charge 

method (M2) and the traditional SC residue without the pre-charge method (M0), 

simulated with the state model in MATLAB. As shown, the initial input voltage 

starts from zero, and after going up to the peak initial voltage, it goes back to zero 

at the end of the settling phase, and Vo approaches the final value determined by 

the MDAC function. 

Fig. 30. Transient behavior of minimal pre-charge method (M2) compared with 

traditional SC pipeline stage (M0) (reprinted by permission from Paper II @ 2016 IEEE).  

The highest initial voltage always occurs when the input voltage is around the 

comparator thresholds which are at ±1/4Vref=±0.125. If the input voltage is equal 

to 0.1252 V, the initial voltage input Vi0 of the OTA in a traditional pipeline stage 

is 0.14 V. By using the precharge method M2 mentioned above, the initial input 

voltage Vi0 drops to 0.04 V, which avoids the biggest initial input step, and thus no 

slew limitation appears in OTA. The settling accuracy of M2 met the requirement 

at t=8 ns to ensure that the output voltage settles within ½ LSB. However, the 

settling accuracy of M0 met the requirement at t=10 ns. 

The pre-charge method M2 can largely decrease the exponential settling error 

caused by Vi0 exceeding the linear input range Vlin, and reduce the distortion of 

the pipeline ADC. At t=8 ns, the settling accuracy of M0 is 0.16%, while the settling 

accuracy of M2 is 0.096%. Therefore, the circuit level implementation of the 

minimal precharge method used in the pipeline ADC is worth studying further. 
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5.3.3 FFT of SC residue with/without the minimal pre-charge 

technique 

After the behavioral modeling, the SC residue circuit is drawn and simulated in a 

90 nm general CMOS process with a 1.2 V supply voltage. The input signal 

frequency fin of a sinusoidal signal is 42.37 MHz, and the sampling frequency is 

100 MHz. 

The passive capacitor charge-sharing technique for minimizing the initial 

voltage steps is employed in pipeline residue OTA. The chosen implementation M2 

uses only two fixed and existing precharging voltages: 0 and -Vrefi. First, we 

eliminate all charge in Cs of one capacitor bank at the next stage. Meanwhile, we 

separately precharge three duplicated capacitors Cf of one capacitor bank at the 

next stage to zero and ±Vrefi; Then one of the duplicated capacitors Cf is selected 

by the state of the output of the 1.5-bit ADC, which is needed anyway at the 

conventional pipeline stage. In the following phase, the precharged capacitor Cs 

with V2=0 and Cf with V1=-Vrefi are connected to the output of the first stage as 

the load capacitor. The proposed structure does not have any additional loading of 

the stages, and the precharged capacitor chosen (PCC) block only consists of 

several logic gates and D-flip flops (DFFs) that encode digital inputs into the 

control-switch signals. 

Fig. 31. The principle of spectral simulations. 

The delta-sigma converters in Chapter 4 were modeled in their entirety. Here, to 

speed up the simulations, only the effect of the first residue stage was modeled. 

How it was done is explained in Figure 31: the response of the first stage was 

simulated and compared to the ideal residue voltage, and this error was reduced 

back to the input signal, and the FFT of this input signal plus input-reduced error is 

studied. This corresponds to the case where we have dominant errors at the first 
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stage, and it is followed by an ideal quantizer with an infinite number of bits. This 

ignores the errors of the succeeding stages, but greatly speeds up the analysis and 

still catches the dominant effects.  

Figure 32 shows the simulated 65 536-point FFT output spectrum for the 

original structure M0 and pre-charged method 2 (M2).  

(a) 

(b) 

Fig. 32. FFT performance of SC residue (a) the original implementation M0 (b) the pre-

charge implementation M2 (reprinted by permission from Paper III @ 2018 IEEE). 

Table 5 shows the performance comparison of the two SC residue circuits 

(with/without the pre-charged method 2), which shows a 4 dB SNDR improvement 

corresponding to about 0.67 bit increase in the effective number of bits (ENOB) 

and obtain 4.4 dB SFDR improvement.  
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Table 5. Performance comparison of SC residue circuit with/without pre-charge 

technique. 

 Sampling frequency SFDR SNDR ENOB 

Original circuit 100 MHz 59.4 dB 58.3 dB 9.39 bit 

Precharge Method (M2) 100 MHz 63.8 dB 62.3 dB 10.06 bit 

5.3.4 Power saving using the minimal pre-charge technique 

As shown above, the use of pre-charging increased the performance of the 

dimensioned ADC only by half a bit. Let us assume that we are happy with the 

original resolution, but want to see how much power we can save by using the pre-

charging technique. 

Table 6. OTA performance comparison. 

OTA PM 

(degree) 

UGBW 

(MHz) 

SR 

(V/us) 

Ibias 

(μA) 

SNDR 

(dB) 

SFDR 

(dB) 

Original OTA in SC  86  452 250  166.25 58.3 59.4 

Relaxed OTA with 

M2 

86  361 170  113 58.6 60.5 

Fig. 33. FFT performance of SC residue on the purpose of saving the power (reprinted 

by permission from Paper III @ 2018 IEEE).  

With the proposed minimal pre-charged method, we can relax the OTA’s 

performance and still obtain the same dynamic specifications as the original 

structure. Since the input initial voltage is minimized, we can decrease the SR 
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requirement of the OTA, and allocate more time for linear settling. Therefore, the 

unit gain bandwidth (UGBW) requirement can be decreased, too.  

Table 6 summarizes the main characteristics of the OTA. The static current 

Ibias of the original OTA is 166 μA and the UGBW is 452 MHz. The static current 

Ibias of the relaxed OTA in the proposed precharge method is 113 uA and the 

UGBW is 361 MHz. The bias current is decreased by approximately 30%, which 

indicates that the power of the OTA is saved in an equal proportion. 

The black solid curve in Figure 33 is the power spectral density (PSD) of the 

SC residue circuit without the pre-charged method. The grey dashed curve is the 

spectrum with the proposed pre-charged method 2 (M2), where the relaxed OTA of 

Table 5 is embedded. The SNDR and SFDR of the original structure are 58.3 dB 

and 59.4 dB, and the SNDR and SFDR of the proposed structure are 58.6 dB and 

60.5 dB, which are the same as in the original structure.  

Since no additional active circuit is added into the proposed structure, only 

some logic gates are added to control the capacitor banks shown in Figure 28. The 

power consumption of the pre-charge capacitor chosen block can be ignored 

compared to the power reduction of the OTA. Therefore, Table 6 and Figure 33 

illustrate that the power of the SC residue circuit can be saved by approximately 

30% to achieve the same dynamic specifications compared with the original SC 

residue circuit, which has a higher power consumption OTA. 

5.4 Continuously controlled pre-charge technique 

5.4.1 Circuit implementation 

As explained before, here we are still using capacitive pulling to aid the settling, 

but use a continuously controlled and more precise pre-charging of the load 

capacitors. For this purpose, a parallel time-interleaved SC summing circuit is 

added between the 1st and 2nd MDAC (i.e. the residue stage) for calculating and 

setting the pre-charge voltage Vpre shown in Eq. (25). 

       Vpre 2.5 Vin, 𝑖 1.5 Vrefi
Cin

Csum
Vin, 𝑖

Cref

Csum
Vrefi              (25) 
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Now the load capacitor CL at the first stage is pre-charged to this continuously 

generated Vpre. The SC summing circuit is illustrated in Figure 34, where the 

single-ended configuration is shown here for simplify, but the actual 

implementation is fully differential. A summing SC stage (pre-charging block) is 

added between the 1st and 2nd MDAC, as illustrated in Figure 36. Figure 34 has two 

capacitor banks working in opposite clock phases, and they share one summing 

OTA. The summing OTA samples the input signal Vin,i through Cin or Cin’ by the 

factor of Cin/Csum=2.5 and then subtracts it with 1.5Vrefi through Cref or Cref’ 

by the factor of Cref/Csum=1.5. 

Fig. 34. Schematic of the summing OTA (reprinted by permission from Paper III @ 2018 

IEEE). 

Fig. 35. Clock phase of the summing OTA (reprinted by permission from Paper III @ 2018 

IEEE). 

To allocate enough time for pre-charging the load capacitor of the 1st stage, it is 

necessary to introduce one full cycle to the precharge processing. This means that 

at the 1st stage of double sampling, three capacitor banks are required instead of 

two. The three capacitor banks (A, B and C) of the MDAC1 are alternately working 

in the order of A→B→C→A, as seen in Figure 36. After the input is sampled onto 
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the capacitor bank A (CsA,1 and CfA,1) during phase I, the sampled signal is held 

for one period for the capacitor bank A during phase II, while at the same time Vpre 

is calculated and precharged into the load capacitor (bank C of MDAC2: CfC,2 and 

CsC,2) of the 1st stage. Then during phase III, the capacitor bank A with the input 

signal Vin is connected as a feedback around MDAC1 and the precharged load 

capacitors (CfC,2 and CsC,2) are connected to the output of the first stage for 

pulling the charge and sampling for the next stage.  
 

Fig. 36. Pre-charge load capacitor speed-up technique (reprinted by permission from 

Paper IV @ 2019 IEEE). 

In MDAC2, we have four capacitor banks working alternately in the order 

A→B→C→D→A. While bank A is sampling during phase I, bank B is being 

precharged, and bank C is in the evaluation operation and bank D, which is holding 

the previous sampled signal, is disconnected from the circuit.  

During phase I shown in Table 7, the input voltage Vin is sampled in CsA and 

CfA of MDAC1 as well as in Cin of the summing OTA at phase ctrla, as shown in 

Figure 36. Clocks ctrlap and ctrlA go down simultaneously to make sure that the 
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same input value is sampled in CsA, CfA and in Cin. After entering phase II, the 

summing OTA pre-charges the sampling capacitors CsC and CfC of MDAC2 to 

Vpre. During phase III, the pre-charged CsC and CfC of MDAC2 are connected to 

the output of MDAC1 as the load capacitor for pulling the charge sharing. 

The proposed technique is implemented only for pre-charging the load 

capacitor of the first stage so that the 1st stage requires one and the 2nd stage two 

additional capacitor banks, while the other eight stages of 10-bit ADC keep the 

same as the original structure. Therefore, the extra area cost of these additional 

capacitors with respect to the total area of the original ADC is only approximately 

10%. 

Table 7.  Capacitor bank arrangement of each phase (reprinted by permission from 

Paper IV @ 2019 IEEE). 

    phase I II  III  IV 

 MDAC1 CsA,1 CfA,1 Sampling ------ Evaluation Sampling 

CsB1 CfB,1 Evaluation Sampling ------ Evaluation 

CsC,1 CfC,1 ------ Evaluation Sampling ------ 

 

 

 

MDAC2 

CsA,2 CfA,2 Sampling ------ Evaluation Pre-charged 

as CL 

CsB,2 CfB,2 Pre-charging as 

CL 

Sampling ------ Evaluation 

CsC,2 CfC,2 Evaluation Pre-charging as 

CL 

Sampling ------ 

CsD,2 CfD,2 ------ Evaluation Pre-charging 

as CL 

Sampling 

Summing 

OTA 

Cin Sampling Evaluation Sampling Evaluation 

Cref Csum Empty Charge Empty Charge 

Cin’ Evaluation Sampling Evaluation Sampling 

Cref’ Csum’ Empty Charge Empty Charge 

5.4.2 Simulation results 

An OTA sharing, double sampling SC residue circuit based on an SHA-less 

architecture with 1.5-bit MDAC was designed using a 90 nm generic CMOS PDK. 

The sampling frequency fs of the conventional structure is 100 MHz, and the 

frequency of the input signal fin is 25.37 MHz. The maximum Vi0 of the original 

structure can reach 246 mV, while the precharge method reduces Vi0 approximately 

to +/- 30 mV. 
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The original structure is simulated with fs=100 MHz, and the proposed 

precharged technique is simulated with fs increased to 133 MHz. The graphs in 

Figure 37 (a) and (b) show the simulated 65 536-point FFT output spectrums with 

and without the proposed precharged technique. We used a two-stage folded 

cascaded OTA with a Miller capacitor as the main OTA for the conventional and 

the proposed structure. Since the accuracy requirement of the precharge circuit 

block is relaxed, single-stage telescopic OTA is chosen for the summing OTA. 

Again, only the first two stages are simulated, and the error compared to the ideal 

residue response is reduced to the input signal, and the FFT analysis is made for 

that. 

 

Fig. 37. (a) FFT spectrum of a conventional SC residue circuit with fs=100 MHz (b) FFT 

spectrum of proposed precharged technique with fs=133 MHz (reprinted by permission 

from Paper IV @ 2019 IEEE). 

(a) 

(b) 
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The FFT performances of the conventional and pre-charged structures are 

compared and summarized in Table 8. The spurious-free dynamic range SFDR of 

the conventional structure with fs=100 MHz was 73.4 dB and the signal-to-noise 

and distortion ratio SNDR was 67.6 dB, resulting in the effective number of bit 

ENOB of 10.94 bits. The SFDR of the pre-charged speed-up structure with 

fs=133 MHz was 73.6 dB and SNDR was 67.2 dB, resulting in the ENOB of 10.87 

bits. With the proposed pre-charged method, the sampling rate of the SC residue 

circuit is increased by approximately 30%. It can still achieve almost the same 

performance and power consumption as the conventional structure and have a 

power consumption equal to the conventional structure (explained below). 

Table 8. Performance comparison of the SC residue circuit with/without the precharge 

technique. 

SC residue circuit Sampling 

frequency   

SNDR SFDR ENOB 

Original structure  100 MHz 67.6 dB 73.4 dB 10.94 bits 

Precharged technique 133 MHz 67.2 dB 73.6 dB 10.87 bits 

The main performance of the OTAs used in the original and pre-charged structure 

is compared in Table 9. The dominated power consumption of the SC residue circuit 

is the main OTA and the summing OTA of the pre-charge circuit block. The total 

static current consumption of 1016 μA with the original OTA and without the 

proposed method results in static power dissipation of 1.22 mW. The total static 

current consumption is 897 μA with the relaxed main OTA and precharge summing 

OTA, resulting in static power dissipation of 1.08 mW. Despite the slightly smaller 

power dissipation, the sampling frequency can be increased from 100 MHz to 

133 MHz due to the faster settling. 
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Table 9. OTA performance comparison (reprinted by permission from Paper IV @ 2019 

IEEE). 

OTA Original main OTA in SC 

without precharged method 

Relaxed main OTA in SC 

with continuous 

precharged method 

Precharge 

summing OTA 

Accuracy 10 b 10 b 3% 

OTA structure Two-stage folded cascade 

OTA with Cc 

Two-stage folded cascade 

OTA with Cc 

one stage 

telescopic OTA 

Phase Margin 65 degrees 67 degrees 75 degrees 

Gain 71 dB 71 dB 300 

UGBW 520 MHz 540 MHz 560 MHz 

SR 248 V/μs 62.4 V/μs 266 V/μs 

Cs,Cf 0.75 pF 0.75 pF ------ 

Cc 0.5 pF 0.5 pF ------ 

Total Static Current  1016 μA 465 μA 432 μA 

Total settling time 8 ns 5.5 ns 7.1 ns 

The total power consumption with the increased complexity part remains almost 

the same compared to the conventional structure, since the power saved by the 

relaxed main OTA. The improvement is that the sampling frequency can be 

increased by 30% while still achieving the same specifications compared to the 

conventional structure. 
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6 Discussion and future work 

6.1 Discussion 

The contributions of this dissertation include both modeling and architectural 

development topics. Results have been verified with circuit simulations, although 

often with simplified models to speed up the simulations. 

Discrete-time modeling of settling errors has been used in SC circuits for a 

long time. Paper I extends this approach to a case, where the errors are functions of 

so many variables that making analytical error functions grows out of hands. The 

loop of two simultaneously settling OTAs was specifically chosen to make the 

problem more evident. Here the combination of a continuous-time state model 

training circuit, and a look-up-table based discrete-time simulator proved to be very 

fast, while still capturing a very broad range of non-linear effects, including 

traditional GBW and slew rate, and extending to non-linear output conductance, 

and simultaneously settling OTAs. Compared to full continuous-time simulation 

using Verilog-A OTA models, which took 20 minutes, the discrete-time simulation 

lasted only 5 seconds in total. 

The architectural developments were aimed for pipeline and sigma-delta ADC 

converter. Here the main approach was to keep the OTA as is and do the boosting 

outside the OTA. This way the OTA can still be designed to be simple and optimized 

for fixed-bias operation. 

The main difference in the two types of AD converters is that a pipeline residue 

stage is driving load capacitors at the same time it is settling, and pre-charging those 

capacitors gave an easy way to aid the settling. In SC integrators, instead, the output 

is disconnected during settling, and a separate charge pumping circuit is needed to 

pull the output.  

The pipeline OTA was aided by pre-charging its load capacitors. In Paper III, 

they were pre-charged with existing and fixed voltages, hence not requiring any 

additional active components and noticeable power consumption to pre-charge the 

load capacitor.  This method was simulated and verified using a fully differential 

circuit, and it showed 4 dB improvement in SNDR and 4.4 dB SFDR improvement. 

It also allows the achievement of the same performance with roughly 20% to 30% 

lower bias currents of the op-amp. The main drawback of the proposed structure is 

that it requires three time-interleaved capacitor banks for residue stage, which 

increases the chip area. Also, when a mismatch is presented, it causes some residual 
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sampling at multiples of fs/3, adding spurious components at fs/3. Yet, mismatch 

errors appear mostly as periodically varying gain and offset that are relatively easy 

to compensate digitally. 

In Paper III and Paper IV, the load capacitors were pre-charged with 

continuously calculated voltage. To achieve this, a low-resolution summing 

amplifier, additional one-sample delay and one additional time-interleaved 

capacitor bank were needed to pre-charge the load capacitors of the first stage. As 

the 1st OTA skips the slew rate region, it settles more quickly. The simulation results 

of a 25.37 MHz signal input sampled at 100 MHz show that in this case it was 

possible to increase the sampling frequency by 30% to achieve the same dynamic 

specification compared to the conventional SC residue circuit. In addition to the 

one-sample delay, the pre-charging logic requires one additional summing 

amplifier, but its accuracy requirements are relaxed and it can be implemented with 

a simple and low-power circuitry. The increased amount of time-interleaving 

generates additional spurious components. However, this also spreads the 

mismatch energy to several bands and may reduce the magnitude of the spurious 

components. 

Regarding the sigma-delta converters, two methods of open-loop charge 

injection into the output of the first integrator, published in Paper V, were studied. 

The main idea is to feed an approximate amount of precalculated charge Qpre to 

the output of the OTA at the very beginning of the integrator period, to minimize 

the initial transient voltage in the input of the first OTA and hence bypass the 

slewing of the OTA. The amount of charge needed is proportional to the input and 

feedback voltages Vin and Vref. 

The simpler three-level current pumping circuit is rather simple to implement, 

as coarse quantization is used for Vin,diff and on the sign of the feedback signal 

Vref,diff is available from the comparator of the Σ∆M. Alternatively, the injected 

charge was calculated using summing circuits, resulting in continuous control. Both 

of the two methods avoid adding any additional capacitive load to the output of the 

integrator during the integration phase. Circuit simulations of both methods show 

that a 10-bit performance can be obtained by 60% power dissipation, compared to 

a traditional implementation and dimensioning. 

Comparison to the state of the art is somewhat difficult, because most 

publications of low power operation publication only state the final achieved value 

of power consumption and not the improvement. In (Cho, 2017), the integrator 

power is reduced by periodically changing the op amp bias condition between a 

high-current and a low-current mode using a fast low-power high-precision charge 
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pump circuit. (Cho, 2017) reduces the power dissipation at the first stage by 43%. 

In our dissertation, the first stage integrator with continuously controlled current 

pumping injected technology reduces the first stage power by 60% compared to the 

conventional structure, and our three-level charge pumping technology reduces the 

power dissipation in the first stage integrator by 56%. As seen in Table 10, the 

proposed charge pumping technologies for SDM performs well compared to 

clocked biasing.  

Table 10. Power saving comparison of SDM. 

 Power reduction of first 

stage 

power reduction of SDM 

Dynamic biasing (Cho, 2017) 43% -------- 

Continuously controlled current pumping 

technology 

60% 43% 

3-level charge pumping technology 56% 40% 

6.2 Future work 

The main limitation of this thesis is the lack of experimental modeling: no test chips 

were made, and the simulations were mostly simplified. In pipeline ADCs, only the 

first stage was modeled. The OTA models were written in Verilog-A, even though 

they very carefully imitated the structure and the operation of a fully differential 

OTA. The use of such modeling also allowed very quick exploration of the OTA 

specifications needed for a given purpose. Yet it is good to remember that one’s 

model only models the anomalies programmed there, while nature models 

everything. Hence, an experimental verification is a logical next step, but this time 

we unfortunately did not have the resources and funding for it. 

After publishing the papers and while writing this manuscript, two more ideas 

emerged. First, the continuous pre-charge technique in Chapter 5 can be simplified 

slightly. Since we had to allocate enough time for pre-charging the load capacitor 

in the continuously controlled pre-charge technique presented in Chapter 5, one 

capacitor bank A was added at the 1st stage for holding the sampled Vin stored in 

bank A while bank B is sampling and bank C is evaluating and one capacitor bank 

of the 2nd stage is pre-charging for speeding up the settling of the 1st stage next 

phase. We could decrease the number of capacitor banks at the 2nd stage from two 

to one, if we do not apply similar settling speed-up at the 2nd stage. Then there 

would be three capacitor banks in total for the 2nd stage. While bank A is sampling 
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(as the load capacitor of the 1st stage), bank B is pre-charging in the summing OTA, 

bank C is evaluating in the 2nd stage. Therefore the 1st stage needs 3T to finish 

processing one input sample, and each subsequent stage needs only 1T (2T if we 

have 4 capacitor banks at the 2nd stage) to process the residue sample and propagate 

to the next stage. 

The second idea to explore further is that the use of duration-controlled 

injection (Qpre=Ipump_fix×∆t) was abandoned in Section 4.3.2, since a very high 

speed and power-hungry comparator was assumed to be needed to implement a 

dynamically controlled pulse length ∆t which is proportional to Vin and Vref. 

However, in the SD converter, we could obtain a digital version of the input signal 

from the decimation filter after some latency. With that and the Vref information 

we receive from the comparator, we could have digital representations for both the 

input signal and Vref. Therefore, a dynamically controlled pulse duration ∆t could 

be achieved by a digital-to-time converter. These converters are fairly standard 

structures in many integrated phase-locked and delay-locked loops. 

6.3 Summary 

This dissertation presents both effective simulation and analysis techniques and 

new circuit architectures for speeding up the settling of SC OTAs and integrators 

in pipeline and delta-sigma analog-to-digital converters. All circuit architectures 

were verified with simulations, where schematic-like Verilog-A modeling was used 

to speed up the simulations, but still catching all the relevant non-idealities of the 

OTAs. 

The most effective error modeling technique was a sample-based modeling 

technique using a multi-dimensional look-up table for settling error modeling. The 

LUT was first trained with a selected set of initial conditions and a non-linear state-

space model. With this technique, the simulation time was reduced to 5 seconds 

compared to Verilog-A level continuous time circuit simulations.  

The settling of pipeline residue stages can be speeded up by properly pre-

charging the load capacitors of the first stage. Two techniques were presented, one 

employing three fixed and readily available constant voltages, and another building 

a continuously controlled voltage using an additional summing amplifier. The 

former allowed 30% reduction in power consumption, while the latter a 30% 

increase in sampling frequency with the same power consumption. 

In a typical delta-sigma modulator, the integrators do not have a load connected, 

when they are settling. Here the settling speed-up was implemented by an 



81 

additional charge pump injecting a charge to the output node of the integrator. Both 

a multi-level and continuously controlled injection were experimented with, 

resulting in 40% and 43% reduction in power consumption, respectively.  
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