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Abstract

Pipeline Analog-to-Digital Converters (ADCs) cover a wide field of broadband communication.
They combine both high resolution and high sampling rate with low power consumption. This
type of ADC is among the most attractive approaches for medium-high resolution (8-14 bits)
and medium-high speed (10-200 MHz) applications. Different error compensation techniques
are used to increase the resolution of pipeline ADCs or to relax the requirements for precision in
order to save power. An attractive approach to compensate for the errors introduced by a finite
DC gain is the use of analog error compensation techniques such as dual path amplification. In
dual path amplification, each pipeline stage is split into a coarse stage and a fine stage. The DC
gain that is required for a pipeline stage can be split over two Operational Amplifiers (op-amps).
This thesis investigates dual path amplification for 40nm technology both analytically and in
Matlab simulations. Error sources are considered separately for the Dual Path Amplification
(DPA) Multiplying Digital-to-Analog-Converter (MDAC) with 1.5 bits and the DPA MDAC with
2.5bits. The residue error of a single pipeline stage is compared with linearity considerations
for the pipeline ADC using the dual path amplification technique. The DPA approach makes
it possible to reach the needed equivalent DC gain with two simple Miller op-amps in 40 nm
technology. The noise performance and the error due to capacitor mismatch of an ADC built
of DPA MDAC stages are similar to the noise performance of an ADC built of Single Path
Amplification (SPA) MDAC stages. Errors of the coarse stage can be compensated by the fine
stage but errors of the fine stage cannot be compensated. The fine stage is the dominant error
source for noise and errors due to capacitor mismatch. The chip size is increased with respect to
SPA MDACSs, because of additional capacitors and switches. Moreover, two op-amps are used
instead of one. Digital calibration can be avoided unless capacitor mismatch of the technology
used limits the resolution. Resolution limits for the pipeline ADC using DPA can be increased
with 2.5 bit MDAC stages instead of 1.5bit MDAC stages. DPA pipeline ADCs built of 2.5 bit
MDACs have, with respect to 1.5 bit, relaxed requirements for capacitor mismatch, DC gain and
noise sources. Furthermore power can be saved because fewer pipeline stages are required.






Kurzfassung

Pipeline Analog/Digital-Umsetzer (A/D-Umsetzer) decken ein weites Feld von Breitbandkom-
munikation ab. Sie verbinden hohe Auflésungen und Abtastraten mit niedrigem Energiever-
brauch. Dieser Umsetzertyp ist eine der attraktivsten Losungen fiir Anwendungen mit mittel-
hohen Auflésungen (8-14 Bit) und mittelhohen Abtastraten (10-200 MHz). Um die Auflésung
von Pipeline A /D-Umsetzern zu erhéhen oder die Anforderungen an Fehler zu relaxen um En-
ergie zu sparen, werden verschiedene Fehler-Kompensation Techniken eingesetzt. Analoge Fehler
Kompensation, wie die Dual Path Amplification Technik, ist ein vielversprechender Ansatz um
den Fehler zu kompensieren der durch endliche Gleichspannungsverstarkung entsteht. Bei der
Dual Path Amplification Technik wird jede Pipeline-Stufe in eine Grob- und in eine Fein-Stufe
aufgeteilt. Die benotigte Gleichspannungsverstiarkung der Pipeline-Stufe kann dadurch auf zwei
Operationsverstirker (OPVs) aufgeteilt werden. Diese Arbeit untersucht Dual Path Amplifica-
tion fiir die 40 nm Technologie einerseits analytisch und andererseits mit Matlab Simulationen.
Die Fehlerquellen werden getrennt fiir Dual-Path-Amplification (DPA) Multiplying Digital to
Analog Converters (MDACs) mit 1,5 Bit und 2,5 Bit analysiert. Der Residuum Fehler einer
Pipeline-Stufe wird mittels Linearititsbetrachtungen des gesamten Pipeline ADCs mit DPA ver-
glichen. Die DPA Technik macht es méglich, die benétigte Gleichspannungsverstarkung mit zwei
einfachen Miller OPVs in der 40 nm Technologie zu erreichen. Die Rauscheigenschaften und die
Eigenschaften beziiglich Kapazitéts-Fehlanpassung von DPA A /D-Umsetzern und Single-Path-
Amplification (SPA) A/D-Umsetzern sind &hnlich. Fehler der Grob-Stufe konnen durch die Fein-
Stufe kompensiert werden, wahrend Fehler der Fein-Stufe nicht kompensiert werden konnen. Die
Fein-Stufe ist die dominante Fehlerquelle. Die Chipflache ist im Vergleich zu SPA MDACs grofer,
da zusétzliche Kondensatoren und Metal Oxide Semiconductor (MOS) Schalter bendtigt werden.
AuBlerdem werden zwei Operationsverstiarker anstelle von einem verwendet. Digitale Fehlerkor-
rektur kann vermieden werden solange die, der Technologie inhédrente, Fehlanpassung der Kon-
densatoren die Auflosung nicht begrenzt. Die Auflésung von DPA Pipeline A/D-Umsetzern
kann durch die Verwendung von 2,5 Bit MDACs anstelle von 1,5 Bit MDACSs verbessert werden.
DPA Pipeline A /D-Umsetzer mit 2,5 Bit haben im Vergleich zu 1,5 Bit geringere Anforderungen
in Bezug auf die Fehlanpassung von Kapazititen, die Gleichspannungsverstarkung und in Bezug
auf Rauschquellen. Auflerdem kann Energie eingespart werden, da weniger Pipeline-Stufen zum
Finsatz kommen.
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Introduction

1.1 Motivation

The importance of digital signal processing is continuously increasing and most communication
systems today use digital signal processing techniques. These techniques can typically better deal
with variations in the power supply and are less sensitive to noise than their analog counterparts.
Further, variations in the production process are tolerated well and scaling the systems to more
compact technologies (e.g., from 65 nm to 40 nm) has less impact on the design of digital circuits
than for analog circuits. [2]

Nevertheless, physical signals are analog and are typically measured by sensors that produce
an analog signal. In order to digitally process the signal it must be translated, i.e., an interface
between the analog circuits and the digital circuits is required. One of these interfaces is the
Analog to Digital Converter (ADC) . The design of ADCs is a major challenge for designers
due to rapidly evolving digital systems that require increasingly accurate and fast converters.
The current trend to integrate ADCs into digital technologies makes the design even more
sophisticated. [2]

An important representative of ADCs is the so-called pipelined ADC. Pipelined ADCs cover
a wide range of broadband applications such as Digital Video Broadcasting (DVB), Power Line
Communications (PLC), or Very high-bit rate Digital Subscriber Line (VDSL). They combine
both high resolution and high sampling rate with low power consumption and are among the
most attractive approaches for medium-high resolution (8-14 bits) and medium-high speed (10-
200 MHz) applications. [2]

At the same time, pipeline ADCs are also very complex structures that depend on highly
accurate switched capacitors, other sub-ADC architectures, and precise timing. One source
of imprecision that must be dealt with is linearity errors. To compensate for linearity errors,
digital and analog calibration techniques have been developed. One promising analog compen-
sation technique is dual path amplification (DPA ). Recently, a new high-performance low-power
pipelined ADC based on DPA was proposed. This ADC uses standard 65 nm technology and
reaches 10 bit resolution and a sampling rate of 200 MS/s at a low power consumption of only
5.37mW [1].

The scope of this thesis is to investigate the DPA architecture for pipelined ADCs for the newer
40nm technology, which is gaining importance for logic circuits and is expected to supersede
the older 65 nm technology in many applications.

Villach, February 28, 2014 - 19 -




1 Introduction

1.2 Analog Error Compensation Approach

To achieve high resolutions for ADCs, various error compensation approaches have been applied.
A powerful approach that is able to compensate for a wide range of errors is based on complex
digital calibration techniques [3]. However, digital calibration comes at the cost of additionally
required chip area and higher power consumption, which makes this approach less attractive for
some applications.

One important error source is caused by the finite DC gain of the operational Amplifiers (op-
amps). The problem is only partially solved by using complex op-amps with high DC gain such
as cascaded op-amps or op-amps with feedback loop, since these op-amps have higher power
consumption and worse noise behavior than a simple Miller op-amp.

An attractive alternative to compensate for the errors introduced by a finite DC gain is the
use of analog error compensation such as dual path amplification [1]. In dual path amplification,
each pipeline stage is split into a coarse stage and a fine stage. Both perform the same operation
and calculate the residue voltage. The fine stage also has, in addition to the common inputs with
the coarse stage, the inverted output of the coarse stage as an input. The fine stage calculates
the error caused by the coarse stage. The overall residue of the pipeline stage is the sum of
the coarse output and the fine output. A key feature of this approach is that the op-amps of
the coarse and the fine stage have different requirements and can be optimized separately. The
coarse op-amp has a wide swing output signal and can be relaxed regarding noise and capacitor
mismatch. The fine op-amp, on the other hand, must have good noise performance and low
mismatch error, but only needs to perform a small swing output. The DC gain required for
the MDAC can be split across both op-amps, which allows simple op-amps with low power
consumption to be used.

1.3 Research Contribution

The scope of this thesis is to investigate the DPA architecture for use with 40 nm technology.
Previously, DPA had only been discussed for the older 65nm technology [1] and it was not
obvious whether this technique would also prove to be useful for the 40 nm technology. Due to
the changed physical properties of the electronic modules, moving from 65nm to 40 nm is not
straightforward and essentially requires redesigning the circuit.

This thesis investigates DPA for 40 nm technology both analytically and in Matlab simulations.
The following error sources are considered separately for 1.5bit and 2.5 bit bit DPA MDACs:

finite DC gain
capacitor mismatch
noise sources

offset voltage

The analytic approximations of the error sources are verified in Matlab simulations, which meant
that the corresponding transfer functions had to be derived

For the simulations, the Matlab model of a 1.5 bit DPA MDAC with flip around architecture,
which had been developed as part of a previous project, was extended to a 1.5bit DPA MDAC
with non-flip around architecture and to a 2.5bit DPA MDAC. A Matlab model of the over-
all pipelined ADC was constructed based on the individual MDAC model stages, which were
cascaded, and the ADC performance was analyzed in the frequency domain. The SPA struc-
ture with 1.5bits and 2.5 bits was compared to the DPA approach, and requirements for the
mentioned error sources were determined.
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1.3 Research Contribution

The goal of dual path amplification is to reach a high resolution without digital calibration
or complex op-amps, i.e., to save chip area and keep the power consumption low. The main
findings of this thesis with respect to this goal as follows:

1.

DC gain: 1t is possible to achieve the needed equivalent DC gain with two simple op-amps
of about 45dB. The sum of the coarse DC gain and the fine DC gain is higher than the
DC gain required for the SPA approach.

. Noise performance and capacitor mismatch: The noise performance and the error due to

capacitor mismatch of an ADC using DPA MDAC stages is similar to the noise performance

of an ADC built of SPA MDAC stages.

Chip area: Additional capacitors and switches are needed, which increases the chip size
with respect to SPA MDACs.

Digital calibration: No digital calibration is needed for resolutions covered by the capacitor
mismatch of the technology used.

. Resolution limits: In 40 nm technology, the resolution using DPA is limited to an absolute

maximum of 10.7 bits for 1.5 bit MDACs and of 11.2 bits for 2.5 bit MDACs.

The thesis is organized as follows: Chapter 2 introduces the basics of analog to digital con-
verters and of pipelined ADCs. Chapter 3 derives error approximations and transfer functions
for a single 1.5 bit MDAC stage and verifies the approximations in Matlab simulations, Chapter
4 extends the results to 2.5 bit MDAC stages. 1.5bit and 2.5 bit MDAC are compared. The cas-
cading of multiple MDAC stages to an overall pipelined ADC is discussed in Chapter 5 based on
Matlab simulation results. The digital output of the ADC is analyzed in the frequency domain.
The key findings are summarized in Chapter 6 and final conclusions are drawn.
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Basics

This chapter contains important basics about analog to digital conversion, and about the
pipelined ADC and its error sources. First the discretization in time and amplitude is shown
in time and frequency domain and noise occurring while sampling, kT /C Noise, is explained.
Then the impact of jitter on the analog to digital conversion is discussed. The last section of
this chapter deals with error sources of the pipelined ADC and performance metrics. The entire
chapter is taken from the dissertation 'Low Noise High Speed Analog Video Frontends for PC
and HDTV Applications in 90nm and 65nm’ [4] written by Dr. Martin Trojer. It contains no
research contributions but theoretical basics to the topic. It was carried over because of time
reasons, with friendly permission of the author.

2.1 Sampling and Quantization

Sampling and quantization are the basics for the analog to digital conversion which is a key
function in modern systems. This is valid for each converter topology.

2.1.1 Sampling Function

The sampling function represents a sequence of equidistant Dirac impulses.

A

v

Figure 2.1: Sampling function
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Jff o(t—n-T) (2.1)

n=—oo

The sampling function can be evaluated in the frequency domain, where a Fourier series expan-
sion is performed. Hence the sampling function is interpreted by the sum of fundamental wave
and harmonics. (fs = sampling frequency)

= . 2.7
S On-efernt o 28 (2.2)
e e ws
+3 +0
Cn=2. [ A@). edesnt. gp— 2 / 5(t) - - dt — ~ (2.3)
= — . -e . = — . e - - X
T T T
_g —0

d(t) is a Dirac pulse with infinitely short duration impulse and amplitude.

+o0 A
- Z e]ws-n-t (24)

n=—oo

In equation 2.4 an infinite series of sine waves is shown. In the frequency domain it is given as:

+oo
> S(f—n-fs) (2.5)

n=—oo

Next a transformation pair between time and frequency domain is obtained.

Alt Z St—n-T) = A(f Z 6(f—n-fs) (2.6)

n=—oo TL—*OO
o e
T
+—>
y L y
_ 4
1 0 1 2 3 4 5 1 0 1

Figure 2.2: Transformation between time and frequency domain for the sampling function

Sampling means multiplication of the continuous time input signal x(t) with the sampling
function A(t). In time domain an impulse series is obtained which is weighted by the input signal
amplitude. A multiplication in time domain corresponds to a convolution in frequency domain,
which results in a reproduction of X(f) at integer multiples of the sampling frequency. Therefore,
a periodical spectrum is obtained illustrated in figure 2.3. In the frequency domain a convolution
of the analog signal spectrum and the spectrum of the sampling function is obtained. In equation
2.7 the sampling theorem is shown. If the bandwidth of X(f) increases then overlapping of the
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x(t) X(f)
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Figure 2.3: Sampling in time and frequency domain

baseband and images occurs, which is called aliasing. Consequently, frequencies larger than half
the sampling frequency must not be present in the input signal, which can be realized by a
low-pass filter.

+oo
X() Al =5 X X(f—n-fs) (27)

2.1.2 Amplitude Quantization

The analog input samples are rounded to discrete values corresponding to a set of limited
numbers, suitable for further digital modification. Although the quantization is non-linear, it
can be approximated by a linear model. In many cases the rounding error is represented by a
random signal, which is added to the ideal not quantized signal. The rounding error is assumed
to be white and uncorrelated with the input signal. To meet these assumptions of the linear
model, the input signal must be "busy” and many quantization intervals must be occupied by
the signal. In contrast, constant input signals result in non-zero correlation of the rounding
error, and the white noise model is obviously not valid.

The noise signal has a constant probability density from -q/2 to +q/2. It is uncorrelated with
the signal s(t) and has a wideband noise spectrum. From the difference of the quantization noise

Pe(q) A

1/q

-q/2 q/2

Figure 2.4: Equally distributed quantization noise

Villach, February 28, 2014 - 25 —




2 Basics

power before quantization and after quantization the quantization noise power is obtained.
2
q
Pqg=— 2.8
1712 (2.8)

By sampling the power density spectrum the noise is concentrated to the range of 0 to fs/2.
Consequently, the noise power is equally distributed shown in figure 2.5.

S(1),

Figure 2.5: Noise density spectrum of the quantization noise

2.1.3 kT/C Noise

Every switch action contains resistive elements with thermal noise: This thermal noise is sampled
on the capacitor each cycle. The overall noise power of the switch depends on the temperature,

Ron_switch

1
L 1

Vnoise C_) —— Csample

Figure 2.6: The equivalent circuit of a sample switch and capacitor

the Boltzmann constant k and the considered bandwidth.
Pnoiseg, =4-k-T-R-BW (2.9)

For calculating the noise power of the sampling circuit the noise power of the resistor can be
multiplied by the square of the low pass transfer function.

f=00
) / 4-k-T-R-6f k-T
Pnoise = 5 —
f01+(2-7r-f) -R?2.C2 C

(2.10)
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2.2 SNR due to Jitter

The influence of the uncertainty of the sampling clock leads to a decreasing of the SNR. In figure
2.7 this uncertainty results in an error in the voltage amplitude du.

A

du

dt

n*Ts
Figure 2.7: Jitter at the sampling process
dVv 2-Vinp 1

_ _ _ 2.11
SRmax  Vinp-2-7-f-2N+1  g. f. 2N+l (2.11)

dt

If dt is an event from a Gaussian distributed jitter then equation 2.12 is valid. Moreover it
can be seen that the signal amplitude doesn’t influence the signal to noise ratio (cf. 2.8).

SNR — f(Vinp-sin(w-t))Z-dt: 1 (2.12)
J oyt (w - oa)? '

2.3 Pipeline ADC and Error Sources

A pipeline ADC consists of similar ADC stages which are connected in a pipeline [5]. Each
stage has a resolution of n-bit where a redundancy is used for error correction. The overall
resolution of this ADC depends on the amount of stages and input reflected noise at the first
stage. A maximum resolution of 16 bit at medium sample rates like 100 MS/s can be achieved
by calibration. Figure 2.9 shows the principle topology of a pipeline stage. First the input is
sampled and amplified by 2 for 1.5 bit per stage architecture. The comparator which performs
the analog to digital conversion can be connected in front or behind the sample and hold.

After the amplification the reference voltage must be subtracted or added depending on the
result of the comparator. The analog output is led to the next pipeline stage where the same
process is started again. Each stage works with the same sample rate. So the conversion speed
is the same as for a Flash ADC but a delay is generated depending on the amount of pipeline
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SNR (dB)
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Figure 2.8: SNR due to jitter

stages. Compared to a two step Flash ADC the power consumption and the amount of com-
parators is smaller. Also from the design point of view only one stage has to be developed and
scaled for the following pipeline stages.

Vref

Out
(Shiftregister)

N4

Vin

N/

|

I

I

I

I
l> tm —> Next stage
Y

I

I

I

— Vref
Figure 2.9: Pipeline ADC principle

The residue (analog output) of a 1bit and 1.5bit stage is demonstrated in figure 2.10. The
1.5 bit stage reduces the headroom by a factor of 2 for the output to use it for the correction
of an error of the comparator. Therefore saturation of the multiplying DAC (MDAC) amplifier
is avoided. The principle transfer function of the MDAC can be seen in equation 2.13 where D
depends on the decision of the comparator and corresponds to -1, 0 or 1.

Vout =Vin-2—D-Vref (2.13)
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2.3.1 Offset in a Pipeline ADC

The maximum correctable offset Voff;s of the first stage followed by an ideal stage corresponds
to 1/8%vref. This can be explained by the comparator levels of + /- 0.25%vref of the second stage
divided by 2. The maximum correctable offset of an N-bit ADC is calculated in equation 2.14.
For a 10bit ADC this formula yields a maximum correctable offset of 0.25*vref. An increase of
the bit count of the stages per one decreases the correction range by a factor of two. Figure 2.11
shows the residue of the first stage if the comparator performs a wrong decision.

N

Voffcorr(N) - Z

=2

Vofflst

o (2.14)

Residue of a 1.5 bit (blue) and 1 bit (red) pipelined stage
1 T T T T T T T

/
0 S 1
0.8} K4 i

0.6 K

0.4

o
N
T

vout (vref)
o

/

»
|
|
|
|
i
|
|
|
i
i
i
|
! /

| /
: P . ]
00 10/ 11

-1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
vin (vref)

Figure 2.10: Residue of 1bit and 1.5 bit stage

2.3.2 DNL and INL

The DNL stands for the differential non-linearity and corresponds to the deviation of the real
to the ideal step width related on the ideal step width. For the evaluation of the ADC a ramp
must be applied where the received characteristics are shown in figure 2.12. A DNL larger than
1LSB leads to a missing code which degrades the linearity very much.

LSBreal - LSBideal
DNL; = 2.15
‘ LSBideal ( )

The integral non-linearity (INL) equals to the distance of the measured to ideal stepcurve related
on the ideal step width. Additionally the INL is the integration of the DNL.

Lreal — Lideal
INL, = —— 2.16
’ LSBideal ( )

In figure 2.12 the INL is demonstrated as the green difference of X,.cq-X;geqar- The difference can
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Residue of 1st stage: blue curve = without error red curve = with comparator offset
1 T T T T T T T T T
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Figure 2.11: Residue of a 1.5 bit stage with comparator offset

be calculated by measuring the center of each quantization step of the ideal and real step-curve.

Quantization graph of a 4-bit ADC: blue curve = ideal red curve = real

15 1 1 T T 1 T T T T
calculatéd
10 ideal width- - - 4
3 of step negative :
o 1 3 ;
o . — INL
= positive
o DNL
= :
o .
IS " veal wi
= real width
% of step
o e e s ull L T bt W -
0 1 1 1 L L
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vin (vref)

Figure 2.12: } bit ADC characteristics with DNL and INL
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2.3.3 Gain Error

The output voltage of an MDAC is calculated in equation 2.17 where the feedback capacitor of
the inverting amplifier is C1. Figure 2.13 illustrates the bottom plate sampling process with a
two phase non-overlapping clock signal where the input is disconnected after the sampling switch
is opened. Hence the influence of clock feedthrough and charge redistribution of the input switch
can be reduced. After sampling is finished the op-amp is used as inverting amplifier with gain
one. There the charge from C2 is transferred to C1. Consequently the gain of two for the 1.5 bit
stage is realized. For a 2.5bit stage a gain of 4 will be get during amplification by one unity
capacitor in the feedback and 3 at the input branch.
‘ C1+ Cy Cy

V.

V;m:‘/i - ef * T~
¢ Ch o

(2.17)

The gain error is caused by capacitor mismatch and low op-amp gain. Due to a very large gain

short_in_out l_ _I l_ _I short_in_out m

samp_vin I__l I—_l samp_vin

amplify amplify

]

Vout Vout

vin (%) p

e

Figure 2.18: MDAC op-amp in sampling and amplification mode

error the output of the first stage is smaller than the ideal value shown in figure 2.14. Therefore
a shift of the comparator levels of the first stage in the overall ADC transfer characteristics
occurs which is demonstrated in figure 2.15. Specially the accuracy of the first stage is essential
for the overall converter performance.

The gain error of the first and second stage of a pipeline ADC is shown in figure 2.16. In-
specting this figure it can be seen that a gain error in the first stage has a large impact on
the residue of the second stage. Alternating gain errors of the pipeline stages lead to a larger
decrease of the linearity than the same gain error in each stage [6]. The shown gain errors are
not realistic and were chosen very large for demonstration.

2.3.4 Total Harmonic Distortion

The total harmonic distortion (THD) 2.18 and the signal-to-noise ratio (SNR) are used to
characterize an ADC. The THD is the ratio between the squared voltages of the signal and the
tones. It measures the linearity which influences the picture quality. 5 to 10 harmonics are
included in the THD and the rest is considered as noise.
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Residue of 1st stage: blue curve = without error red curve = with cap. mismatch
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Figure 2.14: Residue of a 1.5 bit stage with capacitor mismatch

Quantization graph: blue curve = without error  red curve = with cap. mismatch
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Figure 2.15: Residue of the first and second 1.5 bit stage with capacitor mismatch

V12
THD(dB) = 10 - log <V22 Ve V42”) (2.18)
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Residue of 1st stage: blue curve = without error red curve = with cap. mismatch
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Residue of 2nd stage: blue curve = without error red curve = with cap. mismatch
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Figure 2.16: Residue of the first and second 1.5 bit stage with capacitor mismatch

2.3.5 Signal-to—Noise Ratio

The signal to noise ratio in dB corresponds for an ADC:

SNR(dB) =1.76 +6.02 - N (2.19)
N is the resolution of the ADC.

2.3.6 Signal-to—Noise and Distortion Ratio

Another important specific value is the signal-to-noise and distortion ratio (SNDR) which con-
tains the distortion and thermal noise of a system. There the signal is referred to all unwanted
components up to fs/2.

V12 )
V22 +V324+V42. + V%B + thermalnoise

(2.20)

SNDR(dB) =10 - log <

2.4 Summary of Basics

In this chapter the discretisation of signals in time and amplitude was explained. Moreover the
pipeline ADC and its error sources were discussed where the first stage is the most critical part
of this ADC.
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MDAC 1.5 Bit with Dual Path Amplification

This chapter introduces and analyzes dual path amplification (DPA), an analog error compensa-
tion technique for MDAC stages. After introducing the DPA technique, the transfer functions
are derived, and the following error sources are discussed:

finite DC gain,
capacitor mismatch,
noise sources, and
offset voltage.

The precision of the analog output voltage, the residue V5, and the compensation for the
error caused by finite DC gain are analyzed. With DPA it is possible to use a simple miller
op-amp with low DC gain instead of a cascaded op-amp or feedback loop, and complex digital
compensation is not required. It is also shown that the DPA MDAC behaves similarly to a SPA
MDAC regarding capacitor mismatch, noise sources, and offset voltage on op-amps.

The analytical considerations use approximations. The results are verified in a Matlab simu-
lation.

The focus in this chapter is on a single stage of a pipeline ADC, on the 1.5bit MDAC:; the
2.5bit DPA MDAC is discussed in Chapter 4.

3.1 Dual Path Ampilification Technique and Topology

This section introduces the dual path amplification technique.

Figure 3.1 shows a 1.5bit MDAC using DPA [1]. DPA uses two op-amps instead of one for
the calculation of the residue: the coarse and the fine op-amp. The coarse op-amp produces a
residue Ve that is different from Ve jgeq; because of a non-ideal op-amp. The fine op-amp is
used to compensate for the error of the coarse op-amp. It performs the same operation as the
coarse op-amp, and in addition subtracts the output Voc of the coarse op-amp. The output of
the fine op-amp Vap is the negative error of the coarse op-amp. The desired residue voltage, Va,
is obtained by the sum of coarse and fine outputs.

Vo =Vac + Vo (3.1)
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Coarse Stage MDAC

+Vref/4 ] j: N

Encoder

'Vref/4 ] j: ]

Fine Stage MDAC

Figure 3.1: MDAC stage with dual path amplification architecture

Thus, the errors of the coarse op-amp are compensated for by the fine op-amp. The fine op-amp
determines the accuracy and noise performance of the MDAC, but only needs to generate a
small-swing signal.

Ce1=2C¢s

Vie Il i
- I "
GND
[
. -
f— COARSE O V¢
A
Cr1=2Ck
Vie 18 [l | |Cee
- cc '
: FC.'l i o~ GND
GND % I . ! i
L= FINE O V¢
N

Figure 3.2: Schematic of the 1st pipeline stage of dual path amplification in sampling mode, 1.5 bit MDAC

The MDAC in the 1st pipeline stage must be treated differently from the 2nd stage MDAC
(and all following stages).

First stage. Figure 3.2 shows the schematic of a 1st stage MDAC with DPA in sampling
mode. The architecture investigated in this thesis is non-flip around, i.e., the feedback capacitor
is fixed. This brings advantages for the settling behavior of the MDAC. In sampling mode, the
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input voltage Vi is loaded on capacitors Coq and Cgq. The coarse output voltage Vocr is loaded
to Cpe. In amplification mode, the op-amp loop is closed. The inputs at Coq and Cpq are
connected with Vi, ; the input at Cg, is connected with ground. V,; is the output of sub-DAC
realized by a multiplexer, it is calculated by

V,
‘/sub = Dout ' ﬂ

; (3.2)

for this architecture.

Note that the capacitors C'c; and Cgy are two times larger than the feedback capacitance, i.e.,
Cc1 = 2CF1, Cp1 = 2Cpy. This causes a gain of 2 for Vj¢ and Vi sampled on the capacitors as
well as for Vi,p connected to the capacitors during the amplification phase. The coarse output
voltage -V is transferred with gain 1 to the fine output Vop . The coarse output yields

Vac =2 (Vic — Vsw) + Verr,c (3.3)
where V., ¢ is the deviation from the ideal residue V5 jjeq:

Verr,c = Vac — Vajideal (3.4)
Also the fine stage is not ideal and produces an error V., . The fine output is calculated by

Vor =2 (Vic — Vew) — Vac + Verr p
=2 (VIC - Vsub) - {2 (VIC - Vsub) + Verr,C} + V;zrr,F
= *Vverr,C + ‘/err,F (35)

With (3.1) the residue voltage of the 1st stage is obtained as:

Vo = Voo + Var =2 (Vie — Vsuws) + Verr,r = Vaiideal + Verr.p (3.6)

Second stage. The 2nd MDAC stage has two inputs, Voo and Vop, which are added in the
MDAC. The schematic of the 2nd MDAC stage is depicted in Figure 3.3. Note that capacitors

Ce1=2C¢s
? [ 1 Cer
: Cotoc '
Vi b L GND
GND I . I
COARSE O V¢
N
Cr1=2Ck
? [l | |Cet
- Comoc I
q P o GND
GND O c I O =
D CFCI:CFf FINE O Vi
© J g
GND !

Figure 8.3: Schematic of the 2nd pipeline stage of dual path amplification in sampling mode, 1.5 bit MDAC
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Cci, Co2, Cr1, and Cra have twice the capacitance of the feedback capacitor, and Cp. = Cpy
are the same size. The coarse output of the 2nd MDAC stage can be calculated by

Vac =2 (Vic + Vir — Vow) + Verrc (3.7)
the fine output is obtained by

Vor =2 (Vic + Vir — Vsw) — Vac + Verr F (3.8)
The residue voltage of the 2nd stage is computed as:

Vo = Vac 4+ Var = Vaideat + Verr.F (3.9)

Note that the output of the 2nd coarse stage and the output of the 1st coarse stage are
required for the fine stage and are sampled on the capacitors Cr. and Cpryi. As a consequence,
the capacitor C'r; must be sampled during the amplification phase of the fine stage. Two
capacitor sets are required.

3.2 Transfer Functions

The Matlab model is based on transfer functions describing the input-output behavior of MDAC
stages. In this section the transfer functions are derived. Assuming the MDAC is a linear system,
the impact of inputs on the system can be considered in isolation, and the outputs added together
(additivity property). As the MDAC with DPA is a Multiple Input Multiple Output (MIMO)
system, it has a transfer function from each input to each output.

3.2.1 Derivation of Basic Relations

This section shows the basic equations for calculating the transfer functions of MDAC. First the
transfer function of a voltage Vi¢ is calculated; second the transfer function of a voltage Vi
applied during the amplification phase on the MDAC is treated. In the following sections the
transfer functions of the 1st stage and the 2nd stage DPA MDAC are discussed.

To obtain the transfer function from a voltage sampled on capacitor Cp to the output of the
MDAC, consider the coarse stage of the 1st MDAC depicted in Figure 3.2. When the transfer
function from the sampled voltage Vi to the output Vor is derived, Vi is assumed to be zero.
Figure 3.4 illustrates the calculation on a schematic. The input voltage Vicis sampled on

s

2
Qi Ca 1 Cer AQy Cey AQs (Cer
I I I I
V, Vs
C__3/1c
T - <
Cer +COARSE —0O y Ceo VdT —O Vi
P AQ,

Figure 3.4: Right: sampling phase ®1, left: amplifying phase ®2
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capacitor Ccq during ®1 . The charge on C¢q during 1 is:
Q1 ="VicCen (3.10)

The ground connection is removed from the negative op-amp input and C¢; is connected to
ground during the amplification phase ®5. This causes a difference V; between positive and
negative op-amp inputs and results in the output voltage

Voo = ViGe (3.11)

where G¢ describes the transfer function of the op-amp. The charge @1 is now shifted to Ccy.
The op-amp has finite open loop gain and Vj is not equal to zero. Therefore some charge is also
on Ccp and Ceqp. The sum of the charges on the capacitors Cc1, Coy, and Cgy, is:

Q1 =AQ1 +AQy + AQ)y (3.12)
The charges on the capacitors are

AQ1 = Cc Vy, AQs = Cor(Vac + Vy), AQp = CcpVa. (3.13)
Using (3.11) and summing up equations (3.13) yields:

Voo C Voo C Voo C
AQ) + AQs + AQ, = X c1t QZCCI”L 272Gt VaeCoy (3.14)

Using (3.12) and (3.10) yields:
Cer + VacCop + VacCoy

Ve1Cor = Voo G + Ccoy (3.15)
C
After a few conversions the desired transfer function is obtained:
Vac Cer
Vie CH—Gch-I- Cp 4 CCf

Lets move on to the transfer function of a subtraction voltage Vi, applied during the am-
plification phase ®2on the MDAC input. It is Vi = V,er/2 because Coq = 2Ccy. Figure 3.5
shows the schematic of the coarse stage of a 1.5bit MDAC. Only the subtraction voltage Vg, is
considered as an input. All capacitors are assumed to have zero charge at the beginning of the
amplification phase, thus

AQ1 +AQf + AQ, = 0. (3.17)
| Cer | St
1™ I
Vi Vs
Vsub
© .

VdT —O Vzc

1

Figure 3.5: Transfer of Vsup to the coarse output, amplifying phase @2

The op-amp now tries to balance its positive and negative inputs according to (3.11). The
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charges on the capacitors are given by
AQy=Cor(Vac +Va),  AQ1=Cc1(Vswp +Va),  AQp=CcpVa. (3.18)

According to (3.17) the sum of all charges must be zero, and Vj can be substituted using (3.11).
We obtain now the equation between V,; and Vor :

VocCcet + VacCop + VacCoy

+ VacCof + Veuy =0 (3.19)
Ge
After a few conversions the transfer function is obtained:
Vac —Cc
_ o = 3.20
‘/sub Su CC1+%cg+CCp +CCf ( )

Compared to the transfer function of the sampled voltage it can be seen that Toc and Tyupe
differ only in the sign. The finite open loop gain and the parasitic capacitance are considered
with a disruptive term added in the denominator of the transfer functions. It is the sum of
all involved capacitors in the wiring of the op-amp divided by the transfer function G of the
op-amp. This term vanishes if the open loop gain of the op-amp is driven towards infinity.

3.2.2 1st MDAC stage

The disruptive term for the coarse stage is according to (3.16) and (3.20):

SCers Cor+ Cop+ C.
Hease = %Cc’”z CI+GCCP+ < (3.21)

The fine stage has one additional capacitor. The disruptive term yields:

2 S C C c C C

The transfer functions of the coarse stage describe the impact of input signals on the coarse
output. The transfer function of the coarse input voltage Vi is:

Voo Ce
Toe = = SCoru (3.23)

o tCcy

The transfer function of subtraction voltage Vy,; is:

Ty = 26 = __~Can (3.24)

SCc1s
‘/sub 7GCCY'1 L —|— CCf

The transfer functions of the fine stage describe the impact of input signals on the fine output.
The transfer function of the coarse input voltage Vi¢ is:

Vor Cr1
Tor = =55 (3.25)
VlC 7GF;St -+ CCf
The transfer function of subtraction voltage Vi, is:
Vor —Cr1
ToubF = = 3.26
SU Vaub ECrst ‘f‘CCf ( )
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The transfer function of the coarse output voltage Vo to the fine output is:

Vor —Cpo
i pr— pr— 3-27
2T Ve ECF =t 4 Coy 327

All partial outputs of the coarse MDAC stage can be superposed to obtain Vac :

Vac = — (3.28)

The output of fine MDAC stage is obtained by:

Cri(Vic — Vaw) — CrcVac

Vop = ECF SCrast | CFf

(3.29)

Assuming an ideal MDAC with G' = oo and Cc1 = Ccy we get the following simple equation:

Voo =2(Vic — Vo) (3.30)
Vor =2(Vic — Vew) — Vac (3.31)

3.2.3 2nd MDAC stage

At the 2nd MDAC, coarse and fine stage have additional capacitors Coo and Cop for the fine
input Vip. The schematic is shown in Figure 3.3. The disruptive terms are given by:

¥Ccona  Cec1+ Co2+ Cop + Coy

Heong = o G (3.32)
E T (&

In the following, the transfer functions of the 2nd 1.5bit MDAC stage are introduced. The
transfer functions of the coarse stage describe the relationship between the input signals and
the coarse output. The transfer function of the coarse input voltage Vi¢ is:

Voo Col
Tee = == (3.34)
VIC g;nd —+ CCf
The transfer function of subtraction voltage Vi, is:
Voo —Co
T = = 3.35
subC' Vsub ZCC 2nd + CC’f ( )
The transfer function of the fine input voltage Vi is:
Voo Ccs (3.36)

Vir EC’C 2nd Coy

The transfer functions of the fine stage describe the relationship between the input signals and
the fine output. The transfer function of the coarse input voltage Vi¢ is:

Top = - (3.37)
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The transfer function of subtraction voltage Vy,; is:

_ Wep —Cr1
TsubF - V:qub - ECGFﬁnd (338)

Tpp = b = 13 (3.39)

The transfer function of the coarse output voltage Voc to the fine output is:

Var —Cra
Toop = 25— __—F2 3.40
20F Vac %}fnd-i'CFf ( )

The output as a function of the inputs of the MDAC is

Cc1(Vie = Vaw + C2Vir

Voo = e (3.41)
—Ga + Coy
for the coarse state, and
Cri(Vic — Vsw) + Cc2Vir — Crc Ve
Vo — r1(Vic Zsclfi)m c2Vir — CpcVac (3.42)
- T Cry

for the fine state. These equations are the basis of the Matlab simulations in this thesis performed
for MDAC stages and for the pipeline ADC. Assuming an ideal MDAC, the functions can be
simplified to:

Vac =2(Vie + Vir — Viw) (3.43)
Var =2(Vic + Vir — Vew) — Voo (3.44)

3.3 Finite DC Gain

The finite DC' gain of the op-amps, as described in Section 2.3.3, causes a gain error at the
MDAC. The error is proportional to the output of the MDAC. This will be shown in the following
for the SPA and for the DPA MDAC. Furthermore, the relationship between the errors resulting
from the finite DC gain and the loop gain will be investigated. The analytical considerations
will be completed with simulation results.

3.3.1 Analytical Considerations

The transfer functions of a 1.5 bit SPA MDAC are shown in (3.23) and (3.24), they correspond
to the coarse stage of the DPA MDAC. The settling behavior is ignored for these considerations,
and the transfer function of the op-amp is assumed to be a constant G,, = Ag. The ideal gain
of the MDAC is corrupted by the additional disruptive term (3.21) in the denominator. This
causes a gain error that is the same for all inputs. The residue error is shown in Figure 3.6.

Assuming an ideal matching Cc1 = 2C¢, the input to output equation shown in (3.28) can
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Residue Error — Finite DC Gain
1 T T T I

V2C+V2F

0.8
. V2,idea|

Vout/Vref

! ! ! ! ! !
-0.2 0 0.2 0.4 0.6 0.8 1
Vin/Vref

Figure 3.6: Ideal residue (gray dashed) and residue with error (blue) of 1st stage, 1.5 bit MDAC with DPA

be written as:
Vac = 2Vie(1 — @) — 2V (1 — @) = Vo jgear(1 — @) (3.45)
where « is the gain error of the MDAC and

ZC’C’,lst + CCf

Aoc

(1—a)= (3.46)

Considering the MDAC with DPA of Figure 3.2, the fine stage also has the same gain error for
all inputs,

Vor = 2Vic(1 = ) = 2V (1 — B) — Voo (1 = B) = Vajidear — Voo ) (1 — B), (3.47)

where £ is the gain error of the fine MDAC stage. The factor (1 — 3) can be expressed by:

Cry
1-8)=vwer"—" (3.48)
Az; L+ CFy
The sum of coarse and fine output yields:
Vo + Vor = (Vajideal — Va,ideat(1 — @) (1 = B) + Vaigear (1 — )
= Vajideal(1 — a3) (3.49)

Figure 3.7 illustrates the MDAC as a system with feed forward amplification Ag. The transfer
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function (3.23) can be written as:

~ Vae Ce Aoc
Tec = Vie Co1+Ceop+Cof 14 Ccr 4
P Cc1+CcoptCoy 0
C A
_ 2001 Cgf (3.50)
Clst 1+ XCe st Aoc
Introducing loop gain L, the transfer function T is:
Cc Aoc
Trr — 3.51
0T SCciw 1+ Lo (3.51)
Vin vd Vout
E— \Y > + > Gol >
A-
k <
Figure 3.7: MDAC as a system: 1.5bit 1st stage, SPA
There is a connection between loop gain L¢ and gain error a:
(1—a)= Cey _ XCcast + CcrAoc —3Cc 15t
Ziigst +Cop  ECcast +Corhoc  ECcoast + Copdoc
»C 1
O P A (3.52)
CcrAoc Le
The gain errors « and S can be approximated with:
1 1
~ ~ 3.53
axi- AL (353)
Consequently, the gain error of the overall MDAC output Voo + Vaop yields [1]:
B ! (3.54)
aff ~ .
LoLp
The output of the coarse stage can then be expressed as:
1
Voo = Vaidear(1 — f) (3.55)
C
Using (3.49) the overall output of the MDAC yields:
1
Vo = Voo + Var = Vaigear(1 — ) (3.56)
LoLp
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3.3.2 Simulation Results

To evaluate the performance of the MDAC corrupted by finite DC' gain, a Matlab model was
implemented using the transfer functions introduced in Section 3.2. Capacitor mismatch and
other error sources were ignored. The model of the MDAC shown in Figure 3.2 contains parasitic
capacitors C¢p, and Cgp at the input of the op-amp. This is because the parasitic capacitor
influences the loop gain of the MDAC, as shown in Section 3.3.1. Moreover there are also errors
such as noise and offset, not only the error caused by finite DC gain. All errors should be below
+LSBj2/4 to get 12bit resolution but in our case a larger error is allowed. Table 3.1 shows the
contribution of pipeline stages to the input referred residual error and requirement for the error
on the output of the MDAC stage. The sum of all residual errors (3.57) converges to LSB/2.

LSB LSB
O Z 2.9i (3.57)
=1
Table 3.1: Accumulation of residue errors
Stage number 1 2 3 4 5
Input referred error LZB LgB Lf(),B L§QB L&B
Error at MDAC output | £38 | LSB | LS5 | LsB | LS5

According to (3.57) only the last stage can be scaled for a residual error within LSB/2. The
allowed residue error at the output of the MDAC was assumed to be LSBj2/2 according to

Table 3.1. The simulation algorithm looked for {Aopc, Aor} pairs to get a maximum residue
error of exactly £LSB/2.

LSB
’V2,z'deal - (VQC + VéF”maz = T

(3.58)
Figure 3.8 shows the DC gain of the coarse op-amp versus on the DC gain of the fine op-amp for
different resolutions to meet constraint (3.58). The parasitic capacitor is assumed to be equal
to the feedback capacitor for both coarse and fine stage:

Ccp = Cof
Crp=CrFy

Using the same DC gain for coarse and fine op-amp, with 12 bit resolution the DC gain is:
Aoc = Aor = 49dB (3.59)

7 The sum of both is 98 dB. An SPA MDAC requires DC gain Ay = 84.3 dB for the same residue
error. Moving on the black continuous curve of Figure 3.8 by 10dB to the left or to the right,
the sum of DC gains keeps nearly constant. For Agr = 60dB, coarse DC gain Agc = 37.2 is
needed. It yields a sum of 97.2dB. Moving further, the sum decreases. The distance between
the curves is approximately 6 dB. This is because of the factor of 2 for the LSB of different
resolutions. Figure 3.8 (below) shows the linear dependency of DC gain on the resolution for an
SPA MDAC.

The dependency of the DC gain on the parasitic capacitor can be seen in Figure 3.9. The
parasitic capacitor of coarse and fine stage are assumed to be the same related to the respective
feedback capacitor. A parasitic capacitor of U,y costs 4.4dB if Agc ~ Agr. A parasitic capacitor
of 2C;f costs only 7.9dB. This is due to loop gain L, which is not proportional to Cyy, but to
(Cmp + Cyp1 + fo)fl.
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Finite DC Gain — Curves of Equal Error
100 T T T

12 bits
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Finite DC Gain - Single Path Amplification MDAC
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Figure 8.8: Above: Constant error LSB/2 on MDAC output, 1.5bit MDAC, 1st stage. Continuous lines:
DPA MDAC, dashed lines: SPA MDAC. Below: Open-loop gain that produces LSB/2 on MDAC
output, dependent on ADC resolution. 1.5bit SPA MDAC, 1st stage

In Figure 3.10, the impact of the parasitic capacitance on the coarse and fine stage are illus-
trated separately. It can be seen that parasitic capacitor of Cc, = 2Ccy on the coarse stage
has more impact on the residue error than Cr, = 2CFs on the fine stage. The reason is again
the relationship between parasitic capacitor and the sum of input capacitors that appear in loop
gain L.

Remember that in Section 3.3.1 the gain error was approximated to show the relationship
between gain error and loop gain (3.56). Figure 3.11 compares the approximation with the
simulation using exact transfer functions. It can be seen that the approximation features the
worst case: the blue curve is always above the magenta curve. Furthermore it can be seen that
it is a linearization for the exact behavior at Agc ~ Agr.

Figure 3.12 compares the topology of the 1st MDAC stage with the topology of the 2nd or
a following MDAC stage. The output of each MDAC stage was forced to be LSB/2. The
2nd MDAC stage has additional capacitors C'cg and C'gg for the input of the fine signal Vg, This
decreases the feedback factor £ and thus open-loop gain L. With Cp, = Cyy and Agc =~ Aor,
the distance between the curves on the x-axis is 6.4 dB. This means that the 2nd MDAC stage
has stronger requirements regarding DC gain because of its different topology.
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Finite DC Gain — Curves of Equal Error
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Figure 8.9: Impact of parasitic capacitor, coarse and fine stage have the same parasitic capacitor related to
their feedback capacitor. 1.5 bit MDAC, 1st stage

Finite DC Gain — Curves of Equal Error
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Figure 3.10: Parasitic capacitor at coarse stage vs. parasitic capacitor at fine stage, 1.5 bit MDAC, 1st stage

The most important findings about the error introduced by the finite DC gain are:

The error is proportional to the MDAC output for both SPA and DPA MDAC. This means
that the greatest absolute error is always obtained for the inputs £V,.;.

The error is approximately proportional to the loop gain of the MDAC for SPA and to the
product of both loop gains for DPA. Thus also the product Agc - Agr is proportional to
the error. It must be higher than 98 dB to keep the error below LSB/2 for the 1st stage
DPA MDAC of a 12bit ADC.

The error decreases with increasing feedback factor kx and with increasing DC gain AgX.
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Figure 3.11: Open loop gain for constant error LSB/2 calculated with transfer function (magenta) and with
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Figure 3.12: Comparison of 1st and 2nd MDAC stage, 1.5 bit MADC
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The feedback factor is the ratio of feedback capacitor C, and all capacitors involved in
the op-amp wiring. More capacitors involved in relation to C, yield a larger error.

3.4 Capacitor Mismatch

The capacitor mismatch affects the precision of the MDAC residue. The gain for each single
input signal is adjusted by capacitor ratios. The capacitor mismatch of the 40 nm technology
has a minimum at about 200 fF and cannot be improved by increasing the capacitance. This is
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visible from the simulation result in Figure 3.13, there is a minimum for mismatch. The residue
error caused in the fine stage cannot be compensated by DPA. The mismatch error is depending
on the used topology, which is shown in this section.

Capacitor Mismatch in 40nm Technology
T T T T

0.25F ' : .

0.2

0.15

o(dC/C) [%]

0.1

0.05

0 \ \ \
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

C—O.S [f F—0.5 ]

nom

Figure 3.13: Capacitor mismatch for CMOS 40nm technology, Spice simulation

In the following analytical part the residue error caused by capacitor mismatch will be ap-
proximated. The analytic approximation will be evaluated with a simulation using a Matlab
model.

3.4.1 Analytical Considerations

Capacitor mismatch o, is the relative deviation of two capacitors from each other:

o.=0 {m} (3.60)

The capacitor mismatch is Gaussian distributed, and capacitors vary statistically independent
from each other. The capacitor mismatch can be written as the squared sum of the deviations
Oaps from the nominal values of C and Co:

0c =\ 02 + 0% = V20 (3.61)

The deviation o4 from the nominal value is:

1
Oabs — ﬁ

This value is suitable for analytical considerations and for introducing the capacitor mismatch
into the Matlab model.

Consider the schematic of a 1.5bit SPA MDAC stage shown in Figure 3.14. Each capacitor
is normally distributed around its nominal value C),,,, with the standard deviation Cjom, - Oaps-
It can be written as:

Y (362)

O = Crom (1 +¢), (3.63)
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where € is a Gaussian distributed random variable with zero mean and standard deviation ops.
Assuming an ideal op-amp, the MDAC output can be approximated by:

V-G +ea) =V - Ci(l+ea)  2(Vi = Vi) (L +€)

Cf(1+6f) (1+€f)
~2(Vi = Vew) - (L1 —¢p —erey) = 2(Vi = Vow) - (1+e1—¢y)

Va

Va = Vaideal - (1 — (€5 — €1)) (3.64)
C1=2C
R o |1 I Cf
. I I
GND
[
OV,
N

Figure 8.14: Schematic of 1st pipeline stage, 1.5 bit MDAC, with single path amplification (SPA)

The resulting error can be approximated as gain error (ef—e;). This gain error is also Gaussian
distributed with standard deviation

oler —ep} =02, + 02, = V2 Oups. (3.65)

The residue of an MDAC with capacitor mismatch is depicted in Figure 3.15. The deviation of
the capacitors is overdrawn to make the effect visible. The ideal residue is denoted by the dashed
line. The largest error occurs at V3 = 1. Assuming a 12bit ADC and a mismatch o, = 0.1 %,
the residue error has a standard deviation

1
o {Va — Vasidear} = 1- \@\ﬁac = 0.001 = 2.0 LSBys. (3.66)

Lets look at the error made by the 1.5bit DPA MDAC depicted in Figure 3.2. The residue
error of the coarse stage is compensated, while the errors made by the fine stage are affecting
the residue. To keep calculations simple, the coarse stage is assumed to be ideal:

Voo = Vaideal = 2 (Vic — Vsup) (3.67)

The fine stage would then produce zero output if it was ideal. Since the fine stage suffers from
mismatch, the output of the fine stage is equal to the residue error. No parasitic capacitor
appears since ideal op-amps are assumed.

Cri(1+€r) Cre(l + €pe)
Var = (Vie — Vi) - 22 TRy o SZEAD T CFe)
or = (Vic b) Crr(L+ery) 2 e

- - (I+ep) (L+ere)
= Z(Vlc Vsub) <(1 + EFf) (1 + €Ff)>

Var = Vaideal(€r1 — €rc) (3.68)
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Residue Error — Capacitor Mismatch
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Figure 3.15: Residue of 1.5 bit DPA MDAC with capacitor mismatch (continuous line), ideal residue (dashed
line)

The overall residue is calculated by:
Vo = Fop + Voo = Vaideal(1 — (€rc — €r1)) (3.69)

It can be seen that the gain error (ep.—e€p1) is constant, because the residue error is proportional
to Vo igear- It has a standard deviation of:

U{GFC - 6Fl} = 0’21,5 + 0’255 = \/5 Oabs (3'70)

This corresponds to the result obtained for the SPA MDAC.

3.4.2 Simulation Results

To evaluate the analytical results and to get more details, the DPA MDAC is simulated in
Matlab. All capacitors of the MDAC are deviated randomly with Gaussian distribution and
standard deviation ogps = % o¢, according to the mismatch o.. The simulation is performed

with 10? different capacitor sets and with 10® input samples. It yields a distribution of 10° residue
values. As shown in Section 3.4.1, residue errors are approximately Gaussian distributed. For
plotting the results, the standard deviation of the residue errors is calculated.

Figure 3.16 shows the residue error at the output of an SPA MDAC with the black dashed
line. It is depicted dependent on input voltage Vi¢ that is normalized by the reference voltage
Vref- The shape of the error is piecewise linear. It has kinks at the thresholds of the comparator
at £0.25 and at the points where the error is crossing zero at £0.5 and 0. This is in line
with the analytic result (3.64) that claims constant gain error. The magenta curve shows the
residue error of a DPA MDAC with the topology of a 1st pipeline stage. The topology of a
2nd pipeline stage is shown with a dashed, magenta line. The two curves match exactly. This
result is not surprising because the simulation assumes that the fine input of the 2nd stage is
zero. The additional capacitors Coc and Cypr of the 2nd pipeline stage produce errors due to
a finite DC gain (cf. Section 3.3.2). However, with the assumption of an ideal op-amp and
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Residue Error — Cap Mismatch 0= 0.1%
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Figure 3.16: Residue Error of 1.5 bit MDAC. Black dashed line: SPA MDAC, magenta line: 1st stage DPA
MDAC, cyan line: 2nd stage DPA MDAC. Standard deviation of the error is shown versus
input of MDAC

no inputs applied to Coc and Csyp, they do not influence the residue error. Fine input Vip
can be assumed to be small compared to coarse input Vi, therefore it is ignored. Looking at
the maximum values for the residue error at Vic/Vyey = #£1, it can be seen that the standard
deviation of the error is about 2 LS B for 12bit ADC resolution. This matches well the analytic
approximation (3.66). Some simplifications are performed in the analytical approximation SPA
MDAC and DPA MDAC show the same standard deviation of gain error in (3.70) and (3.65).
Looking at the simulation results in Figure 3.16, the largest difference between SPA MDAC and
DPA MDAC occurs at Vic/Vier = £1 and is only 0.05 LSB. Considering the gain of 2 of the
1.5 bit MDAC, the standard deviation of the input referred error e;, for a 12 bit ADC with 0.1 %
mismatch is o {e;,} = 1 LSB.

Figure 3.17 shows the impact of the coarse and the fine stage to the residue error. The
standard deviation of the residue error is normalized with LSBjs and is plotted versus the
normalized input voltage of the MDAC. The blue line displays that the residue error is zero, if
a mismatch appears only in the coarse stage and the fine stage is ideal. This is obviously taking
into account that the fine stage corrects errors of the coarse stage. If the fine stage is assumed to
be ideal, all errors can be corrected. The green curve and the dashed black curve show that the
MDAC produces the same residue error when the mismatch is only at the fine stage and when
the mismatch is on each side, the fine and the coarse stage. This result is very interesting. It
shows a very good error rejection for mismatch errors of the coarse stage, even if the fine stage is
affected by capacitor mismatch. It also confirms the assumption of the ideal coarse stage made
for the analytical calculations in Section 3.4.1 about the mismatch errors of the DPA MDAC.

Figure 3.18 shows the residue error of the DPA MDAC versus the capacitor mismatch o..
The simulation was performed with 10® uniformly distributed input samples Vic ~ U[—1, 1] and
103 capacitor sets, where each capacitor is independently varied with C' ~ N (Chom, agbs). The
standard deviation of all residue errors iss calculated. Other than Figure 3.17 and Figure 3.16,
Figure 3.18 shows the 3¢ value of the residue error. Assuming Gaussian distribution of the
residue error, 99.7% of the residue errors are inside the 3o limits. This is a representative
value for the worst case. The blue continuous line in Figure 3.18 shows the residue error for
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Residue Error — Capacitor Mismatch 0= 0.1%
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Figure 3.17: Residue Error of 1.5 bit DPA MDAC. Green line: Mismatch only on capacitors of fine stage,
coarse stage is ideal. Black dashed line: Mismatch on all capacitors of the MDAC. Blue line
(on x-azis): Mismatch only on coarse stage, fine stage is ideal

a DPA MDAC normalized by LSBjs. It is very close to the black dashed curve for the SPA
MDAC. The two curves differ only by 2.6 %. The DPA MDAC with o. = 0.1 % mismatch has a
residue error of 2.8 LS B. This corresponds to 1.4 LS B referred to the input of the MDAC. With
this error in the 1st stage, it is not possible to achieve an effective resolution of 12 bits for the
ADC. Assuming the best possible mismatch value of o. = 0.076 % for this 40 nm technology (cf.
Figure 3.13), the input referred residue error is given by 1.06 LSB. According to Table 3.1, each
MDAC stage must have a residue error of less than +=LSB/2 at the output to reach an input
referred residue error of £L.SB/2 for the overall ADC. This constraint would only be fulfilled
for a 12 bit ADC with mismatch as low as 0. = 0.036 %.

These results show that the capacitor mismatch is limiting the resolution of the 1.5 bit MDAC
to approximately 10.5bits. This is valid for MDACs with DPA as well as with SPA. The DPA
technique cannot compensate for the capacitor mismatch of the fine stage. To reach higher
resolutions, it is necessary to choose other topologies. This is the main reason why the 2.5 bit
MDAC is investigated in this thesis. The 2.5bit MDAC has gain 4. The requirements for the
residue error are relaxed by a factor 2 compared to the 1.5bit MDAC. It will be shown that the
mismatch requirements are relaxed for the 2.5 bit MDAC.
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Residue Error — Capacitor Mismatch
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Figure 3.18: Residue Error of 1.5 bit MDAC with oc = 0.1 % mismatch. Blue line: DPA MDAC' 1st stage.
Black dashed line: SPA MDAC. 3 0 value of error distribution is depicted dependent on capac-
itor mismatch o.

3.5 Noise Sources

Noise is a random error. It is not systematic like capacitor mismatch and finite DC gain. Noise
sources decrease the signal-to-noise ratio and the effective resolution of the ADC. In this section
the following noise sources are discussed:

Noise produced by the switches is sampled on capacitors during each sampling phase. It
is called kT /C noise.

The reference voltage V.. is corrupted by noise.

The output of an op-amp is a noise source.

Analytical considerations are presented for the 1.5bit DPA MDAC and compared to the SPA
MDAC. Simulations were only performed for the overall ADC, the results are shown in Sec-
tion 5.4.

3.5.1 Noise in the Coarse Stage of an MDAC

This section discusses the impact that noise on the coarse output Vo has on the residue V5 =
Voo + Vop. It is shown analytically that the noise of the coarse stage can be ignored.

For a zero mean signal, the signal power corresponds to the variance o2. For linear systems
with transfer function H, the output power of a signal is calculated by integrating its spectral
power density multiplied with the square of the transfer function:

= [ Sal) - P (3.71)
0

For white noise, the spectral power density is not dependent on the frequency. Since the transfer
function is not a function of the frequency, the equation can be simplified to:

vy =0 |H[? (3.72)
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This equation will be used to represent noise considerations in the following discussion.

MDAC
COARSE stage
Vi, in Vac
> Hc
l Vn,out
+ >
Vae
> He
FINE stage

Figure 3.19: Block diagram of a DPA MDAC to analyze noise behavior of the coarse stage

Figure 3.19 shows a DPA MDAC with noise source Vi, rn at the input of the coarse stage.
H¢ is the transfer function from the noise source to the coarse output Vo, Hp is the transfer
function from the input of the fine stage on capacitor Cr. to the output of the fine stage Vop.
To get the impact of noise on the residue voltage Vi ouyr, outputs Vop and Vac are summed
together. Now, the impact of noise Voo produced by the coarse stage is investigated. Vae is
assumed to be Gaussian distributed with zero mean and standard deviation oyc.

Voo ~ N (0, 05¢) (3.73)
The transfer function from Vaoc to Vv our is the sum of Voo and Vo divided by Vaoc:

VN,ouT

=1+ H 3.74
Vac e (3.74)

The noise power v%; at the output of the MDAC is obtained by combining (3.72) and (3.74):
vi = 03¢ |1+ Hp|> = 03¢ - (1+ 2Hp + HE) (3.75)

The gain error of the fine stage can be approximated according to (3.53) with 1/Lg. The transfer
function Hp can be written as ideal gain multiplied by one minus the gain error.

1
Hp~-1-11-— .
F ( LF> (3.76)
Combining (3.75) and (3.76), the noise power p% yields:
1\ ? 17 1
I/N:O'%C 1-— <1_IJF> :Ugc' ‘I,F :O-%C.E (377)

Noise sources in the coarse stage are reduced by a factor of 1/Lp. Thus, the fine stage is the
dominant noise source [1]. The following considerations will ignore noise from the coarse stage
and focus on the noise from the fine stage.
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3.5.2 kT/C Noise

In Section 2.1.3 the noise occurring in the sampling phase is described. In the sampling phase,
shown in Figure 3.2, capacitors Cry and C'r. are loaded through a switch with resistance Roy -
This resistor produces thermal noise [7]:

VP =4-k-T-Ron-Af (3.78)

Where k is the Boltzmann constant 1.38 - 10723 %, T is temperature in Kelvin and Af is the
bandwidth of noise. The resistance of the switch and the capacitor build a lowpass filter with
transfer function Hyp. The power density of the noise on the capacitor is the product of the
squared absolute value of transfer function |Hpp|* and the squared absolute value of spectral
density of noise 2/Af. The noise power oy is obtained by the integral of power density over
frequency [8]:

o0 1
2
—4-k-T-Rrn - d
YN ON/O 14+ (27-f- Ron -C)2 !
1 s
=4-k-T-Ronv e — .2
ON o Ron -C 2
k-T
V?V:T (3.79)

The resistance cancels out in the calculation, the noise power is only dependent on capacitor C
and on the temperature 7.

CF1=2CFf CFf

Bl

Cr=Ces

O

FINE O Vi
-

Figure 3.20: 1st fine MDAC stage. Noise sampled on the capacitors is denoted as voltage source

First stage. Figure 3.20 shows the fine stage of a 1st stage MDAC. The noise sampled on the
capacitors is denoted as voltage source. It can be seen that each capacitor is connected with a
noise source. The noise power at the MDAC output equals the noise power of the fine stage, as
calculated in (3.80) [9].

o _ KT (Cr1+Cre+Crp+Cry) KT (44 Crp/Cry)

o _ 3.80
With the assumption that Cr, = Cpy follows (3.81).
5kT
2
OSp = —— 3.81
b= (3.81)
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The noise power is referred to the input of the ADC in (3.82).

25 kT
4 Cpy

2

g

) _5kT_‘1
m CFf

(3.82)

Assuming the feedback capacitor to be 250 fF, and a temperature of T'= 20 °C, noise o;, of the
1st stage yields:

5-1.38-10723 £ . 293.15 K
Oin = =140 uV (3.83)

4-250fF
The input referred effective noise voltage is normalized by LSBiz in (3.84).

Oin 0.14mV ~0.29
LSBiz  0.49-1073 - Vier  Vies

(3.84)

oin corresponds to LSBia/4 if Viep = 1.16 V.

Second stage. The second fine stage is depicted in Figure 3.3. The second and all following
fine stages have the capacitor Cro in addition toCr1, Cp. and Cry, where Cry is twice the size
of the feedback capacitor Cry.

Cpa=2-Cpy (3.85)

%—noise power o5 at the output of the 2nd stage is calculated in (3.86).

o2 kT (Cr1+Cra+Cre+ Crp+Cry) _ kT (6+ Crp/Cry)

(3.86)

The noise power is referred to the input of the ADC in (3.87). The gain from the input of the
ADC to the output of the 2nd MDAC stage is a factor of 4.

> T kT
4 Cpy

4

g =

TET |1
2

_ _ 3.87
Oy ‘ (3.87)

Assuming the feedback capacitor to be 250 fF, and a temperature of T'= 20 °C, noise o;, of the
2nd fine stage yields:

7-1.38-10"23 4L .293.15 K
Oin = =84V (3.88)

16 - 250 f F
The input referred effective noise voltage is normalized by LSBj2 in (3.89).

Oin 84 uV 017
LSBiz  0.49-1073 - Vier  Vies

(3.89)

oin of the 2nd MDAC stage corresponds to LSBi2/4 if V.ep = 0.68 V.
Single path amplification MDAC. The k7/C noise power of an SPA MDAC is given by

2. _ KT (Cor+Cop+Coy) _ kT (3+ Crp/Cry) (3.90)
2c cz, Crf
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The same assumptions are made as in the DPA case. The feedback capacitor and the parasitic
capacitor are assumed to be Cgp, = Ccoyp =250fF. The temperature is assumed to be T' = 20°C.
The noise power of the 1st SPA MDAC stage is referred to the input of the ADC in (3.91).

4KT |1
Tin =\~ |5
cr |2

Oin corresponds to LSBia/4 if Viey = 1.04V.

It can be seen that the 1st stage of an SPA MDAC has a slightly better noise performance
than the 1st stage of a DPA MDAC. This is because of the additional capacitor Cp..

2 1.38 10723 £ . 293.15 K
= =127V (3.91)

250 F

3.5.3 Noise on Reference Voltage and Op-Amp Noise

Vsub, applied during the amplification mode, is not ideal. There is noise on it. The absolute
value of the gain factor of the input voltage Voo 4 Vor is the same as for the subtraction voltage
Viup- Therefore the noise power agub of Vyup to the input referred noise power afn is:

o2 =02 (3.92)

in sub

The dominant noise source of the op-amp is the transconductance g,,. It is calculated by the
ratio of output current /4, to input voltage Vg, [5].

aIds
= 3.93
Im = Ve (3.93)
The noise power v caused by the op-amp is calculated by:
2 1
v=4-k-T - - — 3.94
3 o (3.94)

The transconductance g,, together with the capacitive load Cf, on the output of the op-amp
build a low pass filter. The calculation of the input referred noise power is the same as for
kT /C-noise (cf. Section 3.5.2). The noise power o2, at the output of the fine stage is:

2 kT
2
=—— 3.95
Oout 3 CL ( )
When referred to the MDAC input, the noise power o2, is divided by the squared gain of the
MDAC:
2 kT |1]* 1 kT
2
2 _ “, o] =20 3.96
GZ”SCL‘G 6 CL (3.96)

Where Cp, is the capacitive load of the op-amp and G is the gain of the op-amp. Note that the
capacitive parasitic capacitor at the output of the op-amp is not considered in this consideration.

The capacitive load of the op-amp in the SPA MDAC consists of the feedback capacitor C'y and
the input capacitor C; of the next MDAC stage. For simplicity there is no scaling of capacitors
assumed. The capacitor C of the next stage is twice the size of C'y. The capacitive load of the
op-amp is:

CpL=C;r+Cy=3Cy (3.97)

Input referred noise voltage oy, is calculated in (3.98) using (3.97). It is dependent on the
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feedback capacitor C'.

kT kT
S =024 [ .
3G, 0 G, (3.98)

The DPA MDAC has more capacitive load Cf, on the fine op-amp compared to the capacitive
load of the SPA MDAC. The capacitive load of the fine stage of the DPA MDAC is:

| =

Oin =

CrL=Cps+Cc2+Cra=5Cy (3.99)

Note that the capacitive parasitic capacitor at the output of the op-amp is not considered in
this consideration. Input referred noise voltage oy, is calculated in (3.100).

S =018 (3.100)

If capacitors are not scaled, the first stage of a DPA ADC has the same capacitive load as the
second stage and further stages. The results of (3.100) and (3.98) are valid for each MDAC
input. To obtain the noise contribution to the input of the ADC it is necessary to scale the
noise voltage o;, according to the gain factor from the ADC input to the considered MDAC
stage.

For the noise behavior of single MDAC stages, no simulations were performed due to time
reasons. The noise behavior of the pipeline ADC using DPA MDAC was simulated with the
Matlab model and is discussed in Section 5.4.

3.6 Offset Voltage

The real op-amp produces a voltage different from zero if both inputs of the op-amp are set to
ground. The output of the op-amp can be forced to be zero by applying an offset voltage Vs
to the input of the op-amp. The offset voltage is a systematic error. It will be shown that the
offset error of the coarse stage can be ignored. The amplification of the offset error for the fine
stage and for the single path amplification MDAC will be derived. The error will be referred to
the ADC input to show the requirements regarding the offset voltage.

The coarse stage amplifies the offset voltage by a factor of Go. The output of the DPA MDAC
yields:

Vo = Voo + Var (3.101)
1
=Voys - Go+Voygps - Go - (=1) - (1 = LTv)
1
=Vosss - Go- (1 -1+ 1)
F
Vogss - G
Va = 7OffLF < (3.102)

Whereat L is the loop gain of the fine stage. The offset voltage at the output of the coarse
stage is reduced by the fine stage. Therefore the offset error of the coarse op-amp can be ignored.
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O Vy

CF1=2CE|: Crc=Crs

Figure 3.21: Schematic of the 1st fine stage with offset voltage Voyss as input. The topology yields a non-
inverting amplifier.

1.5bit DPA MDAC. Figure 3.21 shows the 1st fine stage with offset voltage as input. The
op-amp is wired as a non-inverting amplifier. Its transfer function is:

Var  Cpi+ Cre + Cpy+C C
2k _ Ot Cret CryptCrp 0 OFp (3.103)

Vorss Cry Cry

The offset voltage is amplified by a factor of 5 if the parasitic capacitor is assumed to be
Crp = Cry. The amplification depends on the feedback factor .

A 2nd fine stage amplifies the offset voltage by a factor of 7 if C'r, = Cy. This is because of
the fine input capacitor Cpo. The transfer function is given in (3.104).

Vor _ Cri+Cra+Cro+Cri+Cry _ o\ Crp

3.104
Vorrs Cry Cry ( )

1.5bit SPA MDAC. The SPA MDAC amplifies the offset voltage of the op-amp less. It has
only one input capacitor C1. The transfer function yields:

V5 :Cl+0f+0p:3+CP

Cp 3.105
Vorrs Cy Cy ( )

The offset voltage is amplified by a factor of 4 if Cr, = Cry.

Table 3.2: Gain of the offset voltage V,5ys relative to the input of the ADC. Comparison of 1st and 2nd
stage DPA MDAC to SPA MDAC.

Gain: VL
offs
SPA 1st stage 2
DPA 1st stage 2.5
DPA 2nd stage 1.75

Table 3.2 shows the gain factor of the offset error referred to the input of the ADC. The DPA
MDAC is more critical regarding offset voltage than the SPA MDAC. The fine stage must have
a small offset voltage, in order to compensate for the offset voltage of the coarse stage. Matlab
simulations were performed for the overall ADC, as discussed in Section 5.5.
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MDAC 2.5 Bit with Dual Path Amplification

The capacitor mismatch and the £7"/C noise are hard limitations of the 1.5 bit MDAC. Although
the DPA approach can improve the error resulting from finite open loop gain and compensate
for the errors of the coarse stage, the error sources of the fine stage cannot be compensated.
To improve the error, a 2.5 bit MDAC must be used, which provides a gain of 4. The precision
and noise requirements of the residue on the output of the 1st stage are relaxed by a factor
of 2 compared to the 1.5bit architecture. Furthermore, with the 2.5bit MDAC the number of
stages is reduced, i.e., less power is consumed by the ADC. On the other hand, the number of

capacitors increases. This results in a slowdown of the settling, a larger gain error, and more
kET/C noise.

This chapter discusses the 2.5bit MDAC with dual path amplification. The outline of the
chapter follows the outline of the previous chapter for the 1.5bit MDAC with DPA; after in-
troducing the DPA technique for the 2.5bit MDAC, the transfer functions are derived, finite
DC gain, capacitor mismatch, noise sources, and offset voltage are discussed and analytically

approximated. All analytic results are verified using Matlab simulations and are contrasted with
the results for the 1.5bit MDAC in Chapter 3.

4.1 Topology

DPA for the 2.5 bit MDAC follows the same principle as for the 1.5 bit MDAC (cf. Section 3.1).

Figure 4.1 shows the signal path of a 2.5 bit MDAC with DPA [1]. The schematic of a 2.5 bit
MDAC with DPA is depicted in Figure 4.2. The coarse stage and the fine stage are identical to
an SPA MDAC. But the fine stage has additionally a capacitor Cr., which allows to subtract
the coarse output Voo in the fine stage. Figure 4.3 shows the schematic of the 2nd pipelined
stage. Note that Ccs and Cps are 4 times larger than the feedback capacitor of their stage.
This is necessary to obtain gain 4 for fine input V;p to the MDAC output.

The coarse output is calculated by

VQC = (4‘/10 - Vtsubl - Vsub? - VsubS) + ‘/err,Ca (41)
the fine output is

Vor = (4Vic — Vsubt — Vsurz — Veurs) — Vac + Verrp = —Verrc + Verr (4.2)
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Coarse Stage MDAC
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Figure 4.1: Principle of dual path amplification architecture with 2.5 bit per stage
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Figure 4.2: Schematic of the 1st pipeline stage, 2.5 bit MDAC, with dual path amplification - sampling mode
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Figure 4.3: Schematic of the 2nd pipeline stage, 2.5 bit MDAC, with dual path amplification - sampling mode

and the overall residue yields
Vo = Vac + Var = Vaideat + Verr,F- (4.3)

Similar to the 1.5bit MDAC, error V,,, r of the fine stage cannot be compensated. But due to
the small-swing output and the separate design it might be smaller than the error V. ¢ of the
coarse stage.

4.2 Transfer Functions

The MDAC is a linear MIMO system. Outputs resulting from different inputs can be superposed
to get the physical outputs. The rationale behind the transfer functions of the 2.5bit MDAC
is similar to the 1.5 bit case (cf. Section 3.2). The main difference is that more capacitors and
more input voltages are involved. Finite DC gain and the impact of the parasitic capacitance
are considered by adding a disruptive term in the nominator. The disruptive term is the sum
of all involved capacitors in the wiring of the op-amp divided by the transfer function G of the
op-amp.
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4.2.1 1st MDAC Stage

Refer to Figure 4.2 for the schematic of the the 1st MDAC stage. The corresponding disruptive
term is obtained by:
YXCcist Cco1+Ceo2+ Cez+ Cos+ Cop+ Coy

H = = 4.4
C,1st GC GC ( )

The input voltage Vi is sampled on capacitors Cc1, Coo, Cos, and Coy. Its transfer function
to the coarse output is:

Voo Cc1+ Cez + Cez + Cey
Vig ~ fec= S0 1o (4.5)
1C Tg + Ccf
Transfer functions for the subtraction voltages Viup1, Vsupe, and Vipg are:
Vs —Coci
V2C = LsubiC = mt—& ) (&S {17273} (46)
subi 0755 + CCf

The fine stage has one additional capacitor Cp. and one additional input Voe . Its disruptive
term is built by:
YCr1st  Cr1+Cr2+ Cp3+ Cpa+ Cpe + Cpp + Cry

Hpqig = = 4.
F st ar ar (4.7)

The corresponding transfer functions of the 1st 2.5 bit MDAC stage follow as:

Vor  Cp1+ Crpa+ Cp3 + Cry

Ter = = 576l (4.8)
Vor —Cpi
Tsubir = = 4.9
o Vsubic LCGF;S‘ + Crpy (49)
Vor —Cho
Toor = = (4.10)
‘/20 Ecg‘l;lst + CFf
The overall outputs of coarse and fine stage are given by:
_ (Cco1+Coa+ Coz + Cea)Vic — Cort Vet — CoaVsuz — CosViurs 4
‘/20 - ECC 1st ( 11)
G tCer

(Cr1 4+ Cr2 + Crs + Cra)Vic — CriVaunt — CraViuz — Cra3Viups — CreVac

[—0.9€m]V2F = YO
=g+ Coy

(4.12)

For infinite open loop gain of the op-amps, the disruptive terms vanish. Assuming also perfect
matching of capacitors yields the following simple input-output relations:

Voo = 4Vic — Vsubt — Vsubz — Visubs (4.13)

Vor = 4Vic — Vsubt — Vsubz — Vsurs — Vac (4.14)
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4.2.2 2nd MDAC Stage

The transfer functions of the 2nd 2.5bit MDAC stage differ from the 1st stage only in the
disruptive term. This is because of the additional capacitors Ccs and Cps (cf. Figure 4.3). The
disruptive terms for the 2nd coarse and fine stage are:

%Ccond _ Co1+ Cc2+ Ccs + Coa + Ccs + Cep + Co

H = 4.15
C2nd GC GC ( )
YXCrond Cp1+Cr2+ Cp3+ Cpy+ Cps + Cpe + Cpp + Cry
Hpong = = (4.16)
Gr Gr
The corresponding transfer functions for the fine input signal Vi are given by:
Vac Ccs
Tro = =5 (4.17)
VIF 7Gc‘§nd —+ CCf
Vap Crs
Trp = — = 4.18
Vip 2CF2nd + CFf ( )

Note that the size of capacitor C'xs for fine input Vi is 4 times the size of the feedback capacitor
Cx . This means that Vi¢ and Vip are transmitted both with a gain of 4 to the outputs. The
overall outputs of coarse and fine stage yield:

Vo = (Cc1+Co2+Co3+Cca)Vie+CosVir —Cot Vsupt —CoaVsuvz — Cos Vsups

4.19)
SCron (
—+Coy

Vop — (Cr1+Cpa+Cr3+Cra)Vic+CosVir — Cr1 Vsun — CraViue — Cr3Viups — Cre Voo

= SCroom
C§F2 : +Ccoy
(4.20)

For infinite open loop gain and by ignoring the capacitor mismatch we get:

Vac = 4Vie +4ViF — Vsut — Vsub2 — Veun3 (4.21)

Var = 4Vie + 4ViF — Vst — Visub2 — Veuns — Vaco (4.22)

4.3 Finite DC Gain

The big advantage of the 2.5 bit structure over the 1.5 bit structure is the relaxed residual error
at the MDAC output. On the other hand, the wiring of op-amps increases because of gain 4.
This affects also the open-loop gain of the MDAC and increases the residue error caused by
finite DC gain. In this section the 2.5 bit structure will be compared to the 1.5 bit structure in
terms of finite DC gain. The goal is to understand if it is possible and reasonable in term of
finite DC gain to use a 2.5 bit MDAC.

4.3.1 Analytical Considerations

Like for the 1.5 bit MDAC (cf. Section 3.3), the finite DC gain introduces a gain error also for the
2.5bit MDAC. Figure 4.4 shows the residue error due to finite DC gain. Other error sources, in
particular the capacitor mismatch, are ignored in this section to isolate the impact of the finite
DC gain. From the input-output relations (4.11) and (4.12) a common multiplier is singled out;
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Residue Error — Finite DC Gain
1 T T T T

V2C+V2F

. V2,idea|

0.8

0.6

0.4

0.2

Vres/Vref
o

-1 - | | | | | | | | |
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Vin/Vref

Figure 4.4: 2.5bit DPA MDAC, residue with gain error (blue continuous) and ideal residue (black, dashed)

the common multiplier contains the error source.

C
Vac = w65 —ichf (4Vic = Veunt — Vsubz — Vsubs) (4.23)
Aoc
Cc
Var = W@Ww — Vaubt — Viubz — Vsubz — Vac) (4.24)
Aor cf

The MDAC output can be expressed as the desired residue voltage multiplied with a gain error.
The gain error can be approximated with loop gain Lo and Lp of the 2.5bit MDAC.

1

Vac = Vaidear(1 — @) = Vo igear(1 — f) (4.25)
c

L (4.26)

Var = (Vajideal — Voc ) (1 — B) = (Va,idear — Vac)(1 — (E

With the assumption of Cy, = C,r, the loop gains Lc 1 and Lp s of the 1st MDAC stage
(Figure 4.2) can be calculated by:

Ceoy 1
Loist = Agc = -A 4.2
Clst SCcrm oc = ¢ Aoc (4.27)
Cry 1
Lpig = Aogrp = =A 4.28
Pst = o —Aor = 7 Aor (4.28)

This yields the following estimation for the gain-error a3 of the 1st stage 2.5bit DPA MDAC:

1w
LeasiLrise  AocAor

af (4.29)

At the 2nd stage (Figure 4.3), the input capacitors Cos and Cps for the fine signal Vi p are added
to the op-amp wiring. To achieve gain 4, they are 4 times larger than the feedback capacitors.
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Assuming C;, = C,¢, the loop gain can be computed as:

Coy 1
Loopg= ———Agc = —A 4.30
C.2nd ST oc = 7540c (4.30)
CFf 1
Lropg = ———Agp = —A 4.31
F2nd SCroma or = 77 AoF (4.31)

The gain-error a3 of the 2nd stage 2.5 bit DPA MDAC can be estimated as:

1110
LepnaLlrona  AocAor

af (4.32)

In the 2nd stage, the gain-error is 2.6 times larger than in the 1st stage. Considering gain 4 of
the MDAC, the 2nd stage can be relaxed regarding the residue error at the MDAC output as
shown in Table 4.1. According to (3.58), the requirement for the input referred residue error
increases by a factor of 2 for each stage. Taking gain 4 of the MDAC into account, it yields a
relaxation by a factor of 2 of the residue error at the MDAC output. The requirements regarding
DC gain of the 1st and the 2nd stage are compared in (4.33).

2.6
Aoc2ndAoF,2nd = 7Aoc,1stA0F,1st = 1.3 Aoc,1stAoF 1t (4.33)

The 2nd pipelined stage needs 2.3 dB more DC gain than the 1st stage.

Table 4.1: Requirement for residue error referred to ADC input and to MDAC output. The accumulation of
all residue errors converges to LSB/2.

Stage number 1 2 3 4 5
LSB LSB LSB LSB LSB

Input referred error 71 2 o 2 1
Error at MDAC output | 1LSB | 2LSB | 4LSB | 8LSB | 16 LSB

When comparing the 2.5bit MDAC with the 1.5bit MDAC, the different gain and hence
the different requirements regarding the residue error must be considered. In the following
comparison, the parasitic capacitors are again assumed to be Uy, = C,¢. The gain error af of
the 1st 1.5 bit MDAC yields:

1 4-5 20

af ~ = = 4.34
LeisiLrise AocAor  AocAor (434)
The residue error of the 2.5bit MDAC can be 2 times larger:
40
Q25025 = 2015015 & Ao Ao (4.35)

Comparing with (4.29) gives a surprising result: 2.5bit and 1.5 bit MDACs have similar require-
ments for DC gain. The 2.5 bit MDAC requires 5 % more DC gain to meet the same constraint of
input referred residue error. Note that the 1.5 bit structure requires 2 MDAC stages to convert
2 bits, which requires additional energy and chip area. This observation makes the 2.5 bit stage
with the same DC gain requirements more attractive.

Consider the 2nd pipeline stage of the 2.5bit and the 1.5bit MDAC. Both stages have the
same requirements for the input referred residue error of LSB/8. According to Table 4.1, the
residue error at the input of the 2nd 2.5 bit stage can be £2 LS B, and according to Table 3.1
the residue error of the 2nd 1.5bit stage can be +=LSB/2. The 2nd pipeline stage of the 1.5 bit
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MDAC has loop gain:

1 67T 42
LoonaLronda  Aoc Aor Aoc Aor

a15815 = (4.36)

If this gain error meets the constraint for the 1.5 bit MDAC, the gain error of the 2.5 bit MDAC
is allowed to be

168

, 4.37
Too Aor (4.37)

Qo5 Pas5 =4 a15 015 ~
assuming the same DC gain for the 1.5bit and the 2.5 bit MDAC. Comparing (4.37) with (4.32)
shows that the 2nd 2.5 bit pipeline stage has relaxed requirements for DC gain compared to
the 2nd 1.5 bit stage. This result is expected since the DC gain of the 2nd 2.5 bit stage can be
scaled, while the DC gain of the 2nd 1.5 bit stage can not. The 2nd 2.5 bit MDAC needs 3.7 dB
less DC gain Agc Agr. Furthermore, the 2.5 bit structure can convert 4 bits with 2 stages, while
the 1.5 bit structure needs 4 stages to convert 4 bits.

The scaling of DC gain to further stages depends on the error requirement at the output of
the MDAC. This is true for both 1.5bit and 2.5 bit DPA MDAC stages. The scaling factor is 2
for the 2.5 bit MDAC; in the 1.5 bit MDAC structure only the last stage can be scaled according
to Table 3.1. All MDACs behind the 2nd stage have the same schematic and the same feedback
factor. This means, the loop gain and thus the gain error is linearly dependent on overall DC
gain AgcAgr of the MDAC. Table 4.2 provides an overview over DC gain requirements for 1.5 bit
and 2.5 bit MDAC stages according to the simulations in Section 4.3.2.

4.3.2 Simulation Results

The simulations for the 2.5bit MDAC were performed with the same assumptions as for the
1.5bit MDAC in Section 3.3.2. The Matlab model uses the transfer functions introduced in
Section 4.2, assuming that the transfer function of the op-amps is constant. Also the capacitor
mismatch is ignored; all capacitors have nominal values. The simulation algorithm looks for
{Apc, Apr} pairs to get a maximum residue error of exactly +1 LSB at the MDAC output,
which corresponds to LSB/4 at the input.

Vajideal — (Vac + Var) |, = 1 LSB (4.38)

Figure 4.5 shows coarse over fine DC gain such that the error constraint mentioned above
is met. The continuous lines show the results for the 1st stage of a DPA MDAC with 2.5 bit
structure. The ADC resolution varies between the lines. The lines are bent since the DPA
MDAC dependents on both Apc and Agr. The dashed lines in the respective colors show the
DC gain for an SPA MDAC with the respective ADC resolution. The SPA MDAC has only one
op-amp, therefore it only dependents on one DC gain, Agc. The distance between neighboring
curves (dashed or continuous) is about 6 dB. This is because of the scaling of LSB by a factor
of 2 with every bit of the ADC resolution.

Consider the black continuous curve for the 12 bit ADC; there is a point where Agc and Agp
have the same value of 49.1dB. Summing up both values yields

|Aoclqg + [Aor|gp = 98.2dB,

where the SPA MDAC (dashed black line) needs 81dB. This is because the loop gain of the
DPA MDAC is the product of DC gain AgcAgr and feedback factors kokp. This results in kg
additional DC gain for the DPA MDAC to obtain the same gain error. The gain error for the
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Finite DC Gain — Curves of Equal Error
100

12 bits
N0 11 bits
10 bits
9 bits
8 bits
7 bits |

AO,COARSE[CIB:|

20 \ \ \ \ ! \ \
0

10 20 30 40 50 60 70 80
AO,FINE[dB]
Finite DC Gain - Single Path Amplification MDAC
100 T T T
90

A,ldb]

40 | | | | |

6 7 8 9 10 11 12
Resolution [bits]

Figure 4.5: Above: Constant error 1 LSB on MDAC output, 2.5bit MDAC, 1st stage. Continuous lines:
DPA MDAC, dashed lines: SPA MDAC. Below: DC gain that produces LSB on MDAC output,
dependent on ADC resolution. 2.5bit SPA MDAC, 1st stage

1st stage DPA MDAC and the 1st stage SPA MDAC are:

kck‘F ]fc
aff 8 ————— « = — 4.39
AOCAOF sPa AO ( )

Equalizing gain error of DPA MDAC and SPA MDAC yields:

kaF kC
—— - == = AocAgr = kpA 4.40
Too Ag » 0CcAoF FAQ ( )

The plot in Figure 4.5 below shows the linear relation between ADC resolution and DC gain Ag
for the SPA MDAC.

Figure 4.6 compares the 1st MDAC stages for 1.5bit and 2.5bit. Both continuous curves
show Agc over Agp such that an input referred error of LSB/4 is obtained. The plot confirms
the analytical considerations that yield similar gain error for both stages in (4.35) and (4.29).
Dashed lines of corresponding color show SPA MDAC results. It can be seen that the 1.5bit
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SPA MDAC outplays the 2.5 bit SPA MDAC by about 2.6 dB.

Finite DC-Gain - Curves of Equal Error
100 T \ \

|
1.5 bit MDAC
2.5 bit MDAC | |

90

80 1

70 1

60~ 1

AO,COARSE [dB]
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0 10 20 30 40 50 60 70 80
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Figure 4.6: 1.5bit vs. 2.5bit MDAC, curves of equal input referred error £LSB/4 , 1st stage

According to the considerations in Section 4.3.1, the 2nd pipeline stage with 1.5 bit is compared
to the 2nd pipeline stage with 2.5 bit. As shown in Table 4.1 and Table 3.1, both stages require
an input referred residue error £LSB/8. The tables mentioned above show that considering the
gain of the MDAC yields a residue error of 2 LSB on the output of the 2nd 2.5 bit MDAC and
LSB/2 on the output of 2nd 1.5bit MDAC.

Figure 4.7 shows curves of equal residue errors for the 2nd stages of 1.5 bit and 2.5 bit MDACs,
respectively. To facilitate the comparison with the analytic results of (4.37) and (4.32), this
simulation assumes the same requirement of LSB /4 for the input of both stages. It corresponds
to the 1st pipeline stage. This yields a residue error of 1 LS B for the 2.5 bit MDAC and of LSB/2
for the 1.5bit MDAC. The analytic result of 2.5dB between DC gain of 1.5bit and 2.5 bit are
confirmed by the simulation of Figure 4.7. The dashed lines show the DC gain required by the
corresponding SPA MDAC.

Figure 4.8 shows curves of equal input gain error using the approximation (3.54) (green)
and calculating the simulation with transfer functions. The approximation was used for analytic
considerations. The approximated gain error leads to useful results in a range where Agc ~ Agp.
If Apc and Agp are very different from each other, the system converges to the behavior of an
SPA MDAC. However, the goal of the DPA MDAC is to distribute DC gain on two simple
op-amps, therefore the approximation yields useful results.

Table 4.2: Requirement for DC gain assuming 12 bit ADC. The accumulation of all residue errors converges
to LSB/2 referred to the ADC input.

Stage number 1 2 3 4 5

1.5bit SPA MDAC | 84.3dB | 87.8dB | 87.8dB | 87.8dB | 87.8dB
1.5bit DPA MDAC | 97.2dB | 104.4dB | 104.4dB | 104.4dB | 104.4dB
2.5bit SPA MDAC | 81.8dB | 80.2dB | 74.2dB | 68.2dB | 62.2dB
2.5bit DPA MDAC | 98.3dB | 100.6dB | 94.6dB | 88.6dB | 82.6dB
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Finite DC-Gain - Curves of Equal Error
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Figure 4.7: 1.5bit Sth stage vs. 2.5bit 2nd stage MDAC, curves of equal input referred error £LSB/4
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Figure 4.8: Approzimation of gain error using loop gain (green) compared with simulation using transfer

functions (blue). 2.5bit MDAC, 1st pipeline stage. Continuous lines: DPA MDAC, dashed
lines: SPA MDAC

Summarizing, the most important findings are:

The error caused by finite DC gain is proportional to the MDAC output; this holds also
for the 2.5 bit MDAC with DPA. Also the connection between gain error o3 and loop gain
can be approximated with a linear relation like for the 1.5 bit structure.

The required DC gain can be split into two op-amps with low DC gain. This makes
it possible to use simple Miller op-amps instead of complicated op-amps with feedback
structure or cascaded structures.
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The DC gain of the 2nd 2.5 bit DPA MDAC stage cannot be relaxed with respect to the
1st stage. This is due to a different topology and additional capacitors.

Each stage causes LSB/4 referred to the input of the MDAC for simplification. For the
implementation, all following 2.5 bit stages can be relaxed by 6 dB due to the linear relation
between overall DC gain AgcAgr and gain error a3. All stages after the 1st pipeline stage
have the same schematic and therefore the same relation between DC gain and gain error.

Table 4.2 shows an overview of requirements for DC gain considering LSBj3/2 overall
residue error referred to the ADC input.

1.5bit and 2.5bit MDACs have the same DC gain requirements for the 1st stage. The
1.5 bit structure needs two MDAC stages to convert 2 bits, the 2.5 bit structure needs only
one stage. 2nd 2.5 bit MDAC and 3th 1.5 bit MDAC have the same requirements for the
input referred residue error. The 2.5 bit stage requires 2.3 dB more DC gain AgcAor.

4.4 Capacitor Mismatch

The results of Section 3.4 show that the capacitor mismatch limits the resolution of the 1.5 bit
MDAC to about 10.5bits. It was also shown that the DPA technique cannot compensate the
capacitor mismatch of the fine stage. To reach higher resolutions, the 2.5 bit MDAC is inves-
tigated in this chapter. The 1.5bit MDAC has gain 2, the 2.5bit MDAC has gain 4. The
requirements on the residue error of the 2.5 bit MDAC are relaxed by a factor of 2 compared to
the 1.5bit MDAC. In this section we show that the mismatch requirements are relaxed for the
2.5 bit MDAC as well.

The mismatch error for the 2.5bit DPA MDAC is calculated analytically in Section 4.4.1.
To get crisp results, some simplifying assumptions were taken. The calculations rely on the
considerations in Section 3.4.1. In Section 4.4.2, the analytic results of Section 4.4.1 are compared
to the Matlab simulation results. The simulation also provides more insight into the behavior
of 2.5bit DPA and the SPA MDAC concerning capacitor mismatch.

4.4.1 Analytic Considerations

The schematic of the 2.5bit SPA MDAC corresponds to the coarse stage of the DPA MDAC (cf.
Figure 4.2). The residue affected by the capacitor mismatch is calculated according to (3.62). All
capacitors are assumed to be Gaussian distributed with standard deviation Cyomcaps. Op-amps
are assumed to be ideal. The MDAC output is calculated by:

(Vi = Vieur1)(1 +€1) + (Vi — Voun2) (1 + €2) + (Vi — Vieurs) (1 +€3) + Vi(1 + €4)

Vo =

1+ €f
~ (Vi = Vo)X +e)(I —ep) + -+ Vi(l+ea)(1 —€p)
~Vi—Vaw)(1+e —ef)+--+Vi(l+e)(1 —€p) (4.41)

Vo = Vaideal — € (Vaiideal) + €1(Vi — Viupt) + €2(Vi — Viupa)+
+e3(Vi — Viunz) + ea(V1) (4.42)

The residue error V.. = Vo — V5 jgeqr can be identified as:

Verr = —€t(Vaideat) + €1(Vi — Voup1) + €2(Vi — Viupz) + €3(Vi — Vaups) + €a(V1) (4.43)
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This result is not as simple as in the 1.5bit case. It is not proportional to V3 ;geq because the
inputs are applied on different capacitors. Hence they are amplified with different gain-deviation
due to statistically independent random variables ¢;. The residue of the 2.5 bit DPA MDAC with
capacitor mismatch is depicted in Figure 4.9. The capacitor mismatch is overdrawn to better
emphasize its effect. The dashed line denotes ideal residue.

Residue Error — Capacitor Mismatch
1 I \ \ \

0.8 V2C+V2F i
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0.6 ‘ _
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Figure 4.9: Residue of 2.5 bit DPA MDAC with capacitor mismatch (continuous line), ideal residue (dashed
line)

The standard deviation of the residue error can be calculated by:

1
75 (4.44)

The largest error is produced with Vi = £V,.;. Assuming a 12bit ADC and capacitor mismatch
0. = 0.1%, the residue error is:

o {Verr} = \/‘@%ideaz + (Vi = Vaun1)? + (Vi = Vaur2)? + (Vi — Vau)? + V2 -

1
o{Verr} =vV1+1- 7z 0. =0.001 = 2.0 LSBj2 (4.45)
It is surprising that (4.45) and (3.66) for the 1.5bit MDAC lead to the same result. Taking the
different gain of the 1.5 bit and the 2.5 bit MDAC into account, this result means that the input
referred error of the 2.5bit MDAC is half as large. This is valid for the largest error occurring
with input Vi = £V,..¢.

Next the behavior of an MDAC with dual path amplification will be discussed. The 2.5 bit DPA
MDAC is shown in Figure 4.2. The coarse stage is assumed to be ideal to simplify the calculation.
This is acceptable since the error produced by the coarse stage is mostly compensated by the
fine stage. With the assumption of an ideal coarse stage, the fine output Vop corresponds to a
residue error:

‘/;rr = ‘/20 + ‘/QF - VY?,ideal (446)

It can be approximated by:
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Cltea) .y Clte)
C(1+¢y) 00t e)

Vi —=Vsup) (I +€) 4+ + (Vi — Vsuz) (1 + €3) + Vi(1 + e1) — Vo (1 + €5)

Vor = (Vi — Viupt) -

1+ €f
V= Vo)A +e) +--- — (Vi = Vaun1)(X +e5) + -+ Vi(1 +€5)]
1+ €f
(Vi = Vaun1)(e1 — €5) + (Vi — Viuz) (€2 — €5) + (Vi — Viunz) (€3 — €5) + Vin(es — €5)

1

(4.47)
‘/2F - ‘/20 + Vv?F - V:L'deal - ‘/67‘7‘

Verr = €1(V1 = Veup) + €2(V1 — Voupz) + €3(V1 — Viups) + €a(V1) — €5(Va,idear) (4.48)

The result of (4.47) corresponds to the result in (4.42) for the SPA MDAC. The DPA technique
cannot compensate errors caused by the fine stage. The largest residue error is produced with
input +V,.s. Assuming a capacitor mismatch of o, = 0.1%, the standard deviation of the
residue error for V1C = V.5 yields:

g {Vvemn} == 2LSB12 (449)

The analytical results are verified by the Matlab simulations presented below.

4.4.2 Simulation Results

2.5 bit MDACs using DPA vs. SPA were simulated in Matlab. All capacitors of the MDAC were

deviated randomly with Gaussian distribution and standard deviation o5 = % 0., where o,

is the capacitor mismatch. The simulation was performed with 103 different capacitor sets and
with 102 input samples. It yields a distribution of 10° residue values. As shown in Section 4.4.1,
the residue errors caused by capacitor mismatch can be approximated by a sum of Gaussian
distributed random variables. Therefore also the residue error can be assumed to be nearly
Gaussian distributed. For plotting the results, the standard deviation of the residue error
distribution was calculated.

Figure 4.10 compares the residue errors of 2.5 bit SPA MDAC (black dashed line) and 2.5 bit
DPA MDAC (magenta and cyan lines). The standard deviation of the residue errors is shown
over the input voltage V¢ normalized by V,..r. The magenta curve and the cyan curve are iden-
tical. They show the residue error of the 2.5 bit DPA MDAC with the topology of a 1st pipeline
stage (dashed cyan) and the topology of a 2nd pipeline stage (magenta). This result is not
surprising because the simulation assumed fine input Vi of the 2nd stage to be zero. Therefore
Cyc and Csp of the 2nd pipeline stage produce no mismatch error. Fine input Vip can be
assumed to be small compared to coarse input Vi, therefore it is ignored. The same behavior
can be observed for the 1.5bit MDAC (cf. Figure 3.16). Looking at the maximum values for
the residue error at Vic/V,..r = %1, it can be seen that standard deviation of the error is about
2LSBjs. This corresponds to the example calculated in (4.45). In the analytical calculation,
simplifications were made. The residue error of the SPA MDAC (4.45) and of the DPA MDAC
(4.48) show the the same standard deviation. The simulation in Figure 4.10 shows good match-
ing of the curves in the linear range [—0.125, +0.125]. For larger inputs the curves of SPA and
DPA MDAC deviate from each other. Looking at the upper corners where Vic = £V,.y, the
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Figure 4.10: Residue error of a 2.5 bit MDAC with capacitor mismatch o. = 0.1 %

curves for SPA and DPA MDAC match again. The standard deviation of the curves deviates
only 0.8% from the analytical result of 2 LSB15.
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Figure 4.11: Residue error of 2.5 bit MDAC. Green line: Mismatch only on capacitors of fine stage, coarse

stage is ideal. Black dashed line: Mismatch on all capacitors of the MDAC. Blue line (on
z-azis): Mismatch only on coarse stage, fine stage is ideal

Figure 4.11 shows the impact of coarse and fine stage to the residue error. The standard
deviation of the residue error was normalized by LSBj2 and is plotted over the input voltage
of the MDAC. The findings correspond to the 1.5 bit case. The blue line along the x-axis shows
the residue error for mismatch only at the coarse stage. All errors are corrected by the ideal fine
stage. The green curve and the dashed black curve show residue error only on the fine stage and
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on all capacitors of the MDAC. These two cases result in the same residue error, which shows
a very good rejection for mismatch errors of the coarse stage, even if the fine stage is affected
by capacitor mismatch. Thus the simulation supports the assumption of an ideal coarse stage
taken for the analytical considerations in Section 4.4.1.

Residue Error — Capacitor Mismatch 0= 0.1%
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Figure 4.12: Residue error of a 1.5bit (red) and a 2.5 bit (blue) MDAC' 1st stage. Capacitor mismatch is
oc=0.1%

Figure 4.12 shows the standard deviation of residue errors for 1.5 bit (red) and 2.5 bit (blue)
DPA MDACs. The blue curve shows more kinks due to the 6 comparators in the sub-ADC of the
2.5 bit MDAC compared to the 2 comparators in the sub-ADC of the 1.5 bit MDAC. Furthermore,
the blue curve shows linear behavior only between —0.125 and +0.125, while the full red curve
is piecewise linear. At the 2.5bit MDAC all subtraction voltages are Vi = Vsupz = Veuns = 0
in the range of V; = [—0.125,+0.125]. Thus the MDAC depends only on the input Vj¢ in this
range. Considering (4.48) and (4.43), the residue error can be written as:

Varr % 61(V2) + (Vi) + e5(VA) + €a(Vh) — e5 (4V3) =
= Vl(€1 + e+ €3+ €4 — 465) (4.50)

The linear dependency of the residue error on input V; can be seen in (4.50). If ||V;| > 0.125,
the residue error depends on more than one input applied on different capacitors. The standard
deviation calculated in (4.44) contains a squared sum of different inputs. This is the reason for
the bent curves of the 2.5bit MDAC. The 1.5bit MDAC has a smaller residue error for most
input values. The error for Vic/V;ey = 1 is approximately 2LSB1s for both 1.5bit and 2.5 bit
MDAC. Considering gain 4 of the 2.5bit MDAC, the standard deviation of the input referred
eITOr €25 maz 1S:

1
o {62.5,max} ~ 5 LSBq5 with Vlc/‘/;ef =1, o.=01% (4.51)
The 1.5 bit stage has only gain 2, and the standard deviation of the input referred error yields:

o {61.5,mar} ~ 1LSBi» with VlC/Vref =1, o.=0.1% (4.52)
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This comparison, however, considers only two values for the input Vic. A more informative
comparison is shown in Figure 4.13.
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Figure 4.13: Residue Error of 1.5bit and 1.5 bit MDAC with mismatch o. = 0.1%. 3o walue of error
distribution is depicted dependent on capacitor mismatch o,

Figure 4.13 shows the 3 o value of residue errors over capacitor mismatch o.. The simulation
was performed with 103 uniformly distributed input samples Vic ~ U[—1,1] and 10% capacitor
sets, where each capacitor is independently varied with C' ~ N (Cyom, ogbs). 3o contains 99.7 %
of all errors, assuming Gaussian distribution of the residue error. This is a representative value
for the worst error. The blue continuous and the blue dashed lines show the residue error for
a 2.5bit DPA and SPA MDAC normalized by LSBis, respectively. The red continuous and
the red dashed lines show the residue error for a 1.5bit DPA and SPA MDAC normalized by
LS By, respectively. When comparing the mismatch errors of 1.5bit and 2.5 bit DPA MDACs,
it is necessary to consider their gain. Referring the error to the MDAC input, for 2.5 bit we need
to divide by 4. The 3 ¢ value of the error Vg, 25 for DPA with 0.1 % mismatch is:

418 LSB
30 {Virpos} = % = 1.05 LS B1s (4.53)

The 1.5bit MDAC has gain 2. The 3 ¢ value for the input referred error of 1.5 bit yields:

2.78 LSB
30 {Verr15} = 78#512 —1.39LSBys (4.54)

The 2.5bit DPA MDAC is 32% better than the 1.5bit DPA MDAC. Nevertheless, for a 3o
value of LSB12/2, only 0.048 % mismatch are acceptable. The minimum mismatch achievable in
40 nm technology of 0.076 % yields for the 2.5 bit DPA MDAC:

3.18 LSB
30 {(Virros} = fm — 0.8 LSB13 (4.55)

The single stage performs 4 % better than the DPA stage.

The most important findings regarding capacitor mismatch are:
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1st stage DPA MDAC and 2nd stages DPA MDAC have the same performance when the
fine input signal V;p is assumed to be small.

Mismatch on the coarse stage is compensated by the fine stage of the DPA MDAC. It does
not affect the residue error.

Mismatch on the fine stage cannot be compensated. It causes a residue error of the DPA
MDAC that is about 4 % larger than the residue error of the SPA MDAC.

The 2.5bit MDAC is about 1/3 better than the 1.5bit MDAC, comparing the residue
errors referred to the MDAC input. This is because of the increased gain by a factor of 2.

Considering mismatch limits of a Complementary Metal Oxide Semiconductor (CMOS)
40nm technology, the capacitor mismatch limits the 3 o value of the residue error of the
2.5 bit MDAC to 0.8 LSBH.

4.5 Noise Sources

In this section the following noise sources are discussed for the 2.5bit MDAC and compared
with the 1.5 bit MDAC:

Noise produced by the switches is sampled on capacitors during each sampling phase. It
is called kT /C noise.

The reference voltage V.. is corrupted by noise.
The output of an op-amp is a noise source.

Simulations were only performed for the overall ADC, the results are shown in Section 5.4.

The impact of noise sources in the coarse stage is discussed in Section 3.5.1 for the 1.5 bit
MDAC. Since the DPA structure is the same for 1.5 bit and 2.5 bit MDACs, conclusions is also
valid for the 2.5 bit DPA MDAC. Noise sources in the coarse stage are reduced by a factor of
1/Lp. Thus, the fine stage is the dominant noise source [1]. The following considerations ignore
noise from the coarse stage and focus on the noise from the fine stage.

4.5.1 kT /C Noise

kT /C noise is discussed in Section 3.5.2 for the 1.5bit MDAC. This section extends the results
to the 2.5 bit MDAC.

In the sampling phase, shown in Figure 4.2, capacitors Cg1, Cr2, Cr3, Crs and Cp. are loaded
via a switch with the resistance Roy. However, Cr, and Cpy are also connected through
switches to ground. The thermal noise of resistors (3.78) is sampled onto the capacitors. Calcu-
lating the noise power sampled on a capacitor shows that the size of the resistor does not show
up in the result.

First stage: Figure 4.14 shows the fine stage of a 1st stage 2.5 bit MDAC. The noise sampled
on the capacitors is defined as a voltage source. It can be seen that each capacitor is connected
with a noise source. The noise power at the MDAC output is calculated in (4.56) [9].

9 kT(CFl+CF2+CF3+CF4+CFC+CFP+CFf) - k‘T(G—i—CFp/CFf)
O-QF = 2 = (456)
cZ, Cry
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Figure 4.14: 1st fine stage of 2.5 bit DPA MDAC. Noise sampled on capacitors is defined as voltage source

With the assumption that Cp, = Cpy follows (4.57).

TkT
The noise power is referred to the input of the ADC in (4.58).
TET |1 7 kT
2
) 7 4.58
Tin = Cpy ‘4 16 Cpy (4.58)

This result corresponds to the result of the 2nd stage of an 1.5bit DPA MDAC. Assuming the
feedback capacitor to be 250 fF, and a temperature of T' = 20°C, the effective noise voltage o;,
of the 1st stage yields:

\/7 1.38-10723 . 293.15 K
Oin = \| 74

=84 4.
16 4-250fF siuv (4.59)
The input referred effective noise voltage is normalized by LSBiz in (3.84).

Tin 84 uV 017
LSBiy 0491073 Vier  Vies

(4.60)

The effective noise voltage o, corresponds to LSBia/4 if Viep = 0.68 V.

Second stage: The second fine stage is depicted in Figure 4.3. The second and all following
fine stages have the capacitor Crs in addition to the capacitors of the 1st stage , where Cps is
four times the size of the feedback capacitor Cry.

Crs =5 Cpy (4.61)
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kT /C noise power o35 at the output of the 2nd stage is calculated in (4.62).

2 kT(CFl + Cpo + Cp3 +Cpa + Cps -l-CFC—i-CFp—i-CFf)
OoF = C%f
kT(lO—I—CFp/CFf)

= 4.62
o (462)

The noise power is referred to the input of the ADC in (4.63). The parasitic capacitor is assumed
to be Crp, = Cpy. The gain from the input of the ADC to the output of the 2nd MDAC stage
is a factor of 16.

2
11 kT
= — — 4.63
162 CFf ( )

i 16

,  11kT |1
zn:Tf'

Assuming the feedback capacitor to be 250 fF, and a temperature of T' = 20°C, the effective
noise voltage oy, of the 2nd fine stage yields:

11 1.38-10-23 L .29315 K
Oin = \/ — K =26V (4.64)

162 250 fF
The input referred effective noise voltage is normalized by LSBj2 in (4.65).

Oin 26 uV ~0.054
LSBi2 0491073 Vier  Vies

(4.65)

The reference voltage must only be V,..; = 0.22V to obtain an effective noise o, of LSB13/4
referred to the ADC input.

Single path amplification MDAC. The k7'/C noise power of an SPA MDAC is given by:

9 KT (Cp1+ Cr2 + Cp3 + Cra + Cpp + Cryp) kT (54 Cry/Cry)
UQF = 3 = (466)
CFf Cpf

The same assumptions are made as for the DPA MDAC. The feedback capacitor and the parasitic
capacitor are assumed to be Cgp, = Coyp =250fF. The temperature is assumed to be T' = 20°C.
The noise power of the 1st SPA MDAC stage is referred to the input of the ADC in (4.67).

6kT |1

Oin =1\ Q= |7

Cr |4

Oin corresponds to LSBia/4 if Viey = 0.64 V.

It can be seen that the 1st stage of an SPA MDAC has a slightly better noise performance
than the 1st stage of a DPA MDAC. This is because of the additional capacitor Cp..

=78V (4.67)

61381072 29315 K
V16 250 f F

1.5 Bit vs. 2.5 Bit MDAC: Effective noise voltages referred to the ADC input are used
for the following considerations. Comparing the 1st stage of an SPA ADC using 1.5 bit MDACs
to the 1st stage of a DPA ADC using 2.5 bit MDACS, it can be seen that the 2.5 bit structure
has relaxed requirements on k7T'/C noise. If the feedback capacitors Cc ¢ of both 1st stages are
of the same size and the parasitic capacitors are Ccp, = Cey, the 2.5 bit MDAC produces 38.6 %
less noise than the 1.5bit MDAC.

The same tendency can be observed in the DPA structure. Consider the 1st stage of a DPA
ADC. A 2.5bit MDAC produces 40 % less noise than an 1.5bit MDAC. The difference is even
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larger for the 2nd stage. The 2nd 2.5 bit MDAC stage produces 69 % less noise than a 2nd 1.5 bit
MDAC stage.

4.5.2 Noise on Reference Voltage

Visub, applied during the amplification mode, is corrupted by noise. For the 1.5 bit MDAC with
non-flip around architecture, the noise O'gub of the reference voltage has a gain of 1 to the input
of the MDAC. Input voltage V¢ subtraction voltage Vi, are applied to the same capacitor
Cc1. The 2.5bit MDAC has a more complex structure. Three of the four input capacitors are
used to build the subtraction voltage, depending on the decision of the sub-ADC.

In the range of Vic € [—0.125V,.f,4+0.125 V,..¢], the subtraction voltages are Vyup1 = Vsupe =

Viubrs = 0. Therefore the noise afn

In the range of [Vig| € [0.125 V,¢f,0.375 V,.¢], the subtraction voltages are Vi1 = V;ep and
Vsup2 = Vsupz = 0. The resulting noise power at the output of the MDAC is:

is also zero.

02, =02y 17 =02 (4.68)

sub

Referring the noise power to the input of the ADC yields:

Oin = Oout * Z (469)

2 2 ‘ 1

The effective noise voltage at the input of the ADC is shown in (4.70).

Tin = \/ 0} 1/ ‘b Usub (4.70)

In the range of |Vi¢| € [0.375 V.5, 0.625 V;..f], the subtraction voltages are Vi = Viupz = Vier
and Vg3 = 0. The effective noise voltage o;, referred to the input of the ADC is calculated in
(4.71):

2
= 5 o (4.71)

2

4

Oin — (o

2 .
sub

In the range of |Vig| € [0.625V,cf, V], all subtraction voltages are equal to the reference
voltage Viup1 = Viurz = Vsurz = Viep. The corresponding effective noise voltage o, referred to
the input of the ADC is calculated in (4.72):

23
Oin =1/0 = Tsub (4.72)

sub |4

2 |3
4

Because of the assumption made in Section 3.5.1, that the noise of the coarse stage can be
ignored, the results for a SPA MDAC are also valid for DPA MDACs. The fine stage is the
dominant noise source. It has the same gain for the subtraction voltages as a SPA MDAC.
The 1st and 2nd stages of a DPA MDAC also have the same properties regarding noise on the
subtraction voltage. Therefore the noise contribution of the 1st stage is the largest. Each further
stage produces 1/4 less noise referred to the ADC input.

The gain of the subtraction voltage relative to the input is higher for the 1.5bit MDAC than
for the 2.5 bit MDAC. This is due to the lower MDAC-gain of the 1.5 bit MDAC.
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4.5.3 Op-Amp Noise

The dominant noise source of the op-amp is the transconductance g,,. In Section 3.5.3,(3.95)
the noise power at the output of the MDAC is calculated. The noise power o,,; at the output
of the op-amp is dependent on the capacitive load C}, of the op-amp. The 2.5bit MDAC has
more capacitive load Cr, than the 1.5 bit MDAC, because the input capacitors of the next 2.5 bit
MDAC are twice as large. This results in a smaller noise on the output of the 2.5bit MDAC.
Also the capacitive load of a DPA MDAC is larger than the capacitive load of a SPA MDAC.
The noise power o2, referred to the input of the ADC is calculated by:

2
, 2 kT

1
2 _ 2 8L 4.
Tmn =30 ‘G (4.73)

Where C7, is the capacitive load of the op-amp and G is the gain of the MDAC.Table 4.3 shows
input referred noise voltage oy, for SPA and DPA MDACs with 1.5bit and 2.5 bit structures.
If capacitors are not scaled, the 1st stage of a DPA ADC has the same capacitive load as the
2nd stage. Therefore the noise contribution to the input of the MDAC is scaled by a factor of
2 for SPA ADCs and DPA ADCs. Note that the capacitive parasitic capacitor at the output of
the op-amp is not considered in this consideration. caused by the op-amp of the MDAC

Table 4.3: Input referred noise voltage oin caused by the op-amp of the MDAC.

oin [t V] | 1.5bit MDAC | 2.5 bit MDAC
kT kT
SPA 0.24 /4L 0.18 /4L
kT kT
DPA 0.18 /AT 0.14 /AT

It can be seen that the 2.5 bit MDAC produces less noise referred to the input. Furthermore,
it turns out that the DPA structure is better than the SPA structure due to the higher capacitive
load

No simulations were performed for the noise behavior of single MDAC stages due to time
constraints. The noise behavior of the pipeline ADC using DPA MDAC was simulated with the
Matlab model and is discussed in Section 5.4.

4.6 Offset Voltage

The impact of the offset voltage on the 1.5 bit structure is discussed in Section 3.6. The 2.5 bit
structure differs in the feedback factor k£ and in the MDAC gain G. The offset error of the coarse
stage is ignored because it is reduced by the fine stage. For DPA MDACSs only the fine stage is
considered.

In this section, the amplification of the offset error for the fine stage and for the single path am-
plification MDAC is derived and referred to the input. Finally the 2.5 bit structure is compared
with the 1.5 bit structure using Table 4.4.

2.5bit DPA MDAC. Figure 4.15 shows the 1st fine stage with offset voltage Vs as input.
The op-amp is wired as a non-inverting amplifier. Its transfer function is:

2F >i=1Cri + Crc + Cry + Crp — 74 2t (4.74)
Vorss Cry Cry
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Voffs

CF1=CE[CF2:CE[CF3=CH CF4=CE[CFC=CE[CFf:CFf|

Figure 4.15: Schematic of the 1st fine stage with offset voltage Vosss as input. The topology yields a non
inverting amplifier

The offset voltage is amplified by a factor of 8 if the parasitic capacitor is assumed to be
Crp = CFy.

A 2nd fine stage amplifies the offset voltage with a factor of 12 if C'r, = Cpy. This is because
of the fine input capacitor Cra. The transfer function is shown in (4.75).

5
: i c C
Vorrs Cry Cry

2.5bit SPA MDAC. The SPA MDAC has less capacitors than to the DPA MDAC. The
transfer function yields:

Vor  _ Z?Zl Crpi+Crf+Cre

4.76
Vorrs Cry Cry (4.76)

The offset voltage is amplified by a factor of 6 if Cr, = CFy.

Table 4.4: Gain of the offset voltage Vos5s referred to the ADC input. The parasitic capacitor is assumed to

be CFp = CFf.
Gain: o 1.5bit MDAC | 2.5bit MDAC
SPA 1st stage 2 1.5
DPA 1st stage 2.5 2
DPA 2nd stage 1.5 1.75

1.5bit vs. 2.5bit MDAC. In order to compare 1.5bit to 2.5bit MDACs, it is reasonable
to refer the gain of the offset voltage to the ADC input. Table 4.4 shows the gain factor of the
offset error referred to the input of the ADC. The DPA MDAC is more critical regarding offset
voltage than the SPA MDAC.

Matlab simulations were performed for the overall ADC and are discussed in Section 5.5.
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Overall Error Compensated Pipelined ADC

The MDAC stage using DPA technique is discussed in Chapters 3 and 4, precision and errors
of the analog residue voltage are evaluated. This chapter is about the overall pipelined ADC.
The digital output of the ADC is investigated using spectral analysis and the following errors
are discussed on the basis of the results of the Matlab simulation:

finite DC gain
capacitor mismatch
noise sources

offset voltage

First the topology of the overall pipelined ADC is introduced, after which the errors are discussed
by comparing ADCs with 1.5 bit MDACs to ADCs with 2.5 bit MDACs.

5.1 Topology

The pipelined ADC is composed of several cascaded stages, each pipeline stage consists of a
sub-ADC and an MDAC. The MDAC is described in Section 3.1 and Section 4.1. The digital
output of a stage D; consists of 2bits for a 1.5bit stage or 3 bits for a 2.5bit stage. One bit
of each stage is used for the digital correction, taking into account the digital output of the
following stage. The last stage is a flash converter and does not need Digital Error Correction
(DEC) , its output is 1 bit only. The structure of the error compensated pipelined ADC is shown
in figure 5.1.

The digital output D; is obtained by converting the coarse output of the MDAC;_; to a digital
value. The analog input of stage 7 is built in MDAC,, summing up the coarse and the fine output
voltage of MDAC,_; in both fine and coarse stage. The signal path from one pipeline stage to
the next is shown in Figure 5.2

The digital correction logic block builds the digital output of the overall ADC, i.e. a weighted
sum of D;. The digital output Dy of the flash converter is weighted with 1, the digital output
of the first pipeline stage is weighted with the highest factor. For a 12bit pipelined ADC with
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Vi V2 V3 VN Elash
— > Stage 1 > Stage 2 —p o 0 o —Pp Stage N
converter
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Dout
{ Digital correction logic

Figure 5.1: Structure of a pipelined ADC
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Figure 5.2: Signal path between pipeline stages
eleven 1.5 bit stages and one 1bit flash converter at the end, the sum yields:
11
Dour = Z 2''"'D; + Dy, (5.1)
i=1
For a 12bit pipelined ADC with five 2.5 bit stages and one 2 bit flash converter:
5
Doyr = Z 2- 45_2Di + Dg (52)
i=1

Pipeline stages do not all have the same requirements with regard to the residue error. The
first stage has the strongest requirements, following stages can be relaxed. This topic was
discussed in Sections 3.3.2 and 4.3.1. The Matlab simulations were performed without scaling
for simplicity. Therefore the first pipeline stage is the dominant error source.

An overall pipeline ADC built of 2.5bit MDACs has less pipeline stages than an ADC built
of 1.5bit MDACs. Each 2.5bit MDAC converts 2 bits, whereas an 1.5 bit MDAC converts only
1bit. Incidentally, ADCs built of 1.5bit MDACs and ADCs built of 2.5bit MDACs have the
same structure. Differences between the topologies of 1.5bit MDACs and 2.5bit MDACs are
shown in Section 4.1.

5.2 Finite DC Gain

The finite DC gain of the op-amp used in MDACs introduces a systematic error. The DC gain
of the op-amp is limited by g, and gg4s of the input and output stages. There is a deviation
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in the DC gain due to mismatch in the op-amp, which cannot be compensated for by simply
adapting the loop gain of the MDAC via the feedback capacitor. The impact of finite DC gain
on the residue error is discussed in detail in Sections 3.3 and 4.3. This section is focused on how
finite DC gain affects the digital output of the overall ADC.

5.2.1 Linearity Considerations for 1.5 Bit MDAC

The DPA structure contains two op-amps, each of them has finite DC gain Ay cand A r. To
better describe the MDAC as one unit, the sum Ag sum =Ao,c +Ao r and the difference AAg=
Ap,c — Ao, are introduced. Capacitor mismatch in the MDAC is ignored for these considerations
on the effect of finite DC gain.

The sum of DC gains Ag sum is important for the effective resolution achievable for the ADC.

It is dependent on the sum of Agcand Agr, as can be seen in Figure 5.3. The difference
AApis constant for every curve. Considering the red curve with AAg= 20dB, at the value
Ap,sum = 90dB on the x-coordinate, the coarse DC gain is Ap c = 60dB and the fine DC gain is
Ap,r = 40dB. The red curve shows the best result, where decreasing the difference also decreases
the effective resolution achievable. In Table 5.1 you can see the necessary sum of DC gains for
effective resolutions, referring to the red curve.

| ENOB | Ajqum |

10 bit 75dB
11 bit 82dB
12 bit 89dB

Table 5.1: DC gain needed for the effective resolution

The worst result is given by AAy= —10dB (black curve), further decreasing of AAslightly
improves the result again. However the difference between the curves gets smaller with higher
overall DC gain. It is 0.2bits for A sum = 70dB, and only 0.06 bits for Ag sum = 90dB and
12 bits effective resolution.

Spectral Analysis
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9 | | | | | | I
70 75 80 85 90 95 100 105 110

AOC+AOF
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Figure 5.3: Gain Error: 1.5 bit MADC' - 13 bitADC' - Dual Path Amplification
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5.2.2 Linearity Considerations for 2.5 Bit MDAC

Figure 5.4 shows the behavior of a 13bit ADC with 2.5bit MDAC related to finite DC' gain.
The same range of Ag sum and the same values for AAgas in Figure 5.3 are used. Comparing
the two plots, it can be observed that 2.5 bit MDAC stages cause a wider spread of the curves.

In

85

particular, the cyan curve with AAg= —20dB has a kink and drops down faster for Ag sum <
dB. Looking at Figure 5.3, the corresponding curve shows a similar performance to the

magenta and black curves (AAy= 0dB , —10dB), it is even slightly better. According to these
results A ¢ greater than Ay rshould be chosen for the 2.5bit MDAC structure to get the best
result for a given sum of DC gains. On the other hand, reducing Ag ¢ cannot be compensated
for by adding the same DC gain at A .

ENOB [bits]

to
of

Spectral Analysis
13 T — — 1

12

11 .
10 .
of DAy = 20.0dB ||
AA,= 10.0dB
AA_= 0.0dB
8 0 i
AA,= -10.0dB
DA, = -20.0dB
7 | | | | | | T
70 75 80 85 90 95 100 105 110

A0C+AOF

Figure 5.4: Finite DC gain: 2.5 bit MDAC - 13 bit ADC' - Dual Path Amplification

Table 5.2 lists the requirements for Ag sy assuming AAy = 20dB.
| ENOB | Agsum |

10 bit 71dB
11 bit 78.6dB
12 bit 86dB

Table 5.2: DC gain needed for the effective resolution

In Figure 5.5 ADCs with 2.5 bit and 1.5 bit MDAC structures are compared, AAgis assumed
be 0. According to the investigations of MDAC stages in Sections 3.3 and 4.3, the performance
the 2.5bit MDAC ADC is better for the same overall DC gain. The effective resolution of

the ADC with 2.5 bit per stage is 0.33 bits higher at Ag sym = 90 dB.
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Spectral Analysis
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Figure 5.5: Finite DC gain: 13 bit - ADC with Dual Path Amplification

5.3 Capacitor Mismatch

As we saw in chapters 3 and 4, capacitor mismatch is a critical point of the pipelined ADC
with 12 bits or more, because the technology used limits the accuracy achievable of the analog
error compensated MDAC. The criteria expressed in chapters 3 and 4 give information about the
performance and errors of the residue generating MDAC, however finally the quality of digital
ADC output is of interest. Consider the signal path of the error compensated pipelined ADC in
Figure 5.2, The sub— ADC}; converts the output of the ¢ -th coarse stage. The error compensated
residue is only built in the next stage M D AC;, where subtraction and multiplication operation
are also performed at the same time. Hence the error compensated residue is not available as a
voltage. The simulation of the pipelined ADC show that the investigations made on one MDAC
stage are also meaningful for the performance of the overall ADC. This chapter deals with the
effect of capacitor mismatch on the ADC linearity. For this purpose, op-amps in the MDAC are
assumed to be ideal.

5.3.1 Linearity Considerations for 1.5 Bit MDAC

The Matlab model for the 1.5bit ADC contains 11 MDAC stages, where the capacitors of each
stage display an independent variation from the nominal values. The variation ous of each
capacitor from its nominal value is Gaussian distributed, the pairwise capacitor mismatch o, is
obtained by [5]:

Te = \/Ugbs + U?zbs = \/202bs = \/5 " Tabs (53)

The last stage is a flash converter with 1bit resolution. It is considered to be an ideal
comparator. In practice it is common to choose a higher resolution for the flash converter such
as 2 bits or 3 bits to save energy and chip area, thus reducing the number of stages. However in
this thesis the flash converter is not the subject of investigation. For an ideal flash converter the
1 bit configuration represents the worst case for the ADC errors, because more non ideal stages
are involved.

In Figure 5.6 you can see three distributions of Effective Number of Bits (ENOB), for a
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Spectral Analysis
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Figure 5.6: Capacitor mismatch: 12 bit - ADC with Single Path Amplification
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Figure 5.7: Capacitor mismatch: 12 bit - ADC with Dual Path Amplification

12 bit ADC built of 1.5bit SPA MDACs. The black distribution shows the best case for 40 nm
technology with a capacitor mismatch of 0.076%. This minimum capacitor mismatch is the
result of a Spice simulation as depicted in Figure 3.13. When the mismatch is increased, the
distribution is spread over a wider range of values and the center of the distributions moves
to a lower ENOB. The shape of each distribution is similar, this is because the same random
numbers are used for capacitor deviation in all the simulations. They were just scaled to obtain
the desired standard deviation.

Figure 5.7 shows the same simulation performed for the ADC with DPA. It can be observed,
that the distributions resulting from the DPA are more compact than in the SPA case. This is
desirable and makes it more easy to evaluate the performance of the ADC. Consider the black
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distribution, the lowest ENOB value at 10.91 bits appears 8 times, while the distribution for
SPA for the same mismatch in Figure 5.6 is continuous and slower decreasing with an outlier at
10.56 bits.

Figure 3.18 depicts the 3 o value of the residue error of a 1.5 bit MDAC, dependent on capacitor
mismatch o.. The residue error for a mismatch of o. = 0.076 % is about 2 LSBjs for the
DPA MDAC and for the SPA MDAC. This corresponds to an input referred mismatch error of
1 LSBja, or LSBjg/4. The simulation of the overall ADC shows an effective resolution of more
than 10.5 bits for a residue error of LSB1p/2 on the output of each MDAC stage.

5.3.2 Linearity Considerations for 2.5 Bit MDAC

The Matlab model for the ADC with 2.5 bit per MDAC consists of 5 MDAC stages, each con-
tributing 2 bits to the 12bit resolution. The 6th pipeline stage is a 2bit flash converter. As
in the 1.5bit case, each capacitor of the ADC has a Gaussian distributed deviation o, from
the nominal value. Capacitors are deviated independently, which causes a pairwise mismatch
0. between the capacitors. In the simulation only the last two bits are converted ideally from
the flash converter. Nevertheless the first pipeline stage is the dominant error source because
no scaling is included.

Figure 5.8 and Figure 5.9 show distributions of effective resolutions for ADCs built of SPA
MDACs and DPA MDACs. The lowest values of the black distributions are at 11.2 bits. When
only considering mismatch, an ADC built of 2.5bit MDAC stages reaches a similar effective
resolution regardless of whether it uses SPA or DPA.

Figure 5.10 and Figure 5.11 shows a quantile of the distribution of effective resolution which
has a 99.73 % probability to exceed the resolution depicted. With this representation it is more
easy to compare the effective resolution of the ADCs. Figure 5.11 compares an ADC built of
2.5bit SPA MDACs (black dashed) to an ADC built of 2.5bit DPA MDACSs (red continuous).
The two graphs differ only very slightly. Figure 5.10 campares an ADC built of 1.5bit DPA
MDAC:s (blue) to an ADC built of 2.5bit DPA MDACs (red). For a mismatch of 0.076 %, it
can be achieved an effective resolution that is 0.5 bits higher using the 2.5bit approach, with
respect to 1.5 bit. This corresponds to a factor of /2.

Figure 4.13 depicts the 3 ¢ value of the residue error of the 1.5bit MDAC compared to the
2.5 bit MDAC, dependent on capacitor mismatch o.. It can be observed that the residue errors of
SPA MDACs and DPA MDACs only differ slightly. This corresponds to the results of Figure 5.11
for the overall ADC. When considering the gain of the MDACsS, the residue error of the 2.5 bit
MDAC and the residue error of the 1.5bit MDAC differ by a factor of 1.5. It can be seen that
the residue error of the MDAC stages is closely related to the effective resolution of the ADC.

The most important findings are:

Considering only capacitor mismatch, ADCs built of DPA MDACs and ADCs built of SPA
MDACSs have similar effective resolution. Capacitor mismatch in the coarse stage of and
MDAC can be compensated for of the fine stage. Mismatch of the fine stage cannot be
compensated for.

ADCs built of 2.5 bit MDAC stages can achieve 0.5 bit more effective resolution than ADCs
built of 1.5bit MDAC stages. ADCs built of 2.5bit MDAC stages have gain 4 and the
residue error is relaxed compared to ADCs built of 1.5 bit MDAC stages. The residue error
cannot be relaxed by factor 2 because of topology differences, as identified in Section 4.4.

ADCs built of 1.5bit MDAC stages integrated in CMOS 40 nm technology are limited to
about 10.7 bits due to capacitor mismatch, unless mismatch errors are compensated for
with digital calibration. ADCs built of 2.5 bit MDAC stages integrated in CMOS 40 nm
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technology can achieve 11.2 bits effective resolution. All other error sources are ignored
and the ADC contains no scaling for this consideration.
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Figure 5.8: Capacitor mismatch: 12 bit - ADC with Single Path Amplification
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which has a 99.73 % probability to exceed the resolution depicted

5.4 Noise Sources

The impact of different noise sources is discussed in Sections 3.5 and 4.5 for a single MDAC
stage, where the results are referred to the input of the MDAC stage. Now the previous results
will be compared to simulations of the overall pipelined ADC. The Simulation were performed
with a sinusoidal input signal of 2'® samples. To see the behavior of an ADC built of DPA
containing noise sources, a Gaussian distributed noise signal was applied to the input of a 13 bit
ADC
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5.4.1 Input Referred Noise

Gaussian noise was added to the sinusoidal input signal of the ADC. Figure 5.12 shows the
effective resolution of the ADC depending on the standard deviation of input referred noise. This
curve shows a dual path amplification ADC with 2.5 bit MDAC. The simulation with the single
paht amplification ADC and with 1.5 bit MDACSs shows exactly the same behavior, therefore the
curve for one case is sufficient. For an effective resolution of 12 bits, an input referred noise of
ovin = 120-1075.V,.. t is tolerable. The influence on the design is not the same for all structures,
because the noise requirements on the output of the first 2.5 bit MDAC is half compared with
the 1.5 bit structure. This is due to the different loop gain of the MDAC:s.
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Figure 5.12: 13 bit ADC - noise on Vin - DAP

5.4.2 Noise on the Reference Voltage

The reference voltage of the digital to analog conversion in the MDAC is noise corrupted. The
simulation provides a noise source for every reference voltage. Figure 5.13 shows the effective
resolution of the MDAC depending on the standard deviation of noise on all reference voltages
used in the ADC with DPA MDACs. It can be seen that the 2.5bit structure allows more
noise on the reference voltage than the 1.5 bit structure. The curves for ADCs with SPA show
the same trend as the corresponding curves for DPA ADCs. Assuming an ADC with 12 bits
effective resolution, the noise on thr reference voltage can be oy .y = 200 - 106 Viey for the
1.5 bit MDAC structure and oy,.y = 260 - 106 Vyep for the 2.5bit structure. Thus the 2.5 bit
structure can tolerate 1.3 times more noise in this case. Comparing it with the input referred
noise, the 2.5 bit structure is relaxed by a factor of 2.
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Spectral Analysis
13 T T T

1251 1

1151 1

ENOB [bits]
=

[

T

|

105 1

10 =
2.5 bit/stage

1.5 bit/stage
I

| | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

-3
Oyref x 10

9.5

Figure 5.13: 13 bit ADC - noise on Vref - DAP

5.5 Offset Voltage

The offset error of an op-amp is dealt with in Chapters 3 and 4 for a single MDAC stage. In
this section the simulation results for the overall pipelined ADC are presented.

5.5.1 Linearity Considerations for 1.5 Bit MDAC

The offset error of op-amps introduces a systematic constant error in each MDAC that is added
to the residual voltage. The impact on the residual is discussed in Section 3.6 and Section 4.6.
Now we will look at the simulation results for the pipelined ADC and compare the results.

The spectral analysis shows non-linearity errors of the pipelined ADC excluding offset error.
The offset of the output waveform is removed from the spectrum before analyzing it. The
simulation is performed with a 13 bit pipelined ADC of 12 pipelined stages and one 1 bit flash-
converter. An offset voltage is introduced in the op-amps of the 1st pipeline stage. The offset
voltage is added to the coarse input signal. The input referred offset voltage of the op-amps is
investigated.

Sooner or later, the propagation of the offset voltage through pipeline stages causes the residual
to leave the interval of +1. If this happens, the effective resolution goes down. For a full scale
input voltage, every small offset voltage causes a decrease of the effective resolution. Decreasing
the input voltage, the ADC can tolerate a certain amount of offset voltage. The curve goes
down where the residue voltage of the MDAC stages leaves the interval of £FS/V,.r(i.e. £1).

Figure 5.14 shows the effective resolution of a pipeline ADC with offset voltage on the op-amps
of the first stage. The curve is a function of the offset voltage. The input voltage is a sine wave
with the amplitude of 95 % FS. The blue curve shows an offset only at the coarse op-amp, the
red curve only at the fine op-amp.

In the 1.5 bit case it does not matter if the signs of both offset voltages at the coarse and fine
op-amp are the same, it leads to the same result. The same offset on both op-amps of the first
pipeline stage is shown in Figure 5.15 with the red curve. The blue dashed curve shows an offset
on the coarse and fine op-amp with same absolute value but with opposite signs. On the X-Axis
you can see absolute values of the offset voltage normalized by the reference voltage.
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Spectral Analysis

13.5 T T
13 1
%) 125 1
3
)
o]
z
w12k 1
1151 1
VOffS on fine op—amp
Vs ON coarse op-amp
11 I I ! ! ! !
0 20 40 60 80 100 120 140
Voffs [mV]
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Figure 5.15: Offset voltage on fine op-amp and coarse op-amp, 1.5 bit MDAC

Figure 5.16 shows the impact of the input signal amplitude. The amplitude of the input signal
is taken into account when calculating the effective resolution. It is calculated by

SINAD —1.76dB + 201og( Fs )

Asignal
5.4
6.02 (54)

ENOB =

It can be seen that a smaller input voltage does not cause saturation easily. Decreasing the
input signal further, no longer improves the result. This can be seen in Figure 5.17.
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5.5.2 Linearity Considerations for 2.5 Bit MDAC

The 2.5 bit structure reacts slightly differently to the offset error than the 1.5bit structure. In
Figure 5.18 it can be seen that the ADC reacts in the same way to an offset voltage on the coarse
and on the fine op-amp. Compared to the 1.5bit case, the offset voltages with different signs
have different impact on the linearity of the ADC. This can be observed in Figure 5.19. The
2.5 bit structure behaves similarly to a decreasing input signal amplitude as the 1.5 bit structure.
The effective resolution increases with decreasing input signal according to Figure 5.20. A further
decrease of the input signal amplitude brings no improvement. This is shown in Figure 5.21. The
worst case is given by offset voltages with different signs on the coarse and fine stage. Assume
the input signal amplitude to be 95% FS. The 1.5bit structure can tolerate an input referred
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Figure 5.19: Offset voltage on fine op-amp and coarse op-amp, 2.5 bit MDAC

offset voltage of 0.05 - V,..;. The 2.5 bit structure can tolerate only 0.016 - V,.; to obtain 12 bit
effective resolution.
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Figure 5.20: Offset voltage with high input amplitudes, 2.5 bit MDAC
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Conclusions

6.1 Conclusions

6.1.1 Overview and Important Results

This thesis investigated DPA for use in 40 nm technology both analytically and in Matlab sim-
ulations. It is summarized in the following:

Chapter 2 introduced the basics of analog to digital converters and of pipelined ADCs.

Chapter 3 derived transfer functions for a single 1.5 bit MDAC stage. The following error
sources were considered separately with analytical approximations and Matlab simulations.
The op-amps performing the analog residue generation in the MDAC were modeled with
Finite DC gain and Offset voltage. Capacitor mismatch of the capacitors determining
the precision of subtraction and multiplication operations in the MDAC was investigated.
Noise sources during the sampling process, in the op-amp and on the reference voltage
were considered. The analytic approximations of the error sources were verified in Matlab
simulations.

It turned out that the capacitor mismatch of this 40 nm process limits the ADC resolution
of the pipelined ADC using 1.5 bit MDAC stages. Therefore the 2.5bit MDAC was con-
sidered, which has higher MDAC gain and thus relaxed requirements on the residue error.
Chapter 4 extended the results of Chapter 3 to 2.5bit MDAC stages. 1.5bit and 2.5 bit
MDACs were compared.

The cascading of multiple MDAC stages to an overall pipelined ADC was discussed in
Chapter 5 on basis of Matlab simulation results. The digital output of the ADC was
analyzed in the frequency domain.

For the simulations, the Matlab model of a 1.5bit DPA MDAC with flip around architecture,
which has been developed as part of a previous project, was extended to a 1.5 bit DPA MDAC
with non-flip around architecture and to a 2.5bit DPA MDAC. A Matlab model of the over-
all pipelined ADC was constructed based on the individual MDAC model stages, which were

Villach, February 28, 2014 - 101 —




6 Conclusions

cascaded, and the ADC performance was analyzed in the frequency domain. The SPA struc-
tures with 1.5 bits and 2.5 bits were compared to the DPA approach, and requirements for the
mentioned error sources were determined.

The goal of the dual path amplification technique is to achieve a high resolution without
digital calibration or complex op-amps, i.e., to save chip area and keep the power consumption
low. The main findings of this thesis with respect to this goal can be summarized as follows.

1. DC gain: For a resolution of 12 bits, considering only finite DC gain, it is possible to
achieve the needed equivalent DC gain with two simple op-amps of about 45dB. The sum
of the coarse DC gain and the fine DC gain is higher than the DC gain required for the
SPA approach. The additional DC gain needed for the DPA approach is proportional to
the feedback factor ky of the fine op-amp.

2. Noise performance: The noise performance of an ADC using DPA MDAC stages is similar
to the noise performance of an ADC built of SPA MDAC stages. The fine stage is the
dominant noise source and has to fulfill similar noise requirements to an SPA MDAC.
However, it has less requirements on DC gain than an SPA MDAC, and only a small
output swing.

3. Capacitor mismatch: The error caused by capacitor mismatch is not proportional to the
output of the MDAC. Similar to the noise error, the fine stage determines the precision of
the residue. The DPA MDAC has similar performance to the DPA MDAC. The capacitor
mismatch of the coarse stage can be relaxed.

4. Chip area: Additional capacitors and switches are needed, which increases the chip size
compared to SPA MDACs. Furthermore, a second op-amp is required for the fine stage of
the MDAC.

5. Digital calibration: No digital calibration is needed for resolutions covered by the capacitor
mismatch of the technology used.

6. Resolution limits: In 40 nm technology, the resolution using DPA is limited to an absolute
maximum of 10.7 bits for 1.5bit MDACs and 11.2bits for 2.5bit MDACs. These limits
only take capacitor mismatch into consideration but no scaling of the stages. These limits
are reduced to lower resolutions by the effects of other error sources.

7. 2.5bit stage: The 2.5 bit MDAC shows better results than the 1.5 bit stage for all the error
sources investigated, except for the offset error. The offset error of the 2.5 bit MDAC has
a higher gain to the input of the MDAC due to the larger feedback factor k.

8. Coarse stage: The requirements for all the noise sources and the capacitor mismatch of
the coarse stage can be relaxed. The errors are reduced by the fine stage. The DC gain
of the coarse op-amp is added to the DC gain of the fine op-amp to achieve the required
DC gain.

The scope of this thesis was to investigate the DPA architecture for use with 40 nm technology.
The simplifying results of the analytical considerations and the more detailed simulation results
give a good overview of the impact of errors on the residue generation and on the limitations
of the overall pipeline ADC performance. By contrast, in SPICE simulations the contributions
of all the investigated error sources are mixed together, which makes it difficult to extract the
impact of one error source. On the other hand, the SPICE simulation allows more effects to be
considered, such as charge injection because of non-ideal switches and more complex op-amps
models, and is very close to the chip. The thesis, results build a good basis for circuit design

- 102 — Villach, February 28, 2014




6.1 Conclusions

using SPICE simulations. Bottle necks were identified and so optimizations can be done more
easily.

6.1.2 Qutlook

The ADC built of 2.5bit DPA MDAC stages shows promising results regarding the investi-
gated effects. Nevertheless, some aspects could not be dealt with in this thesis because of time
constraints, for example the settling behavior of the DPA structure and the requirements on
the Gain-Bandwidth product (GBW). In addition the scaling of MDAC stages could not be
discussed extensively and the impact of the offset voltage on the op-amps needs further simula-
tions. These steps are planed for the near future. The topology could be further optimized by
finding a smart way to apply the input signals using parallel or serial capacitors with the goal
of reducing the errors due to capacitor mismatch. Simultaneous amplification and sampling of
the coarse and fine stages is feasible. However, this would result in a structure that is more
complex and more difficult to investigate, because the output of the coarse stage is not sampled
and varies during the amplification phase of the fine stage.

Once Matlab simulations have been completed, the most promising approach will be imple-
mented in a SPICE simulation in order to verify the Matlab model. This will allow further
parasitic effects to be considered and allow the interaction between the different error sources to
be identified. If the SPICE simulation yields good results, the next step would be to implement
the architecture in silicon and verify the simulation results on a test chip.
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