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Analysis of SAR ADC Quantization Nonidealities
and Measurement of a 50Vpp Input Range 14Bit 250kS/s SAR ADC

SUMMARY

Analog to digital converters are instruments that convert a physical quantity, a voltage
or a current are the most common quantities in an electrical conversion scenario, to
a digital value that represents the amplitude of the physical quantity with respect to a
reference. Due to certain error factors, the digital value obtained after the conversion
is not the perfect representation of the physical quantity. The design of an analog to
digital converter integrated circuits requires the identification of these error factors and
their optimization and minimization, and at the same time requiring the optimization
of several other performance parameters such as power consumption, chip area and the
number of external discrete components required. Reliable methods for characterizing
and assessing the performance of analog to digital converters are required to verify and
validate the design work.

This study focuses on the successive approximation register type of analog to digital
converter, in an analysis, design and measurement scenario. The operation principle
of the successive approximation register analog to digital converter is analyzed and the
primary error factors, stemming from the quantization operation, that deteriorate the
performance from an ideal analog to digital converter are identified. The analysis is
carried over to the design of a novel 50Vpp input range, with 14bit resolution 250kS/s
SAR ADC. The SAR ADC and its operation is presented, with the previously identified
error sources are correlated to the operation of the various circuit elements that make
up the circuit. Finally, the measurement setup for the SAR ADC is presented. With the
measurement setup, the SAR ADC is characterized and its performance parameters are
extracted.
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SAR ADC’lerde Kuantalama Isleminde Bozucu Etkilerin Analizi
ve 50Vpp Girisli 14Bit 250kS/s SAR ADC Olciimii

OZET

Analog-dijital ¢eviriciler fiziksel degerlerin biiyiikliiklerini, elektronik baglaminda en
yaygin olarak bir gerilim veya akim degerini, bir referansa gore temsil eden bir dijital
degere ¢eviren elektronik enstrumanlardir. Bu ¢cevrim islemi, ¢esitli hata faktorlerinden
dolay1 hi¢ bir zaman cevrilen fiziksel degerin milkemmel bir temsili olamamaktadir.
Analog-dijital cevirici biitiinlesmis derelerin tasarimi bu hata faktorlerinin tespit
edilmesini, optimizasyonunu ve kii¢iiltiilmesini gerektirmektedir. Bunun yani sira, bu
iyilestirme siireci ¢eviricinin gii¢ harcamasi, silikon iizerinde harcadig: alan ve devreyi
calisirmak i¢in gereken harici komponentlerin sayis1 gibi diger ikincil faktorlerin de
minimizasyonunu gerekmektedir. Ek olarak, tasarlanan ve optimize edilen devrelerin
karakterizasyonu ve performanslarinin incelenmesi, tasarimin dogrulugunu garanti
etmek acgisindan biiyiik bir 6nem tagimaktadir.

Bu calismada SAR (successive approximation register) tipi analog-dijital ceviriciler,
bir analiz, tasarim ve 6l¢iim senaryosunda incelenmistir. SAR, ya da diger disiplinlerde
de bilindigi ismi ile ikili arama algoritmasi arama algoritmalarinda gerektirdigi
diisiik islem sayis1 sebebiyle en uygun bir noktaya sahiptir. SAR tipi analog-dijital
ceviriciler elektronik diinyasinda vakum tiiplerinin yaygin oldugu 1950’1i yillarda dahi
gerceklesmeye basglanmis olmalarina ragmen, biitiinlesmis elektronik teknolojisinin
gelismesiyle beraber yayginlik kazanmiglardir.  SAR algoritmasini gergekleyen
biitiinlesmis lojik devreler 1970’1i yillarda iiriin olarak sunulmaya baslanmis, ancak
ilk tamamen biitiinlesmis SAR tipi analog-dijital cevirici, 1978 yilinda piyasaya
stiriilmiistiir. Uzun zamandir bilinen bir yap1 olmasina ragmen, analog-dijital ¢evirici
mimarileri arasinda hiz ve c¢oziiniirlik agisindan kapladig1 yer sebebiyle hala yaygin
olarak kullanilmaktadir. Aym1 zamanda, giinlimiiziin diisiik enerji tiikketimi gerektiren
mobil teknolojileri yayginlastik¢a, analog-dijital ¢evirici mimarileri arasinda en diigiik
ornek basina enerji tiikketimleri sebebiyle SAR analog-dijital ¢eviriciler hala yaygin bir
alan kaplamaktadir.

SAR analog-dijital ceviricilerin temel c¢alisma prensipleri incelenmis ve analiz
sirasinda ¢evrim siiresince goriilen bozucu etkiler ve kuantalama islemi sirasinda
cevrimde olusan hata faktorleri tespit edilmistir. Bu algoritmanin veri ceviriciler
baglaminda gercekledigi kuantalama islemi matematiksel baglamda tanimlanmistir.
Kuantalama isleminin matematiksel tanimi, iglem sonrasi ortaya ¢ikan kuantalama
hatas1 olarak isimlendirilen bozucu etkinin analizi i¢in kullamilmistir. Kuantalama
isleminin sinyal iizerine getirdigi bozucu etkinin analizini kolaylagtirabilmek i¢in
istatistiksel bir analiz ile kuantalama giiriiltiisii tanimlanmistir ve sinyal-giiriiltii oram
(signal to noise ratio, SNR) performans ol¢iitiine varilmistir. Bu analiz, MATLAB
ortaminda kurulan bir model ile desteklenmis ve analiz sonuglarinin niimerik
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benzetimler ile tutarliligi dogrulanmigtir. Bir sonraki adimda SAR analog-dijital
ceviricilerin kuantalama islemini gercekleyen ikili kapasitif dijital-analog ¢eviricinin
matematiksel analizi yapilmistir.  Analizin amaci, daha sonra tanimlanan ve
nonlineerlik gibi bozucu etkiler getiren liretim siireci bozulmalarin1 bu baglamda
inceleyebilmektir. Ciddi bir nonlineerlik kaynagi olarak iiretim siireci sonucunda
olusan kapasitif elemanlar tizerindeki rastlantisal dagilim incelenmistir. Bu rastlantisal
davranig, SAR analog-dijital cevirici kuantalayacisi ile birlestirilip bir niimerik model
olusturulmus ve bu niimerik modelin devre benzetimi ile tutarlilig1 gosterilmistir. Bu
boliimde yapilan analizlerin ve modellemelerin biitiinii, daha sonra gelecek dlciim ve
tasarim adimlarinin temellendirilmesini saglamasgtir.

Olgiim sirasinda ceviricinin  davramisini  irdeleyebilmek icin ceviricinin ¢alisma
prensiplerinin incelenmesi bir 6l¢iim stratejisi olusturulmasi ve tasarimin bir sonraki
iterasyonu icin bir yon ¢izilmesi acisindan kritik 6nem tasimaktadir. Olgiim igin
50Vpp giris aralig1 bulundan 14bit ¢oziiniirliiklii ve 250kS/s 6érnekleme hizli bir SAR
analog-dijital ¢evirici ele alinmistir. Bu ceviricinin iki adimli algoritmik yapisi bir 8bit
ikili kapasitif dijital-analog ¢cevirici kuantalayiciyi iki ayri ¢evrim adiminda kullanmak
tizerine kurulmustur. Bu yap1 diisiik alan kullanimi ile beraber yiiksek ¢oziiniirliik elde
edilmesini saglamaktadir. Yapi, ilk ¢cevrimden olusan kuantalama hatasini yiikseltip
tekrar kuantalama isleminden gecirmektedir. iki cevrim islemi sonucunda elde edilen
iki 8 bitlik deger, aradaki 64 kazang sebebiyle toplam 14bit ¢oziiniirliikli bir cevrim
ile sonu¢lanmaktadir. Ceviriciyi olusturan devre elemanlarindan, yiiksek gerilimli
anahtarlama devresi, yiikseltici ve komparator ve 8bit kapasitif dijital-analog ¢evirici
detayli olarak incelenmistir. Bu analiz sonucunda her devre elemaninin nihai ¢cevrim
sonucunda elde edilen dijital degere nasil bir bozucu etki getirecegi irdelenmis ve tespit
edilen hata kaynaklar1 SAR analog-dijital ¢evirici sistemini gercekleyen elemanlar ile
iliskilendirilmistir.

Ol¢iim ve karakterizasyon icin ele alinan SAR analog-dijital ceviricinin gereksinim-
lerine 6zel bir lgiim diizenegi kurulmustur. Ol¢iim diizenegi kurulurken hedeflenen
statik ve dinamik ol¢iimler olarak iki gruba ayrilmig 6l¢iim gruplarinin gerceklemesi
hedeflenmistir. Olciim diizeneginde bir saat isareti kaynagi, dortlii gerilim kaynagi,
lojik analizor, ¢ok yiiksek ¢Oziiniirliiklii bir giris isaret kaynagi ve biitiin cihazlarin
senkronize calismasini saglayan bir referans saat isaret kaynagir kullanilmistir.
Ceviriciye bozucu etkicileri en aza indirgeyecek bir ara yiiz kurulabilmesi i¢in bir
baski devre yapilmig ve irettirilmistir. Baski devrenin tasariminda ¢eviriciye olacak
parazitik kapasitif ve direng etkilerini minimize edecek ve 6l¢iim diizenegindeki aletler
ile uygun caligabilecek bir yap1 kullaniimistir.

Olgiim sirasinda alinan veriler iki kategoride incelenmistir.  Statik olgiimler
analog-dijital c¢eviricinin kuantalama araliklarin1 belirlemek ve kuantalayicinin
dogrusallig1 gibi performans karakteristiklerini ¢ikarmak amaciyla gerceklestirilmistir.
Bu olctimleri elde edebilmek icin c¢esitli yontemler incelenmistir. Bu yontemler
arasindan histogram metodu diizenekte gerekecek elemanlarin azligi ve giris sinyal
iireteci ile uyumlulugu sebebiyle tercih edilmistir. Giris genlik olasilik dagilimi
bilinen bir sinyalin analog-dijital ¢eviricinin ¢ikisindaki genlik olasilik dagiliminin
incelenmesine dayanan bu metot i¢in analiz yiiriitiilmiistiir. Bu yontem kullanilarak
analog-dijital ceviricinin DNL ve INL performans parametrelerine varmak miimkiin
olmustur. Ikinci 6lciim olan dinamik 6lciimler ise devrenin dinamik sinyallere olan
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cevabini incelemek amaciyla gerceklestirilmistir. Bu Ol¢limler sirasinda Fourier
doniistimii icin gerekli ornekleme araliklarinin belirlenmesi ve kullanilacak giris
isareti frekansi sonuglart optimize edecek sekilde belirlenmistir. Ceviricinin girisine
yiiksek hizli bir siniis sinyal uygulanirken ¢ikisinin Fourier doniisiimii alinarak igerilen
harmonik ve giiriiltii gii¢ seviyeleri ¢ikartilmistir. Bu gii¢ seviyeleri oranlanarak SNR,
SFDR ve SNDR gibi analog-dijital cevirici performans parametreleri elde edilmistir.
Olgiim sonuglarinda elde edilen grafikler sunulmus ve dl¢iim sonuglar1 yorumlanarak
ceviricinin performansi hakkinda nihai bir sonuca varilmistir. Ele alinan analog-dijital
cevirici tam olarak karakterize edilmis ve performans parametreleri ¢ikartilmistir.

Bu ¢alismada SAR analog-dijital geviriciler, bir analiz, tasarim ve 6l¢lim senaryosunda
incelenmigtir. Yapilan ol¢iim, tiretilmis bir ¢eviricinin karakterizasyonunun tamamlan-
masini saglamig ve bir sonra gelecek olan nesil i¢in yeni tasarim hedefleri konulmasina
imkan vermistir. Ol¢iim sirasinda elde edilen sonuglarin anlamlandirilmasi adina, ele
alinan 50Vpp girisli, 250kS/s 14bit SAR analog-dijital ¢eviricinin ¢alisma prensipleri
ve alt elemanlarinin getirdigi bozucu etkilerin analizi 6l¢iim sonuclariyla ilgilesim
gostermigtir. Kuantalayicilar lizerine yapilan teorik analiz ve analizin modeller ile
dogrulanmasi ise biitiin senaryonun temellendirilmesi adina 6nemli bir yer tagimustir.
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1. INTRODUCTION

1.1 Historical Review

Analog to digital converters are instruments that convert a physical quantity, a voltage
or a current are the most common quantities in an electrical conversion scenario, to
a digital value that represents the amplitude of the physical quantity with respect to a
reference. Due to certain nonidealities, the resulting digital value after the conversion
operation is not the exact representation of the physical quantity. The design of an
analog to digital converters requires identification of these nonidealities and their
optimization and minimization, and at the same time requiring the optimization of
several other parameters such as power consumption, chip area and the number of
external discrete components required. To this end, reliable methods for characterizing
and assessing the performance of analog to digital converters are required to verify and

validate the design work.

There exists two primary limiters in analog to digital conversion, a continuous in
time and amplitude physical quantity has to be converted into a discrete in time and
amplitude signal. The physical quantity subject to analog to digital conversion is very
often continuous in time, such as a current representing the amount of light a laser
diode is receiving or a voltage representing the change of resistance of a metal alloy
due to it bending under a certain amount of weight. The amplitude of the current or
the voltage will change instantaneously as the physical quantity changes. However
a converter will often require a certain amount of time where its input is held at the
value to be converted, to successfully convert the amplitude into a digital number.
Converters commonly employ a sample and hold circuit to sample this continuous
in time value and hold it at the sampled value for the duration of the conversion;
namely converting the continuous input signal to a discrete signal. While sampling

a continuous signal of limited bandwidth with a high enough sampling frequency as



dictated by the Shannon-Nyquist theorem will retain all the information content of the
signal for subsequent reconstruction; the limit on the frequency imposes a limit on the
application of the specific converter. Similarly, while both of the physical quantities
mentioned are continuous in value, for all practical purposes of the contents of this
thesis, an analog to digital converter can only represent a digital value in a finite number
of bits that imposes a limit the resolution of the converter. To achieve the representation
by a number of finite bits, the analog to digital converter maps a range of continuous

values into a discrete value.

The SAR algorithm, also known as feedback subtraction as it was historically known
can be traced back to 1500s relating to the solution of a mathematical puzzle about
determining the least number of weighting operations to weigh any number of pounds
between 1lbs to 40lbs [2]. The solution to this puzzle was presented initially by the
mathematician Tartaliga in 1556, where he proposed using the series of weights 11bs,
2lbs, 41bs, 8lbs, 16lbs and 32lIbs. Figure 1.1 shows the algorithm in action. The first
comparison of the 451bs target weight is made to the 32lbs weight, and if the result
is greater, the second weight of 16lbs is added to the comparison. In the second
comparison, the weight is smaller, so 16lbs is rejected and replaced with 8lbs, and

so on. The algorithm is the same used in modern SAR ADCs.

The first inception of a SAR ADC architecture was by J.C. Schelleng of Bell Telephone
Laboratories in a patent filed in 1946. The vacuum tube implemented ADC lacked the
elegance of its modern counterparts, however, it followed the basic SAR algorithm
to make comparisons to known voltages and select the appropriate next comparison
steps according to the results. The next incarnation of the SAR ADC, again from Bell
Telephone Laboratories in a 1947 article showed a 5bit, 8kS/s ADC where a primitive
sample and hold structure was implemented, and appropriate charge depending on the

code and the reference were subtracted from the sampled charge [3].

While both these ADCs showed the basic operational principle of the SAR ADC, they
did not use binary weighted DACs to generate an approximate of the input signal. The
more traditional SAR algorithm was described by H.R. Keiser and B.D. Smith in 1953,
using both binary weighted and nonlinear DAC arrays, similar to the ADC structures

used today.



ASSUME X =45

TEST
ISX2327 YES 9 RETAIN32 3 1
IS X 2 (32 +16) ? NO 9 REJECT16% 0
HHH  isxz@2+9 YES 9 RETAINS & 1
FHH  1sxzpzes+92 YES ® RETAIN4 & 1
4 ISX2(32+8+4+2)7 NO 9 REJECT2 & 0
O ISX2(3248+4+2+1)2 YES & RETAIN1 & 1

TOTALS: X=32+8+4+1 = 45,;, = 101101,

Figure 1.1: SAR algorithm weight analogy

Figure 1.2: DATRAC, 11bit 50kSPS SAR ADC
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Figure 1.3: Analog to digital converter architectures grouped by resolution and
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The first commercially successful SAR ADC was DATRAC, seen in Figure 1.2, a
11bit 50kS/s SAR ADC. It was due to the revolutionary work by Bernard M. Gordon
at EPSCO [4]. The DATRAC was a huge machine (almost 50cm wide, 70cm high and

40cm deep), dissipated several hundred watts and costed about 8000$.

The SAR algorithm was implemented by National Semiconductor and AMD, in
te popular 2502/2503/2504 family of IC logic chips. These discrete chips would
implement the SAR logic algorithm to facilitate the construction of all modular and

hybrid SAR ADC:s in th 1970s and 1980s.

With the advent of monolithic ICs and data converters. Analog Devices released
ADS574 a 12bit 3MS/s ADC in 1978. The use of laser trimming the thin film resistors
to increase the accuracy and the linearity of the converter to the desired levels was
highly successful and the AD574 became the state of the art of its time. The ADC is

still in production and sold by Analog Devices as a general market product.

As CMOS technologies became popular and the feature size of the processes have
dropped along with supply voltage scaling, SAR ADCs are almost always implemented
in CMOS processes. The CMOS process allows for better control of the DAC sizes,

that are considerably larger than any other component of a SAR ADC.

Analog-to-digital converters have a number of different architectures that optimize

certain performance parameters in lieu of others to benefit a specific application
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area. Figure 1.3 show the most commonly encountered ADC architectures by their
resolution and sampling rate. The most common trade-off is between the sampling
rate of the ADC and resolution, and this trade-off is what separates the most common
architectures: flash ADCs provide the fastest sampling rates (hundreds of MSPS up to
many GSPS) while providing the least resolution (3 to 5 bits) whereas delta-sigma
ADCs provide the least sampling rates (10SPS to MSPS) while providing high
resolution (up to 24 bits.) Successive approximation register, or SAR, analog to digital
converters cover a versatile range among the common ADC topologies, covering a
range from high resolution (8 bits), medium sampling rates (a few KSPS) to low

resolution, fast sampling rates (100s of MSPS).

Another primary benefit of the SAR ADC architecture is that it has proven to be one
of the most power efficient architectures available [5]. Power efficiency has been an
important focus of optimization with the advent of mobile devices that rely on battery
power, and the SAR algorithm proves to show the lowest energy consumption per
sample obtained. Figure 1.4 shows the energy consumption trend for ADCs decreasing
steadily over time, and optimization of ADCs utilizing the SAR algorithm has been a

major contributer.



1.2 Purpose of the Thesis

As previously mentioned, the design of analog-to-digital converters relies on the
identification and analysis of these nonidealities that cause the deviation from the
perfect representation of the continuous in time and amplitude value in a finite number
of digital bits. To this end methods of measurement and characterization must be
developed, to be able to subsequently optimize the design enough to minimize the
effect of these error factors. This thesis mainly focuses on the SAR (successive
approximation register) architecture of the analog-to-digital converter, further focusing
on the analysis of the nonidealities of the quantization stage in a SAR converter.
The analysis is then supplemented by the measurement of a 50Vpp input range
14Bit 250kS/s ADC in a fully automated measurement environment where the
characterization methodology is implemented and the effects of the nonidealities are

observed in the experimental setup.

1.3 Organization of the Thesis
The organization of the thesis can be summarized as follows:

In Chapter 1, the thesis is introduced, a literature review and historical analysis of the
SAR algorithm is conducted and the primary aim of the thesis is stated. In Chapter
2, the SAR algorithm is introduced and an analysis of the quantization operation is
conducted. The operation of the quantizer in the SAR ADC is described and the
primary error factors are identified. In Chapter 3, an overview of the operation of the
50Vpp input range 14bit 250kS/s SAR ADC to be measured is analyzed and error
sources are correlated with the previous analysis. In Chapter 4, the methodology
employed in characterizing and measuring the 50Vpp input range 14bit 250kS/s SAR

ADC is presented. In Chapter 5, the thesis is concluded.



2. SAR ALGORITHM AND QUANTIZATION

2.1 Introduction

In this chapter the SAR algorithm will be defined and how it implements a quantizer
will be described. Following an introduction of the general operation principle of
the SAR algorithm, a mathematical definition for the quantization operation will be
defined, and performance metrics for a non-ideal quantizer will be defined. In the
course of the analysis, the results for a MATLAB model developed to verify the
analytic definitions will be presented. The analysis will be further extended to a circuit
level realization of a quantizer found primarily in SAR ADCs, the capacitive DAC.
Finally, the common effects that cause nonlinearity degradation in SAR ADCs will
be explained and the analysis will be verified by the presentation a statistical model
that was developed which allows the simulation of a nonlinearity introducing effect

aforementioned capacitive DAC.

2.2 General Operation Principle of the SAR ADC

The successive approximation ADC uses a method also known as to different
disciplines as the binary search algorithm or the half search algorithm, all of which
operate on the same basic principle. The position of an input in the search space is
found by comparing the value of the input to the middle value of the search space
iteratively. In every iteration the algorithm, depending on the result of the comparison
the search space is halved. If the input voltage is greater than the midpoint, the new
search space for the next iteration is the one enclosed by the high value and the middle
value of the current search space. Similarly, if the input is smaller than the mid point,
the new search space for the next iteration is the one enclosed by the middle value and
the low value for the current search space. The halving operation yields a quite an

efficient algorithm, where each iterative step increases the resolution of the conversion
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Figure 2.1: Block diagram of a SAR ADC

with a single additional bit and in the field of computer science, it yields the search
result in O(log(N)) computational steps. It is worth noting that, this algorithm when
implemented for a discrete input, discrete output case, can benefit from the equality
operator as well to reduce the number of steps to reach the end of a search operation;
however, this doesn’t apply for the case in the implementation of an ADC, where the

input value is continuous and the output value is discrete.

For the case of the SAR ADC, the binary search algorithm is implemented by digital
logic that controls the input of a DAC to generate the middle voltage value of the search
space, which is subsequently compared with the input value to yield if the input is on
the greater or the lesser half of the search space. Figure 2.1 shows the block diagram

of a SAR ADC.

The sample and hold block samples the input at a fraction of the clock signal of the
system, implementing the time discretization function and holding the input of the
comparator at the same value for the duration of the conversion. In the initial condition,
the output of the SAR logic is at the middle code, 10000... which keeps the DAC is at
the middle voltage of the voltage range of the ADC, defined by the reference voltage
inputs, Vs, and V,,s,, where the middle voltage is Viar, = (V,efp —Vies,)/2. The
comparator determines if the input voltage is greater or lower than this voltage, and
feeds it back to the SAR logic block, which determines the next code. If the output is

greater, the new search space should be defined by V,, £ and Vi, which yield would
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Figure 2.2: SAR ADC operation, converging to the input voltage

the following input for the comparator in the next iteration:

Viet, = Vier,  Vier,—Vyer, 3
Vit = = g 2o 2 (Y, Vi) @1

Similarly, if the output is smaller, the new search space would be defined by Vi, and

Vyef, which would yield the following input for the comparator in the next iteration:

Vre fr Vre fan Vre fp Vre fa 1

VSZ}”I = 2 - 4 = Z(Vrefp - Vrefn) (2'2)

This operation is repeated for Vj , where n is the number of bits of the SAR

ar(,1,2,..n
converter. Figure 2.2 shows the a SAR ADC converging to a input voltage in successive

steps.

It should be noted that in this case, the SAR converter requires n clock cycles for
every conversion, and thus the sampling clock (also known as conversion clock) is at a

frequency 1/nth of the system clock.

2.3 Quantization Analysis

An analog-to-digital converter is required to perform amplitude discretization of the
analog input signal, since the digital output signal is required to be represented by a
finite number of digits. This amplitude discretization operation is called quantization,

and the functional block that performs this operation is called a quantizer.

Figure 2.3 shows the transfer function of a quantizer. The input range, X;qx — Xmin
is divided into a number of quantization intervals, with quantization interval widths,

A, for the n-th interval, defined by the difference of its quantization interval edges,

9
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Xn,max and Xy min Where Ay, = Xy max — Xnmin- The quantizer maps the continuous range
corresponding to the quantization interval to a value that represents the quantization
interval, usually chosen to be the midpoint of the quantization interval to facilitate

analysis, Y, = Xp mid = Xn,min +An/2.

A uniform quantizer, or a linear quantizer, has the property that Ag =A| = ... = Ay =
A = (Xpmax,M — Xmin,0) /M where the number of quantization intervals is M. Figure 2.3
shows the transfer function for an uniform quantizer and the quantization error, which

will be defined in the following section.

Quantization is a many-to-one mapping operation, where a larger range (uncountably
larger in the case of a continuous signal) is mapped onto a smaller range which renders

the quantization operation an inherently nonlinear one.

To achieve Figure 2.3, a model for a 2-bit uniform quantizer was coded in the
MATLAB environment and the model was driven with a linear ramp signal to arrive at

the quantized values and the quantization error.

10
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Figure 2.4: Quantization operation and quantization error for a linear signal

2.3.1 Quantization Error

The quantization operation introduces a difference between the original signal and the
quantized resulting signal. The quantization operation can be summarized as in (2.3),
where y is the quantized output signal, Q(x) is the quantization operation, x is the
original signal, and &, is the quantization error. Figure 2.4 shows the quantized output
and the quantization error of a two bit (four level) quantization operation on a linear
input signal. Figure 2.5 shows the quantized output and the quantization error of the
same two bit quantization operation on a sinusoidal input signal. As can be observed
from the figures, the quantization error is a highly input dependent signal, that is quite

hard to approach analytically.

y=0(x)=x+¢g 2.3)

11
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To achieve Figures 2.4 and 2.5 the quantizer model previously developed was driven
with a linear ramp signal and a sinusoidal signal to show the nonlinear nature of the

quantization error.

2.3.2 Quantization Noise

There exists a requirement to analyze and understand the effects of the quantization
operation to facilitate an understanding of trade-offs and yield more robust
designs. However, since the quantization transfer function is highly nonlinear and
discontinuous, regular analytic methods fail to model it. A quantization error model
can be reached by considering the quantization error to be probabilistic, and to be

uniformly distributed for each quantization interval.

Figure 2.6 shows the power spectral density for a 114.257KHz sinusoidal signal, and
the same signal after it has been through an 8 bit quantizer. The quantization error
model aims to reach a power figure for the quantized and the original signal to quantify

the effect of the quantization error.

12
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To achieve Figure 2.6 the previously developed quantizer model was subjected to a
sinusoidal signal, and the Fourier Transform was utilized to convert the signal into the
frequency domain. After conversion to the frequency domain, the signal to noise ratio
figure was reached by taking the ratio of the power in the signal frequency bin and the

remaining frequency bins.

In (2.4), the power for the uniformly distributed quantization error is calculated. To
arrive at a ratio that will define the effect of the quantization error relative to the signal,
in (2.5), signal power is calculated for a sinusoidal signal and the amplitude of the
sinusoidal signal is referred to the quantization interval and the number of bits, thus

the full-scale input range of the quantizer.

oo AJ2 &2 A2
PQ = / sgp(sq)deq = qugq = E (2.4)
—oo ~AJ2
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The signal to quantization noise ratio (SNQR) can now be written, as in (2.6) by the
ratio of the power of the input sinusoidal signal to the quantization noise power. In the
decibels scale, the same figure can be written as seen in (2.7). The results reached are

consistent with the SNR calculated for the quantized sinusoidal signal in 2.6.

Py, 12A%2" 3,
SONR= " = - =—.2% 2.6
Q P, 8A2 2 (26)
. Pyin o 3 2ny __
SONRqp = 10-log | == | = 10-zog(E 27 =6.02-n+1.78 (2.7)
q

In Figure 2.7 a quantizer with »n bits is simulated with a full-scale sinusoidal signal at
its input and SNR values are extracted from the output quantized signal. To achieve
Figure 2.7 the quantizer model previously developed was extended to be customizable
with respect to n, the number of bits. n was swept and the signal to noise ratio for each
case was calculated. The simulation Matlab code for generating the quantization noise

by n-bits figure is appended to the thesis in Appendix A.1.

The calculated SNR from the analytical result obtained in (2.7) is highly consistent
with the simulation results, showing that the model is a good approximation of the
degrading effects of the quantization operation. This result important implication in
defining the maximum signal to noise ratio achievable in a quantizer, and thus any data
conversion system. Also, this definition of the signal to noise ratio versus the number
of bits can be used to reach the ENOB (effective number of bits) figure for a measured
ADC system that have degrading effects that worsen their SNR beyond the number of

bits their quantizer has.

From this study of quantizers, it is reached that the quantizer puts a fundamental
limit on the SNR in a data conversion system, and there is a minimum number of
bits requirement to achieve a given SNR. Any second order effects will come as
further degradations on this SNR number, and the circuit designer must take this into

consideration while choosing a specific number of bits for the data conversion system.

14
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2.3.3 Quantization Error and Quantization Noise in Nonuniform Quantizers

A nonuniform, or nonlinear, quantizer is defined by the property that the quantization
intervals are not the same over the full range of the quantizer. The non-uniformity
of the quantization intervals bring about several effects that invalidate the above
analysis for quantization noise, since the resulting output signal usually has harmonic
components.  This characteristic of the nonuniform quantizer makes it nearly
impossible to study analytically, and makes the designer reliant on simulations to see
the signal degradation effects. However, it is also important to quantify the nonlinearity
of quantizers, and the integral and differential nonlinearity figures will be defined in

the following section to address that requirement.

2.3.3.1 Differential and Integral Nonlinearity

At this point, it is beneficial to define two measures used in characterization of

quantizers, also frequently used in the context of data converters as a performance

15



metric: differential nonlinearity, DNL, and integral nonlinearity, INL. Differential and

integral nonlinearity quantify the difference of a quantizer from a uniform quantizer.

As shown in 2.8, DNL is the difference of the n-th quantization interval width, A, and

the uniform quantizer interval width, A = (Xax — Xmin) /M.

n
INL, =) DNL, (2.9)
i=0

2.4 Quantizers in SAR ADCs

The quantizer in a SAR ADC is realized by the comparator, making the decision for
each bit at every consecutive stage. The decision is made by comparing the input
that has been sampled to the output of a DAC for the value of the respective code
at that stage. Code edges and the quantization intervals in the SAR ADC is defined
by the values that the DAC outputs for the respective codes. Thus, the analysis of
the quantizer in the SAR ADC leads to the analysis of the DAC used to generate the

voltages for the comparator.

In this section, firstly the binary weighted capacitive DAC will be analyzed. Next,
the next step in the architecture, segmented or split capacitive DAC will be described.

Finally, performance degrading secondary effects of these structures will be discussed.

2.4.1 Binary Weighted Capacitive DAC

An effective circuit for realizing the SAR ADC DAC is by utilizing the binary weighted
capacitive DAC. This method relies on generating the voltages for the comparator
by charging and discharging capacitors with known positive and negative reference
voltages [6]. The circuit schematic for a binary weighted capacitive DAC is presented

in Figure 2.8.

Consider the charge on node X to be, Q,. The voltage at this node is V, the positive

reference voltage is V,,, and the negative reference voltage is Vz,. The code input

16
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Figure 2.8: Schematic of a binary weighted capacitive DAC

for the DAC is code and its complement is code. The charge on node X can be written

as shown in (2.11).

2n—1
L |2t
bin=| | (2.10)
2'0
x — Cul\Vx — Vye _l:n’CO_)e_F u\Vx — Vrye _l:l’l‘co_)e .
O = Cu(Ve = Viey, )b de +Cy (Ve — Vyer, )b d (2.11)

Consider the transition from code from a zero vector to a one LSB increase. The

operation is shown in (2.12).

0 1
0
code = | code=|:| =
0 (2.12)
0 1
n—1
Qx = Cu(vxo - Vrefn) Z 2!
i=0
o] - -
0 1
code = | code=|:| =
1 (2.13)
_1_ _O_

n—1

Qx - Cu(Vxl - Vrefp) +CM(VXI - Vref,,) Z 2i

i=1
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The charge at node X is constant during this operation. The two equations can be
solved together to find the voltage at node X, which will correspond to the LSB voltage
of the CDAC, as shown in (2.15).

n

n—1 1
Y 2V0 = Y 2V + (Vieg, — Vres,) (2.14)
i=0

i=1

Vref,, - Vre fa

_ 1 0__
‘/lsb_vx _Vx_ 2n_1

(2.15)

The fullscale range for the DAC wil be (2N — 1) %V}, and this range will be divided

into 2" — 1 quantization intervals.

2.4.1.1 Charge Redistribution CDAC

The charge redistribution DAC is a slight variation on the binary weighted DAC,
allowing more robust operation. In the charge redistribution DAC, the DAC array
is used both for sampling the input voltage, and comparing the output to the negative
reference voltage. According to the superposition principle, the operation of the DAC
with respect to the code doesn’t change, and the constant input of the comparator
allows the common mode input of the comparator to be referenced to the ground. This
allows for the analysis results reached in the binary weighted CDAC section to be

utilized for charge redistribution DACs as well.

2.4.1.2 Segmented CDAC

The segmented CDAC is another variation on the binary weighted CDAC, where the
DAC is split into two main banks, bridged by a series capacitor. The series capacitor
causes the lower half of the array to show lower effective capacitance, therefore
reducing the ratio requirement between the LSB unit and MSB unit of the DAC. This
reduces the size of the capacitive array, and in conditions of ideal voltage division by

the bridge capacitor, the analysis is the same as the binary weighted CDAC.
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2.4.2 Linearity Degradation in Capacitive DACs

2.4.2.1 Linearity Degradation due to Process Mismatch

Process mismatch is the first contributor that degrades the linearity of the CDAC. The
statistical characteristic of capacitor mismatch is given in (2.16), where M, is the area
parameter, and M; and M,, are the width and length mismatch parameters for a given

process [7].

AC Ma Ml MW
3o(— | = — 4+ — 2.16
G(C) wL 't Twe (2.16)

A binary CDAC was simulated with the above equations and the mismatch parameter
both in MATLAB and SPICE, to see the effect of the unit capacitor geometry
on the linearity characteristics. For the MATLAB simulation Equation (2.16) was
implemented as the variation on the values of the unit capacitors with the use of
Equation (2.12) were implemented to model a quantizer. For the SPICE simulation,
the schematic in Figure 2.8 was implemented with ideal switches and process supplied
MIM (Metal-Instulator-Metal) capacitors in a 0.35um process. A linear signal was
applied to the input of the quantizer in both cases, and INL and DNL values were
extracted. For the variation parameters in the MATLAB simulation, the statistical
variation parameters supplied by the process vendor was used. The code for the
MATLAB simulation is in Appendix A.2. The results of the simulation are shown

in Figure 2.9.

The correlation of the SPICE simulation with the analytical results verify the analysis.
The size dependence of the binary sized capacitors show DNL spikes at code
transitions that are respective to the switching from a (...01...11) code to a (...10...000).

The assumption here was that each capacitor would be sized according to its value.

A method to counter this DNL spike and INL increasing behavior is to use
thermometric coding [8]. When the value of the DAC input changes by a bit, in
the binary CDAC, it might be required that a capacitor assigned to a larger bit value

to be charged, and several small capacitor values decharged, or vice-versa. The
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Figure 2.9: Process mismatch effect on CDAC linearity - binary switching

thermometric switching scheme only switches a number of unit cells equal to the code
difference, meaning that the maximum error between two cells is dictated by the unit

cell mismatch error.

The same simulation was run with a thermometric switching scheme, and the results
are shown in Figure 2.10. It should be noted that while the thermometric switching
scheme improves the DNL greatly, the integrated mismatch power still gives rise to the

same INL.

The benefit of developing such an analysis was simulation time. A Monte-Carlo
simulation conducted in a SPICE environment takes up to 10 hours using top end
computing equipment, whereas the MATLAB simulation lasts only a few minutes on
a regular home PC. This decrease in simulation time eases the analysis of statistical

effects that degrade the linearity of quantizers greatly.

2.4.2.2 Linearity Degradation due to Process Gradients

Gradient errors are the process parameter changes on the wafer. Insulator thickness

change in a given direction on the wafer would cause mismatch in the values of the
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Figure 2.10: Process mismatch effect on CDAC linearity - thermometric switching

unit capacitors. A serious problem about gradient error is that there is not a proper
way to simulate and foresee its effects. Careful layout consideration and placement of
unit capacitors is required to overcome gradient effects. To overcome gradient effects,

placement methods, such as 9 random walk have been proposed in the literature [9].
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3. OPERATION PRINCIPLE OF THE MEASURED SAR ADC

3.1 Introduction

An understanding of the operation of the device to be measured is crucial in developing
a measurement strategy and a following optimization scheme for the next, higher
performance design iteration. In this chapter, the analysis conducted in the previous
chapter will be related to the operation principle of the ADC that will be used in
the measurement setup. The ADC that will be analyzed is a 50Vpp input range,
14Bit 250kS/s SAR ADC, developed in the ITU VLSI Laboratories previous to this
thesis [10]. Firstly, architecture of the SAR ADC and its algorithmic structure will be
explained, and the circuit components that are utilized in the operational stages will
be presented. Next, the circuit components themselves will be presented in detail and
primary sources of nonlinearity originating from these components will be highlighted

and related to the analysis.

3.2 Architecture and General Operation Principle

In this section, the architecture and the general operation principle of the SAR ADC
will be presented. The 50Vpp input range, 14Bit 250kS/s ADC is an extension of
the SAR architecture, designed with the aim to reach a high resolution conversion
by using an area efficient CDAC [10]. The ADC is designed to achieve the high
resolution aim by employing the area efficient 8bit converter twice sequentially, where
the quantization error of the first conversion stage is amplified, and fed back into the
converter again in a subsequent 8bit conversion stage. This operation is analogous
to a pipelined converter with two 8bit stages, with an interstage gain as set up by
the amplification stage of operation. The block diagram of the stages used in the

algorithmic SAR ADC is shown in Figure 3.1. The detailed diagram of the complete
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Figure 3.1: Block diagram of the SAR ADC

system including the circuit components and the timing for the stages are shown in

Figure 3.2.

The operation consists of 5 phases: input sampling, 1** 8bit SAR conversion, residue
amplification, residue resampling and 2"¢ 8bit SAR conversion. The high voltage
bootstrapped switch (HVBS) is utilized to sample the high voltage input to MIM
sampling capacitor Cg [11]. After the high voltage sampling, the sampled charge
is redistributed on the Cpac, which protects the internal circuitry from the high
voltage input signal. Next, the system extracts the most significant 8 bits using the
charge redistribution poly capacitor DAC array (Cpac) in the 1 SAR conversion. In
the amplification phase, the remaining residual charge is amplified on the feedback
capacitor Cr by an interstage gain of 64, dictated by linearity constraints. In the
resampling phase, the amplified residue voltage is resampled on the Cpsc. Finally,
another 8 bits are obtained in the 2"¢ SAR conversion. The digital error correction
block combines the results of the 1* and the 2" conversion cycles to generate 14bit

output code, dictated by the interstage gain, while the system samples the next input.

3.3 Circuit Sub-blocks

In this section, the circuit components that make up the 50Vpp input range, 14Bit
250kS/s ADC is presented. The circuit components presented are the high voltage
bootstrapped switch, the 8bit capacitive DAC array and the amplifier/comparator
block.

3.3.1 High Voltage Bootstrapped Switch

The circuit schematic of the high voltage bootstrapped switch is shown in Figure 3.3.
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Figure 3.2: System diagram of the SAR ADC
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Figure 3.3: High voltage bootstrapped switch circuit schematic and the DNMOS
device
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The HVBS operates by charging the flying capacitor, Cy;, to Vpp and connecting it
between the gate source terminals of the switch transistors. The primary aim of the
bootstrapping structure is to keep the V5 of MNi; and MN;s transistors constant at
Vpp while tracking the input signal. With a constant voltage of Vpp between the gate
and source terminals of the MOSFETs, the devices are forced into linear operation
with a constant on resistance, minimizing the nonlinear error in the input sampling
stage. However, there are secondary effects that degrade the fully linear sampling
operation. The primary degrading effect stems from parasitic capacitor at node N8,
Cp, which causes charge sharing in the tracking phase resulting in Vg modulation
with Vj,,. It can be shown that the Vg of the switching transistor is dependent on the
input voltage V;, with a factor depending on the parasitic capacitor C), and the flying
capacitor Cyyy, as presented in (3.1). To minimize the modulation and consequently
the tracking non-linearity, the flying capacitor has to be sufficiently large compared to

the parasitic capacitor at this node, so that the voltage division effect is minimal.

Criy

_— 3.1
Cﬂy + Cp

VNgNg = Vs = Vpp +

p
C fly T Cp Vin
In addition to minimizing the nonlinear effects, the circuit has a high requirement of
ensuring reliability, since the devices are subjected to high voltages during transient
operation. Rj, on the switch gate charging path, protects the gate oxide by matching
the time constants of the input to output path and the input to gate path, by slowing

down the switch turn on speed.

The high voltage bootstrapped switch operates from a single 3.3V supply within its
entire input signal range, covering the entire S0Vpp range without forward biasing any
parasitic diodes. Figure 3.3 shows the cross-section of a DNMOS device. DNMOS
devices do not introduce any additional process steps in a twin-well process, and thus,
no additional costs in the process used [12]. The measured ADC reveals that the
HVBS can reliably track and sample with at least 16bit linearity up to the Vpp of
the isolated DNMOS, having 50V and 3.3V Vpp, drain breakdown voltage, and Vpg,

gate breakdown voltage [11].
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3.3.2 8Bit Segmented Capacitive DAC Array

The differential capacitor array is built with a 50V MIM sampling capacitor Cy in
parallel with 4 by 4 segmented 8bit charge redistribution Cg4,.. The Cs capacitor
is charged during the input sampling phase to the voltage value of the input signal.
This voltage value results in a charge accumulation on the capacitor, defined by
QOc, = Vin/Cs. This charge, in the following step, is transferred to the Cgz,e, Where
the charge redistribution causes the voltage to be attenuated to levels that will protect
the internal circuitry that has a maximum voltage rating of 3.3V from the high voltage

input.

As mentioned in the analysis, the Cy,. segmented capacitor array has linearity
degradation effects due to three primary sources. Process mismatches cause value
mismatches between the capacitor cells independent of their placement dependent on
their dimensions. The first step in countering random mismatch effects is to use unit
cells, and assign a number of unit cells to every bit. With every cell being the same
size, this essentially results in the same amount of mismatch in every cell. The second
step is to use thermometric coding and switching. When the value of the DAC input
changes by a bit, in the classical binary switching scheme, it might be required that
a capacitor assigned to a larger bit value to be charged, and several small capacitor
values decharged. As an example, switching between the binary values of 7 (0111)
to 8 (1000) in an hypothetical 4 bit array, would cause an error depending on the
mismatch of the capacitor assigned to the 2°th bit and the sum of the 2th, 2'th and
2%th bit capacitors. This causes code dependent mismatch errors, which show as INL
spurs at the respective codes. The thermometric switching scheme only switches a
number of unit cells equal to the code difference, meaning that the maximum error
between two cells is dictated by the unit cell mismatch error. As a continuation to
the above example, switching between the binary values of 7 (0000000011111111 in
thermometric code) to 8 (0000000111111111 in thermometric code) now results in the
switching of a single unit. The final step in linearity optimization is deciding on the size
of the unit cell. It is clear that choosing bigger dimensions for the unit cell will reduce

the effect of mismatch between the cells relative to their size. However, the overall
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capacitance of the capacitor array, Cy,, is dictated by the value of the unit cell which
in turn dictates the value of C due to the fixed attenuation that is required to achieve
the full scale swing in the input of the comparator block. This entails limitations on

the bandwidth and has implications in the noise optimization of the ADC.

Gradient mismatches cause a different effect than the random degradation caused by
process mismatches, as the capacitance value of unit cells change dependent on their
physical placement. Since every bit is assigned a number of unit cells, this dependence
of the unit cell values for each bit causes a fixed mismatch between the bit values.
Orderly assignment of unit cells in a DAC will cause code dependent DNL, and
degrade the linearity of the overall converter. The action taken to counter gradient
mismatch effects was to place the unit cells in a Q random walk pattern to minimize

the effect of process gradients.

Mismatches arising from parasitic capacitors are usually of no big concern in regular
capacitive DACs; however, for a segmented capacitive DAC, any parasitic capacitor at
the LSB side of the segmentation capacitor results in a highly code dependent error.
To counteract this effect, the parasitic capacitors arising from the metal connections
should be minimized in the layout of the capacitive DAC. The thermometric driven
Caqc unit capacitors are implemented with 4 identical poly capacitor cells whose top
plates are completely enclosed/isolated by their bottom plates. This sandwiching
action results in any parasitic capacitor from the top plate of the capacitor to be to
the bottom plate of the capacitor, effectively increasing the capacitor value, but not

causing any parasitics to other cells.

Combined, the parasitic isolation, thermometric drive and the placement strategy
allows for a high linearity conversion without trimming, since the overall conversion

linearity is limited by the first conversion nonlinearity in the two-step architecture.

3.3.3 Amplifier/Comparator
The circuit schematic for the amplifier/comparator block is presented in Figure 3.4.

The amplifier/comparator block satisfies two roles depending on the respective

operational phase the SAR ADC is in. In the phases where the 8bit conversion is
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Figure 3.4: Amplifier/Comparator circuit schematic

taking place, the amplifier/comparator block operates as a comparator, outputting the
result of the comparison for the respective bit. In this mode, the NMOS differential
input stage loads the preamp/latch comparator stage, and the resulting digital output is
fed into the SAR logic for the determination of the next bit. In the phase where the
first conversion residue needs to be amplified, the amplifier/comparator block operates
as an amplifier, the NMOS differential input stage is loaded by a folded cascode
amplifier with continuous time common mode feedback and Miller compensation.
The amplification factor is determined by the ratio of the feedback capacitor and the
capacitive DAC capacitance, resulting in an overall gain of 64 as dictated by the system
design. Following this phase, the amplifier/comparator keeps its operational mode as
an amplifier, and resamples the final amplified residue value on the capacitive DAC,

where the capacitive DAC is switched to be the load capacitor for the amplifier.

An important design aspect of the amplifier is its power consumption. In the
amplification and resampling phases, the amplifier block is exposed to two drastically
different load conditions. In order to assure that the amplifier is compensated, the

case where the bigger load would present itself as the worst-case condition, and if
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the circuit was biased for this mode of operation, excess power would be wasted to
ensure the circuit is compensated in the amplification stage. The compensation and
the bias current of the amplifier are switched with respect to its load condition (the
amplification phase requires a smaller compensation capacitor) and configuration to

improve settling time and power consumption.
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4. CHARACTERIZATION AND MEASUREMENT RESULTS

4.1 Introduction

In this chapter the characterization effort and the measurement setup for the 5S0Vpp
input range 14bit 250kS/s SAR ADC is presented. In the first section, the measurement
setup and the devices used to conduct the measurement procedure are explained. In
the second section, the two primary measurement methods for static and dynamic
measurements are explained. In the final section, the measurement results are

presented and the observed characteristics of the ADC are presented.

4.2 Measurement Setup and Printed Circuit Board

The SAR ADC presented unique challenges in its measurement, primarily due to the
high input range requirement. The measurement setup designed were built by utilizing
an input signal source, a clock source, a quad voltage supply and a logic analyzer, and
a reference clock generator. Figure 4.1 shows the block diagram for the measurement
setup. The reference clock generator synchronized the clock source and the input
signal source, removing any frequency inconsistency between these two pieces of
equipment to allow for coherent sampling that will be discussed below. The quad
voltage supply was used to supply the 3.3V power rail to the circuit, in addition to
supplying the reference voltages required for the SAR ADC operation. The clock
source produced a 10MHz clock source, resulting in a 250kS/s sampling frequency for
the ADC. The input source supplied the very high spectrally pure sinusoidal at S0Vpp.
Finally, the logic analyzer was used to collect the digital output data from the ADC,
which was then further analyzed in the MATLAB environment. The equipment used

are presented in Table 4.1.
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Table 4.1: Measurement equipment used for characterization

Use Vendor Model
Signal Source Audio Precision SYS-2722
Clock Source B Rohde&Schwarz SMA 100A
Reference Clock Stanford Research
Logic Analyzer Agilent 16800
DC Voltage Source Agilent N6705
|_= Ethemet Connection, Data Retrieval

GPIB Bus, Instrument Contral

10MHz Ref. CLK

= (ms]

Stanford Research Rhode & Schwarz Audio Precision
FS725 SMA 1004 5YS5-2722

Agilent Logic Analyzer
16800

Ultra High
Preck ion Signal

10 MHz ADC CLE

Digital Output

S48 ADC Marsuremant 08
DUT | Dmsign Under Test]

Figure 4.1: Block diagram for the measurement setup

The measurement environment was fully automated in the Labview environment. The
Labview devices developed are appended to the thesis in Appendix A.5 to Appendix
AT

The characterization of the SAR ADC in question is dependent on interfacing the
measurement equipment to the chip, and to achieve that a printed circuit board has
been designed and manufactured. The PCB is a two layer (double sided) FR4 substrate
board with 10z(35um) copper. Figure 4.2 shows the PCB designed for and used in the
measurement setup Figure 4.3 shows the same PCB with the chip decapped and the

die visible through the package.
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Figure 4.3: Printed circut board showing the uncapped SAR ADC in package

In the design of the board, the primary aim is to validate the chip in question and
minimize any false errors caused by the board instead of the converter. To that end,
several design recommendations were followed in designing the PCB. Ground pin
connections for the analog and digital circuitry were separated at the board level,
to separate the transient switching currents of the digital circuitry from the analog
circuitry. The power connections, including the ground connections were sized to
minimize voltage drops. SMA(SubMiniature version A) connectors and cables were

used for analog pins, (differential input and output, voltage references) to connect
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the equipment to the PCB to ensure lowest connection parasitics and highest signal
integrity. The chip was given enough clearance so that the heat controlling device

could sit on the board for temperature controlled measurements.

4.3 Measurement Methodology

4.3.1 Static Measurements

The aim of the static measurements of the ADC is to determine the quantization
intervals, the analog range that gives rise to the specific digital codes. The test
aims to determine the code edges, and from that, infer DNL and INL as the primary

performance metrics.

Different methods are available when trying to detect the quantization intervals for an
ADC. A very simplistic method is to find the input voltages where the probability of
receiving either of the two codes is the same is to simply use a very precise source
and find the probability distribution of codes for each input level. This method of
measurement, as expected, is very time consuming for high precision converters, since
multiple steps of measurement are required for every quantization interval. For a 16 bit
converter, this would require 216 measurements, a unfeasible number. Another method
is known as the servo loop method, where an integrator driven by a one bit DAC whose
value is reversed when the digital output of the ADC crosses a code edge. While this
method is faster than the first method offered, it requires forming a feedback loop and
careful consideration of noise, since the input referred noise of the ADC might have a

degrading effect on determining the precise location of the code edge.

A method superior to the previously mentioned measurement methods is the histogram
method, and will be the method to be utilized in the ADC. This method relies on the
statistical study of the input and output samples obtained from the ADC. The input
of the ADC is a signal whose amplitude distribution, or probability density function,
pi(x) is known beforehand. The output of the ADC has the probability distribution
Po(x), related to the input distribution as in (4.1), where V;; is the lower code edge,

and V,,; is the upper code edge for code V;.

34



Vu,i
po(x):/v' pi(x)dx 4.1)

The quantization interval for the code can be found as shown in (4.2).

Ai=Vyi—V, 4.2)

Assuming that the total number of samples, M, is large, the probability of the code can
be approximated to the number of samples that give rise to the code V;, as p, = M; /M.
If the ideal code interval is defined as A, and the code interval for the code V; is A;, the

DNL for the specific code can be calculated as shown in (4.3).

Ai—A -M;
DNL(i) = ’A :NM’—I 4.3)

When using the histogram method, there are different choices for the input signal to
be used. One is to use a slow ramp signal, with an uniform distribution and a constant
probability for every code. While this method would work ideally, any nonlinearity
or noise effects that would alter the input signal and shifts its probability distribution
from a uniform one would come up as errors in the DNL calculation. A better method
is to use a sine wave; the probability distribution of a sine wave, V = A - sin(x) —V,

with amplitude A and offset V,, is equally well defined, as shown in (4.4).

1
pi= (4.4)
"o /A2—(V—V,)?

After obtaining the probability distribution, it can be normalized to the form of an
uniform distribution by applying the reverse of the probability distribution shown in
(4.4) [13]. From then on, the calculations to reach the DNL and INL figures are the

same with the uniform distribution case.

There are multiple benefits of using the sine wave as the input to the histogram static
testing method. The sine wave method can be used with less precise voltage sources, by
using a bandpass filter on the frequency of interest to filter out any unwanted harmonic
components. This effectively filters out any nonlinear effects that might degrade the

input signal, and yields a pure sine wave for the input. The utilized Audio Precision AP
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SYS-2722 signal source generates a sine-wave with THD at -110dB, which is sufficient

for the measurement of the ADC with the expected 14Bit linearity.

The Matlab code for post-processing the static measurement results is appended to the
thesis in Appendix A.3. The Labview environment for the static measurements are

appended to the thesis in Appendix A.5 and Appendix A.6.

4.3.2 Dynamic Measurements

The method used in the dynamic measurements is simpler compared to the static
measurement method. The input signal used is a sine wave, and the resulting output
codes are captured. The Fast Fourier Transform of the resulting output is taken and
specifications like the SNR, SNDR and SFDR are measured from the resulting power

spectral density plot.

The critical element in measuring the performance parameters is to achieve as idealistic
a Fourier transform as possible. This is made possible by utilizing coherent sampling.
Coherent sampling allows for the removal of a windowing function at the output of the
signal, and therefore removes any windowing artifacts. To utilize coherent sampling
the frequency of the input sinusoidal, f; is related to the sampling frequency of the
ADC by (4.5), where f; is the sampling frequency of the ADC, k is the number of

periods to be captured and Ny, is the number of samples used in the FFT operation.

Js-k

fi=
" Neg

4.5)

To achieve coherent sampling in the measurement setup, all the devices were
synchronized to the 10MHz rubidium reference clock generator, so that precise
frequency programming could be made to the signal source and the clock source to

achieve the required frequency resolution.

After obtaining the power spectrum of the output signal, the fundamental component
of the signal is extracted from the output, and its power is calculated. The resulting
power spectrum is integrated to yield the total noise and harmonic distortion power,
allowing the calculation of SNDR. The harmonics are then extracted and the power

spectrum of the harmonics are calculated to allow the calculation of THD. Finally,
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the noise power without the harmonic content is calculated to allow the calculation of

SNR.

The Matlab code for postprocessing the dynamic measurement results is appended to
the thesis in Appendix A.4. The Labview environment for the dynamic measurements

are appended to the thesis in Appendix A.7.

4.4 Measurement Results

In this section, the measurement results from the setup described in the previous section

is presented, and the obtained results are discussed.

4.4.1 DNL and INL

The measured DNL and INL plots for the ADC can be seen in 4.4. The figure shows
that maximum DNL is +0.55LSB and maximum INL is +1.81LSB. As expected,
the primary INL degradation stems from the split CDAC architecture, as the figure
shows 16 distinct segments at every 256th code, resulting from the nonlinearity of the
CDAC at the first conversion step. The source of this nonlinearity is the segmented
architecture used, and the primary degrading effect is the parasitic capacitors at the

segmented capacitors top and bottom plates as discussed previously.

4.4.2 SNDR and SFDR

Figure 4.5 shows the measured frequency spectrum of the ADC output for a 23kHz
50Vpp input signal on a 15V common-mode voltage at 250kS/s. The measured SFDR
is 97.8dB and the measured SNR is 80.2dB. The measured SNR shows 13.02 effective
number of bits, where the measured SFDR shows a 15.9 bit linear range. In all the
measured samples, an SFDR figure better than 90dB were observed, without the need

for any requirement for trimming, calibration or tuning.

Figure 4.6 shows the measured SNDR and SFDR figures for the ADC, with varying
input amplitude values, with a sampling frequency of f; =250kS/s. The linear increase
in both of these performance metrics show that the ADC is highly linear up to its

fullscale range and linearity optimizations on the CDAC have been successful.
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Figure 4.7 shows the measured SNDR ad SFDR figures for the ADC, with increasing
sampling frequencies. The ADC operates successfully up to 250kS/s, and starts
showing SNDR and SFDR degradation at sampling frequencies beyond this value.
This is attributed to the speed of the amplifier block. As the speed of the sampling
frequency increases, the amplifier block does not have enough time to settle in the
amplification and the resampling phases, and introduces nonlinear effects, dramatically

reducing SFDR.

4.4.3 Noise and Zero-Input Code Distribution

To assess the noise characteristic of the ADC, the inputs were kept at a zero level
(no sine wave applied) while the common mode voltage was varied and the code
distribution of the output was assessed. Figure 4.8 shows the six-sigma deviation
of the code distribution in terms of LSB, and the histogram for the zero input code

distribution.

The zero-input output code distribution variance is measured to be less than 0.33LSB
within the entire 50V common-mode range, which in turn means that the SNDR value
of the ADC should be less than a 14 bit level. The conclusion reached here is that the
static nonlinear characteristic of the ADC reflects upon its dynamic characteristics in
a complex manner to increase the effective noise floor, thereby lowering the measured

SNDR.
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4.5 Masurement Results Conclusions

In this chapter, a test methodology for the SAR ADC chosen was developed and
measurement results were presented. The ADC achieves 97.8dB SFDR and 80.2dB
SNDR while operating at 250kS/s. Achieving the high linearity figure was possible
through an analysis of the sources of nonlinearities in both the HVBS and the split
CDAC, which was identified as the limiting factor for the 2-step architecture. The
split CDAC nonlinearities were mitigated though systematic design and careful layout
to overcome parasitic effects, random mismatches and process limitations. The
2-step SAR architecture was identified to be increasing the resolution of a low power
converter with minimal silicon area increase, and the achieved a 2.05 pJ/conv-step
FoM figure. The designed ADC offers a lower-power alternative for high voltage data
acquisition systems, eliminating the need for off-chip or silicon expensive components

and high voltage power supply integration.
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5. CONCLUSIONS

In this thesis, a 50Vpp input range 14bit 250kS/s SAR ADC has been measured,
characterized and analyzed. Methods for extracting primary performance parameters,
static (INL-DNL) and dynamic (SNR-SFDR and SNDR) have been analyzed and
implemented. The ADC showed 97.8dB SFDR and 80.2dB SNDR while operating
at 250kS/s, and £0.55LSB DNL and +1.81LSB INL. Further methodology for
extracting these parameters from the automated measurement setups were analyzed
and developed. The measurement setup and the designed printed circuit board was
driven with accuracy requirement in the measurement results in mind. The extracted
parameters revealed the effects of nonidealities on the performance that were predicted
in the analysis of the SAR ADC circuit components in the previous chapters. The
analysis of the chosen SAR ADC was crucial in putting the results into context and
constructing goals for the next iteration of the ADC. Similarly, this analysis was made
possible by a mathematical definition of quantizer nonidealities The analysis on SAR
ADC quantizer nonidealities were verified and were correlated with measurements,
and the guidelines reached from the analytic approach and numeric verification. The
work that was done in the thesis will serve to ease design work and enable further

development of higher performance SAR ADCs.
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APPENDICES

APPENDIX A.1 : Matlab code for generating quantization noise by n-bits
APPENDIX A.2 : Matlab code for generating capacitor DAC mismatch
APPENDIX A.3 : Matlab Code for postprocessing INL DNL measurement
APPENDIX A.4 : Matlab Code for postprocessing SNDR SFDR measurement
APPENDIX A.5 : Labview setup for INL DNL Measurement - Top Level
APPENDIX A.6 : Labview setup for INL DNL Measurement - Detail Level
APPENDIX A.7 : Labview setup for SNDR SFDR Measurement - Detail Level
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APPENDIX A.1

Matlab code for generating quantization noise by n-bits

clear all
close all

n_bits_range = 1:20;
snr_q = zeros(size(n_bits_range));

for i = n_bits_range
n_bits =1;
n_codes = 2”n_bits;

f_s=1e6;
t.s=1/f_s;
n_fft =2/11;
k_fft=117;

f_in =1 s/n_fftxk_fft;
t = 0:t_s:((n_fft—1)x*t_s);

Isb = 2/n_codes;

y = sin(2xpixf_inxt);
q_t=—1l:lsb:1;
q = quantiz(y, q_t(2:(size(q_t, 2)—1)))/(n_codes—1)+x2—1;

snr_q(i) = snr(q, f_in, f_s, n_fft);
end

plot(snr_q, *—d’)

hold on

plot(n_bits_range, 6.02+n_bits_range+1.72, *g—s”)

hold off

grid on

legend(’ Simulated’, *Analytic’, "Location’, ’NorthWest’)
xlabel("’Number_of_Bits’)

ylabel(SNR_ [dB]")
title("Quantization, Noise_by, Number,_of Bits’)

print —depsc °../img/quantization—noise—by—n—bits.eps’
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APPENDIX A.2

Matlab code for generating capacitor DAC mismatch

1 clear all
2 close all
3
4  n_runs = 10000;
5 dac_type = 'therm_dac’;
6 n_bits = 14;
7 c_u=30.94e—15;
8 c_sq=2e-3;
9 v_ref=3.3;
10

11 m.a=1.63e—12;
12 m_1=0.146e—12;

13 m_w=0;

14

15 n_codes = 2”n_bits;

16

17 if strcmp(dac_type, 'bin_dac’)

18 a=c_u./c_sq;

19 w = sqrt(a); 1 = sqrt(a);

20

21 c_arr_mean = c_ux2.Mn_bits—1:—1:0];

22 c_arr_a = c_arr_mean./c_sq;

23 c_arr_stddev = c_sq./sqrt(2).xsqrt(c_arr_a.x(m_a+m_l+m_w))./300;
24

25 c_arr = normrnd(repmat(c_arr_mean, [n_runs 1]), repmat(c_arr_stddev,[n_runs 1]));
26

27 codes = fliplr(dec_to_bin(0:n_codes—1));

28 v_codes = v_ref.x(c_arrscodes’)./repmat(sum(c_arr,2), [1 n_codes]);
29 elseif strcmp(dac_type, "therm_dac’)

30 a_c_u=c_u/c_sq;

31 w_c_u=sqrt(a_c_u); l_c_u = sqrt(a_c_u);

32

33 c_u_mean =cC_u;

34 c_u_stddev = c_sq./sqrt(2).xsqrt(a_c_u.x(m_a+m_l+m_w))./300;

35 c_u_arr = normrnd(repmat(c_u_mean, [n_runs n_codes]), repmat(c_u_stddev, [n_runs n_codes]));
36

37 c_arr = zeros(n_runs, n_bits);

38 for i = 1:n_bits

39 c_arr(:,n_bits—i+1) = sum(c_u_arr(:,2(i—1):2%i—1),2);

40 end

41

42 codes = dec_to_therm(1:n_codes);

43 v_codes = v_ref.x(c_u_arrxcodes’)./repmat(sum(c_arr,2), [1 n_codes]);
44  end

45

46 v_fs = max(v_codes,[],2);
47 v_off = min(v_codes,[],2);
48 v_Isb = (v_fs—v_off)./n_codes;
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Isb_nl=1;

codes_nl = (n_codes—1).x(v_codes — repmat(v_off, [1 n_codes]))./(repmat(v_fs — v_off, [1 n_codes]));

dnl = diff(codes_nl,1,2)—Isb_nl;
inl = cumsum(dnl,2);

std_dnl = std(dnl, 1);
std_inl = std(inl, 1);

if strcemp(dac_type, bin_dac’)
data = csvread(’data/sim_cdac_8bit_binary_mc.matlab’,1,0);
dnl_meas = data(1:size(data,1), 2:2:size(data,2))’;
inl_meas = cumsum(dnl_meas, 2);

std_dnl_meas = std(dnl_meas);
std_inl_meas = std(inl_meas);
end

if strcmp(dac_type, 'bin_dac’)
s_title = sprintf(’Binary, CDAC, C_u,_=_%e, n_{bits}_=_%d’, c_u, n_bits);
elseif strcmp(dac_type, 'therm_dac’)
s_title = sprintf(C Thermometric_ CDAC,_C_u_=_%e, n_{bits}_=_%d’, c_u, n_bits);

S —a — N —
end

figure;

subplot(2, 1, 1)

hold on

stairs(3x*std_dnl)

if strcemp(dac_type, *bin_dac’)

stairs(3x*std_dnl_meas, 'g’)

legend(’ Analytic’, *Spice_Monte—Carlo”)
end
hold off
xlim([1 2*n_bits])

title(s_title)

ylabel(’3\sigma(DNL)")

subplot(2, 1, 2)

hold on

stairs(3x*std_inl)

if strcemp(dac_type, 'bin_dac’)
stairs(3*std_inl_meas, "g’)

end

hold off

xlim([1 2*n_bits])

ylabel(’3\sigma(INL)")

if strcemp(dac_type, 'bin_dac’)

print —depsc ’../img/cdac—capacitor—mismatch—bin.eps’
elseif strcmp(dac_type, "therm_dac’)

print —depsc °../img/cdac—capacitor—mismatch—therm.eps
end

s
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APPENDIX A.3
Matlab Code for postprocessing INL DNL measurement

clear all

inl_min = 0;
inl_max =0;

A_i=64;

F_clk = 999662.3;
F s =F clk/43;
N=14;

y = zeros(0,0);
Ly=0;
Ly _h=

0;

hits = zeros(1, 2”N);
hits_h = zeros(1, 2/8);
hits_cm = zeros(1, 2*N);

imax=1;
dirname="W:\\RHVSAR\Chip—2\INL—DNL\temp27\’;

filename = strcat(dirname,” 10VemOVppFin1.000kHzFs999.6623kHz2.1VrefP3.30Vdd1.csv’);
file = csvread(filename);

data = file(:, 2);
time = file(:, 4);

dt = diff(time);
dt_i = find(dt > 2/F_clk);

data_col = vec2mat(data(dt_i(1)+1:dt_i(length(dt_i)—1)), 18);
pow2_8 =2.7N(7:—1:0);

data_h = data_col(:, 1:8)*pow2_8’;

data_l = data_col(:, 9:16)xpow2_8’;

y = data_h(1:length(data_h)—1).xA_i+data_l(2:length(data_I));
y = yJ((A_i)*278).x2"14;

y = round(y);

B = mean(y);
SNR = std(y);

for j = 1:length(y)
hits_cm(y(j)+1) = hits_cm(y(j)+1) + 1;
end

fori=1:1_max

53



53 i

54 filename = sprintf(’ 10VemOVppFinl.000kHzFs999.6623kHz2.1VrefP3.30Vdd%d.scv’, 1);
55 filename = strcat(dirname,filename);

56 file = csvread(filename);

57

58 data = file(:, 2);

59 time = file(:, 4);

60

61 dt = diff(time);

62 dt_i = find(dt > 2/F_clk);

63

64 data_col = vec2mat(data(dt_i(1)+1:dt_i(length(dt_i)—1)), 18);
65

66 pow2_8 =2./(7:—1:0);

67 data_h = data_col(:, 1:8)xpow2_8’;

68 data_l = data_col(:, 9:16)xpow2_8’;

69

70 y =data_h(1l:length(data_h)—1).xA_i+data_l(2:length(data_I));
71 y = yJJ((A_i)*2"8).x2"14;

72 y = round(y);

73

74 9% % Saturation & Coherence

75 sat_top =2"14—1;

76 sat_bot = 0;

77

78 y = min(sat_top, max(sat_bot, y));

79 y = y(find(y >= sat_top, 1, first’):find(y >= sat_top, 1, "last’));
80 y = y(find(y==2A(N—1), 1, *first’):find(y==2"(N—1), 1, ’last’));
81

82 9% % Histogram

83 L_y =1_y + length(y);

84

85 for j = 1:length(y)

86 hits(y(j)+1) = hits(y(j)+1) + 1;

87 end

88 end

89 D%

90 [A, B] = gain_offset(y);
91 hits_i = sine_ihpc(A, B, N, 1_y);

92
93 iter d=4;
94 iter_n = 200;
95
96 inl_pp = zeros(iter_n);
97
98 A_d=A;
99 B_d=B;
100
101 % fori= l:ter_ d
102 % d=10"—1);
103 %
104 % forj= l:ter_n
105 % A_i=A_d — iter_n/2xd + jxd;
106 % fork = l:iter_n
107 % B _i=B_d — iter_n/2xd + kxd;
108 %

109 % hits_i = sine_ihpc(A_i, B_i, N, 1_y);
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%

% dnl = hits(2:2"N—1)./hits_i(1:2"N—-2)"—1;
% dnl = dnl — mean(dnl);

% inl = cumsum(dnl);

%

% inl_pp(j, k) = max(inl) — min(inl);

% end

% end

%

% [j.k] = find(inl_pp == min(min(inl_pp)))
% figure;

% surf(inl_pp);

% A_d=A — iter_n/2xd + jxd;

% B_d =B — iter_n/2xd + kxd;

% end

hits_i = sine_ihpc(A_d, B_d, N, 1_y);

dnl = hits(2:2AN—1)./hits_i(1:2AN—2)"—1;
dnl = dnl — mean(dnl);
inl = cumsum(dnl);

%% Plots
oclose all

% figure;

% plot(hits(2:2"N—1));

% hold on

% plot(hits_i, 'Color’, 'Red’);
% title(’Histogram, N = 14°);
% xlabel(’Code’);

% ylabel(’Number of Hits’);
% hold off

figure;

plot(dnl);

titleCDNL");
xlabelCOUTPUT_CODE’);
ylabelCDNL_[LSB]);

grid on

figure;

plot(inl);

titleCINL");
xlabelCOUTPUT_CODE’);
ylabelCINL_[LSB]’);

grid on

% str = { hist’, ’dnl’, ’inl’ };
%

9% h = get(0, children’);

% h = sort(h);

% for i=1:length(h)

% saveas(h(i), str{i}, 'png’);
% end
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APPENDIX A4
Matlab Code for postprocessing SNDR SFDR measurement

clear all
close all

inl_min = 0;
inl_max = 0;

A_i=64;

F_clk = 623513.7;
F s=F clk/43;

T s=1/F_s;

N =16;

L =27N;

filename = "\\192.168.3.9 [\saradc\Results\vs Vinpp\8 Vem7VppFin1.000kHzFs624.4290kHz2.1VrefP3.30Vdd1.csv’;
file = csvread(filename);

data = file(:, 2);
time = file(:, 4);

dt = diff(time);
dt_i = find(dt > 2/F_clk);

data_col = vec2mat(data(dt_i(1)+1:dt_i(length(dt_i)—1)), 18);

pow2_8 =2./7(7:—1:0);
data_h = data_col(:, 1:8)*pow2_8’;
data_l = data_col(:, 9:16)xpow?2_8’;

close all;

y = data_h(1:length(data_h)—1).xA_i+data_l(2:length(data_l));
y = yJJ((A_1)*2"8).%2"14;
y = round(y);

Y = fft((y(1:L)—mean(y(1:L)))./2713, L)/L;
f = F_s/2xlinspace(0, 1, L/2+1);

Y_log =20xlog10(2xabs(Y(1:L/2+1)));
Y_log_s =sort(Y_log);

F_in = f(find(Y_log == max(Y_log)));
y = (y(1:L)—mean(y(1:L)))./2"13;

w = rectwin(L);

[SNR,ptotdB,psigdB,pnoisedB] = calcSNR(y’, F_in./F_s, L/2, w’, L, 1);
SNR

SFDR = Y_log_s(length(Y_log_s))—Y_log_s(length(Y_log_s)—1)
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figure(1);
stairs(ptotdB(1:(L/2—1))+3.02);
figure(2);
stairs(psigdB(1:(L/2—1))+3.02);
figure(3);
stairs(pnoisedB(1:(L/2—1))+3.02);

str = {"total’, *signal’, "noise’ };

h = get(0,’children’);

h = sort(h);

for i=1:length(h)
saveas(h(i), str{i}, ‘png’);

end
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APPENDIX A.5
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APPENDIX A.6

INL-DNL.vi
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Printed on 4/27/2015 at 5:35 PM
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APPENDIX A.7
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