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ABSTRACT

COLUMN PARALLEL INCREMENTAL ZOOM ADC
FOR UNCOOLED IMAGING APPLICATIONS

Beyenir, Aycan
Master of SciengeElectrical ancElectronic Engineering
Supervisor: Prof. DITay f un Ak én

August 2022119 pages

This thesis presents a new coluparallel analog to digital converter (ADC)
integrated circuit with high precision (260t), highsignatto-noise ratio(119.5 dB),

low power incremental Zoom ADC architecture and demonstrates its integration to
a 384x288 el format analog output microbolometer readout integrated circuit
(ROI'C) with 250m pixel pitch.

The Zoom ADC is a hybrid of a lowesolution successive approximation register
(SAR) ADC and a higlresolution DelteSigma ADC. The main aim of this design

is to decrease the power consumption and oversampling ratio (OSR) of the ADC
while preserving the high resolution. The designed Zoom ADC consist$-bft

SAR ADC, a secondrder DeltaSigma Modulator, and digital filters. The SAR
ADC performs the coarssonversion and defindee most significant bits (MSBs),
while the DeltaSigma Modulator performs fine conversion to the residue voltage
from the SAR ADC. Digital filters eliminate higlnequency noises and convert

modulated data to parallel outpuThesethree blocks and column readout circuits



work with a pipeline chain, increasing sampling rate and decredsengower
consumption. The ADC has a programmable digital filter; tthesADC can work
with different frame rates and resolutiofi$ie designedADC hasfour operation
modesthe20 FPS higkresolution mode, BFPS standard mode, 50 FPS fast mode,
and 200 FPS ultrafast mode.

TheADC design is implemented mstandar®.180m CMOS technology. The ADC

has 400 columns witha%dm p i x ewherepdingle dolumn of the ADC has

2.4 mm height and covea.12 mn? area. The ADC provides124.5dB dynamic

range (DR) anc 122 dB signalto-noise ratio (SNR) in thhigh-resolutionmode.

The effective number of bits (ENOB) is 20.and the DNLis below 0.5 least
significant bit (LSB). The sampling rate is
power. The ADC can be programmed to reach sampling speed up to 60KS/sec for

high frames pesecond (FPS) imaging, called ultrafast mode. The ADC provides

99.2dB dynamic range (DR) andB@IB signaito-noise ratio (SNR) in the 200 FPS

ultrafast mode, where the effective number of bits (ENOB) rediocEs.1andthe

power consumption increases ® 7 O W.

Keywords:Analog to Digital Converter, Zoom ADC, DelBigma ADC, Uncooled
imaging,Readout Integrated Circuit

Vi
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ardékéek okuma -ailexiarmiak °rnekl eme oranéné a
d¢kereéer. ADC programlanabilir sayeésal filtr
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CHAPTER 1

INTRODUCTION

Visual interaction with the environment holds an essential role in modern life. The
semiconductor and cameraheology advancements extended this interaction to a
new level. Cameras display the environment in the visible spectrum and extend their
vision to the infrared (IR) and ultraviolet (UV) spectrum. Detecting IR radiation
enables humans to gend their vision to the darkness. Thermal (Longwave IR)
imagers can detect electromagnetic radiation emitted by objects. This ability
provides an advantage in the absence of illumination and enables seeing in total
darkness.

Today thermal imaging systemseautilized in many commercial and military
applications. There is a tremendous effort to provide the best solution for the user in
terms of performance, cost, and ease of use. Typically, two types of detectors can
sense thermal radiatidi]. The first type is photon detectors, where the incident
radiation is absorbed by the detector and directly converted to an electrical signal.
This signal is collected by readout for electronic processing. Photon detectors
provide fast respwse and higher sensitivity leve]. However, photon detectors

can only achieve high performance under cryogenic temperatures, such as 77K or
lower. Because of that, they are also referred to as cooled detectors. For reaching
cryogenic temperatures, special and expensive cooling systems are used. These
cooling systems increase the cost of the camera heavily and decrease the system's

mobility.



The second type is thermal detectors, where the incident radiation heats the detector,
and the change of temperature on the detector is measured with a readout circuitry.
This indirect conversion makes thermal detectors operate at room temperature,
removing the need for a cooling systgh Because of that, thegre referred to as
uncooled detectors. On the other hand, the indirect conversion of incident radiation
to electrical signal decreases the performance and speed of the imager significantly.
Thermal detectors provide lewost, lowpower, and more compattdrmal imaging

for reduced performance.

In uncooled thermal imaging, two types of sensors are widely used, thermopiles and
microbolometers. Microbolometer cameras are widely used for large array imaging,
andsignificart advancements have been achievednicooled imaging technology

with microbolometer technologjl]. Microbolometer cameras have found a wide
area of use due to their smaller size, low cost, and large array format. Today
microbolometer cameras are used in militaipdustrial and commercial
applications, including night vision, medical imaging, temperature monitoring, and
reconnaissance. Although the lower cost and good imaging quality of
microbolometer cameras, the system cost is still high for many applicatioeie T

is a tremendous effort to develop higarformance and lowost uncooled cameras

to reachhigh-volume markets.

In the development of microbolometer camera systems, the design of the readout
integrated circuit (ROIC) held a crucial role. As ROIC is thist interface to the
detector, where changes in the detector material are converted to electrical signals,
the performance and cost of the system strongly depend on the design of ROIC.
Today, most systems use digital output due to its lower cost alitgt albprocess
complex data. Hence, digitalization of the ROIC output is essential for most
applications. Traditionally, an external analog to digital converter is used on the PCB

level for digitalization. Despite thePCB-level digitalization desig beirg



straightforward, extra buffers and connections introduce noise and power

consumption. Furthermore, the system size and cost increase with the addition of
every component. Integrating the ADC into the ROIC can obtain higher performance

andlower system csis.

On-chip ADCs do not need extra connection circuits and components. They can
perform digitalization with lower inputeferred noise and lower power
consumption. On the other hand, embedding ADC to the ROIC creates new
challenges, especially chgrea ad power consumption. Henaane must analyze

the imaging system as a whole to reach the most efficient digitalization method
Since the readout circuit design defines the ADC's sampling frequency, bit precision,
and operation range, an optimal conversohution can be achieved with different
ADC architectures for different readout methods. Microbolometer ROICs work as
rolling shutter imaging and require high precision and low power ADC. This thesis
aims to design and implement a coluparallel Zoom ADCintegrated circuit for

rolling shutter imaging applications.

This chapterbriefly explainsthe operation of the digital output microbolometer
ROIC. Section 1.lintroduces thenicrobolometer detectors' operation principle and
the readout circuit'sdesign Section 1.2 briefly explains ADC performance
parameters and shows different ADC architectuBestion 1.3 states thehesis's
motivation and the proposed design's gdaisally, Section 1.4 shardise research

objectives and organization of tHeeskis.



1.1 Microbolometers

Microbolometer detectors are one of the most famous approaches for uncooled
thermal imaging[3]. A microbolometer detector is formed by a temperature
dependent resistor and IR absorber. The incident tderadiation is absorbed by

the IR absorber and increasése temperature of the bolometer. Thelometer
heating changes the electrical properties of the tempersensitive material4].
Hence, the incident radiatios detected by measuring changes on the detector.
Microbolometer detectsr are manufactured using MEMS processes most

commonlyusingsurface or bulk micromachiningrocesses

The physical structure dghe microbolometer dector is shown in Figure 1[5b].

The microbolometer detectds fabricated as a bridgée structure suspended on

the readout circuit to ensure maximum thermal isolation from the environment.
Thermal isolation enables adjung} total thermal mass and protects the detector from
the heating of ROIC. The supporting arms provide a high thermal resistance path to
ROIC. Therefore the heating due to absorbed radiation is not shared tivih
substrate easily. The thermal design e tletector is an important issue for the

design of the detector.

Temperature Sensitive Material

Suspended Bridge Absorber

Readout Circuit
and Electical Routings

Metal Lines

Anchor Point

Figurel.1: lllustration of the physical structure thfe microbolometer detector



The temperaturgensitive material is buried undée absorber layer and connected

to the readout via support arms. With two port connestitme changen the
electrical properties dhedetector is measured. Two types of detectoeswidely
useddepending orthe design approachresistive or diode fye [6]. This thesis
focuses on the resistive type microbolometer readout; hence diode type detectors are

not covered.

Resistive type microbolometers empteynperaturelependent resistorsalled high
temperature coefficient of resistance (TCR) materials. Several high TCR materials
are commonly used in detector fabrication, such as Vanadium Oxide (V)x)
amor pho us-Sip[8], polycrystalling Sllicorgermanium (poly SiGe],
Yttrium Barium Copper Oxide (YBaCu(@9] and metal filmq10]. Each of these
materials ha some advantages and disahages, affecting tHabrication process

and detector performance. Metal film detectors are CMOS compsitilciethey are

easy to fabricate. On the other hand, their TCR is low, which degrades detector
performance. VOx has high TCR value, but its falmation is not CMOS

compatible, sat requiresas epar at e f a k5, poly&iGe s €MASI n e .

compatible but requires higiemperature annealingyvhich makes monolithic
fabrication di f f-Bicaoudpdy SiGédvhawe bigh\d/Enoise dtdO x |,

their noncrystalline structures.

1.11 Operating Principles

Resistive type microbolometers sense the temperature change on the temperature
dependent resistancas stated earlieBince the heating on the pixel due to absorbed

IR radiation is very lowthe resistor must change its resistance significantly at low
temperature changeA. higher performance detector needs to be fabricatedawith
high temperature coefficient of resistance (TCR) materials. Héme@CR of the

selected material is one of tessentialdesign parameters of the detector. TCR

U



defines the percent of chanigethe resistance due to temperature chaanggeit can

be shown as:
| —z (1.1)

I n the equation, U is ,andiésult@GRa.BandT he det ect
are the resistance and temperature of the detector, respectively. Then, resistance

change on the detector due to temperature change can be calculated as:
YY 'Yz z¥Y (1.2)

As observed from Equation 1.the changen the resistance depends thie TCR

and temperature changéigh TCR materials are preferred in fabricationobtain

the best performance from the detect®n the other hand, only using high TCR
material is not sufficient since the incident IR radiation to the detector is weak. The
detector needs to be well isolated from the readout and ambient so that it can be
heatedquickly with absorbed radiation. As shownFkigurel.1,themicrobolometer
detectoris designed as a suspended thermal mass and connected to the readout by

two suppot arms for thermal isolation.

The thermal structure ofhe microbolometer can be modeled by electrical
parameters.The dectrical model ofthe microbolometer can be observed in
Figurel.2. This model represents the power of absorbed radiaisdhe current
source (k). The thermal isolation level dhe detectoris represented as thermal
conductance (. The central mass acts a thermal capacitance, which can be

representeds a thermal capacitance{)C



Figurel.2: Thermally equivalent circuit of microbolometer detector

The material must have a high TCR value for a good detectord &T must be |
As observed in the thermal modehetmal conductance (Gth) and thermal
capacitance (Cth) should be minimized to obtain higher temperature change from the
absorbed radiatioilso,thesmaller thermal capacitance helpsdetector tdollow

rapid changes in the incident radiation. The temperature change on the detector due

to thermal radiation can be calculated as:

9

’ O * (1-3)
—_Z
YY - p Q

where txpis the exposuretmand U is the ti me heimast ant

constant can be found as:

f (1.4)

0]
O

Typically, exposure time is much larger than the time constiaet Equation1.3
can be simplified as:

Y'Y S (1.5)



In microbolometers there is a second heat source that can change detector
temperature. To measure the resistai@nge on the detector, detector is biased
with a bias current. This bias current creates alssting effect, which is not
desired. The teperature change due to sh#ating can be calculated as:

y ‘0 ZYY
Yy ——zp Q 7 (1.6)

where biasis the bias current R¢Jis the resistance of the detector. Sedating only

occurred athereadout event, so thattrepregnts the readout time.

In microbolometer cameras, rolling shutter type readout architectures are commonly
preferred, which hae ashort readout time for each pixel. Therefosgsis generally
much small er t hanEquatiom® cao bersimpliiedas: U. Then

y 0 zY'Y 0

vy z (1.7)
0 t

. O z'Y'Y 20

Y'Y 7 (1.8)

Then the total resistance change due to the infrared heatingeéheating can be

calculated as:
YY 'Yz| z ¥Y YV (1.9

When a microbolometer pixel is biased for the voltage measurement, the measured

voltage difference can be calculated as:

) (9]

Yo YYzO (1.10)

Yo Yzl z ¥YY ¥YY 20 (1.112)



The <lIf-biasing effect is more significant than infrared heating thergforis
challenging to directly measure temperature change caused by incident radiation
[11]. There are some readout approaches tmate the selfheating effect, which

arecovered in the next section.

1.1.2 Readout Approach

The eadout is amitegralpart of the imaging system, where resistance change in the
detectoris converted to a measurable output. This conversion must be performed
with minimum signal loss and minimum noise contribution. The straightforward
solution for this measurement is applying a constant voltage or current to the detector
and measuring the current or voltage change, respectively. However, this method has
somesignificant drawbacks. There is no way to sepatsigebias current and the
signal so that the signal is buried inside the bias current, which reguivigsh
dynamic range readout. Furthermore, as mentioned in the previous section, self
heating is unavoidabl and temperature change from infrared radiation is much
smaller than selheating. This architecture provides no compensation for these
effects.

Half-bridge and fullbridge biasing aréhe widely used solutiomfor compensating
selfheating effect and bias current. Figure 1.3 shows thébhidife and fulbridge
biasing circuits.



p774
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Ct)VBIAS — Vour Ct Veins [0+ Vour -0

Reolo Reoo  Rger

y/ /774
p774
AN\\\\

(a) (b)
Figurel.3: Simple schematic of (a) Halfridge and (b) Fulbridge biasing circti

ReoLo is the microbolometer detectasand Rker is the optically blind reference
detector. Reference detectors are identically fabricated with bolometer detibetors
only difference isthat reference detectors are optically isolatedoA3 is load
resistance, which is thermally shorted to the sutestiieherefore, load resistors are

not affected by infrared heating.

In the halfbridge configuration, onlythe bolometer and reference resistanse
implemented. Both resistors are biased with constant voltgthe current
difference is measured. Since both resistors hbgesame initial resistance and
thermal structurethe selfheating effect occurgqually in both resistors. Hence
under no illuminationthe output current is equal to O, ideally. Under infrared
illumination, an optically shielded reference detector is not affectedi onlythe
microbolometer detector is heated. Then at the output, mmdie infrared heating

can be measured. The current can be found as:

©c o © (1.12)
O VRV (1.13)
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Since at the initial condition&Ruoio and Rer are equal to RO:

0 — . " (1.14)

As observed in Equation 1.14, with the Halidge architecturethe self-biasing

effect of both resistarcancels out each quand only infrared heatinig measured.

The output current due to infrared heating is weak for direct measurement. Therefore,
a low noise preamplifier needs to amplify tiained signalThere are several types

of preamplifier architectures used in the literajsteeh as bolometer current direct
injection (BCDI) [12], Wheatstone bridge differential amplifier (WBDAL3],
capacitive transimpedance amplifier (CTIR]. In this thesisCTIA architecture is

used because of thaither architectures are not covered.

CTIA architecture is commonly preferred in imaging systéd$ [11]. Figure 1.4.
shows simplified schematic ofCTIA and haltbridge biasing circai In
microbolometer readoUETIA circuit is commonly used after half bridge biasing

circuit.

ref_ref

‘ Rrer Cint
i
int_b e—g
int o—| PR —D Vour
Vref
N
%‘ Reoto
pix_ref

Figurel.4: Simplified schematic of microbolometer readout with {oaifige bias
and CTIA circuit.
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The CTIA architecture's main aim is to integrate theremir differencedue to
infrared heating. Aghe figure showsCTIA architecture is a switch capacitor
integrator circuit. CTIA circuit has two operation phases, reset and integratien.
reset switch is closed at the reset phasdtheintegration capacitance ¢} is reset.
Duringthe integration phasthereset switch opensandtheintegration event begins.

The ntegration phase takeplace for a fixed periodalled integration time ift).
During the integration, the negative feedback hthgsnput node at fixed voltage

Vret. Which provides stability fothe detector biasing. The main advantage of the
CTIA architecture ishat itsuppresses parasitic capacitances at the input node, which
is crucial for large format imaging arrays and enables the use of much smaller

integration capacitances.

The output voltage change of the CTIA circuit due to detector current can be

calculated as:

v, 2 70 (1.15)

As observed from Equation 1.1Be voltage difference dependstbreeparameters,

current difference between reference deteatul bolometer gk, integration time

(tint), and integration capacitance i{fC Since minimum detectible voltage &

i mportant chall enge for ADC design, | ar ge
limited by array size and frame rate. Therefarsgpaller integration capacitance is

needed to have a large/. Since parasitic capacitancase suppressed in CTIA

architecturesmaller integration capacitances are possible.

12



1.1.3 Non-Uniformity Correction (NUC)

Like the other MEMS fabrication processes, it is impossible to l@wvexact
resistance value for the microbolometer pixels. The microbolometer resistances have
a mismatch spread arourtie mean resistance value. Moreovénge process
mismatch affects theesistance of the detector pixel and the thermal parameters of

the detector pixel

As mentioned in the previous chaptdre microbolometer readout measures the
differencein the resistance bsneasuringthermal heating. To eliminatie self
heating effet optically shielded reference detector is used together avjilxel
detector. However, the fabrication mismatch on the resistances makes this total
cancelationmpossible anehtroducesahigh static error current. This current disrupt
readout operatiogince the mismatch current is much higher than the pixel data.

Therefore, it is necessary to implement a method to suppress this mismatch effect.

There are several technigues and architectures used for suppthssinigmatch
effect. One solution is makg thebias circuit of each detector digitally controllable.
This method adjusts bias voltage €ach pixel readout to match their current to their
reference pixel[15]. This method provides good results but needs extensive
foreground calibration steps. Also, the calibration data depends on the ROIC

temperature, sdifferent temperature regions require different calibration.data

Despitepromisingresultsfrom the digital correctionthe need for hefty calibration
work is not desired. The second solutisesa high dynamic range and low noise
analog circuit for pixel readout. The static current is measured with pixel data and
digitalized with high precision ADC. Then dhstatic error is processed and
eliminated with digital filters and software. This method eliminates the complex
calibration step by introducing complex analog circuitry. The design of the high

precision ADC is discussed in the following chapters.
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1.2  Analog to Digital Converter

Analog to digital converters (ADC) converts a continutoge and continuous
amplitude analog signal to the digital doma#ost display units work with digital
datg and image processing performed inthe digital domain hence didial output
imaging systems are preferred. In higtecision imaging applications, the
performance of the ADC has an important impact on ithaging system's
performance Hence, understanding the specifications of the data converters is

essentiafor obtainng therequired performance.

1.2.1 Performance Parameters

It isvital to have a unanimous definition for performance paramtteistain insight
into the performance of the ADC%hereis alarge set of parameters to define the
performance of ADCs. Thesgarameters are divided into three groups, general

features, static parameters, and dynamic paranjétrs

1.2.1.1 General Features

General features define the basic parameters of the ADCs.

Resolution: The number of bits an ADC usgs digitalize its analog input. Higher

resolution ADCs define the analog data with more precise steps.

Quantization step: Defines the minimum detectible voltagk.is obtained by

dividing theinput voltage rangby ADC resolution.

Dynamic Range:Definesthe ratio between the noise floor and maximum detectible

signal. Expressed in dB.

14



1.2.1.2 Static Parameters

Static parameters of an ADC define the inputput characteristics. In the ideal case,
theinput-output characteristic of ADC is a staircase with unifstepsandthestep

size is defined ahequantization step. The static characteristic of an ideal ADC can
be observed in Figure 1.5.

Digital
Output
111
110 L.
101 ) /
100 yd
011 | /
010 V4
001 /
000 |

T
N
AN

Anal
, Analog

Input
Error

-LSB/2 IS- N—X —S

Figurel.5: Ideal inputoutputcharacterization(top) and quantization error(bottom)
of 3-bit ADC. [17]
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The figure shows thdhe input voltage range is divided into uniform steps. On the
other hand, this is not applicable in real IB¢atic parameters def these deviations

from the ideal inpubutput characteristsc
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Analog Resolution: Defines the analog voltage change corresponding to-tie 1
change on the digital code (1 LSB).

Offset: Defines the output shift in the zero input. Offset affects all the digital codes,
hence all quantization steps are equally shifted.

Gain Error: Defines the deviation between the slopes of the ideal ADC transfer

function and the actual output transferdtion

Differential Non-linearity (DNL): Defines the deviation on the quantization steps.
Inideal ADCsquanti zation steps are uniform.
steps deviate due to component mismatches anddeatities. The amount of the
deviaton from the ideal quantization steppdenoted as DNL. Often the maximum
DNL is referred as the DNL of the ADC arglgenerally measured in LSB.

Integral Non-linearity (INL): Defines thedeviation of the outpufrom the ideal
transfer line. As stated ingélDNL, the quantization steps of ADCs deviate from the
ideal. The cumulative deviation is expressed INL. There are two methods to measure
INL, the best straighline method andhe endpoint method18]. The kest straight

line method compares the output of the ADC with a straight line, which is the closest
approximation to the ideal ADC transfer line. This method includes offset error and
gain error into the INL. The engbint method draws a straight line between the end
points d the ADCs transfer function and measures deviation from this line. This
approach correctthe gain error and offset errgi6]. Often the maximum INL is

referred as the INL of the ADC arslgenerally measured in LSB.

16
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Figurel.6: The demonstration of the static error sources, offset error (a), gain error
(b), DNL (c), and INL (d)[17]

1.2.1.3 Dynamic Parameters

The d/namic performance of an ADC is denined by its frequency response and
thespeed of the analog components. In Higdguency applicationshese dynamic
parameters become important. Therefore, these parameters are defined for a defined

dynamic condition or as a function of frequefit§].

Signal to Noise Ratio (SNR)Defines the ratio between the power of the signal and

the total noise power in the Nyquist interval.

Signal to Noise and Distortion Ration (SNDR) Defines the ratio between the
power of theinput sinusoid wave and the power of theband noise (IBN)

accountingor harmonics in the pass band.

Spurious Free Dynamic Range (SFDR)Defines the ratio between the power of

input signal and power of theost significahin-band spurious spectral mponent.

17



Effective Number of Bits (ENOB): Defines the bitwise performance of an ideal

Nyquist rate ADC to perforrthesame level of SNDRt can be calculated as

NG OY o8 B
0068 — P& 0 (1.16)

P 6

Figurel.7: The demonstration of dynamic performance paramdiefk.

1.2.2 Figure of Merits

The performance parameters provide invaluable indigbtthe operation of the
ADCs. On the other hand, different ADCs are optimized for different operations and
their necessary needs. These design choices make designers havefalietdeen
different parameters, thus makimgcomparison between ADCs chaligng. A
figure of merit (FoM) should be defindd makea comparison between various
ADCs possibleln literature two FoM definitions are widely accepted: \(lah FoM

[19] and Schreier FONRO].
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Walden FoM: Main aim isto reflectthe power efficiency of the ADC. The FoM
gives the power consumed fosingle conversion stdf9]. Walden FoM calculated
as:

VEVLQI .

"0¢ 0 = WE £ L 1.17
0 5 e ) 0 (1.17)

As observe from equatiori.17, it is assumed that doublitige resolution consumes
anequal amount of power as doubling the bandwidth. Because pf\talten FoM

is widely used for comparing Nyquist ADCs.

Schreier FoM: Walden FoM is widely used for Nyquist ADCs hstnot suitable
for oversampling ADCs. In oversamplingDCs power neesito be quadrupled in
order to double bandwidth. Thus, Schreier FoM is more suitable for oversampling
ADCs. Schreier FoM calculated as:

0 W EuEIQD |

"BOD OWE OAH® Qpraé O—m—F— Q6 (118
e LEDLQI ( )

1.2.3 ADC Architectures

There isa vastarea of use for the ADCs. Each application bagjue needs;
thereforeseveral ADC architecturdgve beereveloped for the needs refspected
applications. Each of these architectures different advantages and drawbacks.
According to their working principle, ADC architectures can be divided into
NyquistRate ADCs and Oversampling AD{5].
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As statedn the Nyquist theorem maximum frequency of the input signal must be
lower than half of the sampling frequency in order to prevent aliasing. Therefore, the
maximum measurable frequency is half of the sampling frequency for NyRpfist
ADCs. Flash ADC, SARADC, and Pipeline ADC are widely used Nyquist rate
ADCs.

Oversampling ADCs hava sampling frequency much higher than the maximum
measurable input signal. Hence, Oversampling ADCs have higher resolution in
exchangdor lower bandwidth. Delt&sigma ADC andZzoom ADC are widely used

oversampling ADCs.

24 _
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Figurel.8: Application areas of ADC architecturg¢®1]

20



1.2.3.1 Flash ADC

Flash ADCs are the fastest and conceptually riest straightforwardADC
architecture[22]. As shown in Figure 1.9. m bit flash ADC consisff 2™-1
comparators and equally segmented voltage levels. The input data is compared with
all the voltage levelsimultaneouslyanda decoder converts the output code to the
binary code Sincethe whole operation happens simultaneouklash ADCs are
extremey fast. HoweverfFlash ADC's resolution is limited since addamgextra bit
doubles the number of comparators and the layout area. As a result, flash ADCs

mainly employed for higkspeed lowresolution applications.
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Figurel.9: Block diagram of m bit Flash ADC



1.2.3.2 Successive Approximation Register (SAR) ADC

SAR ADC is a widely used architecture due to its good power efficiency. As shown
in Figure 1.10. m bit SAR ADC consssdf sample and hold, m bit DAC, sileg

comparator, and SAR logic.

The ADC operation occaron multiple clock cycls Generally the binary search
algorithmis implemented fothebest power efficiency. The operation starts with the
sampling of the input signal. Initiallyhe DAC voltage is set to the middle of the

full range voltage. In each cyg¢lthe input signal is compared with DAC voltage

and respect to the output of the comparison voltage difference between the held
signal is halved. These conversi@srepeatedintil the least significant bit (LSB)

is defined. This conversion takes m clock cycles for m bit SAR ADC.

SAR ADCs haveexcellen power efficiency since most of the unnecessary
comparisons of flash ADGre not performed.lts basic structure, low power

comnsumption and medium resolution makesaitvidely preferred architecture.

R
Input Sample &
—_—
Hold

~_ @@
Comparator OUt—pmb

R
N-Bit DAC

—

N-bit SAR
Register

Figurel.10: Block Diagram of SAR ADC
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1.2.3.3 Pipeline ADC

Pipeline ADC is a widely used architecture due to its high sampling rate amd hig
resolution. As shown in Figure 1.11. Pipeline ADC cossibtnultiple stages. Each
stage hags sample and hold circuit, ADC, DAC, and comparator. The main aim of
the pipeline ADC igo operateall stages simultaneously and ackiéigh sampling

frequency.

The operation starts wittamplingthe input signaln the first stage. Input signal
digitalized by the local ADC and DAC generates residue voltage respect to the ADC
out. The residue voltage is subtracted from the input signdtheresidue voltage

is multiplied by the resolution dhelocal ADC. This operatiofis repeatecdat each
pipeline stage. After theext stage samples the ddtze first pipeline block samples
new dataTherefore different samplesreprocessed concurrenths a resultthe

output rate depends onby the speed of one stage.

Clock
] { |
Input
—[Stage 1H5tage ZHStage 3]: ———————
| by b, b, by

Output
[ Digital Logic ]+

Analog

_ Input | Sample + Z Output .
& Hold I' N
< ADC DAC

Digital
Output Stage N

Figurel.11: Block Diagram of Pipeline ADC (top) and unit stage (bottom)
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1.2.3.4 Delta-Sigma ADC

DeltaSigma ADCs have become widely useéd analog to digital converter
architecture andfound new application areas with current developsient
Figurel.12. shows thélock diagram of Delt&sigma ADC Compared to Nyquist
ADCs, DeltaSigma ADC coverthe widest conversion region between the
bandwidth andesolution[23]. In addition to this versatility, robustnessd easy
implementation of the Dek&igma architecture make more progeeiopt this

architecture instead of conventional architectures.

Input  ~ - N-bit _Output
_,_\Zr I H(z) < ADC

| N-bit
l DAC

N-Bit Quantizer

Figure1.12: Block diagram of Delté&sigma ADC

Different from Nyquist rate ADCs, Dek8igma ADC sample the input signal at a
higher rate than Nyquist rate. This operation is called oversampling. These samples
are quantized by low-resolution quantizer which introducadarge quantization
error. A feedback loop filters the oversampled data with a large quantization error,
shaping the quantization errdn the shapingmost of the power is pushed to the
higher frequencies, wherigital filters will remove it The aggressiveness of this
noise shapinglepends on the order of the feedback loop and oversampling ratio
(OSR). With better noise shapingery high precision digitalization is possible.
Therefore,DeltaSigma ADC can achieve very high resolution in exchange for
speedThis tradeoff is crucialfor oversampling ADCs since other architectures need
complex and higiprecision analog circigtfor highresolution analog to digital

conversior23].
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1.2.3.5 Zoom ADC

DeltaSigma ADC provids high linearity and highresolution outputompared to
Nyquist rate ADCs. However, the power efficiency of D&tgma ADC is much
lower [24]. Zoom ADC is a hybrid architecture proposed for improving energy
efficiency[25]. Figure 1.13. shows thadock diagram of Zoom ADQUtilizing the
advantages of Nyquist rate and oversampling ADCs, Zoom ADC can achieve high

dynamic range, high accurg@andhigh resolution with low energy consumption.

L]
¥
N-Bit { N-Bit =
(]
ADC DAC = | (M+N)-bit
Input + 3 Loop - (=] Digital
2 _Z Filter I - Output
1-Bit
DAC
N-Bit
Coarse ADC M-Bit Fine ADC

Figure1.13: Block diagram of Zoom ADC

As observedn Figure 1.13. Zoom ADC is a hybrid of one coarse ADC and one fine
ADC. The main aim of coarse ADC is determinitig most significant bits with
minimum power consumption, where Nyquist rate ADCs are very efficient. The
output of the coarse ADC is subtrattéom the input voltageand fine ADC
processes the residue voltagene ADC determineshe least significant bits by
processing residue voltage. Since high precision is necessary for this operation
Delta-Sigma ADC is used for fine conversion. The outpiuithe two ADC is then

combined by digital logic.
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1.3 Motivation of Thesis

In the last decademicrobolometer camerdsave increasetheir market share due
to their low cost and decent thermal performance. There is a tremendousgoeffort
improve the microbometer cameras' performance and decregstem costs.
Therefore, the main aim of this thesis is to design and implementemmanalog
to-digital converter (ADC) for microbolometer cameras. Thebip design reduces
system costby removing externd?CB forADC. The designed ADC must provide
high precision conversion, adtable sampling frequency, high dynamic range, low

power consumptigrand high linearity.

With the technological advancemerttse performance of microbolometer cameras
drasticallyincreased. Development of laime-constant microbolometer detectors,
and high framepersecond (FPS) cameras (200 HR&]), which do not suffer
motion blur, can be developed. The designed ADC should performifferent

frame ratemndsampling frequencies.

As stated in earlier chaptersicrobolometer detector fabrication has a high
mismatch between detectors. Conventional architectures an@ed-uniformity-
correction circuit and algorithm to solve mismatséuie. This thesis uses very high
dynamic range ADC instead of complex foreground calibration s\éfih this

improvement, the complex testing and calibration cycle would be obsolete.

Considering the given requirements and aiming for improved performanéeC o | u mn

Par al l el l ncr ement al Zoom ADCO is the
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1.4  Thesis Organization

This thesis's main objective is to develop ancbip ADC which provides high
precision conversion, @gstable sampling frequency, high dynanmange, low
power consumptiagrand high linearity. The objectives for the design of the ADC are

listed as follows:

1. System level analysis and development of the Zoom ADC. The signal domain
operation of the Zoom ADC is criticandthe system must be analyzed as a
whole.

2. The design and implementation of the Zoom ADC. The designed ADC
should provide high precision data output with minimum power and area

consumption.

3. The test strategy must be defined for the characterization of the ADC. The
required hardware should be designed, considehagoise and linearity

requirement of the ADC.

The aganization of the thesis can be explainetbdews:

In section 2, the gena overviewof the system is give.he toplevel requirements

are defined for ADC design. The oversampling concept is explained in, detail

the noise shaping basics amevered. The Delt&igma Modulator architecture is
introduced withatop-level appoach. The requirement for digital filters is stataad

the filter architectures are shown. Finally, the Zoom ADC concept is introduced with

the background provided in the previous chapters.
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In chapter 3, the systetavel design details are providethe loop equation of the
DeltaSigma Modulator is investigateand the design parameters for the modulator
are defined. Thenismatch correction strategies for the Zoom ADC are discussed
and DEM architecture is chosehhe digital filter architecture isafined, and the
cascaded architecture is presented. The novel improvements on the filters are

explained in detalil.

In chapter 4, the implementation of the Zoom ADC is presenteebgtstep. The
design of the main blocks and subblocks are briefly statebtheir performance is
verified with simulation results. The tdpevel design is shown, anithe ADC's

performance simulations apeesented.

In chapter 5thetesting strategy for the Zoom ADC is plann&tie measurement

setup is stated, and test softevés shown.

In chapter 6, the thesis work is concluded. Future improvement plans to improve

system performance are shared.
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CHAPTER 2

SYSTEM OVERVIEW

An on-chip ADC's design starts from theadout circuit's desigiTheROIC directly
determines the specifications and limitatiotieerefore careful investigatiorf the
readout system is crucial. After the system requirememetdeterminedthe ADC

requirement can be defined.

2.1  Top Level Architecture

The designed ADC is implemented on MT3825BA ROIC of Mikra s ar é m A. k.
[27]. MT3825BA is an analog output microbolometer readout circuit a&84x288

pixel array and 250m @BOMEMOStechnaldyyTrend de s i
block diagram of the readout chain of MT3825BA can be observed in Figure 2.1.

The simplified floor plan of the MT3825BA can be observed in Figure The.

ROIC read microbolometer pixels by rolling shutter mode, with top anddoot

column readouts with double pixel width. The ROIC is designed with system

chip architectureso all auxiliary blocks such as bias generator, digital timing

generatorandoutput stage are applied-ghip.
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Figure2.2: Simplified floor plan of MT3825BA ROIC
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In the last decadehe demand fofaster thermal sensors is increased. With the
advancement in MEMS fabrication technologies, it is possible to fabricatinhew
constant microbolometer detectors. Lowwe-constant detectors can detect fast
moving objects without any motion blaffect Therefore higher framepersecond
imaging can be archivabl26]. As the design of MT3825BA is revised for
digitalization, also readout architecture and timing scharaeevised for high FPS
imaging. Following the newdwancements in the industtiredeveloped camera can
reach high frame rate imaging up to 200 FPS.

2.1.1 Design Specifications for ADC

The designed column ADC will follow the initial readout configuration and
technology of the target ROI€igure2.3. shows thdlock diagram of theligital
readout circuitThe ADC is directly placed after the column readout circuit at the
same top and bottom column readout configuration. So that width per column is
500m f or t hABC'sAiDiGy genérate and bias generatocuits are
integrated with the current architectures for simple control over the ROIC. The floor
plan of the digital ROIC is shown in Figure 2.4.
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Figure2.3: Block diagram of the readout chaingpbposed digital readout
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Figure2.4: Simplified floor plan of proposed digitaltputROIC.

With the design revision of the target ROIC, high frame rate thermal imaging modes
are addedFour operation mode are developedjigh-resolution modestandard
mode, fast mode, and ultrafast moé#gh resolution modgrovides maximum
precision and operates at 20 FB&ndard mode performs general 30 FPS operation.
Fast mode provides 50 FPS imaging while maintgiriilgh-precision operation.
Ultrafast mode provides 200 FPS imaging with decent precision. Therefore, the
designed ADOmust al® be designed for this imaging medd@hese modes have
different precision and power specifications, so ADC modes are careésligned:d

for theneeds of these operations. The list of design requirerfegntsaging mode

can be observed Table2.1.
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Table2.1: Design requirements for ADC

Technology 180nm CMOS

Column Pitch 50 Om

Array Size 384 x 288

Supply Voltage 3.3V&18V

Conversion Range 3.04V-0.16V

Modes Hiqh_ Standard Fast Ultrafast
Precision

Frame Rate 20 FPS 30 FPS 50 FPS 200 FPS

Line Time 170 O 115 O 65 Os| 16.5

Sampling Rate 5.9 kS/sec | 8.6kS/sec | 15.4 kS/sec| 60 kS/sec

Power <4000 <5500 <8 0OW <1200

ENOB >20-bit >19-bit >18bit >16-bit

2.2  Oversampling ADC

In the first chapter, different ADC architectures are described, and their strengths are
pointed out As the desigrspecifications for the ADC stated, colusparallel
incremental Zoom ADC architecture is a good fit for the intended debipetter
graspthe Zoom ADCthe general theory and implementation detaits/afrsampling

ADCs areinvestigated in detail.
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221 Oversampling

In the sampling procesthe continuous time signal input signal is transfornrad

a discretetime signal. According to the Nyquist theorethe sampling frequency
(fs) must be twice the input signal's maximum frequetacgrevent aliasingthus
limiting the maximum bandwidth of the input signal. ADCs with sampling frequency
is at the minimum rate input frequency allesy called Nyquistrate ADCs. Ifthe
sampling rate of an ADC is much higher than the Nyquist rate, it is called
oversampling AC. The amount of oversampling is expressethasversampling

ratio (OSR) and expressed as:

0

0 Y'Y :
¢z2'Q

Generally, most ADCs employ an antialiasing filter to preventofitand noises
and aliasing. In Nyquistate ADCs the input bandwidth coincides with fs/2, and
high-order antialiasing filters (AAF) are required to prevent aliasi®qg the
contrary, in oversampling ADCshe replicas othe input signal are much farther
away inthe signal spectrumandthe antialiasing filter'specifications arealaxed

[23]. The input signal spectrum and antialiasing filter for Nyquist rate ADCs and

Oversampling ADCs are illustrated in Figure 2.5.
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Figure2.5: Input sgnal spectrum of (top) Nyquisate ADCs and (bottom)
Oversampling ADCH23]

One of the main performance limitations of an ADC is quantization noise. While
performing analog to digital conversion, the error occurred ddigitalization steps
called quantization error. The quantization error can be expressed as a random
process with a uniform probability distribution betweefy2, +{42]. Therefore,
guantization noise can be expressed as white noise in this iff@d}.ahccording

to the additive white noise approximation of the quantization error, the power of the
qguantization error does not change with the sampling frequ¢p8ly The
guantization noise sampled the pass band is calledland noise power (IBN). In
oversampling ADCs, onlg fraction of the quantization noise is in the signal band,
so the effect of quantization noise can be decreaseaWwitfiner oversampling ratio
(OSR). The quantization noisaf Nyquistrate ADCs and oversampling ADCs
illustratedin Figure 2.6.
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Figure2.6: Quantization noise of (top) Nyquistte ADCs and (bottom)
Oversampling ADCH23]

Dynamic range (DR) is the ratio between the output power at the input frequency
andthe inband noise (IBN) powerror an ideal ADCthe dynamic range can be
calculated as:

0

0YQs pitl Cmrs

For an N-bit quantizer,the dynamic range of an ideal oversampling ADC

approximated as
OYQO @8td pK o pme D YY

For a NyquistRate ADC OSRequalsl, and each additional bit in the quantizer
increaseshedynamic range by 6 dB. loversampling ADCsquadrupling the OSR

hasa similar dynamic range increase with an extra bit in the quantizer.
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2.2.2 Noise Shaping

In oversampling ADCsdynamic range can be increased by increasing the
oversampling ratio. On the other hand, high precision &snn requires a high
dynamic ranggeand increasing oversampling ab@ertain point is impractical. To
increase the accuracy, without increasing Q@&Roop filter shapes the white
guantization noise, and most of its power is pushed outstdggnaband. Then the

out of the band noise is eliminated by filtering. The input signal spectrum and shaped

guantization noise of oversampling ARxeillustrated in Figure 2.7.

4 XD
Sg INTE(f)]?
\

Figure2.7: The input signal sp&mm and quantization noise of oversampled ADC
[23]

The noise shaping decreasesband noise power and drastically increases the
performance of the oversampling ADCs. Tdrder of the loop filter determines the
aggressiveness of the noise shapig shown in the Figure 2.8. higher order loop
filters provde more aggressive noise shaping and decrbagsower of inband

noise.
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Figure2.8: lllustration of noise shaping respect to the loop filter order[@3)

The dynamic rangef an ideal oversampling ADC with-hit quantization and

order loop filter can be obtained as:

5
oYQ6 @8t p& o pr‘xé"Q—C“ P ¢cO pzpmé ™ DYY

2.2.3 Delta-Sigma Modulation

DeltaSigma modulators are widely preferred oversampling architectures due to their
effective noise shaping characteristics. D8tgma modulators emplog closed

loop negative feedback path to achieve control over the quantization error. The block
diagran of a simple Delté&sigma Modulator architecture is shared in Figure 2.8. It
consists of a loop filter H(z),-it ADC, and tbit DAC. The negative feedback

configuration creates two different transfer funcéioalled: signal transfer function

(STF) and oise transfer function (NTF).
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Figure2.9: Block diagram(left) and linear mode(right) of a simple
DeltaSigma ADC [28]

In the linear modelquantization error can be expressed as E(z). Then the output of

the loop filter Y(z) can be expressed as:
Wa YY®OzZwa 0°YQzOq

The NTF and STF of a Delaigma Modulator can be calculated as:

"0d
N X
) 5 oa
o P
Y ,
by p Oua

If H(z) has a low pass characteristic with unity DC gain Equation 2.6. and 2.7. can

be approximated as:

“Y"Y"@ p
. p

Y —
0 "Y'Q oY

It can be observed that using loop filter H(z) watltow-pass characteristic, unity

STF can be obtaingdnd NTF has &igh pass characteristic which pushes noise out
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of the signal bandwidth. In firgirder DeltaSigma modulatotsa discrete integrator

is used for loop filter, where:

04

Then equation 2.5. can be written as:
da @ zda p a 20¢

As olserved from Equation 2.1the signal is transferred with unity power and delay.
A high-pass function shapes the quantization noise improve performancea
higher order loop filter can be used, which brimggre aggressive noise shaping
with sharper hig-pass NTF. Also, the resolution thfe quantizer can be increased

which decreases the power of quantization noise E(z).

2.2.4 Digital Filters

The digital filter holds a crucial role clearing outof-band noise. The Dek&igma
Modulator shapes and pushes the noise to high frequemgital filters are
employedat this level to filter owtof-band noises and provide parallel dg8]. In
digital filters, decimationeliminates redundant data, and the Joass filter clears
out-of-band noiseAt the end of digital filteringthe output frequency is generally at

the Nyquist rate of the data.

In most of the design decimation filtersarepreferred[20]. Decimation filters can
perform digital filtering and sampfeequencydropping at the same tim@ne of the
widely used architectuseis Cascaded Integrator Comb (CIC) filtef80].

Figure2.10 shows a secoratder GC filter with decimation ratio DComb filters

are multiplierfree filters with low memory requirement CIC filter is the
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combination of cascaded integrator blocks followed by decimator and cascaded
differentiator blocksThe rumber of cascades gives fiiter order (L), where higher

orders improvehe low passiltering characteristic of filter and filter gain.

Decimation
Clock
Input st 2nd 2nd 1st Output
Integrator Integrator D 4’ Differentiator Differentiator
CLK i
CLK_Slow

Figure2.10: Block diagram osecad order CIC filter with decimation ratio.D
Thefilter gain givesthe bitwise width of the output anchn be calculated as:
0Q0 DR QO G £ 0

The decimation filter is an efficient low pass filter, butfilier's performancés not
sufficient for high precision applicatiorisinite Impulse Response (FIR) and Infinite
Impulse Response (lIR) filters are used to improve filter performaiitélters are
highly efficient and have a sharp stopband compared to FIR filters. Quthtbe
hand, IIR filters suffer from stability issues aar@hard to implement oghip. Since
this work requiresfilter to be implemented on the chip, IIR filters are not covered.
The block diagram of the FIR filter can be observed in Figure BlIRIfilters consist

of multiple delay and add blockslled tapswherethe last N data iddedwith a
certain weight. By adjusting the number of taps and coefficients, filter
characteristics, pass and stopband frequeneied sharpness of filter can be

adjusted.
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Figure2.11: Block diagram of Ntap FIR filter [31]

2.3 Zoom ADC

2.3.1 System Overview

So farthebasics of DelteBigma ADCs and theadvantages are discussed. For high
precision applicationdeltaSigma ADCsarethe most preferred solutions. On the
other hand, compared to NyquRate ADCs, Deltssigma ADCs are less power
efficient, making them less desirablEo improvethe power effciency of Delta
Sigma ADC, Zoom ADC architecture is propo$ad].

Zoom ADC is a hybrid oversampling ADtBat combines the advantages of SAR
ADC and DeltaSigma ADC. The power efficiency of SAR ADC is employted
decreasehe power consumption of Dekk&igma ADCJ[33]. The block diagram of
Zoom ADC can be observed in Figure2.1
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Figure2.12: Block diagram of Zoom ADC

In this twostep ADC, low resolution, low power coarse ADC determines the MSB
bits of the input data. THRISB data is converted to an analog sigmsihg a DAC

and subtracted from the inpwnd DeltaSigma ADC processes only the residue
voltage Since thesoltage range of the residue voltage is much lower than the input,
the power requirement of the Delfsigma ADC is relaxed. The output of Delta
Sigma ADC is filtered by a digital filtemnd LSB bits are determinel this step
Since MSB bits are not aap of digital filtering, filter architecture is less complex
and area consumption is significantly decreased. In the ideal tbaseligitally
filtered output ofthe Delta-Sigma Modulator and the MSB bits are concatenated to

obtaintheoutput code.

In realworld analog circuits have some deviations from their ideal operasook

as offset voltage, noisandgain nonlinearity. Coarse ADC also suffémom these
problems and directly concatenating output codes is not plausible. These
nonidealities crate dead spaces between the coarse and fine ADC and thus resulting
significant performance drop. To prevent any missing code;rawngingis applied.
Instead of directly takinthefull range of residue voltage as a voltage range of Delta
Sigma ADC, the wltage range is extenddd avoltage higher than the residue
voltage range. In the case of any ervoitage still stagin the stable region of Deka
Sigma ADC.
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As mentioned, deviatioria analog circuits and componemtea significart issue.

The regdue generation is one of the most demandingspartthe design. The
matching of the Mbit DAC, DeltaSigma Modulator feedback DACand the
matching between them is the limiting factor on the performance of the Zoom ADC
[28]. To satisfy desired performance, the matching and linearityi@®DIAC must

be higher than the expected ADC resolution, which is hard to achieve. Instead of
designing multiple challenging DACs, two of the DACs can be combimteda
single DAC. The singl®AC architecture can be observed in Figur&2Moreover,

this architecture is suitable for digital matching techniques like dynamic element
matching (DEM).DEM architecture's utilization significantly relaxes the DAC
array's design requiremengsificantly [34]. DEM methods will be explained in
detail in Chapter 3.

N-bit

SAR ADC J |
 J

L Eament
DAC Matching
Input /l\
" G

Digital
Filter

Capacitive
DAC Array

Figure2.13: Block diagram of single DAC Zoom ADC
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2.3.2 Incremental Zoom ADC

There are two types of Zoom AD@rchitectures Dynamic Zoom ADC and
Incremental Zoom ADC. Dynamic Zoom ADC is utilized for measuring continuous
signals. The coarse conversion is repeated for a fixed period of clock, eyuése
DeltaSigma modulator continuously converts residue datze time domain
operation of Dynamic Zoom ADC is shown in Figure4.$ince Dynamic Zoom

ADCs are not in the scope of this thesis work, no further investigation necessary.

In contrast, Incremental Zoom ADC is utilized for measuring gst@gic signals.
For each measuremerat sequential operation is performed. Firstly, coarse ADC
rapidly determines the MSB bits, then DeByma Modulator determines fine bits
from the residue voltage. Theansientoperation of Incremental Zoom ADC is
shown in Figure 23

Coarse levels

st
(IR

i

Time

Figure2.14: Thetransientoperation of Dynamic Zoom AD(25]
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Figure2.15: The time domain operation tfcremental Zoom AD(25]

The sequential architecture of the Incremental Zoom ADC allows some advantages.

In some applicationghe SAR ADC and Delt&igma Modulator sharthe same

hardware, which decreases area use and pmmsumption. In this thesis wqitke

SAR ADC block is shared by 16 columns, which incregbesarea and power

efficiency of the architecture. Also, the timing of the Coarse ADC and Fine ADC

follows a pipelined timing diagram, where Deagma ADC can wsfull line time,

decreasing clock frequency. The timing diagram of the pipelined operation is shown

in Figure 2.8.
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Figure2.16: Timing diagram of proposed Incremental Zoom ADC
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CHAPTER 3

SYSTEM DESIGN

This chapter covers the design elements of the Incremental ZoomnAd2@il. The
general block diagram of the Incremental Zoom ADC can be observed in Figure 3.1.
As observegdthe ADC consistof 4 general blocks: SAR ADC, Delsigma ADC,

Digital Filters and Dynamic element matching. The system parameters and the
design of the blocks need to be optimized for the desired performance. As stated in
the design requirements in thigh-precisionmode the design must perform it

ENOB with 6 kHz bandwidth. This performance can be obtained by optimization of
the resolution of SAR ADC (N), sampling frequendy, (overranging of Delta
Sigma Modulator (M), oversampling ratio (OSR), order of D8ltana Modulator

(L), and architecture of Digital Filter.

N-bit
SAR ADC J 1

—\
(o o
DAC Matching )
Input + /l\ |
p @ | Loop Filter —b@

Figure3.1: General Block Diagram of Incremental Zoom ADC

Digital
Filter
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Zoom ADC is an oversampling ADC, hence bitwise performance of the ADC is
measured with dyamic range. The effective number of bits of a Zoom ADC can be
calculated as:

e v . OY P& @
Ouvuvo —
@8t ¢

For precision higher than the-Bi, the dynamic range must be:
OYQS6 @8t O0 L 6 pg @
Therefore for 2bit operationthe dynamic range must begher than 122 dB

The SAR ADC's resolution directly affects the Defaggma Modulator's operation
Higher the resolutionof SAR ADC(N), the amplitude of the residue voltagets
smaller thus relaxingthe voltage swing and dynamic range of the D&tgma
Modulator. One bit increase in the resolution of SAR ADC provia&s02 dB
increase in the dynamic range. On the other hand, higher resolution also increases
the area of the SAR ADC and the DAC. For a colymarallel architecturesilicon

area is asignificant drawback. Also, higher resolution SAR ADCs require
meticulous design and precise analog circuitry. Therefore, an optimal value for the
SAR ADC resolution must be calculated. In the litergttre resolution of the ADC

is selected between 4 to 644i82] [28] [33] [35]. These bit ranges providiee best

performancearea tradeff.

The ovefranging is the precaution for any offset and mismatch between SAR ADC
and DeltaSigma modulator. Imn ideal case, there is no need for the -oarging
since the residue voltage range is the same asottege range othe DeltaSigma
modulator.In the actual caseerror sources prevent this perfect matchiagd for
some voltage levelghe DeltaSigmaModulator saturates, thus creating missing
code.To prevent this problepthe voltage range of the Del&ggma modulator is

selectedo belargerthan the voltage range of residue voltage. The amount of over
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ranging should be higher than the werate offset and error scenaribkwever,
increasing the ovelanging size decreases the resolution of the D&igma
Modulator. In this workoverrangng is selected as a 1 LSBIthough1 LSB is
much larger than the error sources, fractional -oarging requires complex DAC

design and bringlinearity errors.

The DeltaSigma modulator's design selection heavily affects the system's
performance The characteristic of the loop filter mainly defines the system's
precision The order of the loop filter (L) and the oversampling ratio (OSR)
determines the aggressiveness of noise shapingthirsband noise (IBN) level.
The higher order loop filters prae better noise shaping in excharfge circuit
complexity and stability issues. Higher OSR also decreademnid noise leveland

requires higher sampling frequendyus increasing power consumption.

In generalthelower clock frequency is preferrédr lower power consumption. On

the other handpwering the clock frequency at some point does not decrease power
consumption since amplifiers are noelemited aftera certain bias currerj86]. The
efficient clockfrequency is selected as 2 MHz for the chosen CMOS technology and
amplifier designs

The optimum point must be calculated for the best performance, minimum area, and
power consumptianThe dynamic range of an ideal Zoom ADC can be approximated
as:

. N C G0 P .

oY P& @ o8t U v U pueg Q—— L pzpmume DYY
Where Niar and Nosm arethe quantization precision of SAR ADC and Deftigma
modulator, respectively. M is the owvenging coefficient which is-bit. L is the

order of the RltaSigma ModulatorThe optimum range can be observed if the
linear model given in Equation 3.3 is pkxdt The plot ofthe linear modelwith

respect to design parameters is shown in Figure 3.2.
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Figure3.2: OSR vs Dynamic Range for different loop filter order

and Coarse ADC resolutions

The Figure 3.2. visualizes the dynamic range output from the linear mattiel
respect to the different model parameters and OSR. In theNplet is 1-bit, and
overranging (M) is 1 LSB. The border indicates the minimum required dynamic
range for the design. It should be noted tihatlinear model is quite optimistic,
especially for higher order loop filters. Alse sampling frequency of the intended
designis comparably low and 2 MHz clock frequency is selecéekdigher OSR
would be used. For BHz sampling frequency and 2 MHz clock frequero$R of
320is selected fohigh-precisionmode.

Significantly large OSR improves the noise shaping, thus impgdkimmperformance
of the loop filter. Considering this'@order loop filter is a good selection due to the
stability and ease of design. Moreover, Zoom ADC architecture $degign
challenges for the feedback of the Defigma Modulatorsand 29 orderloop filter

is more suitable for #sedesign challenges.
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The highest possible SAR ADC resolution is desired for maximum power efficiency.
However for the columnADCSs, siliconarea is a crucial design parameildre area
of SAR ADC and Nbit DAC is doulted for a 1bit increase in the SAR ADC
resolution Therefore, considering area limitatioisbit resolution is the optimum

coarse ADC resolution.

In Figure 3.2. the linear model is pied for the 1bit DeltaSigma Modulator
guantizer. Generallya singe-bit quantizer design is preferred for DeBgma
Modulators since multibit quantizers introduce linearity errors and design
complexities. Complex mismatch shaping architectures are required for error
correction which is not preferred. However, in thikesis mismatch shaping
architecture is already employeshdthe DAC structure is suitable for alBvel
guantization. Sevel quantization provides 8 dB dynamic range improvement with

few drawbacks. Thus, this unique quantization structueenjgloyed in this design.

The output of the Delt&igma Modulator requires precise digital filtering to yield
the full performance of the modulator. Digital filters are emploggthis level to
filter out-of-band noise and provide parallel data. Siatégh-resolution output is
expected from this work, a CIC decimation filter and FIR filter combination would

be an efficient solution.

Since CIC filters do not require any multiplier and limited meni86}, a higher
order filtercan be used for better performangaird-order CIC filter witha 16x
decimation ratio is selected for this design. The outpuheflecimation filter is
processed witanFIR filter. The OSR of the design is flexible for different imaging
modes, soa programmable integrating FIR filter is used for FIR design. The
programmable nature of this filter providbe necessary flexibility for the user.
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So, in this work &it SAR ADC andsecondorder DeltaSigma Modulator with 5
level quantization is employeslith 1 LSB ovefranging. The clock is selected as 2
MHz, and OSR of 320 is aimed. In digital filtering 3rd order CIC filter with a 16x
decimation ratio is used, angpeogrammable integrating FIR filter is utilized.

3.1  System Level Design obelta-Sigma Modulator

The systerdevel design of the Zoom ADC is defined, ghdreasondor the design
selections are explained in the previous secfidns section briefly explains the
design selections @fecondorder DeltaSigma modulatorThesecondorder Delta

Sigma Modulator block diagram can be observeigure 3.3.

Figure3.3: Block diagram otecad-order DeltaSigma Modulatar[23]

As observedn Figure 3.3the seconarder DeltaSigma Modulator consisbf two
cascaded integrator blocks and a quantizer. Each integrator receives feedback with a
weight, which isessentiafor the stability of the modulator. Thedomain output of

the modulator could be calculated[28]:

Q00— oa Od
p_a ‘ ‘

p ’?’Q “Q“Q p q d ’?’Q “Q
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Where kg stands for the quantizer gain. kdealsecondorder shaping, the equation

shouldbe simplified agollows:
wa o wa p o O«
This simplification could only benade if the feedback coefficients satisfy:
900 p
Q¢

In this thesisthe feedback should be compatible with the Zoom stées, the
design coefficients are selected as:

Q Q p
Q p
Q¢
Q9

5-Level
DAC

Figure3.4: DeltaSigma Modulator with coefficients
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The operation of the Dek8igma Modulator is verified using Simulink. The
simulated spectrum of theesigned Delte&sigma Modulator is shared in Figure 3.5.
Since there is no noise source in this simulatibe quantization noise shaping of
the filter can be observed.

Spectrum analysis of Delta-Sigma Modulator
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Figure3.5: Spectrumanalysis of the Delt&igma ADC
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3.2  Dynamic Element Matching

Matching is an important issue in the Zoom ADC design. The DAC at the input of
the DeltaSigma Modulator is the dominant error soyraed any mismatch error
directly affects themodulator's linearity For the 2@bit performance, the Deka
Sigma DAC needs at least-B@d performance. However, that level of accuracy is
hard to achieve. In this warknetatinsulatormetal (MIM) capacitors are used, and

the standard deviation of thes&pacitorss written ag[37]:

Yol 0

Wher e @C i s intheeapatiiof. Aietheemsmatch coefficient of the
process, which is 0.4% Om f orarethdéivedthl1 80 nm (
and length of the unit capacitor. Therefore, unit capacitor selectiataigor the

matching requirement. The critical case for the matgis the MS crossing. Fére

desired matchinghe 3Sigma of the MSB crossing must be lower than half LSB

[37].
g, O poe T YO
Where LSB for the 2bit operation is:

0 "Y5 —c;w Yooy v
In the conventional metlis achieving 0.5 LSB performance requires unit capacitors
larger than 10 pi37], which is impossible for a colurparallel ADC. Area and
power consumptioarecrucial for this operation, and it is not feasible with large unit
capacitors. The spectrum analysis of #wom ADC with capacitor mismatch is

shown in Figure 3.6.
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Spectrum analysis of Delta-Sigma Modulator
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Figure3.6: Spectrum analysis of Delaigma Modulator with 80fF unit

capacitance ando mismatch correction

In order to satisfythe required matching, instead of using large unit capacitors,
different techniques could be employé&ithe nost widely accepted methodse
trimming [38], calibration [16], and dynamic element matching (DEN34].

Compared with other methods, DEM is more suitable for oversampling ADCs.

Unlike the other nsmatch correction methods, DEM architectures do not aim to
eliminate mismatch but modulatee mismatch. In the signal domaiine modulated

mismatchbehaves like noise and could be filteegdhe digital filter leve[34].

Figure 3.7. sharehe block diagram of the DEM architectufidie general working
principle of the DEM ighatthe input data is converted to the thermometeted
signal and connected to the capacitor array. At eacfodyethe capacitor's
connections are changdd modulate mismatch. The pattern of the capacitor

changing method defines the mismatch shaping.
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Figure3.7: Block diagram of the Dynamic Element Matching

Large variatios of DEM architectures are published in the literatidewever the
general operation is the same since all operate tivtsame underlying principle
[34]. The algorithm assumes there is no knowledge aboumigraatch and blindly
shapes the mismatch err@¥idely usedalgorithmsareRandom DEM, BarreShift
DEM, and Data Weighted Averagi{@WA) DEM.

In the Random DEM, the active unit capacitors are selected randomly. This approach
provides zero mismatelson average. Due to the random nature, no harmonics are
generated in exchander higher noise power. Howeveherandomization process
requires serious design effort, and the resulting circuit catarge area. Therefore,

theuse of Random DEM is not fela for this project.

The BarrelShift DEM utilizes fixed pattern shifting of the capacitor selectian.
barrelshift pointer tracks the first element of the capacitor aréayach cyclethe
pointer is updated with a fixed coefficient. The implementation of the B&

DEM isrelativelyeasy and requires few components. However, the fixed pattern of

the algorithm creates tone and harmonics, which are not desired.
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The data weightedvaraging (DWA) DEM is a hardwarefficient solution for
mismatch shaping DEM. The working principle is quite simitathe BarrelShift
DEM. Figure 3.8. illustrates the operation of the DWA algorithmstead ofa fixed
coefficient, the barrel shift poiet is updated with the previous output code of the
DAC array.This method shapes the mismatdthva modulator similar tahe first

order DeltaSigma modulatqmpreventingtone generatiof0].

Cycle DAC Input | Pointer DAC Array
0 1 0
1 4 1
2 0 5
3 2 5
4 3 7
5 2 2

Figure3.8: lllustration of the operation ahe 3-bit DWA algorithm

DWA DEM architecture is implemented in this wadke to superb performance,

easy hardware implementatiaand low area consumption. The performance of the
Zoom ADC wnder the proposed DEM algorithm versus no mismatch correction is
shared in Figure 3.9. The DEM method suppresses spurs and harmonics caused by

capacitor mismatch effectively.
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Spectrum analysis of Delta-Sigma Modulator

=== No Mismatch Correction
== Data Weighted Averaging

-100

-150

Power/Frequency (dB/Hz)

-200 ~ -

-250 1 1 1 1 1
10° 10’ 102 10°% 10* 10° 108
Frequency (Hz)

Figure3.9: Spectrum analysisf ®@elta-Sigma Modulator with no mismatch

correction and DWA

3.3  Digital Filter Design

In most of the oversampling ADCte digital filters are not implemented-chip.
Implementing the filter with more resource and programmable arrays is much more
efficientand provide more flexibility. In this work, the data output of the modulator
is much more than the serializer block can handle, thissnecessary to implement
on-ship digital filters. The implemented filter must be area efficient and should
provide highnoise suppression performandéird-order CIC decimation filter and
programmable integrating FIR filter are used in this desijnce these filters
provide different characteristics arate utilized with different aims bothare

investigated separately.
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3.3.1 CIC Decimation Filter

The CIC filter is a commonly preferred architecture forobip designs since they

do not require any multiplication or extra memory spf8®. As observedn

Figure3.1Q the general architecture of a CIC filter is quite simple yet very efficient.

The filter consists o& digital integrator, decimator, and digital differentiator. The

block diagram of integrator and differentiator is shared in Figure 3.11 and

Figure3.12. espectively.

Integrator Integrator Integrator Differentiator  Differentiator  Differentiator

L - H - H = HNH

SHE A

CLK_ slow CLK_ slow CLK_: slow

Figure3.10: Block diagram of CIC filter

[N:0
Input D Q

Clock —.>

* Output

Figure3.11: Block diagram of digital integrator

[N:0]

[N:0

Input D Q @ D

Q — Output

|—>

Clock

Figure3.12: Block diagram of digital differentiator
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The CIC filter providesa narrowband lowpass filter characteristiovhich is
desirable for the Incremental Zoom ADi@creasing the filter order and decimation
ratio sharpness ohe filter and oubf-band rejection could be improved. Therefore,
for this designthird order CIC filter witha 16x decimation ratio is selected. This
filter provides 14bit parallel output every 16 cycles. The filter characteristic of the

designed filteccan be observed Figure 3.13.
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Figure3.13: Filter characteristic od third order decimation filter

The filter performance is sufficient for the designed ADxDd the FIR filter
enhances performance fiver. However, the filter covera large area which is a
problem for a column ADC. The current architecture requires 176 Register and 120
Ful I Adder , whixah Omce cdhigework Gibpoéem a new
architecture to decrease area consumption without any performance loss
Figure3.14. shows the new CIC filter architecture used in this desige third
integrator, decimatoandthird differentiator can be merged into a new block. If the
third integrator is reset at every decimation period, the output signal is equal to the
output of hethird differentiator. This architecture makes it possible to impleraent

CIC filter in smaller aremwithout disrupting the filter's operation or performance
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The new filter design requires 126 registand 85full addes, which occupy
450 ©m0 O ma. Ehe iategrator with reset architecture could perform the same

operationwith 35% smaller area consumption and less power.

Integrator
Integrator Integrator with reset Differentiator  Differentiator
I t f 1 ( ) [ ) Output
npu -1 -1 -1
P > z - > z n z - 1—z1 1-z1 +—>
e A T
CLK CLK CLK reset CLK_slow CLK_slow

Figure3.14: Block diagram of CIC filter with integrator with periodic reset

3.3.2 Integrating FIR Filter

FIR filters are one of the popular digital filter architectures. Their impulse response
hasa finite durationandthus settles to zero in infinite time. Thequation has no
feedback, s FIR filters are always stabJé0]. The general architecture of theldp

FIR filter can be observead Figure 3.15. The filter consists of three blocks, registers,
multipliers, and full adders. For each tape set of these blocksused. Tlatcreates
alarge area consumption for multiple tap filters. On the other Haghder taps are

preferred for better performance and noise rejection

)C[ n] > 7! 71 > 71

Y Y Y

V¥

Figure3.15: Block diagram of NTap FIR filter.
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The multiplicationoperation ofthe FIR filter is crucial for its performance. These
coefficients define the transfer function of the filter aack called windows.
Different window architectures provide different characteristics, and the window
selection directly defines the passbanehamd gainandout-of-band rejection. The
frequency response of the-Tap FIR filter withthe Hann window can belserved

in Figure 3.16 Due to large area consumption, the multiplication operation is an
issue for orchip applicationsin the literaturginstead of hefty multiplier blocks,

sum of parallel shift blocks approach is used for-&f@iaient solutiong41] [42].

This approach reduces area consumption significantly but limits the applicable filter
windows. Moreover, the reduced filter area is still too large for a cojpanallel
ADC.

Magnitude (dB)
. A X
o o

[22]
o
T
1

-80 I I I

0 100 200 300 400 500 600 700 800 900
Frequency (kHz)

Figure3.16: Filter characteristic of 23ap Hann window FIR filter

This work uses a new type of FIR filter to reduce area consumption and pnahde
performanceFigure 3.17. shares the block diagram of the integrating FIR filter.
Different from the conventional FIR filters, integrating FIR filter is used in this
design. The designed ADC is suited for incremental data tbnsinuous data flow

is not necessary fdhe filter. Only the final product is important for this design.

Integrating FIR filter isagreat fit for this application.
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[N:0]

Input D Q »> Output
Programmable . >
Clock

Figure3.17: Block Diagram of integrating FIR filter

As observedn Figure 3.17the design is simple yet very effective. All the delay and
multiplication operations are squeezetbia single integrator with a program clock.
At each input periodthe fast program clock triggers the integrator multiple times,
creatinga multiplier effect for the input. An example timing diagram &8-5-5-3

window FIR filter is shown in Figure 3.18.

Program |'”'||'I I'”'Il‘”‘ll‘l ﬂl‘”‘“‘lﬂ
Clock |-|—|-|-|-|
Input ( Datal X Data 2 X Data 3 X Data 4 >

Figure3.18: Timing diagram of 4Tap Integrating FIR Filter

This architecture significantldecreased the area consumption of the FIR filter.
Compared with a conventional-Tép FIR filter, this architecture occupies 92% less

area while providing the sanfieal result.

This architecture defines the window typetheadjustingnumber of program clock
pulses. Thealigital timing generator directly controls the period and number of ticks
of the program clockthus the user. This feature givescellen flexibility to the
filter design sincalifferent imaging modes and scene condis require different

filter performances.
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CHAPTER 4

CIRCUIT IMPLEMENTATION

In this chapterthe implementation of the general building blocks of the Zoom ADC
is shared in detail. As mentioned in the previous parts, Zoom ADC coo$i8t
major blocksCoarse ADC, Fine ADCand Digital Filters. The design details, circuit
schematicsand simulation data of these blocks and their subblocks are provided. At
the end of each subsectjdhelayout implementation of these blocks and thedaa
consumptiorare sharedThe last subsection explains the tepel implementation

of the Zoom ADC and chifevel auxiliary block desigbriefly.

The systerrlevel design of Zoom ADC is covered in Chapter 3. In the
implementation phassome minor changesereapplied to the architecture fire
better area and power managemeigure 4.1. shows the revisetbck diagram of
column Zoom ADC As mentioned, Zoom ADC is the hybrid of two ADCsbib

SAR ADC and DelteéSigma ADC. In the pipated timing operation, the time
window for the operation of-6it SAR ADC is much larger than the requirement.
Therefore,16 columns share a single SAR ADC for more power and area efficient

solution
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Figure4.1: The block diagram of Zoom ADC

4.1 Coarse ADC

The implementation of the coarse ADC is an important istéipe design of Zoom
ADC. The SAR ADC is selected since it is a powé#icient and robust architecture.
Figure 4.2. shows the block diagram of 8%R ADC. Since the requirement for the
SAR ADC is relaxed, the main concern for the design is power and area
consumption. The design needs to perfeBibit conversion with 100 KS/sec in
high-precisionmode and 1 MS/sec in ultrafast mode. This sampliegds easily
achievable since the ovesinging of the Delt&sigma ADC relaxes the performance
requirement of the ADC significantly. 0.75 LSB quantization error is acceptable for
the ideal operation, which is 67.5 mV. Therefaeareful, and simple desigs
sufficient for the SAR ADC. SAR ADC consssif 3 main blocks, DAC, comparator,
and SAR Logic. The design of the subblocks is covered in their respective

subsections.
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Digital to Analog Converter Comparator SAR Logic

\‘j-:"f T T LN LN
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Figure4.2: Block diagram othe 5bit SAR ADC.

41.1 Digital to Analog Converter

The first major block of the SAR ADC is the DAC block. In this desigput
sampling DAC architecturis selected for better linearity amdnore straightforward
design for fully differential input. Since the power consumptiothis primary
concern of the coarse ADC desjdpinary weighted capacitor array architectige
selected. The capacitors are implemented with nriesalatormetal (MIM)
capacitors. For theample and hold operatioparasitic insensitive bottom plate
sampling architecture is selectemsuring that the input and reference voltages are
affected by the parasitic capacitances at the same rate, thus creatorgineanity
[43].

Figure 4.3. displays the schematic design of the DAC afitagy. main operation of
the DAC consists of two phases, input sampliagd comparisonDuring the
sampling phasethe differential input data is sampled at the bottom plate of the
capacitorsin the comparison phasthe input data is compared with its differential

at 5 clock cycles witlabinary search algorithm.
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Figure4.3: Schematic design of theldt binaryweighted DAC array

Generally, capacitor sizing is one of tbeicial parts of the DAC design. On the
other hand, for the -bit operation the kTC noise and capacitor mismatafre
negligible due tadhewide LB voltage range of DAC anithe minimum size of the
unit capacitor defined by the technold@y]. Thus, the unit capacitor is selected as
80 fF, the same sizeas the DeltéSigma Modulator's unit capdoer, for ease of

design.

4.1.2 Comparator

The ®cond block of the SAR ADC is the comparator block. With the DAC block,
the comparator defines the performance of the AD@ultiple comparator
architectures are developad ensurethe best performanceln this work the
comparator's requirements are much more relatthe primaryexpectation from
the comparator ido0 provide a simple and robust operation with low power

consumption.
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The StrongArm Latch architecture is a dynamic companatthr very low power
consunption. The schematic of the StrongArm Latch is shown in Figure hé.
static power consumption is zero, whiclvisl since the coarse ADC operatesaon
low-frequency clock. Moreover, it produces +aitrail output, which makes it easier
to digitalizeoutput[44]. This architecture can provide high sensitivity and robust

operation with efficient power consumption.

CLK CLK

Figure4.4: Schematic design of the StrongArm Latch

Theoperation of the comparator has two phases controlled by a clock signal. When
the clock is low, the nodes P, Q, &hd Y of the latch is reset through switches S

Ss. With the rising edge of the clogleset switches:S54 go off, and My goeson. As
currert starts flowing the M. and M differential pair turn on and draw current
proportional to the M+ and Mn.. In this phasgM3s-Ms are still off therefore M1 and

M2 discharge € and G, respectively. Since input voltages ofiMnd M are
different and discharge is directly proportiona the input voltagevoltage
imbalance occurred between P and Q nodes. Aftenthaind \n discharge to Y-
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VT1H3-4 M3z and My are on and amplifies thekiage imbalance. The positive feedback
drives outputs to the two different rails. As voltages reach the rail, the latch

architecture of M3 stops current flow and prevents static current consumigtin

The designed compatior providega2.5mV input referred offsetwhich is sufficient
for the operation. The settling time for 1mV differential outpu®@ ps, which
makes it operable up 50 MHz clock rate. The comparator consun2g810 W

power from the 3.3V supply.

4.1.3 SAR Logic

The final block of the SAR ADC is the digital logic called successive approximation
register. The main aim of this block e performa binary search algorithm by
contrdling DAC. A clock controls the logicand with respect to the comparator
input, logic performsthe binary search algorithm. In this wqrthe SAR Logic is
developed based on the architecture proposed byAhdersorn46]. The schematic

of the SAR logic is shown in Figure 4.5.

J) RP5 RP4 RP3 RP2 RP1 RPO EOC
D Q D Q D Q D Q D Q D Q
>abDahPpah P anPah P a
rstb T T T T T
CLK
Input
& RD4 ¢ RD3 ¢ RD2 ¢ _RD1 ¢ _RDO Rnull
—D QM Y4 Q| 4D Q7 YD Qg 49D Qg D Q
a2 a4 a | al|d a P>a
rstb Y T T T i e ¢

D[4]
D3]
D[2]
D[1]
D[o]

Figure4.5: Schematic of the SAR logic
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The structure consists of two rows of registéing top having a pointer anthe

bottom generating conversiaata. At the start of the conversjail registers are

reset, andhe RP5 gets set and generates the first poilter pointer sets the®

and the MSB t pthelDAQ \oltage fislsawith respeat to the logic

outputand comparison performed.f t he comp,dheDdothay s d&itt r i P
andthepointer setshenextregister®3t o A106. | f the cempari so
changed thepoirfied setshanexd register B3t o  Th# $ame operation

is performed for each data re@gistn the following cyclesAt the end of conversion,

the last pointer registerskgeneratetheend of conversion (EOC) flag, which loads

output data to a register.

41.4 Top-level

The Coarse ADC of the Zoom ADC is designed ashit SAR ADC to achieve
optimum performance and power consumption. The layout of the designed ADC can
be observed in Figure 4.6. Sinb@ columns share the width of the layout must be
8000m.

800y —— 8@

DAC Array

Comparator & Switches
Logic

Memory Blocks

Figure4.6: Layout of the Coarse ADC
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Top-level simulation of the coarse ADC to verify its operation is crucial. The
designed SAR ADC has a fully differential operation wattvide operation range
(0.16V- 3.04V). Thetop-level schematic of the ADC can be observed in Figure 4.2.
The timing diagram of the SAR ADC can be observed in Figure 4.7.

clk I I I
input %( input 1 X input 2
load / ‘ ‘

compare

logic

EOC

Figure4.7: Timing Diagram of the SAR ADC

For the toplevel simulation firstly, the operation of the ADC fdfour different
voltage inpu$ (1.064V,-0.7575V, 0.2375V;0.9645V)is provided in Figure 4.8. For
clearer visualization, the DAC's output voltages are provided with the SAR Logic
output Secondlythe SAR ADC is tested with wide range of voltages fahe full
voltage range. For 1024 voltage inpine output of the SAR ADC is processed by a
Verilog-A block, and the error plot is provided in Figure 4.9.
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Figure4.9: Error plot of the SAR ADC

73



The SAR ADC has a 0:bit LSB INL and DNL stficient for the operation. The

offset error is2.4 mV which is better than thacceptable level. Theomparator's

power consumption defines the SAR ADC's power consumpliouns, the designed

SAR ADC consumed4.450W power from the 3.3V supply. Si
a single SAR ADC, the power consumption per colunth23gd W.

4.2 Fine ADC

The Fine ADC is thecentralpart of the Zoom ADC. Most of the resolution is
generated by this block, thus careful dessgmandé#ory. Theessentiatiesign details
of the Fine ADC are stated in ChaptermBdthe selection of design parameteéss
explained clearly. The block diagram of tbecand order DeltaSigma Modulator
can be observed in Figure 4.10. As observed, the modudatmists of 3 main
blocks, first integrator, second integratand the quantizer. The design of the

subblocks is covered in their respective subsections.

First Integrator Second Integrator Quantizer
| | | |
[ 11
x4
Vint Zoom +\ - DAC +\ - Out[3:0]
V,,- ——| DAC = . > tHs:
r Y - / u_/ /

Figure4.10: Block diagram of theecad orderDeltaSigma Modulator
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4.2.1 First Integrator

The first integrator is the most demanding part of the modulator dddigike the
standard Delt&sigma modulator design, Zoom ADC has additional challenges for
the first integrator block, Zoom DAC, and DEM blockael'block diagram of the

first integrator can be observed in Figure 4.11. As observed, the first integrator
consists of 3 subblocks, Zoom DAC, DEM, and OTA. The detailed design of these
subblockss covered in their respective subsections

___________________________

[ _s DAC, (j=[31:0]) ! rst
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Figure4.11: Block diagram of the first integrator

4211 Zoom DAC

Zoom DAC is a 5bit unary capacitive DAC, which also ads the first integrator's
sampling capator. The schematic of the Zoom DAC can be obsemédgure 4.2.
The capacitors are implemented using MIM capacitors. Higiner linearity, the

DAC sampling structure ismplemented using parasitic insensitive integrator
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architecturg43]. The DAC has two inputsombined by the DEM blockCoarse
ADC output and evd modulator feedback. The integrator capacitance is 2;56pF
thereforethe unit capacitor is selected as 80fF.

e DAG(EBLOD)

'] A
1 Shii 1
VRer - 1—( = H Vewm
i Spu1| ~Caii i
Veert 7 2 —1 :
" H 1
v i P B i b,
Mo 5 ¢, | Coacu
1 : E / I I 1
Vint -— : 1 Vourt
| S-S b o o o /
SARour
D5Mgyr

Figure4.12: Schematic of the positiveade of Zoom DAC

In this design, different from the SAR DAC, the DAC voltage is controlled by 3
reference voltage Vrer+, Vret, and Vcm. This architecture provides half LSB

precision, which is necessary folBvel quantization.

The mainoperation of the DAC consists of two phases, input samphing
integration. At thet 1 (sampling phasejhe differential input data is sampled at the
bottom plate of the capacitors. At the(integration phasejhe inputand DAC data
arecharged to the integration capacitance.

42.1.2 DEM

Mismatch correction of the Zoom DAC is crucial for reachiig expected
performance from the ADCThis work uses data weighted averaging (DWA)
architecturdor mismatch shaping. The block diagram of the DEFhaecture can
be observeih Figure 4.13.
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Figure4.13: Block diagram of the DEM logic

As observed from the figure, firstlthe output of the SAR ADC and feedbackloé
DeltaSigma Modulatoareadded.The resuing data is converted to a thermometer
code by a binary to thermometer encoder. In a parallel brtmebinary addition is
fed to the DWA pointer, which calculatéee shift amount of datavith respect to the
DWA algorithm.A barretshift blockshifts the thermometeroded datavith respect

to the DWA pointer. The resiutig data is connected to unit capacitorgte DAC
array.

4213 OTA

Thefirstintegrator is the start dhe signal pathand noise shaping does not affect
the OTA input noise and jiut offset Thus, thdirst integrator OTA design is crucial
for the DeltaSigma Modulator's operatiofihe designed OTA needs to have a high

gain, no offset, low input noisand sufficient bandwidth.

The gain of the OTA must be higher thidne square of the OSR for no dynamic
range los$23]. For 300 cyclesf oversamplingthe required gain for ideal operation
is approximately 95dB. Any gain lower than 95dB creatgnanic range decrease
from the ideal case. On the other hand, the ideal case does not include noises and
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mismatch errors which already limits the operation of the Zoom ADC. Therafore,

gain abover0 dB is sufficient for the required operation.

Another critical issue is the input offset. The offset voltage is a DC errorignd
directly added to the input signal. Due to fiteers' low pass characteristics, it is
impossible to eliminate offset voltage by ppsbcessing. To eliminate the effect of
the offset vetage, switch capacitor input autero architecture is used.

Different from the DelteSigma ADCs, the voltage swing of tfiest integrator is
narrow intheZoom ADC. Forthe2.88V voltage range, the input voltage range is 90
mV. Thus,a 200mV voltage swmg is sufficient for the operatiorBased orthis
information, the fully differential telescopic amplifier & good fit for this
architectureA telescopic amplifier provides good noise performance, high gagh,
high gairbandwidth[47], which is crucial for the operatiokigure 4.14shows he
schematic of the designed telescopic amplifiehile Figure 4.15shows he
schematic of the commemode feedbacKCMFB) circuit used in the telescopic

amplifier.

VDD

CM FB nbias

Figure4.14: Schematic of the Telescopic OTA
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Figure4.15: Schematic of the commeanode feedbackCMFB) circuit
used inthe telescopic amplifier

Figure 4.16 shares the AC analysis of the designed Telescopic &iée the
designed OTA is used witla switch capacitor autaero circuit, shown in
Figure4.11, the AC analysis performed with auro capacitance andakage

paths connected. As observed in Figure 4.16, the-zito capacitance creates a
leakage at the low frequencies, creating a bandpass characteristic. For proper

operationthe lowfrequency pole must be smaller than the clock frequency.

800 -

200 -

00 4

Figure4.16: Gain vs frequency plot of the Telescopic OTA
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In Figure 4.17, the spectral noise plot of the designed OTA is shown. The OTA is
designed for switch capacitor operation and as mentioned edheiswitch
capacitor auteero circuit is implemented for offset cancelation. Theretopaoise

simulationis performed for 2.5 MHz sampling clock.

50.0

a8
o

V/sqritHz) (uV/sqritHz))
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°

100 A

Figure4.17: Spectral noise density of the Telescopic OTA

As observed from the&mulationsthe Telescopic OTA provides 75 dB midband gain
with 170 MHz unity gain bandwidth. The lefrequency pole is below 10 Hz, which
is much belowthe sampling frequencandhas no negative effect on the operation
of the integréor. In thehigh-precisionmode,the power consumption of the OTA is
2000 Wfrom the 3.3 V supplyFor ultrafast modethe power consumption is
doubled for higher unity gaibandwidth, resulting 400 W power consumpti on.

In pnoise simulationthe input noise level is measured BK9 T @Vi( Uat the
operation region. In high frequencies, noise spikes are observed due to clock
artifacs. Spikesare observed on the 2.5 MHz integrator clock and its harmonics.
Thesenoise artifacts aranimportant sine their frequencies arauch higher than

the sampling frequency and can be effectively filtered out.
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4.2.2 Second Integrator

The second integrator is the second block of the Esdfana modulator. Since the
gain of the first integrator mitigates the ingutor sourcesthe design of the second
integrator is muchmore relaxed. The schematic of the second integrator can be
observed in Figure 4.18he figure shows thahe second integrator consssdf 2
subblocksDAC and OTA. The detailed design of these subblac&svered in their

respective subsections
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Figure4.18: Schematic of the second integrator

4221 DAC

DAC of the second stage is e unary capacitive DACitectly controlled by the
output of the QuantizerFigure 4.19. shares the schematic of the DAGe
capacitors are implemented using MIM capacitors. Similar to the first integrator
DAC, parasitic insensitive integrator architecture is used. Since na@sHicgtions

are relaxed KTC noise is less significant in this blgcknd small integration
capacitance is preferred for decreasing power consumption. The integrator

capacitance is 240fBounit capacitances selected as 120fF.
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Figure4.19: Schematic of the second integrator DAC

The DAC architecture isstraightforwardand controlled by only positive and
negative reference voltages. However, since the [3ffma Modulator only
converts the residue votja, the reference voltage must be 90mkle Zoom DAC

solves this issue in the first integratahere reference voltageseV, Viet. are used.
However, in the second integrator DA@Is architecture will consunmeelarge area

and increase thesystem'scomplexity Instead ofa large DAC array, a second
reference voltage set is introduced. The second references are 1/8 of the original

reference voltages and enable to ofs2-bit DAC.

4222 OTA

The second integrator OTA design is relaxed since the error soafter the first
stage are attenuated by the gain offitst stage. Similar to the first integraidhe

gain of the OTA is defined by the OSIRowever for thesecond integratpthegain

must be higher than the OSR. For 300 cyofesversamplingtherequired gain for

ideal operation is approximately 50 dB, which is easy to achieve. Because of the
given reasons, the optimum solutiontésimplementa low-power OTA for this
design. In this design, the OTA of the first integrator is pseth the W/L ratio
halved. The supply voltages are adjusted accordingdadtpower consumption is

decreased.
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The designed Telescopic OTA h&adB gain with160MHz unity gain bandwidth.
In thehigh-precisionmode the power consumption of the OTA is 1@Wrom the
3.3 V supply.In theultrafast modethe power consumption is increased for higher
unity gain bandwidth, resultingl500W power consumpti on.

4.2.2.3 Quantizer

The aquantizer is the final block of the Deligma Modulator. In general
applications, dbit ADC is preferred due tibs simple and robust design. In this wprk
a multi-bit quantizer is employed due to limited OSR. Since higher bit quantizers
create linearity problemat the modulatora 5-level quantizer is preferred in this

architecture. The btk diagram of the quantizers can be observed in Figure 4.20.
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Figure4.20: Block diagram of the-hevel Quantizer



As observed from the figuréur comparatorsequire different reference voltages.

The retrence voltages are generated from the reference voltage used in the second
integrator, which is 1/8 of the nmareference voltage. Fothe generation of
comparison reference voltages, the Kelvin divider DAC is (48f Figure 4.21

shows he schematic of the voltage dividdn Delta Sigma Modulators, the
requirements from the comparator are not demandiegefore, thecomparators

used in the quantizeare the sameas the comparator bthe SAR ADC whose
schematican be observed in Figure 4.4.

Vref+/ 8

Vref_+135m\r‘

Vref_+45 mV
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Vref_-135m‘u'
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Figure4.21: Schematic of the voltage divider
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4.2.3 Top-level

The Fine ADC of the Zoom ADC is designed asexmd-order DeltaSigma
Modulator to achieve high precision. The layoat the designed subblockBrst
integrator, second integrat@nd quantizer is shown in Figure 4.22, Figure 4.23, and

Figure 4.24 regectively. The layout of the Del&igma Modulator is shared in
Figure 4.25.

_— ey

|

DEM Zoom DAC Auto-Zero  OTA  Integration Capacitor |

Figure4.22: Layout of the first integrator

T L i). ;HtHHHF

Integration
Capacitor

Figure4.23: Layout of thesecond integrator

—oum -

Kelvin Divider Comparators

Figure4.24: Layout of the Quantizer

—  1497ym ————— |

First Integrator  Second Integrator Quantizer |

Figure4.25: Layout of the DelteéSigma Modulator
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Top-level simulation of the Fine ADC teerify its operation is crucial. The designed
DeltaSigma Modulator operates in a narrow range between 1.3180V. The top
level schematic of the Delaigma Modulator can be observed in Figure 4.10. The
timing diagram of the Delt&igma Modulator is sdired in Figure 4.26.

compare

Figure4.26: Timing Diagram of the Delt&igma Modulatar

For the toplevel simulation, it is impossible to test full resolution with Cadence
Analog Design Environment. The simulatiomé exceeds the plausible design
cycle thus full-range simulations are performed in MATLAB and MATLAB
Simulink. The subblock simulations are performed in Cadence Analog Design
Environmentand their results are ported to the MATLAB for consistent sinaulat

of the DeltaSigma Modulator. In Figure 4.2the simulation result of the operation
of the DeltaSigma Modulatorfor 1.593V input is shared. In Figure 4.28. the
MATLAB Simulink spectrum analysis of the modulator is shared with all noise
sources place@ndthe DEM algorithm is activated. In figure 4.29. thetirevoltage
range MATLAB simulation of the modulator is shared. In this simulaiigout is
swept between 21V i 1.69V to observethe error plot of the modulator. In this
simulaton, modulator output is converted to the 2 parallel data by digital filters

for better visualization

86



-J‘;l]ﬁl]m?
o L675
165 I ‘ ‘ ‘! { ‘ '! :
E1.625- ‘ ! ! | ‘ |\ ‘ | ‘ ‘ 1 | I ‘
> i |
L6 _ T \
1T |
s Ea | | |
vt I | |
L7 I I | 1 | I ‘
165 g H !Itlil "‘Mll 1 \\h | |
8 | y 1 | | | | If"l{ lll'“| ‘ |
216 l—‘-wi---i-‘f‘-“l: | ‘ I | ]:l ‘ \ l.l:l ‘l .'::|‘ t:'ll |
I L | - . | |
15 ¥ | |
R 1
S S ©2'2512525 25 60 20 2 S O SN 523 2 26
200 250 300 350
fime {us)

Figure4.27: Output plot ofthefirst integrator(top), second integrator (midd/e&nd
DeltaSigma Modulator (bottomior -7mV input

20 Spectrum analysis of Delta-Sigma Modulator
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Figure4.28: Spectrum analysis of Delaigma Modulatar
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Figure4.29: Error plot of the DeltéSigma Modulatar

In Figure 4.27the operation of the Dek&igma Modulator is verified in Cadence
ADE for a single input, and power consumption is measure® 4s6 O
Figure4.28. the SNR of the Zoom ADC can be measuré&basiB. In Figure4.29,
the error plot of the modulator is provided floe 20-bit operation. As observed from
the plot the INL and DNL of the modulataare lower than 0.5it betweenthe
1.555V 1 1.645V range This region is therimaryoperatng range of the modulator
in ZoomADC configuration. The unused region is important for the -waaging
since SAR ADC is not ideal. The error caused by offset error and mismatch is
compensated wittheoverranging of the modulator. As observed from the, il
input voltagesclose tothe reference regionghe erroris much higher than the 0.5
LSB. This region modulator ignsuitable for the conversion, thus allowingsamV
overranging margin. As covered in previous sectjahs error of the SAR ADC is

much lower than this margin.
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4.3 Digital Filters

Digital filters are the third and the last part of the Zoom ADC. The design
specifications and selection of the filters are shargchapter 3. The block diagram

of the digital filters can be observed in Figure 4.30. As mentioned, thtalditer
consists of two cascaded filtethe CIC decimationfilter andthe integrating FIR
filter. The implementation details of dke filters are given in the following

subsections.

Decimation Clock

Clock

Decimated
Out[14:0]

CIC
Decimation
Filter

Input[3:0]

Integrating | Output[23:0]
FIR Filter

Figure4.30: Block diagram ofligital filters.

43.1 CIC Decimation Filter

The decimation filter is the first filter the modulated data procesEeid.design uses

CIC decimation filter architecturevith an integrator with reset modification
Figure4.31. shows the block diagram of the CIC filt&éhe input data is -bit
thermometer coded datndthefrequency of the dataieesame atheDelta-Sigma
modulators clock. Since the highest clock rate for the modulator is 7.5MHz, the
timing requirement of the digital filter is relaxed. The decimation ratio is selected as
16; therefore after decimation, &00kHz decimation clock is used. The layoot

the individual blockareshown in Figure 4.32, Figure 4.33, Figure 434dFigure
4.35.Thelayout of the CIC filter is showm Figure 4.36.
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Figure4.31: Block diagram of the CIC filter

Figure4.33: Layout of the integrator with reset

90



Figure4.34: Layoutof the 2nd differentiator

Figure4.35: Layout of the 1st differentiator

Figure4.36: Layout of the CIC filter
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