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Abstract

For the past 40 years, the number of transistors per chip has besasimgrat an exponential
rate confirming Moore’s Law regarding the growth of chip comipfe Increases in transistor count
have led to enhancements in functionality and made possible prodiibtsfeatures that were
unimaginable ten years ago. Consequently, the resulting incredggtization in all electronics, across
a wide range of applications, requires the Analog-to-Di@itadverters (ADCs) with a higher resolution
and lower power consumption. The evolution of the integrated circuit texjiesl and scaling
methodologies partially helps in providing faster circuits and allowing adpnctionalities in a given

silicon area.

The objective of the present work is to better understand the desAnCH in the context of
low voltage operation as a function of temperature, speed and power cdonsurikjmwever, one
requirement in designing faster circuits with transistor méler geometries is reducing the supply
voltages. Additionally, the increase in the number of battery-omkrapplications has focused in
reducing the supply voltage in current designs to improve endifgeecy. Few low voltage
methodologies have been studied and implemented for analog circg@sanal and more specifically
for ADCs. In the present work, an ADC was designed which implexdenhe Successive
Approximation (SAR) method — based on a binary search. The functjon&lADC was tested in
simulation by applying a DC voltage and a ramp signal agthé and analyzing the resulting output
digital codes. The power consumption at different temperaturesuaptl s/oltages was recorded and

analyzed. The results indicate that the effect of temperature on power cansumpignificant.

The SAR ADC was designed for TSMC 0.25um CMOS technology. Téigrdef the ADC at
the schematic level was captured in Virtuoso Cadence. Caddice aii integrated Electronic Design

Automation (EDA) solution, which encompasses the entire designfflmw behavioral modeling to

Vi



post-layout simulation. The Spectre simulator from Cadence wastaissthlyze the behavior of the
ADC at different voltages and temperatures through simulation.l§imabuilt-in Cadence calculator
was used to calculate the power consumption and Spurious-free dyrearge (SFDR) at different

voltages and temperatures to compare the design to previously reported ADCs.

The ADC was simulated at 27 °C with the sinusoidal signal asphe. The input sinusoidal
signal has 0.5 V P-P running at frequency of 500 Hz. The SFDRhangdower consumption for the
ADC at these conditions were calculated to be 40.56 dB and 2.5640 uW ixedpecth 63% decrease
in power consumption in the proposed design relative to the leadingréftted in literature with 60

times decrease in speed.
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Chapter 1: Introduction

11 Motivation

In the last few decades the geometries of silicon have beeninmgduoviding both higher
densities of transistors on silicon and simultaneously improvingrémsistor drive current — both of
which have permitted the clock frequency to increase in digitalits. Consequently, for the last two
decades, Digital Signal Processors (DSPs) have become singlgamore powerful in terms of
computation. With evolving Integrated Circuit (IC) technology, the pdggiexists now to implement
new DSP functionalities in an efficient manner. Signal procgsshat had traditionally been
implemented in analog is now implemented in the digital domaindigial domain increases robust-

ness, decreases power consumption and area, speeds up the design process aaoweay.

However, natural signals are in analog form. The input signals fwdeessed and the output
signals after processing are analog while the intermegiateessing is done in the digital domain.
Hence, there exists a need to convert the signals at both emdssijral pathway to take advantage of
DSPs. The circuit used at the input is an Analog-to-Digital GoevéADC) whereas the output is the

Digital-to-Analog Converter (DAC).

Increase in digitization and the necessity for converters ne@uialog and digital circuits to
share the same silicon, which leads to new challenges. Ewerienknology (i.e. shrinking feature size,
finer widths, denser interconnect and more routing layers) ina¢asaigital functionality on silicon.
New applications demand higher clock frequencies but with thenesrgng trade-off of additional
power consumption. Moreover, the decrease in feature size also nestdt®us problems such as RC

effects, voltage drop, increased power dissipation and reduced signal integrity.

With the increase in the number of battery-operated applicaiitiesest has been focused on

reducing the supply voltage and developing low voltage design methodolkmgiesa significant
1



challenge exists in designing an ADC is low voltage operationddsign an ADC at low voltages,
several challenges must be overcome such as process spalirey, consumption, switches, noise and
transistor matching. These issues manifest themselveseditferfor analog circuits than for digital

circuits.

1.2  Organization of the Thesis

This work concentrates on the design of ADC at low voltages.ofdemnization of the thesis is

as follows:

Chapter 2 studies the effects of supply voltage and process scaling on signa tatimisircuit

speed and power consumption.

Chapter 3 discusses the selection of the Successive ApproximaisteR (SAR) algorithm as

the well-suited ADC and describes the ADC operation.

Chapter 4 describes the design of an ADC for low voltage operaticalsmdescribes the oper-
ation and design conditions for sub-circuits such as the sample an{iShd)d operational amplifiers

(op-amp), comparators and digital to analog converter (DAC).

Chapter 4 discusses the analysis of the results.

Chapter 5 provides the conclusions.

Appendix shows the schematics of the circuits used for the design.



Chapter 2: Background

21 Low Voltage Challenges

The two motivations for technology scaling are reduced area arehssd speed. However, as
geometries shrink, the maximum electric field across theaadie eventually approaches the intrinsic
breakdown of silicon oxide. Consequently, along with geometry scafiagg tnust be a corresponding
scaling of the voltage and lower voltages are not well-suitedrfalog circuits. Due to the rise in the
level of integration, the power dissipation of a single chip tdads to rise. The total power dissipation

in a circuit [1] is expressed as:

I:¥ota| =05 'Cload '(VDD)Z' fCLK +VDD (l C + Ileakage + Istatic) _______ (21)

Where \bp is the supply voltage, &aq is the load capacitance;, & is the clock frequency. From
the above expression that the total power dissipatiepends on 34 (supply voltage). Hence, one
efficient approach to reduce the power consumptidsy lowering the supply voltage — particularly fo

digital circuits.

2.1.1 Process Technology Scaling

The scaling of the supply voltage VDD is the mosinpunced affects in sub-micron analog
design. Table 2.1 shows the parameters of diffepgatess technologies. The data, including the
effective channel length, supply voltage, oxideckhiess, threshold voltage, and threshold voltage
matching parameter, is collected from real process®l reprinted here from [2]. However, in analog
circuits the reduction of power consumption throlmiering supply voltages is more complicated. The

limitations of power consumption in different typalsanalog circuits are discussed in [3]-[4], aradad



converters in [5]. Several low voltage circuit tefues have been discussed previously in [6] ahd [7

and for ADCs [8].

Table 2.1: Technology Data for Different Processes

Sho Lmin Vdd Tox Vth AVth
1 3.0 5.0 700 1.5 35
2 2.5 5.0 600 1.2 30
3 2.0 5.0 400 1.1 25
4 1.5 5.0 250 1.0 22
5 1.2 5.0 250 1.0 21
6 1.0 5.0 250 0.95 20
7 0.8 5.0 200 0.85 13
8 0.5 3.3 135 0.73 11
9 0.35 3.3 100 0.59 9
10 0.25 2.5 60 0.52 6.0
11 0.18 1.8 50 0.42 4.2
12 0.12 1.2 42 0.32 3.8
13 0.10 1.2 36 0.31 3.2
14 0.07 0.9 30 0.30 2.5

2.1.2 Signal to Noise Ratio
One of the important fundamental differences inghalog signal processing when compared to
the digital signal processing is thermal noise [Bhermal noise limits the smallest distinguishable

signal. On the other hand, the supply voltage $irtlie amplitude of the signal [10].
For a sinusoidal signal the peak signal-to-noisie ra determined by:

V,

- \V/
JIR = 2@ _ max (2.2)
VNoise 2* \/E* VRMSNoise

Where \hax is the maximum peak-to-peak signal amplitude angsMoise IS the noise voltage.
Lowering the supply voltage results in the decrdasgnal-to-noise ratio unless the noise levetaex
down simultaneously. Thermal noise remains largestponent of noise. Therefore, one approach to

reduce noise is cooling, which reduces the eveeasing thermal component [10].

4



2.1.3 Power Consumption

The important advantage in low voltage circuitpasver consumption. If the supply voltage is
scaled down while all other parameters are kepstaom, the propagation delay will increase. The
average switching power dissipation is proportidoaghe square of the supply voltage; hence, réafuct
of Vpp will significantly reduce the power consumptiontiwa quadratic relationship. However, this
assumes that the switching (operating) frequenmyanes constant. If the circuit is always operated a
the maximum frequency allowed by the propagatidayde which is generally slower at lower voltages,
the number of switching events per unit time (itlee operating frequency) will drop as the propiagat
delay becomes larger with reductions of the sumolyage. Therefore, the dependence of switching

power dissipation on the supply voltage becomesgér than a simple quadratic relationship [1].

2.1.4 Circuit Speed

Low voltage circuits are slower than the high vgdtircuits. The speed of analog circuits is not
usually dependent on the supply voltage. Howevethe dynamic range is kept constant while
decreasing the supply voltage then the capacitaasdo increase to allow the circuit to run at kgssed

[10].

In switched capacitor circuits the maximum clockdguency is inversely proportional to the

settling time, which is determined by slew rate apeamp bandwidth.

For a single stage op-amp the gain bandwidth ptadigven by:

GBW=_9m _ 23)
27C

L

Where g, is the transconductance of the input transistor @h is the load capacitance, which

can be approximated to be proportional to the sengelapacitor C. Thus,



2

we 9o 24)
k,DRKKT

When the settling time is dictated by the op-ampW;Bhen the speed of a circuit can be

reduced with the square of the supply voltage.

For low resolution circuits, the settling time dege on slew rate (SR),

R-= mﬁ e (2.5)
Tclk CL

Where T is the clock period and ISR is the slewing currégpt is given by:

2 2
Tok = KKk, DR'KT (2.6)

I SRVDD

The above expression indicates when slewing cun®rkept constant then the clock rate

decreases linearly with the increase in supplyagat[10].

2.15 Switches

The important fundamental block in circuits is Hvatch. An ideal switch has infinite impedance
when is open and has zero impedance when is closedigher voltages, the switch behaves
approximately similar to the ideal but when the@yproltage scales down then the problems arise in

the functioning of a switch.

The on-resistance of a MOS switch is approximaied b

 14,CoW (Vgs —Vy)



Where \&sis the transistor gate-source voltage ards\he threshold voltage. Whersdis less
than 4 (switch is turned off), the resistance is infinggsentially with only the sub-threshold leakage.

To turn on the switch, its gate-source voltagetbageater than or equal to its threshold voltage.

The transistor cannot conduct the whole rail-tbsanal range when is ON. For example, the
NMOS cannot conduct logic 1 properly. Similarly, B cannot conduct logic O properly. However,
the whole range can be covered by putting an NM@$aPMOS in parallel to form a transmission

gate.

The threshold voltage decreases linearly with thehriology scaling until 0.35 pum. The
threshold voltage cannot be scaled down linearth wie supply voltage because of increasing leakage
current. The leakage current increases expongntiaih linear decrease in VT. The threshold voltage

values from 0.35 um to 0.07 um generations in Tatldit accurately to 0.32VDD [10].

The on-resistance can be reduced by lowering theshibld voltage or increasing the supply

voltage.

2.2 Previous Work

Many papers have been published in the design a@AWith an aim to operate at low voltage in
order to reduce the power consumption [14-18]. Thiapter discusses some of the proposed methods

and analyzes their pros and cons.

In [14] the author has employed a new biasing sehand current-mode approach to design a
low-voltage S/H, DAC, and a latched comparator. Hesign in [14] was implemented in 1u#n
CMOS process technology. The S/H used poly resisiothis design to achieve the highly linear gain.

The proposed S/H circuit is shown in fig. 2.1 [14].



Figure 2.1: S/H with Poly Resistors at Input andpDtl

R-2R architecture is used for the DAC to implementhe low-voltage. In the normal R-2R
DAC, one op-amp is used at the output. Howevethé&proposed design, two op-amps were used so
that one of the outputs can be used for measun@geérformance of the DAC. The proposed DAC is

shown in fig. 2.2 [14].

AR
ik

Viw —+—

— W

b Vi

Figure 2.2: Proposed R-2R DAC.
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The R-2R DAC is fast, suitable for low-voltage dgsiHowever, the R-2R architecture is not
accurate. The DAC used in the present work is tharge scaling DAC, which is fast and accurate. The
DAC in the present work doesn’t have an op-ampatautput, which increases the speed of the DAC.

Thus, the speed of the DAC in the present work deépenly on the delay of the capacitors.

In [15] the author describes time-interleaved SABCGAwith an aim to achieve the high speed at
low voltages for the UWB applications — where th@imum power consumption is required. The

proposed ADC block diagram is shown in fig. 2.3][15

Bit (310
!
Vin
(Capachor Armay
\raf
SRIOGIC ——
Cutput ]

Figure 2.3: Block Diagram of Proposed ADC DAC.

As shown in fig. 2.3, the SAR ADC in this desigmsists of three blocks: capacitor array,
comparator and a digital block. The capacitor amais as both DAC and S/H. The output of the
capacitor array is connected to the comparatorchvbompares the signal to the ground. The capacitor

array used in this design is shown in fig. 2.4 [15]
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Figure 2.4: Proposed Capacitor Array.

The comparator used in this design is a basic eiagige differential pair op-amp with active
load. The drawback of this design is the companaquires high gain and slew rate to maintain wgirtu
ground in the feedback mode. The design proposéukitthesis work has the latch circuit at the outpu
of the comparator. The latch at the output stageiges a large and fast output signal whose anggitu
and waveform are independent of those of the isfgtals [16]. The comparator doesn’t require adarg

gain when the latch is used at the output.

In [18] the author proposed energy-saving switcliaguence technique to achieve low power
consumption for Bio-Medical applications. The prepd SAR ADC architecture is shown in fig. 2.5.
The drawback in this design is the comparator regthigh gain. The design used in the thesis wask h

a latch at the output stage of the comparator.
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Figure 2.5: Proposed SAR ADC Architecture.
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Chapter 3: Successive Approximation Analog to Digital Converter

To identify the most suitable ADCs for use in lowltage operation, this chapter explores

several commonly used ADCs in industry and provalesmparison.
Types of Analog to Digital Converters used in ingdygclude:
1. Pipelined
2. Flash
3. Sigma-Delta
4. Successive Approximation ADC

This work mainly concentrates on identifying ADQGst perform well with low voltage and
provide low power, high resolution and high accyrakfter studying on the above mentioned types of
ADCs, SAR ADC is the best fit, which includes 8 K$yVith 8 bits at 0.8 V. Ideally, an ADC that would
work in the subthreshold regime would be preferasythe ADC would be capable of sharing a very
low supply voltage subthreshold digital circuit. eTHirst step in identifying a subthreshold ADC,
however, is identifying an ADC that would perforneiwin the just-above-subthreshold regime, where

the possibility of using a charge pump exists femeyating the higher supply voltage.

3.1  Successive Approximation (SAR)

Successive approximation employs a “binary seagsid is used in determining an unknown
weight by a minimal sequence of weighing operatidd3. The binary search continues until every bit

in the SAR has been tested. The resulting digdadkds the approximation of the sampled input \gata

Mathematically, leVi, = XV,«, with x in [-1, 1] is the normalized input voltage

12



The objective is to approximately digitize x to accuracy of 1/2n. The algorithm proceeds as

follows:

1.

2.

Initial approximation x0 = O.

ith approximation xi = xi-1 — s(xi—1 — x)/2i

Where, s(x) is the signum-function (sgn(x)) (+1 for=0, -1 for x < 0). It follows using

mathematical induction that [xn — x| =1/2n [19].

1.

6.

As shown in the above algorithm, a SAR ADC requires

An input voltage sourc¥,.

A reference voltage soursks to normalize the input.

A DAC to convert the ith approximation xi to a \aue.

A Comparator to perform the function s (xi — x) @ymparing the DAC output voltage with

the sampled input voltage.

A Register to store the output of the comparatar @pply xi-1 — s (xi—1 — X)/2i.

SAR ADCsversus other Architectures

1.

Versus Pipelined: A pipelined ADC uses a paralielicture in which each stage works on
one to a few bits. This structure increases thrpughbut at the expense of power
consumption and latency. An N-bit Pipelined ADC sists of N comparators for

determining the signs of the N outputs (for digitalrection). On the other hand, a SAR
ADC requires one comparator for the accuracy ofle/sgstem. A pipelined ADC requires

more silicon area then SAR ADC [20].

13



2. Versus Flash: A flash ADC is made up of a largekbaihcomparators, each consisting of
wideband, low-gain preamps followed by a latch. Tohmparators have to be accurate. The
flash ADCs are the fastest architecture. The ttief these converters is with power
consumption and form factor. In a flash ADC the hemof comparators goes up by a
factor of two for each bit and requires far moreusacy for every extra bit of resolution
above eight bits increasing the complexity. Ondtieer hand, in a SAR ADC, increasing in
resolution requires more accurate components withimereasing the complexity

exponentially [20].

3. Versus Sigma-Delta: Sigma-delta converters are eaerpling converters. This converter
requires no special trimming or calibration, everattain 16 or 18 bits of resolution. The
over sampling nature of the sigma-delta convertay ralso tend to “average out” any
system noise at the analog inputs [20]. The trdtlefahese devices is its speed which is

reduced logarithmically with the number of bits atmse converters consume a lot of

silicon area.

3.2 Functional Description of Analog to Digital Converter

In this chapter the components required to buiiA®R ADC are discussed. As explained in the
previous section, a SAR ADC requires a sample-hblC, Comparator and a digital logic SAR are

shown in fig. 3.1. Transistor level schematicseeery block are presented in this chapter.
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Figure 3.1: Block Diagram of SAR ADC.
3.2.1 Nonredundant Successive Approximation Register (SAR)

The digital component of the SAR ADC is a SAR. Tdasic SAR block composed of a shift
register, memory register and a sequential fintdesmachine (FSM). A non-redundant SAR is simple
and codes the™possible conversion output values with the mininnumber of flip flops (FF) (lod?9
[21]. Non-redundant SAR allows area optimizationilesmeducing minor code probability error. The
delay is reduced during the conversion becauseeofewwver number of flip flops in the design. Thgito
between the shift register and memory registeedticed which in turn results in reducing the delay.
The FSM can be implemented using a counter. Th@eusd counters increases the speed and

performance of the Successive Approximation registe

The proposed non-redundant SAR in [21] uses thenmuim number of flip flops; this can be
achieved using the same number of FF storing theersion result to code thé& possible states of the

FSM. For the total number of'&tates N flip flops are required.
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SAR Operation

As discussed in the previous sections, the operati@ SAR is based on a binary search. At the
beginning of the conversion (initialization) the BI®f SAR is set to "1’ and all other bits are setQ'.
This digital word is applied as input to the DA analog output from the DAC is compared with the
sampled analog input. If this compared result ghhthe SAR makes the MSB '1'. If the compared
result is low, the SAR makes the MSB '0’. The pixef applying the digital word to the DAC
continues. As the MSB is obtained, the secondshitssumed to be at ’1’ and the remaining bits’'at '0

The comparison and applying to the DAC continudd tire whole digital word is obtained.

The functionality of SAR can be defined as a setjgkefinite state machine (FSM), which
generates the sequence of N steps. Each convatsjprgorresponds to a state of the FSM. Stepleis t
first state of conversion, which is the initializat state. From the Table 3.1, for a generic stiege
actions are possible on a single bit: setting ihéoli1’, setting the bit to comparator output, sipring
the bit at the previous step. For these steps, steneding and multiplexing logic are required and

shown in fig. 3.2.

jﬂ

BIT EIIT'\‘
at— Qut

I}ecnderdz Comp_out '|UE![!’
OR Shift —— | Shift
=
d1 d2

Figure 3.2: Decoder and Multiplexer.
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Table 3.1: FSM Sequence

Conversion | g | hg | b7 | b6 | b5 | b4 | b3 | b2 | b1 | bo | SOMP
step Output
0 i1/0(0|O0OjO|O|O0O|O|]O0O0]O as
1 aal1|0|O0O]|]O|O]O|O]O]O as
2 ao9|as| 1|0 0|0O|]0O]O0O]O]|O ar
3 a|a|ar|1|0|0|0]0|0|O0 ae
4 ao|as|arjas| 1 | 0|0 ]0|0|O0 as
5 ao|as|arjas|as| 1 | 0| 0| 0O a4
6 ao|ag|ar|jas|as|as| 1 | 0| 0|0 as
7 ao|as|ar|as|as|as|a| 1|00 az
8 as|ag|ar|as|as|as|az|jaz| 1|0 ai
9 as|as|ar|as|as|as |az|az|a | 1 ao
result a9 | as |ar |as | as | a4 | a3 | a2 | a1l | ao -
BIT
OR ——
Comp_out DEC+MUX D FF
Shift———
|
CLK SET

Figure 3.3: Generic Flip Flop with Shift Register.

17

BIT



Table 3.2: FF Outputs

Previous Bit Operation
1 - Memorize Result (K
0 1 Data Load (a)
0 0 Shift Right

The circuit in fig. 3.2 has a decoder and a mudigl, which were used in setting the bit. The
signalBit is the bit from previous cycl@®R is output from logical OR of the previous bits.g&neric

flip flop, which performs all the functions, is sk in fig. 3.3.

The states that can be attained by the flip fleerafecoding are shown in TABLE 3.2.

et Set et B Set Set Set et et Sl

il

4|

: —~-{f| ——tfl" —~

| Ground

Figure 3.4: Successive Approximation Register (SAR)

SAR Circuitry

The basic structure of the SAR is a multiple inNubit shift register, which is shown in fig. 3.4.
The multiplexer and decoder alone are not sufficierselect the value for the bit. The SAR cirquitr
requires some control logic. Referring to the athom for the Kth flip flop, the all zero state fthre less

significant bits than the Kth bit are decided bg @R chain of the outputs off the flip flop storitihgem.
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SAR fundamentally needs to initialize the currenEBAto ‘1’ and remaining bits to ‘O’
Initialization is done by $et” input of flip flop. Conversion starts when thgtdrt” signal is enabled and

the result is obtained once the conversion complketel then thestop” signal is enabled.

The SAR codes the possible conversion output valigss minor code error probability with a
FSM using the minimum number of states. The SA&e®&gned using relatively simple circuitry, which

helps in operating at higher speeds.

3.2.2 Charge Scaling Digital to Analog Converter (DAC)
Charge scaling DACs are the most popular Digitahmalog Converter architecture. The charge
scaling DACs were used for the design due to irsg@accuracy and speed. Another advantage of the

charge scaling DAC is that it is compatible withtstved capacitor circuits.

v
KR
1 L 1 1 1 ! 1 ! 1
! ! T T T 1 T 1 T 1 1
hirt et et piiy et misal
Tl Hi— His——1y nis— 1 e T 'y s T i b
s ry T "y T ry T i’y T 'y -
) i
Iy — +— +— —
LU U F T F R L T gl P T eLipmal EUL T
hirt-hirie Litiam aligll Lt dam il I Ll gLl et T gl Dl T ITT TITT TITT
) e ) T[T 0 R
i Ll LIy
T & I

Figure 3.5: Charge Scaling Digital to Analog Conger
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Fig. 3.5 shows the general implementation of a gdascaling DAC. A two-phase, non-
overlapping clock is used for this converter [2Pjuring CLK1 the top and bottom plates of all
capacitors are grounded. Duri@f K2, capacitors are associated with the bits thatlare connected
to Vrer and the bits with ‘O’ are connected to grou®&ND). The output from the DAC is obtained
during CLK2. The basic charge scaling DAC has an op-amp sg@agna buffer at the output. But the
output of the DAC is connected to the input of anparator, which is a high impedance node.
Therefore, the op-amp can be eliminated and therciticuit runs much faster. Thus, the speed of the

DAC is only dependent on the delay in the switabfethe DAC and hence it settles quickly.
The DAC conversion is explained in following steps:

1. First, duringCLK1, the capacitor array is completely dischargedht® ground. This step

provides the offset cancellation.

2. Conversion process occurs during QeK2 phase. First, the MSB capacitor is switched to
Vrer. Due to the binary-weighting of the array the M$&8&pacitor forms a 1:1 divided
between the MSB capacitor and the rest of the dapamrray. Thus, the output voltage of
DAC is nowVgrer/2. Subsequently, Wi, is greater thaWger/2 then the comparator outputs a
digital ‘1’ as the MSB, otherwise comparator outpsita digital ‘O’ as the MSB. Each
capacitor is tested in the same manner until tmepapator input voltage converges to the

offset voltage, or at least as close as possibkngihe resolution of the DAC.
The output voltage of the DAC is given as:

Y/

out

=V [0,2 + 022+ by 2N - —— (31
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Figure 3.6: DAC LSB Switch.

The charge scaling DAC comprises of capacitorssavitches. Fig. 3.6 shows the single unit of
charge scaling DAC. This single unit is for the L% it is mentioned earlier, the charge scalingdA
consists of an array of individually switched byaveighted capacitors. The LSB capacitor used in

DAC has a value of 62.5fF and the rest capacitogsdaubled from each other with MSB capacitor

value of 32pF.
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3.2.3 Sampleand Hold Circuit

An important analog building block in designing al@bnverters is a Sample-Hold circuit. The
main requirement in designing sample-hold circsiitie speed. The sample-hold circuit should operate
reliably even at higher frequencies as the inpsammpled and the same is used as the referenteefor

rest of conversion period. The “hold” step shoutdolb minimum period.

When the stop signal is enabled the sample is eadjuin this step, the conversion stops and
digital outputs are memorized. No conversion predakes place during this step and this periodbean
utilized to acquire the new sample. The sample laold circuit is in hold mode throughout the

conversion process.

The sample and hold circuit considered for the AfESign is based on the circuit proposed in
[23] is shown in fig. 3.7. The other important plerbs faced in designing sample and hold circuigs ar

clock feed through and charge injection. Theselprob are being minimized in this proposed circuit.

The sample of the input is taken during CLK1 and ihput voltage is kept at hold for the
conversion process during CLK2. During samplingsaiitches are on except Q2. This connects C1 and
C2 together and charges them to the input voltBgeng this period, the op-amp is being reset ded t
positive terminal of the op-amp is charged to 0Q4. and Q5 are turned off, and shortly thereafter Q1
and Q3 are turned off. Finally Q2 is turned ontHis period, sample and hold circuit is in hold rod
The sample and hold circuit in hold mode is showfig. 3.8. The unity-gain feedback holds the vgdta
level for the whole period (i.e. during hold mode)d also the output impedance of sample and hold

circuit is low [23].
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Figure 3.8: Sample and Hold Circuit in Hold Mode

In the sample and hold circuit, Q4 and Q5 are wimwig slightly before Q1 and Q3, their clock
feed through is not only signal independent biugdir cancels due to the common-mode rejectionef th
input stage of the amplifier. The charge injectainQ1 and Q2 doesn't affect the output voltage. The
charge injection of Q3 is signal dependent and adffest the output voltage, but its effect is miraed

by the loop gain [23].

3.2.4 Comparator
In any ADC, comparators are the most critical congmis because their input offset voltage,
delay and input range directly influence the resoiuand speed of the ADC. The noise generated

within a comparator plays an important role in @lgoerformance at higher frequencies.

Fig. 5.5 shows the proposed comparator. The cortgracansists of a CMOS latch circuit and
an S-R latch circuit. The CMOS latch circuit inobsdthe biasing part, differential and regeneration

circuit. The PMOS differential pairs are responsitar the amplification in circuit.

24



Comparator Optimization

1. Transistor M1-M3: Consider the PMOS differentialirpM1 -M3). From [24] the

difference of currents between differential anderegyration stage will be

—AVZ e (32

KW 4
A|=|D2:|D3:——AV\/ D
W

2L K(A)

From the equation 3.2, the size of the PMOS tréamsishave significant effect on the
comparator performance. Increasing the W/L ratib®MOS transistors of differential

pair (M1-M3) will produceAl [25]. This saturates either M8 or M9 for a smalle
difference between Vin and Vref. This way the dffsgor can be reduced. However if
WI/L ratios of the transistors are too large, thifi ereate too large current of ID2 and

ID3. This excess current will disable the S-R |dteffiore the regeneration happens.

2. Transistor M4 and M5: PMOS transistors M4 and M& eontrolled by CLK. Since the
design uses no pre-amplifier these transistors telminimize the kickback effect by

separating the inputs from outputs during the reggion process.

3. Transistor M6 and M7: NMOS transistors M6 and M7 a& switching transistors. The

switching time of these transistors is given by][25

1 VWLC,
T =" =gt 33)
f R

From the equation 3.3, by decreasing the widthslamgths of switching transistors, the
switching time will increase with a performance noyement in the regeneration

process.
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Figure 3.9: Latched Comparator

4. Transistor M6 and M7: NMOS transistors M6 and MY @& switching transistors. The

switching time of these transistors is given by][25

1 \/tVVLst
T=—=27+—F 33
fi o

From the equation 3.3, by decreasing the widthslamgths of switching transistors, the
switching time will increase with a performance noyement in the regeneration

process.

Transistor M8 and M9: NMOS transistors M8 and M®lement a regeneration circuit.

Drain current of these transistors affect the regation process. By increasing the W/L
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ratios of NMOS transistors will produce larger draiurrents and thus producing the
quicker regeneration process. However, too largendcurrent will discharge the two
branches too quickly, which will cause the increaeffset voltage to maintain a proper

regeneration process.

Comparator Operation

The comparator operates in two phases (clock high kw), amplification phase and
regeneration phase during the comparison cycle.vtine clock is low, the amplification phase occurs.
During this amplification phase the PMOS cascadeMd and M5 turn on while the switching NMOS

transistors M6 and M7 are turned off and inputsaemglified and sampled at differential nodes.

When the clock is high, the NMOS switching trarmistM6 and M7 turn on and regeneration

occurs. Now, the differential nodes are dischatgeground.

3.25 SAR ADC Operation

The components that are required to design AD@sp&ained in previous sections.

The description of the converter is as follows: Tdwaversion cycle starts with enabling the
“start” signal in SAR control. During this periothe initial pattern of 2000 0000 is set in SAR. Shi
pattern is given to the DAC, which generates arlognaquivalent for this pattern. This analog voétag
value is compared with the sample and hold oupased on the comparator output, either the MSB bit
is set to zero or remained at same level. HereMB® is accomplished and a similar process is
continued for rest of the bits. Including the fisgep on in which initial pattern is generated;iB b
converter takes 10 steps to convert. On the teeth, she decision for all 8 bits is completed ahné t

digital output is ready. This is accomplished Bgtap” signal, which locks the bits of the SAR @mth
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step. During the stop period or on the last stegvefy conversion, the analog input is sampleduesad

as the reference for the next conversion cycle.ofezation of a 5-bit SAR ADC is shown in fig. 3.10

Cutput

Vel ool

0.75
Vref ——

04
Vref Vin

0.25
\ref

Time

Ms8 BIT3 BITZ BIT1 LS8

Figure 3.10: Operation of 5-bit SAR ADC
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Chapter 4. Results

In this chapter, the simulation results obtainedirduthe design of the Successive Approx-
imation Analog to Digital Converter are presentéde overall simulation waveforms of the ADC are

shown in this chapter.

41  Experimental Setup

Successive Approximation ADC is designed at traosigevel. The transistor level imple-
mentation and simulations has been accomplishew) 0grtuoso Cadence ICFB design environment.
Cadence offers an integrated Electronic Design watmon (EDA) solution, which encompasses the
entire design flow from behavioral modeling to plagtout simulation. The simulations are done in
Analog Design Environment (ADE) and are carried vsihg Spectre simulator provided by the tool.
The transistor level schematics are implementestiematic editor. TSMC 0.25um technology is used

for the design.

The implementation of each component is descrilsefdlibws: each component is implemented
at transistor level in the schematic editor angral®l is created. The symbol is instantiated irest t
bench, which provides the stimulus to the companEmé component is simulated using ADE through
the test bench. The results are viewed in the WarefEditor and when required, the results are

exported to a text file.

4.2  Successive Approximation ADC Functionality Verification

In the previous chapter, the components requirdiilol ADC are discussed. In this section, the
ADC has to be checked for the correctness and ét$opnance characteristics such as power
consumption and SFDR must be determined at diffetemperatures and different voltages. An

Analog-to-Digital converter generates the digitadle corresponding to the analog input provided. to i
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In this implementation, the reference voltage pilediis 0.8 V. The analog input voltage ranges
from 0 V -0.5 V. As the implemented ADC is of 8 Qitall the analog input sample voltages are
represented by 256 distinct digital codes. Thisliedpthe voltages of all the samples ranging from O

0.5V can be represented in 256 distinct codes.

The LSB value can be calculated as:

V

1LSB = % ———————— (4.2)
1L B= 0_88 _o8_ (42
2" 25¢

The important feature of Successive ApproxiomADC is the feedback mechanism in its
structure. During each step of a conversion cytble,SAR must guess a digital code, which brings the
output of DAC closer to the sampled input. This lieg during every conversion the output of DAC
indicates the correctness of ADC. ADC converts eohanalog signal into finite number of digital
codes. This introduces a quantization error, whiicits the maximum Signal-to-Noise ration that can

be achieved for a given resolution. The Signal-twsH ratio for N-bit ADC is given by:

NR . = 602NdB+ 1.76dB — — — — — 43)

The ADC implemented here has 8 bits. Hence, themar value of Signal-to-Noise ratio is:

NR,, = 602*8dB+ 176dB = 49920B —— — — — (4.4)

To verify the ADC performance, initially a DC inpwas applied then a ramp signal and then a
sinusoidal waveform were applied as input signailisTyields to digital codes that correspond to the
captured sample. The digital codes were convertak bo their analog equivalent and the value is

compared with the analog voltage at the beginnfrgpoversion.
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Considering all the above concepts, the followimgutations are carried out on the ADC to test

its performance:

Initially DC inputs of 0.25 V, 0.4 V and 0.8 V aapplied separately and their simulated results
are analyzed. The inputs yields digital codes “A1da”, “10000000” and “11111111” respectively.

This validates the behavior of ADC.

Next, a ramp signal of 500 Hz and with 0 V -0.5 ¥ak-to-peak voltages is applied. The

simulated results are observed.

The dynamic performance of the ADC is mainly chteazed by SFDR. The method of
calculating SFDR involves the application of thpuhanalog sinusoidal signal and the digital ccales
collected. These samples are converted into fre;yuelomain using Fast Fourier Transform (FFT).
SFDR is described as the difference between thdafmental signal strength and the largest spurious
signal strength. The built in function “dft” in Miroso Cadence calculator was used to implement FFT.

SFDR can be calculated by visually observing FFT.

421  ADC Performancewith DC Input Signal

This is the basic method to test the ADC. Threevd{fages are applied to test the performance
of the ADC. DC voltages of 0.25 V, 0.4 V and 0.8axé applied and tested the digital output codes

whether the correct corresponding digital valuatiained by the ADC.
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Figure 4.1: Simulation Results for the input DC tdge of 0.4V
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As seen in the FIGURE 4.1, when a DC voltage of\0i4 applied, the digital output codes are
read as “1000 0000". Since, the reference voltage.8 V in this design, the DC voltage of 0.4 V is
exactly half the reference voltage and the outpgitad codes are correct. Similarly, the simulasaare

performed for the DC voltage of 0.25 V and 0.8 V.

4.2.2  ADC Performancewith Ramp Input Signal

In this section, the simulation waveforms obtaiméten ramp signal is applied as input signal is

observed.

As seen in the FIGURE 4.2, a ramp signal of 500aHd 0.5V P-P is applied and the digital

output codes are read and verified.

In the above two sections the functionality of A being tested and verified using DC input

signal and ramp input signal. Their digital outpatles are read and compared with the input signal.

4.2.3 ADC performancewith Sinusoidal Input Signal

In this section, the behavior of ADC is discussdtewa sinusoidal signal of 500 HZ and 0.5V
P-P is applied. The simulation waveforms for theligd sinusoidal signal at supply voltages 0.8V,
0.9V, 1.0V and each at{C, 27-C, 65-C temperatures is observed. The power consumptidrS&DR
is calculated for each power supply and at eaclpéeature. The maximum frequency that can be
processed by the converter is 4 KHz due to the MydCtriterion as it samples at 8 KSPS but as per

requirement the input analog signal frequency aersid as 500 Hz.
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As seen in the FIGURE 4.3, a sinusoidal signal@Gff blz and 0.5V P-P with supply voltage of
0.8 V is applied and the respective digital outpades are observed. Stop signal is high when tal®an
input signal is converted and the digital bits @péained during this period. Stop signal indicatesend

of conversion. The FIGURE 4.3 shows the simulatesults performed at 27 °C.
The simulations are even done atland 65C and the power consumption and SFDR.

Similarly, the simulations are done using the sampet sine wave with supply voltages 0.9 V
and 1.0 V. The simulation results for the supplitages at 0.9 V and 1.0 V and at 27 °C temperasure

shown in Figure 4.4 and 4.5 respectively.

Table 4.1: Digital Bits with 0.8V as supply voltage27-C

Time (us) Digital Bits
15 01010011
140 01110001
265 10001001
390 10011100
515 10011111
640 10011000
765 10000110
890 01101011
1015 01001100
1140 00110000
1265 00001111
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424  Calculation of Power Consumption and SFDR

In this section, the calculations for power constionpand SFDR at different supply voltages

and at different temperatures are shown.

The circuit has three different power suppliesstfis for sample and hold circuit, second is for

successive approximation register (digital bloak) &he final one for DAC and comparator.

The power consumption is calculated by multiplysupply voltage with the current drawn from
voltage source to ground. Since, the circuit hasetlsupplies; the total power consumption is olktiin

by simply adding the three power consumption corepts
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Figure 4.4: Simulation Results for Sinusoidal Sigmi#gh Supply Voltage 0.9V
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Using the above equations and the calculator frade@ce ICFB, the power consumption for

the ADC at three different voltages (0.8V, 0.9\Q\) at 0-C, 27-C and 65C each are calculated.

Table 4.2: Power Consumption for Supply Voltagé&s\).0.9 V and 1.0 V

Peons 0.8v 0.9v 1.0v
0°C 27 °C 65 °C o°C 27 °C 65 °C o°C 27 9C 65PC
Poaa (LW) 0.442 0.610 0.807 1.307 1.666 2.206 3.492 4.165 5.065
Pyada (MW) 1.948 1.870 1.796 4,763 4.469 4.165 10.329 9.485 8.537
Puaaa (W) 0.079 | 0.083| 0.095 0.103  0.10F 0.120 0.127 0.133 0.151
Peotar (LW) 2471 2.564 2.788 6.175% 6.244 6.493 13.949 13.Y84 13/754
Where,

P.4q represents power consumed by Sample and Holdi€Circu

P.dda represents power consumed by DAC and Comparator,

Puagq represents power consumed by SAR (digital blook) a

Piotal represents the total power consumed by the ADC.

The above table represents power consumption ofichahl voltage supply and the total power

consumption for supply voltage of 0.8V at@ 27°C and 65C temperatures.

Similarly, the total power consumption is calcuthter 0.9V supply voltage as 6.1751uW,

6.2435uW and 6.4927uW at’Q, 27 'C and 65°C temperatures respectively and for 1.0V supply

voltage as 13.9491uW, 13.7843uW and 13.7544uW@t B7°C and 65C temperatures respectively.

From the above table, the total power consumpteneases with the temperature. Leakages in

the circuit increase with the increase in tempeeatwhich results in the increase in power consionpt
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Prota = denamic + Psoort - circuit + PLesk ——————— — — — — — — (47)

From the above equationy® represents the total power consumption of a CM@&IIE Poal
can be expressed as the sum of three componeqtsmid Pshort-circuit aNd Rear, Which represents
dynamic power component, short-circuit power congminand leakage power component. As the
temperature increases, leakage power componentmiescanajor component in the total power

consumption [1].

Spurious Free Dynamic Range (SFDR): SFDR is defasethe difference between the value of
the desired output signal and the value of thedsghmplitude output frequency that is not pregent

the input. SFDR is expressed in dB below the furetaai.

For calculating SFDR, FFT is applied to the oufgital bits. SFDR can be visually calculated

from the FFT.

From the fig. 4.6 SFDR is calculated as 40.56 d&fan 4.7 and fig. 4.8 shows the FFT signals

for ADC running at 6C and 65C respectively.
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Figure 4.6: FFT for ADC operating at 27 °C with ¥.&upply Voltage
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SFDR is calculated at &€C and 65°C for supply voltage 0.8V are obtained as 40.56and

40.92 dB respectively.

4.25 Impact of Noisein Vi, and Vi

The noise in ADC includes quantization noise aredribise generated by the circuit. Assuming
that the circuit is considered in isolation, thasean the circuit has to be considered. The nwishe

circuit consists of noise from the inpdt, and reference voltage.

In this section the amount of noise from Wheand reference voltage that can be tolerated by the
circuit is analyzed. Let us assume that the sampdehold has a noisy input signal. The sample atdl h
tries to track this noisy signal and has the nesigpal for the conversion during hold mode. Nowust
consider thevref signal, an input to the Digital-to-Analog convertalso contains noise. In every step
the DAC generates a fraction part\afef depending on the state of switches. The noisyassgitom
sample and hold and DAC are the inputs to the coatgpa The comparator generates a logic high or a
logic low voltage depending upon whether the vatagitsVi,+ terminal is greater than that of thig-
terminal or not. To do so, it must be able to reschmplitudes with a difference of LSB/2 at its

terminals.
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From the above discussion, that as long as thee ragighe inputs is of a magnitude that the

comparator can still make a correct decision, édseptable. The noise can result in a wrong dectisy

the comparator but will not propagate to the ougmihoise again. For the same reason, this nolke wi

also not affect the digital outputs generated leyShccessive Approximation Register [27].
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Chapter 5: Conclusions and Future Work

51 Conclusions

The SAR ADC is implemented at the transistor lemed its behavior is verified using
simulations. The objective of implementing the AR low voltages and improving the sampling

frequency of the binary search based CMOS SAR AD&chieved.

Table 5.1: Measured ADC Performance

Supply Voltage 0.8V
Technology TSMC 0.25 um CMO§S
Resolution 8 Bits

Conversion Rate 8 KS/s

Power Consumption 2.5640 pyW
Input Swing 0-0.5V
SFDR 40.56 dB
Temperature 27 °C

Thecomparison to the previous work is shown in théfeing table.
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Table 5.2: Comparison to the Previous Work

Year | Resolution Speed Supply Voltage Power Consomp
Moetezapour, S. 2000 8 Bit 50 KS/s v 0.34mWwW
Sheung Yan Ng 2005 5 Bit - 3V 30mw
You-Kuang Chang, 2007 8 Bit 500 KSys 1V uve
SAR ADC 2009 8 Bit 8 KS/s 0.8V 2.p8v

52 FutureWork

The performance of ADC is studied in this work &8 &. The future work on this includes
designing the ADC at the sub-threshold voltagesaralyzing the challenges and its performance. The
transistor level implementation can be laid out &aduticated to test its performance. This work was
developed on 250nm transistor length technologyreMextensive research work can be carried out to

know the performance at 90nm, 65nm or 45nm tramsiehgth technologies.

45



References
[1] Sung-Mo Kang and Yusuf Leblebici, “CMOS Intaged Circuits: Analysis and Design,” McGraw-

Hill Third Edition.

[2] K. Bult, “Analog Design in Deep Sub-Micron CMQSProceedings of the 26th European Solid-

State Circuits Conference, Broadcom, Netherlan@11September 2000, pp. 126-132.

[3] G. Groenewold, “Optical Dynamic Range Integratd IEEE Trans. Circuits and Systems-I, vol. 39,

pp. 614-627, Aug. 1992.

[4] A-J. Annema, “Analog Circuit Performance ando&®ss Scaling,” IEEE Trans. Circuits and

Systems-Il, vol. 46, pp. 711-725, Jun. 1999.

[5] F. Maloberti, F. Francesconi, P. Malcovati,JOA. P. Nys, “Design Considerations on Low-Voltage

Low-Power Data Converters,” IEEE Trans. Circuitd &ystems-I, vol. 42, pp. 653-863, Nov. 1995.

[6] R. Castello, F. Montecchi, F. Rezzi, A. Basokto, “Low-Voltage Analog Filters,” IEEE Trans.

Circuits and Systems-I, vol. 42, pp. 827-840, NI805.

[7] S. -W. Sin, S. -P. U, R. P. Martins, “GeneratizCircuit Techniques for Low-Voltage High-Speed
Reset-and Switched-Op-amps,” IEEE Trans. Circuid 8ystems-I, vol. 55, pp. 2188-2201, Sept.

2008.

[8] H. -H. OU, S-J. Chang, B-D. Liu “Low-Power Cuit Techniques for Low-Voltage Pipelined ADCs
Based on Switched-Opamp Architecture,” IEICE TraRsndamentals, vol. E91-A, pp. 461-468,

Feb. 2008.

[9] E. A. Vittoz, “Low-Power Design: Ways to Apprdathe Limits,” International Solid-State Circuits

Conference, pp. 14-18, Feb. 1994.

46



[10] M. E. Waltari, K. A. I. Halonen, “Circuit Techques for Low Voltage and High Speed A/D

Converters,” Kluwer Academic Publishers

[11] W. Kester, “Analog Devices. MT-021 ADC Architeires Il: Successive Approximation ADCSs”
[Online] Available: http://www.analog.com/en/othmuilti—chip/ad10200/products/tutorials/CU

tutorials MT—-021/resources/fca.html

[12] J. Sauerbrey, D. Schmitt-Landsiedel, and Rewds, “A 0.5-v 1-uW successive approximation

ADC,” IEEE Journal of Solid-State Circuits, vol.,3&. 1261-1265, 2003.

[13] E. Culurciello, A. Andreou, “An 8-bit, 1ImW scessive approximation ADC in SOl CMOS,”
Proceedings of the 2003 International SymposiunCoauits and Systems, vol. 1, pp. 13011304,

2003.

[14] S. Mortezapour, E. K. F. Lee, “A 1-V, 8-bitaessive approximation ADC in standard CMOS

process,” IEEE Journal of Solid-State Circuits, 88, pp. 642-646, 2000.

[15] Sheung Yan Ng, Bahar Jalali, Pengbei Zhange3awilson, Mohammad Ismail, “A Low-Voltage
CMOS 5-bit 600MHz 30mW SAR ADC for UWB wireless Réeers,” 48' Midwest Symposium

on Circuits and Systems, 7-10 August 2005, pp. 1H8Y-
[16] Roubik Gregorian, “Introduction to CMOS Op-Asipnd Comparators,” John Wiley & Sons, Inc.

[17] Cia Jun, Ran Feng, Xu Mei-hua, “IC Design df1®/'s 10-bit SAR ADC with Low Power,”
Proceedings of the 2007 International SymposiunHmih Density Packaging and Microsystem

Integration (HDP ‘07), Shanghai, China, 26-28 J20@7, pp. 1-3.

47



[18] You-Kuang Chang, Chao-Shiun Wang, Chorng-Kudérang, “A 8-bit 500-KS/s Low power SAR
ADC for Bio-Medical Applications” IEEE Asian Soli8tate Circuits Conference, pp. 228-231,

November 2007.

[19] R. J. Baker, “CMOS Circuit Design, Layout, a&imulation”, Wiley-IEEE, Revised Second

Edition, 2008.

[20] “Understanding SAR ADCs”. Application Note 1@8viaxim Integrated Products, May 2001.

[21] A. Rossi, G. Fucili “Nonredundant successivep@ximation register for A/D converters,”

Electronics Letters, vol. 32, pp. 1055-1057, Jug@6l

[22] P. E. Allen, D. R. Holberg, “CMOS Analog CiitWDesign,” Oxford University Press, Second

Edition, 2002.

[23] D. A. Johns, K. Matrtin, “Analog Integrated @uit Design,” John Wiley & Sons, Inc. 1997.

[24] H. P. Le, A. Zayegh, J. Singh, “A high-speadvipower CMOS comparator with 10-bit
resolution,” Proceedings of Fourth International n@ence on Modeling and Simulation

Melbourne, Australia, pp. 138-142.

[25] H. P. Le, A. Zayegh, J. Singh, “Performancalgsis of optimized CMOS comparator,” IEEE

Electronic Letters, vol. 39, pp. 833-835, May 2003.

[26] P. Favrat, P. Deval, M. J. Declercq, “A Higlfi&iency CMOS Voltage Doubler,” IEEE Journal of

Solid-State Circuits, vol. 33, pp. 410-416, Martf98.

[27] Vandana Desai, “Transistor-Level SimulationaoNovel CMOS Binary Search based Successive

Approximation Analog-to-Digital Converter CircuitThesis, University of Cincinnati, 2006

48



Standard cells and gates designed in TSMC n2%MOS technology

1. OR Gate
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3. D-Flip Flop
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4. Sample and Hold
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5. Comparator
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6. 8 Bit Digital to Analog Converter
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7. Operational Amplifier
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