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CURRENT MODE ANALOG TO DIGITAL CONVERTERS BASED ON
CURRENT MULTIPLICATION AND DIVISION TECHNIQUE

ABSTRACT

This thesis reports development and simulationwaf tinalog-to-digital (AD)
converters for low-power and small area applicaj@uch as implantable telemetric
biomedical recording applications. In developmehthese analog-to-digital (AD)
converters current mode signal processing is chd3ement mode signal processing
has some advantages over voltage mode signal ginges low voltage and low
power applications because of not requiring higécgion resistors or capacitors.
And one reason to be chosen current mode signakepsong is many signal sources
are current-type, such as temperature sensorsp estsors and many others in
biomedical. Processing the signal in current wndit only avoid the use of a current
to voltage converter but also cut down the comptmeosts.

Current mode analog-to-digital converters use airrairrors to perform the
required conversion. Therefore, the performances@fnalog-to-digital converters
are limited by the performance of the current msrdn the development of these
ADCs, different types of current mirrors are usedntprove. These current mirrors
used have better output impedance than currenomised in the previous designs.
To decrease the complexity and power consumpti@ckeless architecture is
chosen. By increasing the accuracy one more Is\edded to previous design.

Key words: Analog to digital converter, current mode applgacurrent mirror



AKIM CARPMA ve AKIM BOLME TEKN  iGI KULLANILAN ANALOG
SAYISAL CEVIRICI

0z

Bu tezde biomedikal kayit uygulamalari vesigki guc tiketimi uygulamalari icin
iki adet analog-sayisal cevirici gglrilmesi ve simulasyonu yapilgtir. Bu analog-
sayisal cevirici gedtirilmesi sirasinda akim modlu sinyakleme yaklgaimi
kullaniimigtir. Akim modlu sinyalgleme yaklaiminin digtuk gerilim ve dguk guc¢
tuketimi gerektiren durumlarda, yuksek duyarlikireti¢ ve kapasite gereksinimi
olmadg! icin gerilim modlu sinyal sleme yaklaimina kagl avantajlara sahiptir.
Akim modlu sinyal gleme teknginin secilmesinin bir nedeni de sicaklik, gorunti
sensorleri ve biomedikaldeki sinyal kaynaklarinikina tabanh olmasidir. Bu
alanlarda akim sleme yo6ntemi kullanildginda akimdan gerilime c¢evirme

yapilmayacaktir ve maliyeti de glirecektir.

Akim modlu analog-sayisal ceviriciler gerekli cene slemini gerceklgtirmek
icin akim aynalarini kullanmaktadirlar. Bu ylzdenalag-sayisal ceviricilerin
perfomanslari kullanilan akim aynalari ile limittidYeni analog-sayisal ¢eviricilerin
gelistiriimesinde farkli akim aynalari kullanilgtir. Burada kullanilan akim aynalari,
daha oOnce kullanilan akim aynalarindan daha iyi dgokis direncine sahiptir.
Karmagikligi ve guc¢ tuketimini azaltmak icin 6rnekleme devredmayan bir
uygulama yapilmtir. Sistemin dgrulugu artirilarak dnceki tasarima bir seviye daha

eklenmitir.

Anahtar kelimeler: Analog sayisal ¢evirici, akim modlu yakian, akim aynalari
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CHAPTER ONE
INTRODUCTION

Signal processing is a very important task for mapglications in electronics.
Electronic signals can be processed in either ti@og or the digital domain.
However digital signal processing is faster thaal@m signal processing, and some
processes can only be done by digital signal psigs On the other hand, the
signals that are to be processed are mainly andlbgrefore, analog-to-digital
converters (ADCs) are one of the major blocks efdlectronic structures.

The main requirements for an ADC are high accurhigh conversion rate, low
power consumption, and small chip area (Tezel, 19B8ere are lots of techniques
to satisfy these requirements, but not ADC carskatill requirements alone. Every
technique has limitations and drawbacks. So thet noosivenient conversion
technique should be chosen for conversion accotdisystem. When the sensors or
medical systems are dealing, provide output signddeh can be very small and
may have a large dynamic range; there is a neddwofpower, low voltage and
smaller chip area. Appropriate technique shouldhmesen to satisfy these criteria’s.
Chosen ADC should dissipate low power and occupgllsohip area. Considering
low power and low current applications current maignal processing has some
advantages over voltage mode processing. Sucheasyally current-mode circuits
do not require amplifiers with high voltage gaihsreby reducing the need for high
performance amplifiers. At the same time, curretdencircuits generally do not
require either high precision resistors or capasismd when capacitors are used to
store the signal, the capacitors need not disptégregood ratio matching or good
linearity. Consequently, current-mode circuits dsndesigned almost exclusively
with transistors making them fully compatible witimost digital processes.
(Toumazou, Lidgey, Haigh 1990) Also to reduce #wee of the design, and
eliminate any clocked circuitry (which introducesise in the analog circuits, and
increases power dissipation), sample and hold itiycis liked to eliminate. To
catch, goal of that size and power dissipation cadao clocked circuitry and sample

and hold circuitry eliminated. So chip area and eowissipation is reduced. So at



the output of the ADC there is gray coded. Thisygraded output can be converted
to other digital output with wanted circuitry.

According to limitations of the voltage mode pragag in low power and low
current applications current mode processing isehan this work. Also to reduce
the power dissipation and chip area, clock and saimpld circuit is eliminated and
gray coded output circuitry is implemented to ADC.

1.1 History of Current-Mode Algorithmic Analog-to-Digital Converters

Design of the current-mode algorithmic analog-tgidi converters started in the
late 1980's. First basic current mirrors were usedcopy the current in the
converters. These converters had high conversites,raccupied small area, and
consumed low power. For example, the first curraatie algorithmic ADC
occupied 0.4mmarea in a 3um CMOS process, and achieved 200 &iplsg rate
while drawing 5mW power from a 5V supply; howewves,resolution was only 6 bits
which is too low for many applications (Narin & Sala 1988).

The reason of the low resolution was current m&ravhich could not copy the
currents accurately. The accuracy was limitedthy matching of the current
mirrors and their low output resistance. Then, adsccurrent mirrors were used,
which have higher output resistance. The accurd&dhie converter was 7 bits and
occupied an area of 0.76rrm a 3pm CMOS process. The conversion time was
1.75us and the power dissipation was 8.7mW (NarB&ama 1990). Another
method to overcome the errors caused by the lowubuesistance is using active
current mirrors. An algorithmic current-mode ADGathuses active current mirrors
achieves 8-bit resolution and 2us conversion tiena] it occupies an area of
0.74mn% in a 3um CMOS process while the power consumgsd@B8mWw, which is
too high (Narin & Salama 1990).

Later, it is observed that it is almost impossitmieget more than 8-bit resolution
with current mirrors, because even a device matchir©9.8%, which is a difficult



task, results not more than 8-bit accuracy. To mire the effect of matching on the
resolution of current-mode algorithmic ADCs, dynarurrent mirrors arc used in
the converters. Another advantage of these comgantas that they do not have to be
pipelined, i.e. one bit cell can be used for getm@neof all the bits. These type, cyclic
type, converters occupy less area and consume jpoveer while their sampling rate

is lower.

A cyclic type converter, which was fabricated usiagBum CMOS process,
occupied 0.2mrarea and displayed a 10-bil resolution with a P& kampling rate.
The power consumption was 3.5mW and operated fremgde 5V supply, while the
digital controller part was not included in thegiNarin& Salama 1989).

Two years later in 1991 a 14-bit cyclic type congebased on dynamic current
mirrors was fabricated in a 3pm CMOS process (Dgvaberts ,Declereq 1991). It
is the highest resolution achieved up to now. Butonversion time was 175us and
occupied an area of Infm It consumed 2.5mW power from a 5V supply. Itdise
new-algorithm, which restricts die copied curreatvieen the full-scale current and

half of it. It was one of the reasons that the emar accuracy was so high.

In 1994 a 10-bit pipelined convener was fabricated 2.4um process ( Macq &
Jeppers 1994) Its sampling rate was 550ksampiefisch was very good. It
occupied an area of 2.5mand consumed 20mW power. It used a digital cooect
algorithm called redundant-signed-digit (RSD), butid not increase the resolution.
The reason was that the RSD algorithm only elinggatffset error but actually other

errors limit the accuracy.

In 1998 a low voltage algorithmic analog-to-digitainverter is designed. The
power supply of the converter was 1.5V ( Narin &a®za 1988). It used a digital
correction; algorithm, which is called modified eegnce no restoring (MRN). MRN
algorithm is used to eliminate the comparison atrdhe resolution of the converter
was 10 bits and occupied 4marea in a 0.8um n-well CMOS process. It consumed
2mW power and its sampling rate was 12ksample/s.



The technique which in this work improved and depet was firstly developed
and applied by G. Rachmuth.

1.2 Research Objectives and Thesis Organization

The aim of this research is to improve ADC by udiifferent current mirrors for
biomedical applications. The ADC should be occupyalé chip area and consumes

low power.

To meet the requirements clock-less circuitry andent mode technique used
design which is firstly introduced by G. Rachmuth dhosen. This design is
developed by using different current mirrors. Angdading one level to ADC, a

new ADC is designed in this work

Specific goals of this study are

1) To develop a current mode ADC using cascadaraproved Wilson current
mirrors. These advanced current mirrors allow thplémentation of high accuracy,
due to their high output impendence. And makinggarison between these new
ADCs

2) To improve the level of ADC by using cascadd anproved Wilson current

mirrors.

Chapter one is the introduction to thesis. In theager Two the theoretical
background information, different A/D converterslahDC performance parameters
are presented. Chapter Three describes Current-Mdd€ based on Current
Multiplication by using basic, cascaded and impbWilson current mirrors for
seven and eight level designs. Chapter four desi@urrent-Mode ADC based on

Current division by using basic, cascaded and ingatdVNilson current mirrors for



seven and eight level designs. Chapter Five givesxperimental results of these

ADCs. Chapter Six presents the conclusion.



CHAPTER TWO
FUNDAMENTALS OF CURRENT MODE ANALOG TO
DIGITAL CONVERTERS

2.1 Introduction

An analog-to-digital converter quantizes an analggal into a digital code at
discrete time points. According to the samplingotieen, the input signal band is
limited to half of the sampling frequency to availibsing with the sample rate

repeated spectra.

The continued proliferation of mixed analog-digidlLSI systems has and
will ensure that the need for small size. High spagalog-to-digital converters
(ADCs) will continue to grow. Due to the presentndoance of digital
technologies, the fabrication of the ADC must bempatible with these
technologies. Current mode techniqu@g®. circuits in which the signal 1S
essentially processed in the current domain) @ffeumber of advantages. Due to
the non-linear 1-V relationship exhibited by mosarisistor structures, a small
change in the input or controlling voltage resirtsa much larger change in the

output current.

Consequently, for a process with a fixed voltagepsy the usable dynamic
range of current mode signals is significantly &rghan that of voltage mode
signals. At the same time, a change in the cuteset flowing through any node
is not necessarily accompanied by a change in titage level at that node.
Hence the parasitic capacitances which are alwesept and must be charged or
discharged with the changing voltage levels willt megrade the circuit’s
maximum operating speed .Therefore current modmuitsr offer two potential
advantages: improved dynamic range and improvecdatipg speeds. In addition,
circuits designed to exploit current mode techngudfer auxiliary benefits such
as simpler circuitry and lower power consumptiooen§equently, current mode

techniqgues have been used for a wide variety ohasigprocessing circuits,



including amplifiers, multipliers, filters and digl-to analog conveners in a
variety of different VLSI technologies. (Narin & @aa 1988)

2.2 Analog to digital converter types

There are a vast number of ADCs in literature; haxgethey can be grouped
into five major categories: flash, integration, oveampling, successive
approximation, and algorithmic ADCs. This sectiameg an overview of these

approaches and explains their advantages and distdes.
2.2.1 Flash analog-to-digital converters

Flash ADCs use one analog comparator and one nefereoltage for every
guantization level from zero to full scale. Eachtbése reference voltages is
compared with the input voltage in the same tinterwal. The outputs of these
comparators drive an encoding logic to generate ettpgivalent digital value.
Although these converters are very fast, they ogowgry large chip area and
consume very high power. Because for an N-bit cdevene needs 2converters
and voltage references. For example, one of thpe thDCs achieves 10-bit
resolution and 100Msample/s conversion rate; howyetvdissipates 1.1W power
from a 5V power supply and occupies 50matea in a lum CMOS process.
(Tezel , 1999)



N-bit output word
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Figure 2.1 Flash converter

2.2.2 Integrating analog-to-digital converters

Integrating analog-to-digital converters use a capaand a constant current
source. The input signal is sampled as a voltaga oapacitor. The capacitor is
then discharged using a constant current sourcketr@ndischarging time gives
the magnitude of the signal. These converters hegdprecision current sinks to
linearly discharge the capacitor and very accuradanters to measure the
discharging time. These type converters are notasth but their resolution is
high. Their power consumption is lower than theslilaype converters, and they
occupy a smaller chip area. For example, a 14nb#grating type ADC operates
at 50 kHz and occupies 12rh@rea in a 2um bipolar process.
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Figure 2.2 Integrating analog-to-digital converters

2.2.3 Oversampling analog-to-digital converters

Oversampling ADCs are based on the translation igh-bBpeed, low-
resolution samples of a band-limited input sigmab ia higher resolution, lower
speed output. In an oversampling ADC the input dasnare summed in an
integrator that feeds its output to a comparaffne outputs of the comparator is
fed serially to a digital filter and also used tontrol a 1-bit digital-to-analog
convener (DAC) in the feedback loop, which outpetther a positive or a
negative reference voltage. These type convert@nsotl require accurate analog
circuits but they use complex digital circuits triease the resolution. They can
reach up to 20-bit resolution but their conversiate is low. Recently, a 15-bit
ADC has been realized with a Nyquist rate of 2MHzoccupies an area of

5.25mnf in a 1 um CMOS process and its power dissipag@80mWw.

2.2.4 Successive approximation analog-to-digital ngerters

Successive approximation type analog-to-digital veoters use digital-to-
analog converters (DACs) to perform the converslanthese ADCs, the input
signal is compared with suitable reference voltabas arc created by the DACs,
So that alter each comparison one bit is obtaifibdy convert the analog data to

digital by N-comparisons for an X-bit converter.eTBDAC and the comparator
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determine the speed and resolution of these typ&€sADDne of these type
converters was recently reported, and it achievi€8visample/s conversion rate
and 10-bit accuracy, while dissipating 340mW pofem a 5V power supply
and occupying 36mnarea in a | um CMOS process (A.Tezel, 1999).

VREF O———  DJ/A Converter

[T

Control Logic f[#———

Data Out

Successive Approximation Concept

FS
T Bit=0 o
3/4FS +— . it =
1 Bit=1 Ana
_:7777.777 . ”Inp
IN 1/2Fs | Bit=1
4 Test Test | Test Test
T MSB |MSB-1|MSB-2| LSB
1/4FS ] _
0 \

DAC Output Digital Output Code = 1010

|

Figure 2.3 Successive approximation analog-to-aligit

converter

2.2.5 Algorithmic analog-to-digital converters

Algorithmic ADCs are similar to the successive apgmation type ADCs
with one main difference: in successive approxioraADCs, the reference signal
is changed and compared to the input signal; wieliaaalgorithmic ADCs, the
reference signal is fixed and the input signal iecpssed. The input signal is
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multiplied by two and compared with the referenaerent. If the input signal is
larger that the reference signal, then the outpdigital 1, otherwise it is digital O.

If the digital output is 1, then, the referencensigis subtracted from the input
signal and the resulting signal is multiplied byotwor else, the input signal is
multiplied by two without the subtraction operatidrhis process continues until
the least significant bit is obtained. This typeAdCs occupies very small chip
area and dissipates very low power. For exampleh su high performance
algorithmic ADC provides 10-bit accuracy, 550ksaaips conversion speed,
while occupying 2.5mfmin a 2.4um process and consuming 20 mW power.
(Tezel, 1999)

!’iu
—_——»
_ 0 (No)
Comparison
Digital out

1 (Yes)

Subtraction Vin = 172V,

Multiplication %2

Figure 2.4 Algorithmic analog-to-digital converter

Each of the conversion techniques presents a peafge trade-off, and the
designer should choose the optimum approach taeasdhe needs of the design.
If high speed is requiredlie designer should sacrifice large chip area and high
power consumption by choosing the flash type caever When high resolution
is needed, the integrating or oversampling ADCaukhbe used. But integrating
type ADCs need precision components, and the ovgrigag method results in a
large chip area, slow conversion rate, and highgrogonsumption due to the

required post-conversion processing. If a smak sind low power converter is
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required, the algorithmic ADC is the best choicéeTdrawback of this type
converter is the moderate resolution and conversab@ Therefore, there is no
universal analog-to-digital conversion techniqueatths best suited to all
situations.

2.3 Current-Mode Analog Integrated Circuits

During the last 40 years, the vast majority of agatircuits have used
voltages to represent and process relevant sighiaever, recently, current-
mode signal processing circuits, in which signalsd astate variables are
represented by currents rather than voltages haoers advantages over their
voltage-mode counterparts.

Initially, the widespread use of MOS technologythwits unique ability to
accurately store and transfer voltages or chargkgbs, led to the development of
analog integrated circuit techniques in which wgpdtavas used as the signal.
Although these techniques are quite successfulinymapplications, reductions in
the available supply voltage and the deterioratiothe performance of the analog
components caused by the move to ever smaller geemas likely to limit their
performance.

Generally current-mode circuits do not require afhep$ with high voltage
gains thereby reducing the need for high performamaplifiers. At the same
time, current mode circuits generally do not reg@ither high precision resistors
or capacitors and when capacitors are used to $tergignal, the capacitors need
not display either good ratio matching or good driy. Consequently, current-
mode circuits can be designed almost exclusiveth wansistors making them

fully compatible with most digital processes.

Current-Mode operated circuits include advantages ss higher bandwidth,
higher dynamic range, and they are more amenablewer power supplies.
Furthermore, advances in integrated circuit deb@mye meant that state-of-the-art
analog integrated circuit design is now able tol@kghe potential of current-
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mode analog signal processing, providing attracawel elegant solutions for
many circuit and system problems. In many applbees;j circuits operating in the
current domain will bring benefits. One reasonhattmany signal sources are
current-type, such as temperature sensors, phatsorse and many others in
biomedicine. Processing the signal in current wdt only avoid the use of a

current-to-voltage converter but also cut downdbmponents’ cost.

For example, a comparator for current input andtag@ output can be
implemented with only four MOS transistors, while voltage domain it is
impossible to realize with so few devices. In cotrdomain, computations like
addition and subtraction can be performed with fust current mirrors, while in
voltage domain, these functions are very diffidoltachieve for a large range of
inputs. Especially in the low-voltage circuits, tage-domain behavior will suffer
due to the threshold voltage of the devices. Sufticudties can be overcome by

operating in the current domain.

2.4 Effect of Output Resistance on the ADC Performace

Finite output resistance of the current mirroreng of the main performance
limitation factors on the ADCs. Although MOS trastsirs have high output
resistance, r, at saturation mode, it is not high enough taeaghhigh accuracy.
For example, basic current mirrors can not achmweee than 6-bit accuracy. One
way to get high output resistance is to increasecttannel length of the device.

However, this increases the device size and p&raapacitance.

A better way to increase the output resistance isse cascade structures. The
output resistance values of the cascade currentormand improved Wilson
current mirror are much higher than that of thepécurrent mirror.
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Figure 2.5 Small signal model¢urrent mirrors

Figure 2.6 shows the small signal model for curmamtors. Ry and R, are
the output resistance and input resistance ofuheist mirror, respectively, and |

is the input current. The error curreft, over input current

Al Rin Rin (2.1)

—_~

Iin - Rin + Rout ~ Rout

For basic current mirror this equation (2.1) beceme

Al | kﬁ(VGS_VT)z _ X(VGS_VT) (2.2)

L, r,gm 2[3( Vg™ VT) 2

where gm is the transconductance;s\s the gate to source voltage of the
mirroring transistor, and Vis the threshold voltage. The maximum error occurs

when Vs is maximum.

Voo - Vr (2.3)
2

I":c;s_‘.ﬂ_\f -

If we insert ggm
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> ] _ AV = V) (2.4)

The maximum resolution that can be obtained is

AV — V2
n2 i

17\-7 =~

Assuming that ¥p =5V, A= 0.02 V! and \, = 0.75 V then N= 5.55, i.e. 5-bit
accuracy.

For cascade current mirror, the current error ayaut current becomes,

2, 2

: 2 2
lin -y gm” 2

V ssuax Of cascade minor is the same asyax of basic current mirror.

2(¥YpD —VTY i ,
AL _ [ 2 ) _A(vDD —¥T)° _ ;_[A{ VDD — VT) (2.7)
Tin 2 8 2 2
1AV —T2) Y 2.8
HED)
N=- 5 -1

According to the calculations above, the accuraichasic current mirror is
limited by the finite output resistance( Tezel 929
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2.5 Effect of Device Mismatches

Device mismatches is another important drawbackuofent mirrors. Even
with very large device sizes and careful layoutnding, it is almost impossible to
reach a matching better than 0.2%. The mismatadrseare inevitable, but some

current mirrors are less sensitive to device matghnan the other ones.

The device mismatches can be classified into twtegoaies; threshold

voltage, & mismatches anfl mismatches.

_ ,uCOW
L

(2.9)

B

Wherep is the carrier mobility, €is the gate oxide capacitance per unit area,
W is the device width and L is the device lengkimismatches are equal for each

of the current mirror type.

In ( i J
, AR (2.10)

N=— o

Where N is the accuracy of the ADC in bits, atl is the 3 difference
between the mirroring transistors. fAmismatch of 0.2% results in a maximum

ADC accuracy of 8 bits.

V1 mismatches is inversely proportional to the dymamange of the current
mirror type. Table 2.2 shows the limitationsfofind v mismatches, and finite
output resistance on the ADC accuracy implementéa tve two current mirror
types assuming thgt and + mismatch is 0.2%, pb=5v. and \{=0.75V. The
dynamic range of the basic current mirror is hitflerefore, ¥ mismatch error

limits the ADC accuracy to 8 bits.
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(2.11)

g

N=144 /n[H] -3

Where, AV+ is the threshold voltage difference between therarng
transistors. The dynamic range of cascade currentons is low, and ¥

mismatch error limits the ADC accuracy to 7 bits.
2.6 ADC PERFORMANCE SPECIFICATIONS

ADC performance specifications are generally categd in two ways: DC
accuracy and dynamic performance. Most applicatisses ADCs to measure a
relatively static, DC-like signal (for example,artperature sensor or strain-gauge
voltage) or a dynamic signal (such as processing ofoice signal or tone
detection). The application determines which speatibns the designer will

consider the most important
2.6.1 DC Accuracy

Many signals remain relatively static, such as ¢hiosm temperature sensors
or pressure transducers. In such applicationsymtbasured voltage is related to
some physical measurement, and the absolute agcunécthe voltage
measurement is important. The ADC specificatiorat tthescribe this type of
accuracy are offset error, full-scale error, deéfatial nonlinearity (DNL), and
integral nonlinearity (INL). These four specifiaats build a complete description

of an ADC's absolute accuracy.

The transfer function of an ADC is a plot of theltage input to the ADC
versus the code's output by the ADC. Such a plobiscontinuous but is a plot of
2N codes, where N is the ADC's resolution in bitsyou were to connect the

codes by lines (usually at code-transition bouredyithe ideal transfer function
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would plot a straight line. A line drawn througletpoints at each code boundary
would begin at the origin of the plot, and the slay the plot for each supplied

ADC would be the same as shown in Figure 2.6.

Digital outout code
S

mg

000 . >
/8 8 8 48 58 68 B
Analog input voltage (nomalized 1o tull scake)

Figure 2.6 thddeal transfer function of ADC

Figure 2.6 depicts an ideal transfer function fa3-hit ADC with reference
points at code transition boundaries. The outpdecwaill be its lowest (000) at
less than 1/8 of the full-scale (the size of thB@'s code width). Also, note that
the ADC reaches its full-scale output code (11I)/atof full scale, not at the full-
scale value. Thus, the transition to the maximugitali output does not occur at
full-scale input voltage. The transition occurs @ate code width—or least
significant bit (LSB)—Iess than full-scale inputltage .
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Figure 2.7 the transfer function with an offset of
-1/2 LSB

The transfer function can be implemented with afsetfof - 1/2 LSB, as
shown in Figure2.7. This shift of the transfer fuoe to the left shifts the
guantization error from a range of (- 1 to 0 LS®)+1/2 to +1/2 LSB). Although
this offset is intentional, it's often included andata sheet as part of offset error
(see section on offset error). Limitations in thatenials used in fabrication mean
that real-world ADCs won't have this perfect tramsffunction. It's these
deviations from the perfect transfer function ttafine the DC accuracy and are
characterized by the specifications in a data sh&ke DC performance
specifications described have accompanying figured depict two transfer
function segments: the ideal transfer functioni@sdblue lines) and a transfer
function that deviates from the ideal with the aqgdble error described (dashed,
yellow line). This is done to better illustrate theeaning of the performance

specifications.
2.6.1.1 Offset error, full-scale error
The ideal transfer function line will intersect ttiegin of the plot. Offset error

can be observed as a shifting of the entire trarisfection left or right along the

input voltage axis, as shown in Figure 2.8.



20

Ideal full scald

Actual full scale point
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(1/2 LSB)

Actual Diagram
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| |
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// [ |
000 & —4 | | !
0 5 6 7

Analog Input Value (LSB)

Figure 2.8 Full-scale error of ADC

Full-scale error is the difference between the lideale transition to the
highest output code and the actual transition éodtutput code when the offset
error is zero. This is observed as a change irestdhe transfer function line as
shown in Figure2.8. A similar specification, gamog, also describes the nonideal
slope of the transfer function as well as whathigdest code transition would be
without the offset error. Full-scale error accourdés both gain and offset
deviation from the ideal transfer function. BotHIl-&cale and gain errors are

commonly used by ADC manufacturers.
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O ADC characteristics
7k = ideal converter

Full-scale
error

4F arnJ .

Digital Output Code

1k |—¢w 7)) -
Offset error

orﬂuﬁ: -

-1 0 1 2 3 4 5 6 7 8
ADC Input Voltage [LSB]

Figure 2.9 Off-set and full scale error of ADC
2.6.1.2 Nonlinearity

Ideally, each code width (LSB) on an ADC's transfienction should be
uniform in size. The difference in code widths frane code to the next is
differential nonlinearity (DNL). The code width (&6B) of an ADC is shown in
Equation 2.12.

%
1.SB = };fff (2 12)

2
The voltage difference between each code transgioould be equal to one
LSB, as defined in Equation 2.12. Deviation of eadde from an LSB is
measured as DNL. This can be observed as unevemgp# the code "steps" or
transition boundaries on the ADC's transfer-functplot. In Figure 2.10, a
selected digital output code width is shown asdatan the previous code's step
size. This difference is DNL error. DNL is calciddtas shown in Equation 2.13.

| +1 ~ I;z) (2.13)

vz =
Di-\L VL‘SE
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Figure 2.10 DNL error of ADC

The integral nonlinearity (INL) is the deviation ah ADC's transfer function
from a straight line. This line is often a besthiite among the points in the plot
but can also be a line that connects the highedt lawest data points, or
endpoints. INL is determined by measuring the wmdtaat which all code
transitions occur and comparing them to the idéak difference between the
ideal voltage levels at which code transitions ocmd the actual voltage is the
INL error, expressed in LSBs. INL error at any giyeoint in an ADC's transfer
function is the accumulation of all DNL errors df previous (or lower) ADC
codes, hence it's called integralnonlinearity. Thisbserved as the deviation from

a straight-line transfer function, as shown in FeyR.11.
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Figure 2.11 INL error of ADC
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CHAPTER THREE
CURRENT-MODE ADC BASED ON CURRENT
MULTIPLICATION TECHNIQUE

Like the name of the approach, technique is based on the multiplication of the
reference signal and comparing these references with the input signal. This approach
is similar to flash converter. Principle of the conversion is simple; so it is easy to
implement. This approach was first used by G.Rachmut than H. Helble improved the
system. Before this study, only simple current mirrors and seven conversion levels
were used with this approach. With this study previous design which was 7 level and
simple current mirrors was improved, by using improved Wilson current mirrors and

cascade current mirrors.

Another characteristic of the system is its operation in subthreshold domain. For
this reason, the analog-to-digital converter used within the system has to operate in
subthreshold regime. A problem with subthreshold circuits is that systems operating
in this mode are both low power and slow. Consequently, the need for a subthreshold
current mode A/D converter is due to the specifications which need energy
efficiency. However, the most important drawback of using system in subthreshold

region is being slower than other solutions.

3.1 Principle of Operation

Principle of the operation is similar to the flash conversion. But the reference is
not divided by using resistors. The reference current is copied by using current
mirrors. And as a result different current levels are done. In the beginning the
reference current is multiplied by the factor of desired level. According to number of
levels LSB is I, and MSB become N times |« Here is the N denotes the level of
conversion. If eight conversion levels are desired than N becomes eight.. Basic

conversion algorithm can be expressed as follows.

24
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Iy ) I (1* I > I | L
Else low
) (2 Iy > L, ——| e
Else low
- high
) If (3* Ipyp) > Iy =| Else low
high
I % > /.
) If (4% Inp > I, Else low
high
L * .
) If (5% Iry) > I, = Else low
- high
L * > /. —
] If (6 IRef) I’" —| Else low
ey - 1, high MSB
Else low —

Figure 3.1 Principle of Current Multiplication Tredque

Being calculated by linear multiplication of levelthe related conversions
become linear. Linear conversion characteristithef type ADC is one of the most

important features.

) & IDIME) ¥ ID(M29)

Figure 3.2 linear conversion levels of the seveABIC
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Figure 3.2 shows the linear conversion levels a deven bit ADC. The
reference current is 10 pA, having seven levelsagient levels are multiplication
of the reference and goes 20 pA, 30 pA...

3.2 Current mode ADC based on Current Multiplication Technique using

smplecurrent mirrors

The current-mode analog-to-digital conversion tapie has been known for
many years as a conversion method that can takentabe of relatively simple
hardware to produce ADCs. A current mode conversoperformed as shown in
Figure 3.3. The input signal, Which can take on any valugesl is the reference

current the circuit shown below is only one bitlé conversion.

Figure 3.3 Single level of Simple current mirrased ADC

Here the current source tlenotes the reference currept &nd | denotes the
input signal . ler is mirrored by am-mirror to isolate the converter from the
outside world. To transform the current sink intauarent source, the current gets

mirrored again but this time @mirror is used. Neglecting the current mirror erro
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due to device variances caused by production twdexsg the current should still have

the exact same value as the reference currentdfaceht was mirrored twice.

The other input to the celly,| also passes trough &hlmirror first, transforming
it into a current sink. It has the same valuealsdd, but the sign changes. This node
is connected to the drain of tipetype transistor of the mirror which provides the
isolated Jes in the form of a current source. In addition, ityeut of a CMOS current
comparator is connected to this node as well. #uigposed to switch from low to
high when the input current (the current sink) lmees bigger than the reference

current (the current source).

To meet these requirements, the existing compadasign had to be extended
by adding a third inverter stage to the two exgtmes. It inverts the signal after the
second stage a third time, so that the comparatigouod switches when the absolute
value (In) of the current sink becomes bigger than the absolalue (L7 of the
current source. SPICE experiments showed the usiagely a single inverter stage
in the comparator would principally work as welltbsuffers from an extreme
comparison speed loss by at least ten magnitudiese 8is is not acceptable for the
target application, it was decided to choose theetinverter design for this project.
(Helbe, 2004)
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P

MOSN CMOSN

Figure 3.4 A simple CMOS current mirror

A simple CMOS current mirror is shown in figure 3idwhich it is assumed that
both transistors are in the active region. If titd output impedances of the
transistors are ignored, and it is assumed thdt trahsistors are the same size, then
M; and M will have the same current since they both haeesdime gate-source
voltage, s However, when finite output impedance is consderwhichever

transistor has a larger drain-source voltage Wwab dave a larger current.

In addition, the finite output impedance of thensiators will cause the small-
signal output impedance of the current mirror, tisatthe small-signal impedance
looking into the drain of M to be less than infinite. To find the output irdpace of
the current mirror, & the small-signal circuit is analyzed after placia signal
source, y, at the output node. Then by definitiog,: is given by the ratio iy,
where § is the current flowing out of the source and irte drain of M.
(Johns&Martin, 1997)

'uCu.\' W 2
Tggp= 1, = 2 (Z)j(vcsz“v'm) (I +AVps)) (3.1)

uC, (w 2 3.2
S ““_2"}(2“)7(‘/(;51“‘/7“11) (I +AVps)) (3.2
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Which enable to express the output currkatas a function oflin, Vout and Vosa tO
simplify algebraic calculations, we assume the last terraleda zero.Thus,Veg IS
directly derived from the former equation and a#febstitution in the letters it gives;

(W/L) (3.3
‘[(Jllf = ]qu(‘—)[}“/.LTj(] + AVum)

MOS is considered individually before starting cddt¢ion of the simple current
mirror output impendence. Ms diode connected and that does not exist in the
small-signal model;i] was replaced with an open circuit because it imdependent
current source. A low-frequency small-signal moseused for M, (i.e., all the
capacitors are ignored in the model). This smajihai model can be further reduced
by riding the Thevenin-equivalent circuit. The Thain-equivalent output voltage is
0 since the circuit is stable and contains no ingghal. This circuit's Thevenin-
equivalent output impedance is found by applyirtgst signal voltage,yvat v, and
measuring the signal current, as shown in figure 3.5.

ly

. 4
%-l-vy

(@) (b)

Figure 3.5 a- small signal model of CMOS b- Equewmismall signal model
Here, the curreny is given by

\'4 \'
: y - 3.4
ly = +OmiVgs1 = +3m1Vy (3.4)
r r
dsl dsl
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Recalling that the output impedance is given b#y,vthe output impedance
equals /g ras. Because typically ¢¢>>1/gn1. The output impedance is
approximately l/gi (which is also defined to bej), which results in the equivalent

model shown in Figure 3.5 .

Using the simplified small-signal model for the oadé current mirror, as shown
in Figure 3.6, where gv» has been connected to ground via a resistancéyif- |
Since no current flows through thegesistor, ys> equals 0 no matter what voltage
level  is applied to the current-mirror output. This skloaome as no surprise,
since MOS transistors operate unilaterally at losgfiencies. Thus, sincey ¢s2 -

0, the circuit is simplified to the equivalent sirsignal model shown in Figure 3.5
The small-signal output impedanceuut is simply equal to 4 (Johns&Martin,
1997)

Q1 Qz ix
e e e, D T
6 rdsz : +
gL Vgsz Im2Vgs2 % Vx
m1 _?_ : —_
@ T -
ix
<4+
rdsz + v
(b)

Figure 3.6 a- Small signal model of simple curmairtor b- Simplified small signal model

Figure 3.7 shows the entire circuitry which is resaey for the seven level
current mode A/D converters. It is composed of sevethe bit cells from Figure
3.3. Since every stage of the comparator requisesvwn copy of ), it has to be
copied seven times. The copies are obtained byewobimg the gates of-MOS
transistors to the node which drives the gate efstcond transistor in tlmemirror
for lin. They form the;} input network which can be identified on the ledind side
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of the schematic in Figure 3.7. Since they arepait of ann-type current mirror,
their drains are in a second connection line coteukio the ground node. The source
of each |, is copied by the transistor directly connectedhi® comparator input of
the corresponding bit cell. For the input of theos® bit cell, ker times two is
required. It is obtained by taking a copy gdifrom the first cell and then doubling it
in then-mirror of bit cell number two. The current doublescause the gates of two
transistors of the same dimensions are connectedrailel.

For the input of bit cell number three, three tinhgsis required. Since two can
not be divided by three, doubling does not workiragaut, according to Kirchhoff's
current law, making one copy of 2 %dand one copy ofd itself and adding them
together results in 3 *4&. Four times | ref can be obtained by making jayoof 2 *
lef and doubling it as done in bit cell number twozeHimes | ref can be obtained
by making one copy of 2 %4 and one copy of 3 *& and adding them together. Six
times | ref again is obtained by doubling a cop$ * I..; as done before in the case
of bit cell number two and four. Finally, seven ésnles is obtained by adding a copy
of 6 * lesto a copy of k. (Helbe, 2004)
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Figure 3.7 Seven level current mABXC using simple current mirrors

Current mode ADC, designed by basic current minas advantages beside of its
advantages. Disadvantages of this design are céwsealise of the used current
mirror type. Basic current mirrors have some deficies; can be listed as follows:
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1. One of the most important deviations from idgais the variation of the
current-mirror output current with changes in vgétaat the output terminal. This
effect is characterized by the small-signal outesistancdR,, of the current mirror.
A Thevenin-equivalent model of the output of thareat mirror includesR, in
parallel with a current source controlled by thpuhcurrent. The output resistance
directly affects the performance of many circuiteatt use current mirrors. For
example, the common-mode rejection ratio of thdedditial amplifier depends

directly on this resistance, as does the gain@htiive-load circuits.

Increasing the output resistance reduces the depea of the output current on
the output voltage and is therefore desirable. @diye speaking, the output
resistance increases in practical circuits when th#put current decreases.
Unfortunately, decreasing the output current alsorelses the maximum operating

speed. Therefore, when comparing the output resistaf two current mirrors.

2. Another important error source is the gaimemwhich is the deviation of the
gain of a current mirror from its ideal value. Thain error is separated into two
parts:

-The systematic gain error
-The random gain error.

The systematic gain errog, is the gain error that arises even when all netch
elements in the mirror are perfectly matched anitl vei calculated for each of the
current mirrors presented in this section. The oamdyain error is the gain error

caused by unintended mismatches between matcheeé e

3.  When the input current source is connectethé¢oinput terminal of a real
current mirror, it creates a positive voltage dM@, which reduces the voltage
available across the input current source. MiningzV\y is important because it
simplifies the design of the input current sour@specially in low-supply
applications. To reduce ¥ current minors sometimes have more than one input

terminal.
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4. A positive output voltage, ), is required in practice to make the output
current depending mainly on the input current. Tdharacteristic is summarized by
the minimum voltage across the output branchyt{min). The output device(s) to
operate in the active region is very high. MinimgiVout(min) maximizes the range
of output voltages for which the current-mirror juwit resistance is almost constant.
(Gray&Meyer, 2004)

Because of these deficiencies usage of the simpier mirrors are limited.
Finite output resistance of the simple current ongris the main limitation regarding
to its accuracy in the current mode ADC design.ollercome these deficiencies
other current mirrors are developed. This currenigor’'s output impedances are
much bigger than simple current mirror. So accurafcthe current mode ADC can
be increase rapidly. But also by making output idgree, we also lose some
dynamic range of the ADC. Because Simple currentams dynamic range is better

than other current mirrors.

In this work, by using Cascade Current Mirror amgbtoved Current Mirrors, the
improvement of the current mode ADC is observed.

3.3 Current mode ADC based on Current Multiplication Technique using
Cascade Current Mirrors

Finite output resistance of the current mirrorome of the main performance
limitation factors on the ADCs. Although MOS trasters have high output
resistance, Rout, at saturation mode, but it is mgh enough to achieve high

accuracy. One way to increase the output resistigrtoeuse cascade structures.

A cascade current mirror is shown in Figure 3.8e ©ltput impedance looking
into the drain of Qis simply &sz Which is seen using an analysis very similathtd t
which was used for the simple current mirror. Thti®e output impedance can
immediately be derived by considerings @s a current source with a source-
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degeneration resistor of valugx Making use of Equation 3.6 and noting thati€

now the cascade transistor rather thanvi@ have

— a3 Q4
E: CMOSN CMOSN :j
. V1 v2
25V = 25V —
o Q2

Figure 3.8 a cascadrrent mirror

Fout = Fasall + Rg(Gma + Jsa + Ggsa) ] (36)

Where now R= rygsp. Therefore, the output impedance is given by

Fout = Tgsall + Fas2(Oma + Os4 + Qgsa))

rd54[ I+ rdsz(gm:t + 954)]

Fasa{Fas2Gma) (3.7)

It

H

Thus, the output impedance has been increaseddnya of gnargsz, Which is an
upper limit on the gain of a single-transistor M@&n-stage, and might be a value
between 10 and 100, depending on the transistas sand currents and the
technology being used. This significant increaseourtput impedance can be

instrumental in realizing single-stage amplifienshaAarge low-frequency gains.

There is a disadvantage in using a cascade cumambr; it reduces the
maximum output-signal swings before transistors erenthe triode region.
(Johns&Martin, 1997)
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According to above calculations the output impewgent the current mirrors can
be improved. By changing the current mirrors in AI2C design, it is desired to
develop the accuracy. In the previous design omhple current mirrors were used,
so the performance is limited by the capabilitiéssionple current mirrors. The
design of the cascade ADC design is similar to Eroprrent mirrors. All the simple
current mirrors are changed to the cascade cumgrars. Here is the one cell of the

cascade current mirror.

CMDSP CMOSP
M8 M5
— -
VCC_BAR 1 cmMOsF CMOSP
Wit Mi2
( 4
10u Q13
— —
CMOSN CMOSN l
l
_M10 Me
CMOSN CMOSN
M3 Me
" VCC_BAR
VCC_BAR WCC_BAR
_ CMOSP | CMOSP [CMOSP ';I
8 | 2
IOFF = 40u
IAMPL = 45 o met— M
FREQ = 10k

m7 Mg ‘ \i‘i:‘_ it

— —

vi cmosn P }—4| | cmosn cMosSN :jcuosn :jcmosu
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CMOSN E:

CMOSN

.
- 1

=0

Figure 3.9 a cell of the multiplying ADC using cade current mirrors.

Figure3.9 shows the first bit cell of the multiglgi converter by using cascade
current mirrors. der IS mirrored by ann-mirror (Mg,M2,M7,Mg) which is also
designed by using cascade current mirrors to isdla¢ converter from the outside

world. To transform the current sink into a curreatirce, the current gets mirrored
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again but this time @-mirror (Ms, Mg, M11, M1,) is used. Neglecting the current
mirror error, due to device variances caused byyton tolerances, the current
should still have the exact same value as the emfer current had before it was

mirrored twice.

The other input to the cell,,] also passes trough an N-mirrory(NW,, M7, Mg)
first, transforming it into a current sink. It hé®e same value ag had, but the sign
changes. This node is connected to the drain ofpthge (M5, Mg, M11, M1))
transistor of the mirror which provides the isothtiees in the form of a current
source. In addition, the input of a CMOS currenmparator is connected to this
node as well. It is supposed to switch from lowhigh when the input current (the
current sink) becomes bigger than the referenceecur(the current source). It
inverts the signal after the second stage a timnd,tso that the comparator output
switches when the absolute valug)(bf the current sink becomes bigger than the
absolute value gLy of the current source.

Figure3.10 shows the whole circuitry which will bee for cascade multiplying
ADC design it is composed of seven cells from FegBO. Since every stage of the
comparator requires its own copy @f It has to be copied seven levels and has to be
copied eight levels times for eight level desigfs: observation we also improved to
design to eight levels. The copies are obtainea¢dnnecting the gates of n-MOS
transistors to the node which drives the gate efsicond transistor in the n-mirror
for Iin. They form the ) input network which can be identified on the ledind side
of the schematic in Figure3.10. Since they arepait of an n-type current mirror,
their drains are in a second connection line coteukio the ground node. The source
of each |, copy transistor directly connects to the comparatput of the
corresponding bit cell.

For the input of the second bit celkedtimes two is required. It is obtained by
taking a copy ofHes from the first cell and then doubling it in themirror of bit cell
number two. The current doubles because the gdtego transistors of the same
dimensions are connected in parallel. For the igpwit cell number threegdstimes
three is required. Since two can not be dividedthyge, doubling again does not
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work. But, according to Kirchhoff's current law, kiag one copy of 2 *desand one
copy of ket itself and adding them together results in &é IFour times gefcan be
obtained by making a copy of 2 .t and doubling it as done in bit cell number two.
Five times kercan be obtained by making one copy of Z#dnd one copy of 3 *kks
and adding them together. Six timgs; hgain is obtained by doubling a copy of 3 *
Iref @S done before in the case of bit cell number awd four. Seven timesd is
obtained by adding a copy of 8 &.sto a copy olrd. And finally eight timedges is
obtained by adding a copy of 7l to a copy oflrer. The last stage is added with
our new design.
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Figure 3.10 seven level ADC which cascade currerrons are used

Figure3.10 is made by cascade current mirrors hektare 7 levels. In order to

see the effect of using cascade current mirrors, lewel is added to this design.
(Figure 3.11)



Figure 3.11 8- level ADQigh cascade current mirrors are used

40
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3.4 Current mode ADC based on Current Multiplication Technique Improved

Wilson Current mirrors

One way of to improve current mirror output resise& is to use improved
Wilson current mirrors. Improved Wilson current rair (figure 3.12) is an example
of using shunt-series feedback to increase theubutppedance (Sedra, 1991).
Basically, Q senses the output current and then mirrors ity taHich, in turn, is
subtracted from the input current, Note that }, must precisely equal,j otherwise
the voltage at the gate 0QQ, would either increase or decrease, and the negativ
feedback loop forces this equality. This feedbackryement increases the output
impedance by an amount equal to 1 plus the loop. ge&8suming all devices are
matched, the output impedance without the feedlolekto Q, Qs would be 2§
taking into account that Qhas source degeneration equal tgl/gvhich is

responsible for the 2 factor. The loop gain is agpnately given by

AL = gml(rdzl ” r'm) (37)

Where I, is input impedance of biasing current sourge,The factor of 1/2 is
due to the voltage attenuation from the gate pfdQdts source, caused by the source

degeneration of the diode-connected &ssuming j, is approximately equal tQsf.

VCC VCC VCC
o o

.
2.5v—=—

CMOSN E“m—_|
l
1

-0

Figure 3.12 improved Wilson current mirror
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Then the loop gain is

(3.8)
AL = 9milas)
4
And the output impedance is therefore given by
Omi(Fasy I Fin) Om1Tgs1
Fout = 20— ; = ds4(_—""_2 ] (3.9)

which is roughly one-half the output impedancetfat of a cascade current mirror.
For this reason, the cascade current mirror ingsteferred over the Wilson current
mirror. In terms of output voltage swing, the minim allowed voltage across the
current mirror, before Qenters the triode region, is &V+ Vi, which is similar to
the of the cascade current mirror.

The principle of the ADC which improved Wilson cent mirrors is used, is very

similar with cascade current mirror.

Figure 3.12 shows the first bit cell of the mulaplg converter by using improved
Wilson current mirrors.ges is mirrored by am-mirror (M1, M2, M7, Mg) which is
also designed by using improved Wilson currentongtto isolate the converter from
the outside world. To transform the current sintoia current source, the current
gets mirrored again but this timepamirror (Ms, Mg, M11, M12) is used. Neglecting
the current mirror error, due to device varianaassed by production tolerances, the
current should still have the exact same valuehageference current had before it
was mirrored twice. But with this design far Jimproved Wilson current mirror can
not be used. Improved Wilson current mirrors aredus | and changing s

current sink to source.
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Figure 3.13 one cell of the multiplying convertgrusing improved Wilson current mirror

The other input to the cell;n) also passes trough an N-mirror 1(M2,M7,Mg)
first, transforming it into a current sink. It hd®e same value ag had, but the sign
changes. This node is connected to the drain of pgpe (V5,Mg,M11,M12)
transistor of the mirror which provides the isothtiees in the form of a current
source. In addition, the input of a CMOS currenmparator is connected to this
node as well. It is supposed to switch from lowhigh when the input current (the
current sink) becomes bigger than the referenceecur(the current source). It
inverts the signal after the second stage a timnd,tso that the comparator output
switches when the absolute valug)(bf the current sink becomes bigger than the
absolute value gLy of the current source.
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Figure 3.14 shows the whole circuitry which will bhee for improved Wilson
current mirror ADC design It is composed of sevetfiscfrom Figure 3.14. Since
every stage of the comparator requires its own adfdy, it has to be copied seven
levels and has to be copied eight times for eigiell design. For observation eight
level design developed and simulated (figure 3.1%)e copies are obtained by
connecting the gates of n-MOS transistors to thdenehich drives the gate of the
second transistor in the n-mirror fay. They form the;} input network which can be
identified on the left hand side of the schemati€igure 3.14. Since they are all part
of an n-type current mirror, their drains are isegond connection line connected to
the ground node. The source of eaghcbpy transistor directly connects to the
comparator input of the corresponding bit cell.

For the input of the second bit celkedtimes two is required. It is obtained by
taking a copy ofdes from the first cell and then doubling it in thamror of bit cell
number two. The current doubles because the gdtego transistors of the same
dimensions are connected in parallel. For the igpwit cell number threegdstimes
three is required. Since two can not be dividedthyge, doubling again does not
work. But, according to Kirchhoff's current law, kiag one copy of 2 *desand one
copy of ket itself and adding them together results in &g IFour times der can be
obtained by making a copy of 2 .t and doubling it as done in bit cell number two.
Five times ker can be obtained by making one copy of 2.#dnd one copy of 3 *
Iref @and adding them together. Six tim@s gain is obtained by doubling a copy of
3 * Ireras done before in the case of bit cell numberdna four. Seven timegd is
obtained by adding a copy of 6 #.lto a copy of ge. And finally eight timesHeris
obtained by adding a copy of 7 *4Ro a copy of gt The last stage is added with
our new design. This structure is similar with @z design, only the difference is;

used current mirrors.



Figure 3.14 7-level ADC using improvatison current mirrors
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Like cascade structure, 8-level ADC design is aeweeloped with improved Wilson

current mirrors.

Figure 3.15 8-level ADC using improw&tison current mirrors



CHAPTER FOUR
CURRENT-MODE ADC BASED ON CURRENT DIVISION

Unlike current multiplication technique, this technique is based on to divide the
reference current into specified values. This technique is first used by G.Rachmuth and
improved by H.Helble. In this work; the current mirror types are changed, and observed.
Similar to current multiplication based approach, this A/D converter must also be
capable of operating at low voltages whilst having a resolution in the single micro
amperes range. Another requirement isto have seven bits thermometer code as output of
the converter cell.

Main characteristic of the system is its operation in subthreshold domain. For this
reason, the analog-to-digital converter used within the system has to operate in
subthreshold regime. A problem with subthreshold circuits is that systems operating in
this mode are both low power and slow. Consequently, the need for a subthreshold
current mode A/D converter is due to the specifications which need energy efficiency.
However, the most important drawback of using system in subthreshold region is being

slower than other solutions.

4.1 Principle of Operation

The idea behind this converter is to divide a reference current by a number of
different divisors to obtain a linear increasing set of currents to which the input current
can be compared. While Irg represents the full scale input of the converter, the LSB is,
in this case, is always 1/7 * Ire. This brings us back to the principle of operation of the
voltage mode flash converter, where a chain of equal resistors divides a reference
voltage into N voltages which increase by the value of the LSB from stage to stage. The
design is also about a flash architecture, in which a copy of the current which we want to
convert is fed directly to a comparator. Therefore, for each bit of the thermometer code a

separate comparator is required. (Helbe, 2004)
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Improvements over its on multiplication based cotibpeare primarily expected with
regard to its operation speed and linearity. Intiast to the multiplication technique,
current division can be accomplished using Ohmig [&o do so, the reference current
simply has to be copied several times with curramtors and then split up again into
fractions by using current mirrors. The algorithrhiet follows this principle looks like
this for bit one to bit seven: (Helbe, 2004)

| V7 Irep) = Ty = high | | s
in Rep) < e
— < high
N If (2/7 Irep) > I -
1 If (2/7 Iryp |
] H(3/7 IRef) = Iin e— Else low
i I_f(4/7 IRef) > Iin —_ Else low
_— high
— 67 IRef) > Ly — Else low
— (67 Irgp = I — Else low
— Yk = 1 — high MSB
’ < Else low

Figure 4.1 Principle of Current division technigue

These levels are calculated according to seven déggn, previous design is extended
and added one level more so the total level becasigig. So each level became 1/8 of

the reference current.
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4.2 Current mode ADC based on Current Division Technique using simple current

mirrors

Current division ADC is made up of three n-mirrotgjo p-mirrors and one
comparator.deris mirrored by an n-mirror first, followed by a p#nor. Thus its value is
unchanged at this point and can be compared dir¢otlthe reference current to
determine the logical state of bit seven. Wherslraised from zero to full scale, one bit
after another will go from low to high. If a compéor with three inverters had been
used, their logic values would have changed frogh lto low for the same simulation.
(Helbe, 2004)

VCC_CIRCLE
9

CMOSP cMosP

o

—ng M2

VCC_CIRCLE VCC_CIRCLE

CMOSP CMOSP

Vee_CIReLE [ ]
=21 wik—

VCC_CIRCLE

M35

cmosn £}

Figure 4.2 single bit cell of current division ADGing simple current mirrors



50

The design as a whole, as shown in Figure 4.3(bigige of this drawing is given in
appendix), performs a series of static currents@ivis to generate seven different
current levels to which the input current can benpared to. This can be explained
using the |, current copy chain which is made up of one n- and p-mirror. The p-
mirror has seven transistors connected in paralelthat it provides seven identical
copies of the input current in the form of a cutrepurce. Each current source is

connected to a separate comparator.

The division of ket is slightly more complicated. Consider a copyf &s seen in
the single bit cell in Figure 4.1; this currenttigen split into seven equal parts by
connecting it to seven parallel connected n-mirrdwgictioning as current sinks.
Assuming that these seven parallel n-mirrors alehaxactly the same electrical
properties, the current will inevitably spilt uptanseven identical portions, following
Kirchhoff's current law. For bit number one (theB)S it is sufficient to compare this
current directly to de+ For the second bit, two of the LSB currents htvdoe added
together and then be compareddg. ISame rules apply to the currents which are formed
to determine the logical state of bit three, fdiwe and six. For the seventh bit, Is
directly compared to IR This comes from the fact that seven LSB currenidedd
together sum up tad; Due to the fact that it is more accurate, size, @maer efficient
to use just one n-mirror instead adding togetherctirrent output of seven of them, this
appears to be the best solution. (Helbe, 2004)



Figure 4.3 7-level ADC basedcanrent division technique using simple

current mirrors
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As it was made with current multiplication techreguhe design was extended and one
more level is added to see the differences. Iretpbt level designs, eight current levels

were supposed tivide current to eight levels. (In appendix there is bigger size of this
drawing)

Figure 4.4 8-level Al@sed on current division technigue using

simple current mirrors
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4.3 Current mode ADC based on Current Division Technique using smple Cascade
Current Mirrors
As it was mentioned in the previous chapter, firutgput resistance of the current
mirrors is one of the main performance limitatiaetbrs on the ADCs. Although MOS
transistors have high output resistancg; Rt saturation mode, but it is not high enough
to achieve high accuracy. One way to increase thpub resistance is to use cascade
structures. Like it was done with current multiplion technigue, simple current mirrors

are changed to the cascade current mirrors in sicyrirent mirror design.

As impedance of the cascade current mirrors areuleded in the previous chapter;
output impedance is much higher than the simpleeatirmirrors. One cell of the

cascade ADC is shown figure 4.5.

Figure 4.5 single bit cell of current division ADGing cascade current

mirrors
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Current division ADC is made up of three n-mirrotsyo p-mirrors and one
comparator.der is mirrored by an n-mirror first, followed by arpiror. But here, unlike
the previous section all current mirrors are cascgology. These currents can be
compared directly to the reference current to date the logical state of bit seven.

When |, is raised from zero to full scale, one bit afteother will go from low to high.

Whole circuit used in this work is shown in figutés (In appendix there is bigger size

of this drawing) for 7-level design.
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Figure 4.6 7-level ADC based on current divisiathtéque

using cascadeent mirrors

The design which is used for 8-level ADC is showguffe 4.7. (In appendix there is

bigger size of this drawing)



Figure 4.7 8-level ADC based on current divisiathtdque

using cakeaurrent mirrors
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4.4 Current mode ADC based on Current Divison Technique usng smple

Improved Wilson Current Mirrors

One way of to improve the output impedance is te imsproved Wilson current
mirrors. Improving the output impedance of the eatr mirror, dynamic range is
decreasing.

As impedance of the Improved Wilson current mirrars calculated previous chapter;
output impedance is much more bigly than the singpleent mirrors. One cell of the
Improved Wilson ADC is shown figure 4.8. (In appenthere is bigger size of this

drawing)

Figure 4.8 single bit cell of current division ADSing

Improved Witsourrent mirrors
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Current division ADC is made up of three n-mirrotsyo p-mirrors and one
comparator.deris mirrored by an n-mirror first, followed by arpiror. But here despite
of the previous section all current mirrors are Hoyed Wilson topology. These
currents can be compared directly to the referenceent to determine the logical state
of bit seven. Whenylis raised from zero to full scale, one bit afteother will go from

low to high.

Whole circuit used in this work is shown in appenftir seven level and eight level

designs.



CHAPTER FIVE
RESULTSOF SIMULATIONS

In previous chapters, analog to digital converters are introduced. In this chapter
the test results of these Converters are shown. All tests are simulated by using
OrCAD 10.5, and the transistor models are got from MOSIS library. Transistor
models used in simulations are attached in the appendix

In the result section, 7-level analog to digital converter results are shown at first
and than 8-level converter results are given.

5.1 7-Level A/D Convertersbased on Current Multiplication Technique

7-level analog to digital Converters based on current multiplication technique
was firstly made by H. Helble in 2004 by using basic current mirrors. Firstly this
reference design is simulated, after that design; our new design which Cascade
current mirrors and improved Wilson current mirror used analog to digital
Converters are simulated.

5.1.1 Basic Current Mirror used 7-Level A/D Converters based on Current
Multiplication Technique

7-level design which was introduced in section 3.2 by H. Heble is simulated in
this section. In this design, basic current mirrors are used as a current mirror. The
dynamic range of the simple current mirrors are good but being relatively low output
impendence to Cascade and improved Wilson current mirrors; the accuracy of the

simple current mirror is low.
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Figure 5.1 Simple current mirror used conveotgput

In Figure 5.1 the output of the simple current oiirused converter is shown.

Here the reference level of the converter is 1ud this reference current multiplied

up to seven in each level and compared with thetsath input. Frequency of the

input signal is 100 kHz. The output of the comparas shown at the top of

Figure5.1.
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Figure 5.2 Transitions from low to high for Simglarrent mirror used converter
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In Figure 5.2 the bits from one to seven is shoBits are switched from low to
high. The linearity of the system can be seen bkitgy at the distance at which the
switching takes place. But also the DNL and INLilef system are calculated in the

last section. But the linearity of the system logked by looking of the distance.

The sequence of the output levels are shown inré&g8 which gives output for
the saw tooth input at 100 kHz.

V{M1l02:d)

V(M46:d)

V(M114:d)

V(M120:d)

V(M126:d)

0s 2us 4us fus gus 1ous 12us ldus leus 1l8us 20us
V(M132:4)
Time

Figure 5.3 Output of simple current mirror used ADC

5.1.2 Cascade Current Mirror used 7-Level A/D Converters based on
Current Multiplication Technique

In this section, cascade current mirrors used &Hawmalog to digital converters
are simulated. Dynamic ranges of the cascade dcumierors are relatively low than
simple current mirrors as explained in section 8@t the output resistances of the
cascade current mirrors are better than simple. téery is introduced in section

3.3. Here is the result of our design in which easccurrent mirrors are used.
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In the test conditions; the reference current aequency are changed and the

converters are tested.

In Figure5.4 output of the converter, referencerents and input saw tooth
current are shown. Here the input current’'s maxe/ad 9 A and the min value is 0
HA. Reference current is 1pA. Being multiplied sewxere we have seven level for
comparison to input current. Because of the swighhere are some oscillations on
the reference current. These oscillations alsatedl| about the parasitic capacitance
of the MOS transistors. Here the frequency is 380.k

15v

5V i =5 ol >

SEL>=

V(M102:d) +V (M46:d) +V (MOE: ) +V (M114:dA) +V (ML20:d) +V (M126:d) +V (M122:4d)
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-10uh [ . .
Os lus 2us 3us 4dus Sus eus Tus sus us 10us
ID(M11) o -I(I5) ¥ ID{M57) ID(M62) = ID(M70) IDiMa4) ID({M78) IDiM54)
Time

Figure 5.4 Output of cascade mirror used ADC fdd kBlz saw tooth input

In Figure 5.5, the reference frequency is change®Q0 kHz but the signal
amplitudes kept constant. Here is the result islainto the previous result. Because
of the parasitic capacitance and the oscillatidieset are some missing bits at the
output of the converter. At high frequencies and lurrent levels some missing
codes are observed with this analog to digital eotevs.
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Figure 5.5 Output of cascade mirror used ADC fdd RBiz saw tooth input

In Figure5.6, the reference current is selectedCfs kHz. When the output is
observed there are no missing codes and alsoribarify of the converter is better
than the simple current mirrors. Also the oscilla on the reference currents are
decreased by increasing the frequency. This shdws efffect of the parasitic
capacitances (and dimension of the transistor)amalidth.
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Figure 5.6 Output of cascade mirror used ADCL00 kHz saw tooth input



64

In Figure5.6, the average power consumption ottreverter is shown. Test was

simulated when the Vcc is 2.5V and frequency is &Bl2. The average power

consumption is 7mW. This is very convenient for lpawer applications.

-2.0mW
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us
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Time

ID(M54)

Figure 5.6 Output of cascade mirror used ADC fdd KBz saw tooth input.

In Figure 5.7, the frequency of the signal is 5&kKAnd the power consumption

of the converter is decreased to 3.8mW. This is elgpected result.
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Figure 5.7 Output and power consumption of cascatleor used ADC for 50 kHz saw tooth

input.
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5.1.3 Improved Wilson Current Mirror used 7- Level A/D Converters based on

Current Multiplication Technique

In Figure 5.8 the output of the 7-level convertare shown which improved
Wilson current mirrors are used. The input currsnen 500 kHz saw tooth and
oscillating between 0 and 8 pA. Like cascade cuinnarrors at the high frequencies
and low current values there some missing codégeaiutput of the converter.

0a lua 2us 3us 4us sus Gus Tus sus gus lous
o ID(M11) ¢ -I(I5) v ID(M57) ID(M&Z) = ID(M70) ID(M44) ID(M78) ID(M54)
Time

Figure 5.7 Output of improved Wilson current miganirror used ADC for 500 kHz saw tooth

input

In Figure 5.8, the input signal’s frequency is @éased to 100 kHz. Although the
frequency is decreased, there are some oscillabiorie reference currents because
of the switching.
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Figure 5.8 Output of improved Wilson current miganirror used ADC for 100 kHz saw tooth

input

Power consumption of the converter is shown in FE§L8. Power consumption
is 3.8mW when the frequency is 100 kHz and Vcc /2
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Figure 5.9 Output and power consumption of improwétson current mirror used ADC for 100

kHz saw tooth input.
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5.2 7-Level A/D Convertersbased on Current Divison Technique

7-level analog to digital converter based on currealtiplication technique was
introduced in section 4.2. In this section the glesd circuits are simulated. In the
simulations OrCAD 10.5 and MOSIS models are use®S\%& model of the

transistors are attached in the appendix section.

In the previous design only simple current mirrawrsre used and the circuit
simulated only up to 5 kHz. In our work we exteshdise used current mirror types.
We also design the circuit by using Cascade cumamiors and Improved Wilson

current mirrors.

5.2.1 Basc Current Mirror used 7-Level A/D Converters based on Current

Divison Technique

Basic current mirrors used analog to digital cotessrpreviously only tested up
to 5 kHz. In Figure 5.10 the reference currentd8riA so each level is 100nA and

frequency is 100 kHz.
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V(M96:d) V(Me2:4d) viM8g:d) ViM84 :d) ViMB0:4) V(M1l4:d) V(M10:4Q)
Time

Figure 5.10 Output of basic current mirror usedevel analog to digital converter based on

current division technique for 100 kHz saw tootpuit



68

When the input signal is changed to 8 pA saw tawth frequency 500 kHz.
(Figure 5.11) We got better shape. But also theeetih have some missing codes.
The linearity of converter also seems not adeqfmatenaking a conversion in this
frequency.

Figure 5.11 shows the out puts of the convert&08tkHz and the input signal is
0 to 9 uA saw tooth. Both accuracy and linearityn® enough for adequate
conversion. Test results are justify the previdesign made by H.Helble.

15w

10w

L

Os 0.5u= 1.0us 1.5us 2.0us

WV(MOE:d) +V(MI2:d) +V (MBE:d) +V (ME4:d) +V(MB0:4) +V (ML :dA)+ V(M10:d)
Time

2.5us 3.0us 3.5us 4.0us

Figure 5.11 Output of basic current mirror usedevel analog to digital converter based on
current division technique for 500 kHz saw tootpuin

Figure5.12 shows each output of the analog toaligi@nverter. In the bottom of
the Figure shows the LSB and top graph shows th8 BiShe converter. Here the
input signal is 0 to 8 pA saw tooth. And frequerx$00 kHz.



69

TS
=1

s
o=

Figure 5.12 Bits of basic current mirror used 7eleanalog to digital converter based on

current division technique for 500 kHz saw tootpuit

Figure 5.13 shows the output bits of the convettethis simulation input signal

is 0 to 80 pHA and the reference current is 70 pé\tl#e each level is 100 pA. In

Figure 5.13, the graph on the bottom shows the a&@Btop graph shows the MSB.

In this simulation the frequency of the input sigisadecreased to 100 kHz.
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V(ML0:

ViM14:

ViM80:

ViMa4:

ViMas:

ViH92:

dj

0 V(M96:

15us 20us 25ue

Time

30us

Figure 5.13 Bits of basic current mirror

technique for 100 kHz saw tooth input

used 7elef/D converter based on

current division
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5.2.2 Cascade Current Mirror used 7-Level Analog to Digital Converters
based on Current Divison Technique

Being having better output impedance than the sneplrent, cascade current
mirrors are used to improve the design. In Figur®4 5shows the output of the
cascade current mirror used analog to digital cdeveThe input signal is O to 8 pA,
500 kHz saw tooth. The top graph shows the powssightion of the circuit, in the
middle the input signal and bottom graph outpuhefconverter.
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V(M10:d)+V(M14:d) +V(MBO:q) +V (M84 :d) +V (M88:A) +V (M2 :d) +V (M2&:d)
Time

Figure 5.14 Outputs and power consumption of cascadrent mirror used 7-level A/D

converter based on current division techniqué@i kHz saw tooth input

Last graph of the Figure 5.14 shows the missingesodf converter. The
conversion frequency is high and the referenceeotins low to keep transistor in
subtreshold region.

In Figure 5.15, input signal's frequency is deceehto 200 kHz. So the
conversion can be made properly. Although converigkes the conversion properly
linearity of the system is not good enough. But powissipation of the system is
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lower than the current multiplying technique. Sasttype of a system is more

adequate for low power applications.
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Figure 5.15 Outputs and power consumption of cascadrent mirror used 7 level analog to
digital converter based on current division tégha for 200 kHz saw tooth input

Figure 5.16 shows the system tested with inputagi@nto 80 pA saw tooth.
Power dissipation is nearly half the current miyiipy technique. Figure 5.16, graph

in the middle shows the converter output of thagies
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Figure 5.16 Outputs and power consumption of casecadrent mirror used 7 level analog to

digital converter based on current division tégha for 500 kHz saw tooth input
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5.2.3Improved Wilson Current Mirror used 7-Level A/D Convertersbased on

Current Division Technique

Like cascade current mirrors, the output impedasicéhe improved Wilson
current mirror is better than simple current mistdfigure 5.17 shows the transition
of the each bit from low to high. The first sigmadiicates the first bit (LSB) and the
last signal indicates the last bit (MSB). Tramsitiime between the forth bit and the
third bit is to long considering the other tramsis. And the time between second
and third level is short. System’s linearity is good enough to implement this

technique with this type of current mirror with eeparameters.
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V(M96:d) « V(M92:d) v V(M8B:d) ViMe4:d) ¢ V(MBO:4) V(Ml4:4) V{M10:d)
Time

Figure 5.17 Transitions of bits from low to highr fmproved Wilson current mirror used 7 level

analog to digital converter based on current divisechnique

In Figure 5.18; input signal, output of the coneerand power dissipation of the
analog to digital converter. Power dissipatiortha system is nearly 2 mW. In the

middle graph missing codes and non linear outpsihdsvn.
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Figure 5.18 Output and power dissipation of ImptbWlson current mirror used 7 levels analog

to digital converter based on current division teghe

Figure 5.19 shows the transitions form low to higlen the in put current is O to
80 pA with 100 kHz frequency and reference curieO pA. The un-linearity is
also same. Like Figure 17, here the first signdlcates the LSB and the last signal
indicates the MSB. Transition time between thirdand the forth bit is long. This

causes missing codes and un-linear situation icongersion.

ous 2.0us 3.5us 4.0us 4.5us 5.0us
V(M96:d) o V(MS2:4) v V(M&s8:d) ViMa4:d) o V(M30:d) V(Ml4:4) VIiM10:4)
Time
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Figure 5.19 Transitions of bits from low to higlr fonproved Wilson current mirror used 7

level analog to digital converter based on curréivision technique for 100 kHz saw tooth input
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Figure 5.20 shows the outputs of the system whenirput is 100 kHz and 80

MA peak to peak. The linearity is low and them syme missing codes.
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Figure 5.20 Output and power dissipation of ImptbVéilson current mirror used 7 level analog
to digital converter based on current divisiochteque 100 kHz saw tooth input.

5.38-Level A/D Convertersbased on Current Multiplication Technique

7-level design of the converter is performed in phevious section. To improve
our design, one level is added to our cascade rapdoved Wilson current mirror
designs. Adding one level to analog to digital cater increased the power
dissipation of the system. In these simulations A&rCQ0.5 version and MOSIS
models are used. First simple current mirror wdesign simulated than go on with
other designs used cascaded and improved Wilson.
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5.3.1Basic Current Mirror used 8-Level A/D Converters based on Current

Multiplication Technique

Figure 5.21 shows the output of 8-level analogitital outputs. Input signal of
the converter is 0 to 9 pA, 100 kHz saw tooth. Axadh comprising level is 1uA.
Comparison is made in the range 0 to 8 pA. In 2k shows the each output of
the bits.
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Figure 5.20 Output bits of simple current mirroedi8-level analog to digital converter based

on current multiplication technique for 108z saw tooth input.

The graph in the bottom shows the LSB , the grapthe top shows MSB of the
converter. Linearity of the system is good. Alse tNL and DNL of the system are

calculated.
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5.3.2 Cascade Current Mirror used 8-Level A/D Converters based on Current
Multiplication Technique

Figure 5.22 shows the output of the cascade cumambr used design. Input
signal of the system is 500 kHz, 9 pA peak to psak tooth. Bottom graph in the
Figure 5.22 shows the reference currents and sigotl. Like 7-level design, on the
reference currents there are some oscillationsusecaf the switching and parasitic
capacitance. So these capacitances make systerwibd#ndow. Graph on the top

shows the converter output. There are some migsidgs at the output.
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Figure 5.22 Output of cascade current mirror usghtdevel analog to digital converter based

on current multiplication technique for 500 kidaw tooth input.

Figure 5.23 shows the output, when the frequen&P&kHz and input signal is
90 pA peak to peak. Oscillations on the referenseeats are seem to be smaller but
the scale is different from the Figure 22. There still some oscillations on the
reference currents. Being the reference currergh kith this level there is no
missing codes. Power dissipation of system is@pprately 4mW.
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Figure 5.23 Output of cascade current mirror usghtdevel analog to digital converter based

on current multiplication technique for 500 kidaw tooth input.

5.3.3 Improved Wilson Current Mirror used 8-Level A/D Converters based on
Current Multiplication Technique

Improved Wilson current mirror used analog to @ijiconverter outputs are
shown in Figure 5.24.
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Figure 5.24 Output and power consumption of ImpdoWilson current mirror used 8 level
analog to digital converter based on current iplidation technique for 500 kHz saw tooth

input.
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In Figure 5.24; input signal, reference currents sinown in the bottom. The
input signal is 500 kHz, 9 pA peak to peak saw Hodk reference currents
oscillation causes the problem at the output ofdbmeverter. This is shown in the
middle graph. There are some missing codes. Aral thisse missing codes cause

missing transitions and decreasing the power disisip.
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Figure 5.25 Output and power consumption of ImpdoWilson current mirror used 8 level

analog to digital converter based on current iplidation technique for 500 kHz saw tooth

input.

Figure 5.25 shows the system with the increasell fepeak input signal. Here
input signal’'s peak to peak value is 90 pA. Becanfsthe parasitic capacitance of
the MOS transistor and switching there are somdlaigans. But this time power

dissipation is increased to 4mW.

Input signal's frequency and peak to peak valehanged and tested in the
Figure 5.26. In this simulation input signal’s fuepcy is 100 kHz and peak to peak
value is 90 pA. The oscillations on the referencerents are decreased by
decreasing frequency. And the linearity becomedebewith these reference

currents. Power dissipation of the system is 3.8mW.
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Figure 5.26 Output and power consumption of ImpdoWilson current mirror used 8 level
analog to digital converter based on current iplidation technique for 100 kHz saw tooth
input.

5.4 8-Level A/D Convertersbased on Current Division Technique

8-level analog to digital converters based on curraultiplication technique is
introduced in section3.4. Simulations are performath OrCAD 10.5. MOSIS
transistor models are used in simulations. Firststat simulations with simple
current mirror used design and performed differ@puts. Than same inputs are
supplied to cascade mirror and improved Wilsonentrmirror used designs.

5.4.1 Basic Current Mirror used 8-Level A/D Converters based on Current
Divison Technique

Basic current mirror used 8-level design’s resaits shown in Figure. At the first
test input signal’'s frequency is 500 kHz and theplitode is 9 pA peak to peak.
Similar to the 7-level design output of the congerthas some missing codes with
this input. Reference current is 8 HA. Accordingdpology which we used in our
design each level has 1uA resolution. Power copsiom of the circuit is seemed
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low but the rest of the circuit does not work pndypeSo all switching does not

perform these decreases the switching losses amdrbssipation on the transistors.
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Figure 5.27 Output and power consumption of basicor used 8 level analog to digital
converter based on current division techniqué@® kHz saw tooth input.

In Figure 5.28, the input signal is changed to Qe®k to peak and 100 kHz.
With this input there are no missing codes at thgput of the converter. Also the
power dissipation is 3.8mW
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Figure 5.28 Output and power consumption of b

converter based on current division techniquel @ kHz saw tooth input.
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Figure 5.29 Output and power consumption of basicent mirror used 8 level analog to digital

converter based on current division techniqué@y kHz saw tooth input and Vcc is 5V
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In Figure 5.29 and Figure 5.30, Vcc is increase8\{dor different frequencies.
This causes to double the power dissipation ostis¢em. The linearity of the system
is not effected by the change of the supply.
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Figure 5.30 Output and power consumption of basicent mirror used 8-level analog to digital

converter based on current division techniigua00 kHz saw tooth input and Vcc is 5V

5.4.2 8-Level Cascade Current Mirror used A/D Converters based on Current
Divison Technique

Cascade mirrors used analog to digital convertault® are shown in Figure 31.
The input signal is 9 YA peak to peak and 500 k@ sooth in Figure 5.31. In
Figure 5.31 power consumption, output of the cor@reaind input signal waveform

are shown.
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Figure 5.31 Output and power consumption of cascasieent mirror used 8 level analog to

digital converter based on current division tégha for 500 kHz saw tooth input

Graph in the middle shows the converter outputhefgystem. From this graph
some missing codes can be seen. In Figure 5.3@ssihe bit transitions from low to
high. The first signal indicates the LSB and thst E&gnal indicates the fifth bit of the
converter. Because of the error some bits arewibtteed. This is effect of parasitic

capacitances.
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Figure 5.32 Bit transitions from low to high of cade current mirror used 8 level analog to

digital converter based on current division téghe for 500 kHz saw tooth input .
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Figure 5.31 Output and power consumption of cas@agteent mirror used 8 level analog to

digital converter based on current division téghe for 100 kHz saw tooth input

In Figure 5.32, the input signal’s frequency deseebto 100 kHz. Decreasing the
frequency gives better switching results. Consitgethe 7-level design bandwidth of
the 7 level design is better then the 8-level desig

08 1.0us= 2. 0us 3. 0us 4.0us 5.0us 6. 0us 7.0us 8. 0us
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Figure 5.33 Bit transitions from low to high of cade current mirror used 8 level analog to
digital converter based on current division tégha for 200 kHz saw tooth input .
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5.4.3 8-Level Improved Wilson Current Mirror used A/D Converters based on
Current Division Technique

Improved Wilson current mirrors used design’s otiipushown in Figure 5.34.
These are the bit of the converter. The input 3ign80 pA peak to peak 200 kHz
saw tooth. Signal in the left indicates LSB of tenverter and signal in the right
indicates the MSB of the converter. as it showrmfdhe Figure transition time
between third bit and forth bit is longer than otheAnd transition time between
forth bit and fifth bit is shorter than others. afsitions times from high to low are
better than the low to high.
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Figure 5.34 Bit transitions from low to high of Imgwed Wilson current used eight level analog
to digital converter based on current dividgechnique for 200 kHz saw tooth input .

In Figure 5.35, transitions times from high to lasvshown. Signal in the left
indicates the MSB of the converter; signal in tightr indicates the LSB of the
converter. Transition time between seventh bit sirth bit is shorter than the others
but this is not as bad as transition time from towhigh. In Figure 36, the reference

is shown currents for conversion. Each level sotly 10 pA as expected.
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= -
fus aus Tus Bus Sus 10us
V(M2&:d) < V(Mo2:d) V(M14 :d) V(M1&60:4d) V(Mg8:d) V(M84:d) = V(M&D:d) V(M183:4)

Time

3.0V
. w—‘
2.0V

Figure 5.35 Bit transitions from high to low of Ingwed Wilson current used eight level analog

to digital converter based on current divisiochteque for 200 kHz saw tooth input .

[FIN ‘
-Z0uk-
-40uk.

-60uk-
-&0uk
- 90uk
08 0.5us 1.0us 1.5us 2.0us 2.5us 3. 0us 3.5us 4.0us 4.5us 5.0us
s I(V10) v I(¥e) I(V8) o I(V7) + I(Ve] ~ I(VS) - I(V4) v I(V3)
Time

Figure 5.36 Reference currents of Improved Wilsarrent mirror used eight level analog to
digital converter based on current division tégha for 80uA

In Figure 5.37; Output, input and the power consumnpof the converter is
shown. In Figure 5.36, reference currents are shaunearity of the converter is
not good because of the not equal transition tiniedsigure 5.38, reference currents
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for 80pA are shown. There are little deviationsuth a low current levels. Power
consumption of the circuit is nearly 2.2mW.

oW

-2, DmW:

SEL=>
-4. omW

1 AVG (W (V2))

20V

15V = = 24 | 1 | | L1

10V

5V . ! n - —

V(M26:d) +Vi(M82:d) +V(MeB:d) +V(M84:d) +V(ME0:d) +V(M14:d) +V(M10:4d)

L] lius 20us 30us 40us S0us 60us
-I(I5)
Time

Figure 5.37 Output and power consumption of ImpdoWilson current mirror used 8-level
analog to digital converter based on current sitivi technique for 100 kHz saw tooth input

OR ‘
-20pA
-40pA
-GOpA
-80pA

-100pa
08 1.0us 2.0us 3.0us 4.0us 5.0us
I(V2) « I(V10) = I(V9) I(ve) = I(V7) + I(Vs) I(V5) I(v4)
Time

Figure 5.38 Reference currents of Improved Wilsamrent used 8-level analog to digital
converter based on current division technique 6p/8
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5.4 INL and DNL RESULTS

The integral nonlinearity is the difference voe¢én the ideal and measured
code transition levels after correcting for stg#n and offset. Integral nonlinearity
is usually expressed as a percentage of full smale units of LSBs. Differential
nonlinearity (DNL) is the difference, after cornegt for static gain, between a
specified code bin width and the ideal code bintlyidivided by the ideal code bin
width. Maximum INL and DNL of the ADCs are calcuddt In Figure 5.39 INL and
DNL results for seven bit ADC based on current mplitation technique.

Maximum DML = +2.351L5E

Figure 5.39 INL and DNL results seven |e&BIC based on current multiplication technique.

INL and DNL results of other ADCs are listed beltable 5.1
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Table 5.1 INL and DNL results of ADCs

Max Max
INL DNL
Seven level ; basic current mirror used ADC based on Current 1.3 2.3
Multiplication Technique Isb Isb
Eight level ; basic current mirror used ADC based on Current 1.6 1.1
Multiplication Technique Isb Isb
Seven level ; basic current mirror used ADC based on Current 2.1 1.9
Division Technique Isb Isb
Eight level ; basic current mirror used ADC based on Current 2.1 1.6
Division Technique Isb Isb
Seven level ; Cascode current mirror used ADC based on 0.6 1.2
Current Multiplication Technique Isb Isb
Eight level ; Cascade current mirror used ADC based on 1.6 1.4
Current Multiplication Technique Isb Isb
Seven level ; Cascade current mirror used ADC based on 1.6 15
Current Division Technique Isb Isb
Eight level ;Cascade current mirror used ADC based on Current 1.9 1.2
Division Technique Isb Isb

INL improvement of using cascade mirrors carsben from the table 5.1. 7-
level design which is used basic current mirrorL Ialue is 1.3 Isb and 7-level
design which cascade current mirror used desigfsi®.6As a result for high
frequencies cascade and improved Wilson currentorsirare more eligible than

simple current mirrors.



CHAPTER SIX
CONCLUSION

In this study, a current-mode analog-to-digital \@sion concept, based on
current multiplication and current division techuégwas analyzed and developed.
This technique is firstly introduced by G. Rachimand developed by H. Helble in
2004. Therefore, the performance of the ADC isitedch by the current mirrors.
Previous designs which made by G. Rachmuth anddihléiwere realized by using
simple current mirrors. One technique to improveuaacy of the ADC is using
Cascade and Improved Wilson current mirrors. Higtpot impedance of Cascade
and Improved Wilson current mirrors makes ADC aacyr better. Simulation
results show that by using cascade current miraois improved Wilson current
mirrors, accuracy of the ADC can be improved. Byiaving accuracy, previous
design is improved and a new ADC is developed is study. There were seven

conversion levels in the previous design.

ADCs are designed and simulated, including basascade, and improved
Wilson current mirrors. Their limitations on mirfog accuracy are investigated. It is
verified with calculations that the main accuraayitations, i.e., finite output
resistance and device mismatches By changing ttrertumirrors used in previous
design, new ADCs are developed having eight coierkevels. In the previous
design ADC is tested under condition 25nA referetieent and 5 kHz frequency.
In this study, these conditions are improved to &B@ by changing the reference
current to 8lA. This system was first designeddaibed in medical cases and low
power needed systems. To reduce the size of thendesfurther, and eliminate any
clocked circuitry, which introduces noise in thealag circuits, and increases power
dissipation. New designs also fulfill these reqomeats by having 3.8mW (current
multiplication technique) and 2mW (current divisiotechnique) power
consumptions. Current division technique has lovwwgro consumption but its
accuracy and linearity is worse than the currenttipligation technique in lower

current values. INL and DNL are calculated in Gbajf-ive, Results part. The INL
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and DNL results show the improvement in linearity. These are the key parameters

for DC performance of the ADCs.

These new current multiplication and current division ADC techniques are
simple to implement and improve. In this study, the dimensions of the transistors are

kept same with the previous design which made by H.Helble.

Current mode approach is not very new approach in theory but it is new for
application. There have not been many designs based on current mode approach. In
some ways, current mode approach has some advantages according to voltage mode
approach; such as dealing with sensors and low voltage applications. As a future
work, conversion levels of ADCs can be improved. As it is calculated and can be
seen from the simulations; main problems in current mode ADCs are low output
impedance and device mismatches. The speed of the system can be increased by
improving match of the transistors and optimizing the dimensions of MOS
transistors. Moreover, VLS| implementation can be realized.
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APPENDICES

APPENDIX A. MOSISPARAMETRIC TEST RESULTS

RUN: T22Y VENDOR: AMI
TECHNOLOGY: SCNO05 FEATURE SIZE: 0.5
microns
INTRODUCTION: This report contains the lot average results obtained by MOSIS
from measurements of MOSIS test struc tures on each wafer of
this fabrication lot. SPICE parameter s obtained from similar
measurements on a selected wafer are also attached.

COMMENTS: American Microsystems, Inc. C5N

TRANSISTOR PARAMETERS W/L  N-CHANNEL P-CHAN NEL UNITS

MINIMUM 3.0/0.6

Vth 079 -0 .93 volts

SHORT 20.0/0.6

Idss 450 -2 46 uA/um

Vth 0.68 -0 .91 volts

Vpt 10.0 -10 .0 volts

WIDE 20.0/0.6

IdsO <25 <2 .5 pAlum

LARGE 50/50

Vth 0.72 -0 .96 volts

Vjbkd 116 -11 .7 volts

ljlk <50.0 <50 .0 pA

Gamma 048 O .59 V"0.5

K' (Uo*Cox/2) 585 -18 .9 UAIV2

Low-field Mobility 470.97 152 16 cm”™2/V*s
COMMENTS: Poly bias varies with design technology. To account for mask and

etch bias use the appropriate value for the parameter XL in your

SPICE model card.



Design

Technology

SCN_SUBM (lambda=0.30)
AMI_C5
SCN (lambda=0.35)

FOX TRANSISTORS
Vth Poly

PROCESS PARAMETERS N+ACTV P+ACTV POLY PLY2_HR
82.4 105.1 22.0 1095

Sheet Resistance

Contact Resistance

GATE N+ACTIVE P+ACT

>15.0 <-15

56.5 134.9 15.7

Gate Oxide Thickness 139

angstrom

PROCESS PARAMETERS

Sheet Resistance

Contact Resistance

0.05 817
0.73

MTL3 N\PLY

809

N_WE

95

IVE UNITS

.0 volts

POLY2 MTL1 MTL2 UNITS
38.7 0.09 0.09 ohms/sq
24.9 0.78 ohms

LL UNITS
ohms/sq

ohms



COMMENTS: N\POLY is N-well under polysilicon.

CAPACITANCE PARAMETERS N+ACTV P+ACTV POLY POLY2 M1 M2 M3 N_WELL UNITS

Area (substrate) 423 730 86 30 15 10 40 aF/um”2
Area (N+active) 2478 35 15 11 aF/umn2
Area (P+active) 2388 aF/um”2
Area (poly) 942 49 15 9 aF/um”2
Area (poly2) 45 aF/lum”"2
Area (metall) 29 12 aF/lum”"2
Area (metal2) 34 aF/lum”"2
Fringe (substrate) 312 253 69 53 36 aF/um
Fringe (poly) 57 36 28 aF/um
Fringe (metall) 54 33 aF/um
Fringe (metal2) 49 aF/um
Overlap (N+active) 207 aF/um
Overlap (P+active) 291 aF/um
CIRCUIT PARAMETERS UNITS

Inverters K

Vinv 1.0 2.02 volts

Vinv 15 2.28 volts

Vol (100 uA) 2.0 0.13 volts

Voh (100 uA) 2.0 4.86 volts

Vinv 2.0 2.47 volts

Gain 20 -19.70

Ring Oscillator Freg.

DIV256 (31-stg,5.0V) 95.01 MHz

D256_WIDE (31-stg,5.0V) 151.13 MHz

Ring Oscillator Power

DIV256 (31-stg,5.0V) 0.48 uW/MH z/gate

D256_WIDE (31-stg,5.0V) 0.99 uwW/MH z/gate

COMMENTS: SUBMICRON
T22Y SPICE BSIM3 VERSION 3.1 PARAMETERS

SPICE 3f5 Level 8, Star-HSPICE Level 49, UTMOST Lev el 8
* DATE: Apr 9/02

*LOT: T22Y WAF: 1102

* Temperature_parameters=Default



.MODEL CMOSN NMOS (

+VERSION = 3.1 TNOM =27

+XJ  =15E-7 NCH =17E17

+K1 =0.8694489 K2 =-0.0917188
+K3B =-7.3653322 WO =1E-8
+DVTOW =0 DVTIW =0

+DVTO0 =2.7518708 DVT1 =0.4157316
+U0 =459.4342532 UA =1E-13

+UC  =1.874362E-11 VSAT = 1.487444E5
+AGS =0.1306288 BO =2.521977E-6
+KETA =-4514909E-3 Al =7.33129E-5
+RDSW =1564889E3 PRWG =0.027362

+tWR =1 WINT =2.520232E-7

+XL =0 XW =0

+DWB =5.311566E-8 VOFF =-5.688886E-4
+CIT =0 CDSC =2.4E-4

+CDSCB =0 ETAO =0.0213525

+DSUB =0.2490912 PCLM =2.5868986

+PDIBLC2 = 2.407506E-3 PDIBLCB = -0.0307296
+PSCBE1 =5.55857E8 PSCBE2 =5.346571E-5

+DELTA =0.01 RSH =824
+PRT =0 UTE =-15

+KT1L =0 KT2 =0.022

+UB1 =-7.61E-18 UC1 =-5.6E-11
+WL =0 WLN =1

+WWN =1 WWL =0

+LLN =1 Lw =0

+LWL =0 CAPMOD =2

+CGDO =2.07E-10 CGSO =2.07E-10
+CJ =4.190399E-4 PB =0.99

+CJSW =3.25452E-10 PBSW =0.1
+CJSWG =1.64E-10 PBSWG =0.1

+CF =0 PVTHO =0.0362863

+PK2 =-0.0310644 WKETA =-0.0155136
*

.MODEL CMOSP PMOS (

+VERSION = 3.1 TNOM =27

+XJ  =15E-7 NCH =17E17

+K1 =0.5450549 K2  =9.985989E-3
+K3B =-0.6035863 WO =1E-8
+DVTOW =0 DVTIW =0

+DVTO =1.8819638 DVT1 =0.5382275
+U0 =218.8230822 UA  =3.047014E-9
+UC  =-5.19775E-11 VSAT =1.752811E5

97

LEVEL =49

TOX =1.39E-8
VTHO =0.6695207
K3 =25.6919711
NLX =1E-9

DVT2W =0

DVT2 =-0.1405757
UB  =1.522944E-18
A0 =0.5981684

Bl =5E-6

A2  =0.4029659
PRWB =0.0392247
LINT =3.653372E-8
DWG =-1.17306E-8
NFACTOR = 1.0780094
CDSCD =0

ETAB =-1.275836E-3
PDIBLC1 =-0.2902944
DROUT =0.6175306

PVAG =0
MOBMOD =1
KT1 =-0.11
UAl =431E-9
AT =3.3E4
WW =0

LL =0

LWN =1
XPART =0.5
CGBO =1E-9

MJ  =0.4442523

MJSW =0.1159885
MJSWG =0.1159885
PRDSW =-50.9170356
LKETA =2.178067E-3 )

LEVEL =49

TOX =1.39E-8
VTHO =-0.9287413
K3  =7.6456595
NLX =1.676263E-8

DVT2W =0
DVT2 =-0.158632
UB =1E-21

A0  =0.8858636



+AGS =0.1542562 BO =5.925993E-7
+KETA =-3.260539E-3 Al  =9.450969E-5
+RDSW =20987038E3 PRWG =-0.0250945

+tWR =1 WINT = 2.984848E-7
+XL =0 XW =0

+DWB =2.326045E-8 VOFF =-0.068173
+CIT =0 CDSC =2.4E-4

+CDSCB =0 ETAO =0.2336514
+DSUB =1 PCLM =2.1941068

+PDIBLC2 = 3.799792E-3 PDIBLCB =-0.05041
+PSCBE1 =5.12196E9 PSCBE2 =5E-10

+DELTA =0.01 RSH =105.1
+PRT =0 UTE =-15

+KT1L =0 KT2 =0.022

+UB1 =-7.61E-18 UC1 =-5.6E-11
+WL =0 WLN =1

+WWN =1 WWL =0

+LLN =1 Lw =0

+LWL =0 CAPMOD =2

+CGDO =2.91E-10 CGSO =2091E-10
+CJ =7.269487E-4 PB  =0.9581537
+CJSW =2.719314E-10 PBSW =0.99
+CIJSWG =6.4E-11 PBSWG =0.99

+CF =0 PVTHO =5.98016E-3

+PK2 =3.73981E-3 WKETA =5.032394E-3

*

Bl =2.749323E-6
A2 =03

PRWB =2.090247E-4
LINT =5.097201E-8
DWG =-1.762771E-8
NFACTOR = 0.8423144
CDSCD =0

ETAB =-0.0788196
PDIBLC1 =0.0489779
DROUT =0.2314605

PVAG =0
MOBMOD =1
KT1 =-0.11
UAl =431E-9
AT =3.3E4
WW =0

LL =0

LWN =1
XPART =0.5
CGBO =1E-9

MJ  =0.4963302
MJISW =0.3106279
MISWG =0.3106279
PRDSW = 14.8598424

LKETA =-4.435939E-3 )
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APPENDIX B. BASIC CURRENT MIRROR USED SEVEN LEVEL A/D CONVERTERSBASED ON CURRENT MULTIPLICATION TECHNIQUE

ET o @1 s =L | g gl
as ﬁ_f#f—li ' B 55,—*';
I P i | §E
;iﬂl__ FEL
’ & 21 &
Q.E LA -
LE1
I g'T_'i"l : } "
1L
TLT

[ Lk sl
E Ok :]:,.Lﬂg
= ELJ;I,.LIL;

S —I_'__Tg

50

el

b

g —

s e L

- o~

g —

—iLrJ. —

el

i—f—lg

Lo —i7

e e S — |

Figure Appendix: Basic Current Mirror used Seven Level A/D Converters based on Current Multiplication Technique
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APPENDIX C. CASCADE CURRENT MIRROR USED SEVEN LEVEL A/D CONVERTERSBASED ON CURRENT MULTIPLICATION TECHNIQUE
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Figure Appendix B: Cascade Current Mirror used Seven Level A/D Converters based on Current Multiplication Technique
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APPENDIX D. IMPROVED WILSON CURRENT MIRROR USED SEVEN LEVEL A/D CONVERTERSBASED ON CURRENT MULTIPLICATION TECHNIQUE
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Figure Appendix D: Improved Wilson Current Mirror used Seven Level A/D Converters based on Current Multiplication Technique
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APPENDIX E.1 BASIC CURRENT MIRROR USED SEVEN LEVEL A/D CONVERTERSBASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix E.1: Basic Current Mirror used Seven Level A/D Converters based on Current Division Technique
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APPENDIX E-1 BASIC CURRENT MIRROR USED SEVEN LEVEL A/D CONVERTERSBASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix E.1: Basic Current Mirror used Seven Level A/D Converters based on Current Division Technique



APPENDIX E-2 BASIC CURRENT MIRROR USED SEVEN LEVEL A/D CONVERTERSBASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix E.2: Basic Current Mirror used Seven Level A/D Converters based on Current Division Technique
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APPENDIX F.1 CASCADE CURRENT MIRROR USED SEVEN LEVEL ANALOG TO DIGITAL CONVERTERS BASED ON CURRENT DIVISION
TECHNIQUE
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Figure Appendix F.1: Cascade Current Mirror used Seven Level Analog to Digital Converters based on Current Division Technique
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APPENDIX F.2 CASCADE CURRENT MIRROR USED SEVEN LEVEL ANALOG TO DIGITAL CONVERTERS BASED ON CURRENT DIVISION
TECHNIQUE
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Figure Appendix F.2 :Cascade Current Mirror used Seven Level Analog to Digital Converters based on Current Division Technique



APPENDIX G.1IMPROVED WILSON CURRENT MIRROR USED SEVEN LEVEL A/D CONVERTERSBASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix F.1: Improved Wilson Current Mirror used Seven Level A/D Converters based on Current Division Technique
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APPENDIX G.2IMPROVED WILSON CURRENT MIRROR USED SEVEN LEVEL A/D CONVERTERSBASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix G.2 : Improved Wilson Current Mirror used Seven Level A/D Converters based on Current Division Technique



APPENDIX H. BASIC CURRENT MIRROR USED EIGHT LEVEL A/D CONVERTERSBASED ON CURRENT MULTIPLICATION TECHNIQUE
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Figure Appendix H: Basic Current Mirror used Eight Level A/D Converters based on Current Multiplication Technique
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APPENDIX |
CASCADE CURRENT MIRROR USED EIGHT LEVEL A/D CONVERTERSBASED ON CURRENT MULTIPLICATION TECHNIQUE
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Figure Appendix I: Cascade Current Mirror used Eight Level A/D Converters based on Current Multiplication Technique

108



APPENDIX J
IMPROVED WILSON CURRENT MIRROR USED EIGHT LEVEL A/D CONVERTERSBASED ON CURRENT MULTIPLICATION TECHNIQUE
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Figure Appendix J: Improved Wilson Current Mirror used Eight Level A/D Converters based on Current Multiplication Technique
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APPENDIX K.1
BASIC CURRENT MIRROR USED EIGHT LEVEL A/D CONVERTERSBASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix K.1: Basic Current Mirror used Eight Level A/D Converters based on Current Division Technique
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APPENDIX K.2
BASIC CURRENT MIRROR USED EIGHT LEVEL A/D CONVERTERSBASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix K.2 : Basic Current Mirror used Eight Level A/D Converters based on Current Division Technique
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APPENDIX L.1
EIGHT LEVEL CASCADE CURRENT MIRROR USED A/D CONVERTERSBASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix L.1: Eight Level Cascade Current Mirror used A/D Converters based on Current Division Technique



APPENDIX L.2
EIGHT LEVEL CASCADE CURRENT MIRROR USED A/D CONVERTERS BASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix L.2: Eight Level Cascade Current Mirror used A/D Converters based on Current Division Technique




APPENDIX M.1
EIGHT LEVEL IMPROVED WILSON CURRENT MIRROR USED A/D CONVERTERS BASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix M.1: Eight Level Improved Wilson Current Mirror used A/D Converters based on Current Division Technique
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APPENDIX M .2
EIGHT LEVEL IMPROVED WILSON CURRENT MIRROR USED A/D CONVERTERS BASED ON CURRENT DIVISION TECHNIQUE
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Figure Appendix M.2: Eight Level Improved Wilson Current Mirror used A/D Converters based on Current Division Technique



