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Abstract

One of the most important building blocks in modern IC design is the operational
amplifier. For the portable electrocardiogram (ECG), the operational amplifier is
employed to sense and amplife electrical signal of heartbeat of human body. For the
battery powered portable ECG system, low supply voltage environments are required to
reduce power consumption and the result is a reduced input common mode range (ICMR)
of the opamp. To overcome the daced ICMR problem, complementary differential
pairs operatechi parallel are commonly useddchieve aail-to-rail input commormode
range. However, this complentary differential input pairstructure can have a
substantiatransconductance (gm) vai@i problem anch dead pne problem in dow
supply voltage environment andn extremely low supply voltage environment
respectively. In the past years, a humber of techniques have been proposed to overcome
those problems for low and extremely lowsupply voltage environments. This
dissertation is focused on ap-amp applicable to gortable ECG system and total
five novel raitto-rail constant gm oampsusful for circuits such as portable ECG are
proposed. Three of those @mps workin the low suppy voltage environment and two
op-amps are proposed fdhe extremely low supply voltage environment. Cadence
SPECTRE simulgon and TSMC 0.25um CMOS technology are used sonulateand

lay outthese works.
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Chapter 1. Introduction

1.1 Background and Motivation

One of the main trends ofegltronic biomedical devices p@rtablity and wireless
operation Because, for the future healthcare services, portable electronic health
monitoting devices will enable 24 hourealth monitoring, home healthcare systems,
early detection of diseases and so Blectrocardiogram (ECG3 one of the elgronic
biomedical systemwhich senses the electrical signal of the heartbeat to detect abnormal
rhythms of the heartA conventional ECG system, however, is very bulkyd not
convenient for 24 houmonitoring due to wired connectionsorable ECG facitates 24
hourmonitoring for patients who have heart diseases andasdthcmonitoring in their
everyday life. With this trend of battery powered health monitoring systems, portable

biomedical devices demand circuits operating in low supply valtage

In the ECG system, amp-ampoftensenses and amplifies the electrical signal of
the heart. The esamp of the portable EC@ay haveto be operated in low supply
voltage environments for lower power consumption and the result of lowered supply
voltage is a réuced input common mode range (ICMR) of theaomgp. A commonly
used way to overcome reduced ICMR problem and ensurgot@ll input common
mode signal is complementary differential pairs operated in pargiteiré1.1). Because

both N-type and Rype differential pairs are employed in the input stage, the entire range

1
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Figure1l.1 Complementary Input Diffential PairStructure

of supply voltage, raito-rail, can be an input common mode range. One problem with
the complementary differential pastructure, however, is overall transconductance (gm)
variation in the middle range ¢fie common mode inputignal. There are two possible
situations according to the environment of supply voltage. The first situation is about two
times the transconductance variation problem with low supply voltage environment and

the second is dead zone problem with extremelydopply voltage environment.

Figure 1.2 shows that the working principle of compientary input differential
pair structure and the transconductance variation pnobhth a low supply voltage
environment. IrFigurel1.2 (a), if asingle input differential pairitherN-type or Ptype,
is usedtheturn off region oftheinput common mode voltage of-type or Ptype input
will limit a portion of the ICMR. Tle complementary input differential pair structure
employs both of Nype and Rype input differential pairs and ensures-taifail input

common mode voltage range. The problem of this structure, however, with low supply

2
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times the transconductance

Figurel.2 Working Principle and Total Gm Variation of Low Supply voltage Environme

voltage isthat there isan approximately twdold transconductance variatidhroughout

the common mode input rangehich results in a variable unity gain frequency and a
stability problemFigurel1.2 (b) shows the totatansconductance variation problem with
low supply voltage. Both NMype and Rype input differential pairs are turned on at the
same time in the middle range of common mode input signal and that causes about tw

variatidn. the past years, a number of constant gm

3
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Figurel.3 Working Principle and Dead Zone of Extremely Low Supply voltage Environrmr
techniques ar@roposed to overcomide transconductance variation problemaofow
supply voltage environment and three typical techniques are briefly explaicbdpter

2.

The situation ofan extremely low supply voltage environment is totally different
from the case of low supply voltage environment. With extremely low suppigoe

both of Ntype and Rype differential input pairs of complementary input differeriir
4



structure are turned off or triode region in the middle range of common mode input
signal. Figure 1.3 shows currents of input pairs and total transconductance variation of
the extremely low supply voltage environment. Because the both input pairs are turned
off or in thetriode region, the total transconductance is venglsor almost zero in the

middle range of common mode input signal. THossregion is calledhe6 d ead z one 6.
few techniques are previously introduced to avibid dead zone problem and some

typical techniques are explained in chapter 4.

In this disertation, five novel techniques are proposEke first three are ew
level shifting technique, saturation point control technique, and modified new level
shifting techniqueand these three techniques amerking in low supply voltage
environment. The otlietechniques are common mode elimination technique and new
input signal compression technique. Those technigaes be made to workn the

extremely low supply voltage environment.

1.2 Requirements of Portable ECG Amplifier

A conventionbECG system usulgl employs annstrumentation amplifier which
is also employed by other biomedical instruments such as EEG, EMG, andFsgura.
1.4 shows the structure of the instnentation amplifier and this structure has some
intrinsic characteristics which are suitable for ECG system. First, the instrumentation
amplifier has very high input impedance. For ECG systems, electrodes are usually used

to sense the electrical signdlteeartbeat and a high input impedance is required for the

5
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Figurel.4 Structure of the Instrumentation Amplifier

ECG amplifier because of high impedance of electrode. The minimum allowable input
impedance of the ECG amplifier figpically 1 0  Nf8]) which is easily achieved in a
MOSFET amplifier since thaput of the instrumentation amplifier is directly connected

to the gate of MOSFET arith input impedance is very high. The second requirement of
ECG amplifier is high common mode rejection ratio (CMRRhe ECG system is
requiredto sense onlyhe cardiacsignal and reject all other electrical common mode
signalstypically from larger muscles in thbody. InFigure 1.4, if ® andw which are

two inputs of the instrumentation amplifier have same voltage, the current wbnveh fl
through resistoly is ideally zero and the voltage @f andw arethe same. Thus, there

is no amplification of common mode voltage and the instrumentation amplifier has very
high CMRR. The third is a gain that can be changeddjystingY . The gain of the

instrumentation amplifier is expressed as below.

e, WE Cz'Ye Mt
Ow Qg —— p
wp  uxg

Yp Yo



There are two registers fof , 'Y , andY , while only one register is required for
(Figure 1.4). Hence, the gain of the instrumentation amplifier is easily controlled by

adjustingy .

For the amplifier of the portable ECG system, low power consumption is required
as well as all other requirements for thenventional ECG system mentioned before.
Basically, the portable ECG system is battery powered and for more battery life, low
power consumption and low supply voltage for an amplifier is essential. This dissertation
is focused on an operational ampliffer the portable ECG with low supply voltage and

extremely low supply voltage environment.

Listed below aresome target specificatisrior the novel low supply voltag rait
to-rail op-ampsproposed in this dissertation. Gains of all amplifiers are lahger 40dB
and 3dB frequencies araround 150Hz. Phase margins are larger than 55%]n [
acceptable input referred noise of ECG amplifier is 30u&hd 5pVOgat 1Hz of
input referred noise is good enough for ECG signal acquisiBorirge transigir sizes
are used to reduce flicker noise at low frequencies and input referred noise is about
5uV/Odat 1Hz. CMRR, unity gain frequency, average power consumption, supply
voltage, and gain variation of all proposedampps are compared with each othsing

post layout simulationesultsin Chapter 6.



1.3 Organization of TheDissertation

This dissertation is divided into seven chapters. Following this introduction,
previously introduced ratio-rail amplifiers for low supply voltage environment are
described in Chapter 2. The low supply voltage environment is explained first and three
typical raitto-rail techniques are described. Three typicatu@iail techniques for the
low supply voltage environment are tail current control technique, maximimmium
current selection technique and level shifting technique. Not altoradlil constarigm
techniques for low supply voltage amplifier can be categorized in these three techniques,
but these techniques are typical method for consfantof raitto-rail operational

amplifier with low supply voltage.

In Chapter 3, three novel rdib-rail constarigm techniques for the low supply
voltage environment are proposed. The first technique is new level shifting technique.
This technique has similar concepitiwthe conventional level shifting technique. For
this novel technique, however, only one diode connected NMOS is required and that is
the simplest method for raib-rail constarigm opamp. The second one is saturation
point control technique. This isomel transition regions technique and proposed to
overcome drawback of conventional and new level shifting technique. The last technique
is the modified new level shifting technique which is hybrid of new level shifting
technique and saturation point cattechnique. The transconductance variationhef

new level shifting technique can be reduced considerably using this technique.



Literature review for previous technique of extremely low supply voltagecail
rail op-amp is given in Chapter 4. Previoyshtroduced techniques are dynamic level
shifting technique, depletion mode input pair technique, bulk driven input stage technique

and input signal compression technique.

Two novel techniques for extremely low supply voltage-t@ilail constarigm
op-amps are proposed in Chapter Bhe ®@mmon mode elimination technique is the first
technique. This technique employs conventional input signal compression technique and
signal inverting blocks are introduced with resistors to elimittkeommon mode input
signal. Becausehe common mode input signal is eliminated, very high CMRR is
achieved.The rew input signal compression techniqigthe second technique for the
extremely low supply voltage environmer#nd has the same basic conceptas the
common modeelimination technique, Wi conventional input signal compression blocks
are replaced bw new input signal compre®n block to improve bandwidth ambise

performance, anteducecomplexity.

In Chapter 6, all the post layout simulation results are shanehall proposed

techniques are comparebhe onclusionis given in Chapter 7.



Chapter 2. Literature Review for Low Supply
Voltage Op-Amp

2.1 Low Supply Voltage Environment

As mentioned in Chapter &,low supply voltageoftenresults ina reduced input
common mode range problem. The conventional comgieary differential input pair
structure which overcomes reduced ICMR problem and ensurés-rail input common
mode range hadoublethe transconductance in the middle range¢hefinput common
mode signalwhen compared to the higher and lower voltage regions of the common
mode signal This doubledtransconductance variation impliestwofold variation of
gain andtwo-fold variation inunity gain frequency. The unity gain frequency aton
can causeerious stability problemxWhen he compensation capacitor is optimized for
sufficientphase margiffior stable operatiorthe unity gain frequency variéy a factor of
two depending on the value of input common mode voltageconsequently thehase
margin may not be enough and the whole system may be unkialglertain values of
common mode input (usually midway between the power suppliégrefore, constant
transconductancas a function of common mode inpigt desirablefor a low supply
voltage raitto-rail op-amp. For this reason, several constant transconductance techniques

for low supply voltage raito-rail op-amp are proposed in the past. Three typical

10



techniques from among those techniques are briefly explaindgk ifolowing sections

of this chapter.

2.2 Tail Current Control Technique

The first typical technique for low supply voltage +@irail op-amp isthe tail
current control technique. In the low supply voltage environment, bayp&land Rype
input differential pairs of the complementary input pairs structure are turned on at the
same time in the middle range thie common mode input signal and the currents of the
middle range of both input pairs cause two times the transconductance vafaioe (
1.2). Thus, if the currents of both input pairs are controlled in the middle rantpe of
common mode input signal, the total transconductance can be kept constanitréhts

and transconductance of input pairs, and the total transconductance are expressed as

below.
o pt P w o O
¢ " VR
o, I3 4 (b w, 5 v~
Qa R0 - Or GU Uf O
"Q4 V6 Q4 MO O O (fod 0d 09

From the above equations, for the constant total transconductai®e, "O must be
kept constant in the whole range of input common mode signal, becaliseconstant.
Therefore, in the middle range of input common meumal,O andO should be one

guarter of O of high input common mode voltage afbf low common mode voltage.
11
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Figure2.1 Tail Current Control using Square Root Current Circuit

A number of techniques employ this tail currenntroltechnique andrigure2.1
shows the concept of this technique and total transconductance varigkgi]f[ Some

eqguations for explanation of this circuit are given below.

W § W § W § W § 0OEeEi OwWeEO
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The sum of source gate voltage differernoe, of M1 and M2 is same as the sunuof

of M4 and M5. From the above equation, g of the square root§ ‘O andO is
constant. And the currents of M4 and M5 are same Witnd"O. 'O andO are currents

of NMOS and PMOS input pairs, respectively. Thereforé0O O can be kept
constant and as a result, the total transconductance is constant in the whole range of input

common mode signaF{gure2.1 (b)).

Another method to control tail current is introduced 8f~[10]. This technique
employs current switch to control tail current and conceptual circuit of this technique is
shown inFigure 2.2. When NMOS or PMOS input pair is turned off, the switch 2 (SW2)
or the switch 1 (SW1) diverts tail currét , respectively. Using 1:3 current mirror,
30 is added to tail currer®® of PMOS or NMOS input pair. As a result, the total

current of NMOS or PMOS input pair when the common mode input signal is close to

vdd or Vssis 40 . Thus, O O and the total transconductance can be kept

13
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Figure2.2 Tail Current Control using Current Switch

constant in the whole range of input common mode signal.

The above square root circuit and 1:3 current mirror circuit, however, have two
limitations. Thefirst limitation is that both techniques are based on drain current
guadratic characteristic. Those techniques cannot apply to deepicumneter CMOS
devices because deep sguicrometer CMOS devices do not follow quadratic
characteristic accurately. Tecond is two times variation of slew rate. The above two
techniques has two times the total current of input stage variation and that causes slew
rate variation. In11], hexpair structure is proposed to overcome these limitations. The
circuit of inputstage of this technique is shown kigure 2.3. There are three PMOS
input pairs and three NMOS input pairs. When the common mode input signal is close to

Vss, only MOS input pairs, block P1 and block P2, are turned on. The total current of
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Figure2.3 Tail Current Control using HeRair Structure

block P1 is 22 and on€O of this total current is diverted to block N2. Thu¥ 2,

one’O from block P1 and anoth& from block P2, are transferred to the folded
cascode current summing stage. When the common mode input signal is close to Vvdd,
only the input pirs of block N1 and N2 are turned on and, with the same working
principle of PMOS aie trgnsferredpoahie next&tage. danghe middke
range of input common mode signal, only the input pairs of block P1 and block N1 are
turned onOne’O from block P1 is diverted to block N2 and NMOS input pair of block

N2 is turned off. And on@® from block N1 is diverted to block P2 and PMOS input
pair of block P2 is turned off. Henceé(® , one’O from block P1 and anothé& from

block N1, are transferred to the next stage. Because the total currents of input pairs are
always 20 in the whole range of input common mode signal, there are no significant
variations of total transconductance and slew rate.
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2.3 Maximum/Minimum Current Selection Technique
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Figure2.4 Maximum Current Selection Technique

The maximum/rmimum current selection technique is the second typical
technique for low supply voltage rdd-rail op-amp. The basic concept of this technique
is only the current of one pair, larger or smaller current, is transferred to the next stage.
Therefore, theonlyan i nput pairds transconMaximumance
current seleavn technique is introduced i3] and Figure 2.4 shows the circuit of the

input stag of maximum current selection technique. When the current of PMOS input,
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Figure2.5 Total Transconductance of Maximum Current Selection Technique

‘O, islargerthan the current of NMOS inpu©, the currents of M1 and M2D andO ,
equalo (Figure2.4 (b)). BecauséO is smaller thariO, the current of M30 , equalsO.

In this situation, M4 is turned off and the currents of M4 and ®5and™O , are zero.
Thus,OequalsO O, becausé equals sum oD andO . On the contrary, ifOis
larger thanO, the currents of M1, M2, and M3 equ@l Then, the currents of M4 and
M5 are0O O O "O. Therefore,O equalsO, because™O equals sm of O and
OD,0 O 0O O O ™0 As aresult, only the larger current and the larger
transconductance can be transferred to the folded cascode current summiriggiage.

2.5 shows the total transconductance variation of maximum current selection technique.

In [12], the minimum current selection technig@&hich hasa similar concept to
the maximum current selection techniquis proposed. The circuit of the minimum
current selection block is illustrated kiigure2.6. If ‘Ois larger thariQ O O O
‘O and0 O .0 is'™O O because© is sum ofO andO .0 equalsO and

‘O is sum ofOandO . Sg OequalsQ becaus€®® © O O O O 1O
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Figure2.7 Minimum Current Selection Technique

On the other hand, whé@is smaller tharlO, 'O O “O O . In this situation,
M2 works in triode region and M3 and M4 are turned off. THOs ‘O QO As a

result, the smaller current is selected@dor all cases.

Figure2.7 shows thanput stage circuit of minimum current selection technique.
Two input currents of the minimum current selection block@re "©and©O O

When the current of NMOS input pai@, is larger than the current of PMOS paw,

18



‘O Ois smaller thanrO O, and™O O will be the output current of the
minimum current selection block. Thus, the transconductance of NMOS input pair is
transferred to the folded cascode current summing sta@isifarger thariO,© O

will be the output current of the minimum current selection block, and the
transconductance of PMOS input pair is transferred to the next stage. As a result, total
transconductance variation is same with the maximum current selection tec{Higyue

2.5).

2.4 Level Shifting Technique

The peviously explained techniques, @hapter2.3 and 2.4, require additional
complex circuitry and often have degrddEMRR. To overcome these drawbacks,
simple constant transconductance-taitail technique is proposed id][ This technique
is level shifting technique and the input stage of this technique is illustrafteglire2.8.

In this technique, two PMOS source followers are used for common mode input level
shifting. The input signal of the amplifier is directly connected to the input of a PMOS
source follower and Mhannel input differential pair, and the output of the PMOS source
follower is connected to the input of thecRannel differential pair. Thushe shifted

input signal is fed to the input of thedRannel differential pair.
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Figure2.9 Total Transconductance of Level Shifting Technique

Wherew is the shifted input signal (by the PMOS source follower) @ndis the
PMOS transistor gatsource voltage, and andw are the overdrive voltage and
threshold voltage of the PMOS transistor, respectively. The current aisddraductance

of P-channel input differential pair are shifted towards the negative as mugh asAs
20



a result, the transition regions of thecNannel and fhannel input differential pairs are

overlapped.

The overall transconductance variation ®wn in Figure 2.9. If PMOS source
followers are not used to shift input common mode signal, the overall transconductance
hasdoublesin the middle range of input conon mode signalRigure 1.2 (b)). But the
transconductance dhe PMOS input pair is shifted by the PMOS source follower and
transition regions of NMOS and PMOS areedapped Figure 2.9). Therefore, total

transconductance can be kept constant in the whole range of input common mode signal.
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Chapter 3. Novel Low Supply Voltage Raitto-Rail
Op-Amps

In Chapter 2, somgypical techniques which are previously proposed in the past
years are briefly explained. In this chapter, three novel techniques for a constant
transconductance raib-rail op-amp of low supply voltage environment are introduced.
The first technique isaw level shifting technique and the second one is saturation point
control technique. The last technique is modified new level shifting technique which is

hybrid of the first and the second technique.

3.1 New Level Shifting Technique : The Simplest Techgue

The conventional level shifting technique is proposedjrand briefly explained
in Chapter 2. Inq], 1.2um CMOS technology is used and the supply voltage is +1.5V.
New level shifting technique is designed with TSMC 0.25um CMOS technology and
1.6V sngle supply voltage. For direct comparison, the conventional level shifting
technique is r@lesigned and simulated with TSMC 0.25um CMOS technology and 1.6V
single supply voltage.

As explained in Chapter 2.4, the conventional level shifting techniqueris v

simple and has no serious degradation of CMRR. New level shifting technique, however,
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Figure3.1 Structure Comparison of Conventional and New Level Shifting Technique

has same concept and more simple structure. The conventional level shifting technique
requires two PMOS source followers, totally four MOSFETs, but only one diode
connected NMOS is employed for new level shifting technidgtigure 3.1 shows

structure comparison of these two techniqiégure3.1 (a) is the input stage structure of
23



the conventional level shifting technique. Because of two PMOS source folldivers,

common mode input signal of PMOS differential input pair is shifted as much as
[ W ® and the current and transconductance of PMOS input pair are

shifted towards the negative as muchas of PMOS source follower.

Figure 3.1 (b) shows the structure of new level shifting technique. There are
complanentary differential input pawmperated in parallel and only one diode connected
NMOS is added above the tail curresource of the Nchannel differential input pair. If a
diode connected NMOS is not added, the structure is simply a conventional
complementary differential input pair operated in parallel and the transconductance of the
amplifier varies from gm to about 2gin the middle range of the common mode input.
For this conventional complementary differential input pair, the minimum input voltage
of the Nchannel input differential pair is given below.

In the above equation) is the overdrive voltage of NMOS tail current source and

is the gatesource voltage difference of thedWannel input differential pair. For the case

of the proposed novel structure, the minimum input voltage efh&hnel input
differential pair is given below.

As shavn in the above equation, anothier is required because of diode connected
NMOS above the NMOS tail current source. Thus, the current and transconductance of

N-channel input differential pair are shifted as muclwas If w of PMOS soure
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Figure3.2 Comparison of Total Transconductance ig&on

follower of the conventional level shifting technique is same with of diode

connected NMOS of new level shifting technique, the shifting amount of two techniques
is exactly same and the total transconductance variations have sameFigatdt3.2

shows the comparison of total transconductance variation concepts of two techniques.
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Figure3.3 Simulation Results of Total Transconductance Variation

Figure 3.3 shows the simulation results of the total transconductance variations.
Figure 3.3 (a) is the case of the conventional level shifting technique with %i6yle
supply voltage and TSMC 0.25um technology. The result shows +4.97% of total
transconductance variation. The simulation result of new level shifting technique is

shown inFigure 3.3 (b). Because of addition of diode connected NMOS, the slope of
26



transition region of NMOS is gentler than that of PMOS. This mismatch cause larger
total transconductance variation and the lteshows +8.66% of total variation. To reduce
this larger total transconductance variation, modified new level shifting technique is

proposed in Chapter 3.3.

New level shifting technique proposed in this chapter requires only one MOSFET
for a constant trastonductance and that is the simplest technique for-to+aill op-amp
with low supply voltage environment. One drawback of this technique is relatively large

total transconductance variation.

3.2 Saturation Point Control Technique

As mentioned beforethe advantages of conventional and modified overlapped
transition regions technigues using voltage level shifting are simplicity and high CMRR.
One of the main drawbacks of those techniques, however, is a limited amount of voltage
shifting. The comparisomf two techniques, the conventional and new level shifting
technique, is given in Chapter 3.1 with 1.6V single supply voltage. However, if supply
voltage is lower than 1.6V, required amount of voltage shifting for a constant
transconductance is smalleathwhat is required for a 1.6V supply voltage. Because of
the minimumw required for active mode operation of transistors, the volshiféing
amount of input commomode signal cannot be lower than the power supply limited
amount of voltage shiftingeven if theshifted amount of input commamnode signal is

lower than the limited amount using stifvteshold current, the aspect ratio of transistors
27
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which are used to shift common mode input signal should be extremely large and those

transistors cannot be used practically.
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Figure 3.4 shows the simulation results of total transconductance variation for the
conventional and new level shifting technique with the supplhagelof 1.6V, 1.4V, and
1.2V. TSMC 0.25um technology is used to simulate this work and the minimum
threshold voltages of PMOS and NMOS are ab800mV and 450mV which are the
minimum required for active mode operation of PMOS source follower aodedi
connected NMOS, respectivelfhe required voltage shifting amount for a constant
transconductance is 550mV, 330mV, and 110mV with 1.6V, 1.4V, and 1.2V of supply
voltage respectively. For the case of 1.6V supply voltaggife 3.4 (a)), required voltage
shifting amount for a constant transconductance is 550mV which is larger than the
minimumw of PMOS and NMOS, and the simulation results shdv®#% and +8.66%
variations of overall transconductance with aspect ratiow afjip for PMOS source
follower and x ®j p for diode connected NMOS. However, with the same aspect ratios
of PMOS source follower and diode connected NMBi§ure 3.4 (b) and (c) show that
overall transconductances cannot be kept constant because required voltage shifting
amount for a constant transconductance is smaller than the mirimundsing sub
threshold drain current, overall transconductance can be keptangnbut the aspect
ratios of PMOS source follower would need to b&{1) and (¢°/1) with 1.4V and 1.2V
supply voltages, respectively. For diode connected NMOS,0(8% and (3107/1) of the
aspect ratio are required with 1.4V and 1.2V supply voltage. Those aspect ratios are
obviously impractical and the conventional and new level shifting techniques have a

limited amount of voltage shifting as a result.
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Basically, the conceptof the conventional and new level shifting technique are
overlapped transition regions of the transconductances of NMOS and PMOS. With the DC
voltage level shifting technique, another type of overlapped transition regions technique is
also introduced ifl]. The main concept of that technique is saturation point control of
current in N and Rchannel differential input pairs. This type of overlapped transition
regions technique does not have a limited amount of voltage shifting. Proposed technique
controk the aspect ratios of the input differential pairs transistors and the optimized aspect
ratios for constapgm are 1/5 and 1 for NMOS and PMOS respectively. As mentioned in
[1], those aspect ratios are too small and degrade the noise performance astorgans

mismatch insensitivity.

A novel overlapped transition regions technique proposed in this chapter has the
same basic concept as a previously introduced technique that controls the current
saturation points of differential input pairs. We do not aanthe aspect ratios of
differential input pairs transistors, but rather control the saturation point of a current

source.

Figure 3.5 shows the structure and the basic working principle of saturation point
control technique with simulation results. M1 and M2Fgure 3.5 (a) are thecurrent
source of the Mhannel input pair and M2 is added to lower transconductance variation in
the saturation region. Ifigure 3.5 (b), without séuration point control, the saturation
point of current of the NMhannel input pair is indicated a@s Without saturation point
control, M3 is not added and is voltage of sources of the-®hannel input pair. With this

condition, in the turron regon, the triode region and the saturation region afhinnel
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differential input pair, the voltage df varies along with input common mode voltage
(Figure 3.5 (c)). However, with saturation point control, the voltagewofs lowered
because of the addition of MBigure3.5 (c)) and the voltage difference between the drain
and source of M2p , is lowered. Asa result, a larger input commamode voltage is
needed to saturate M2 and the saturation paintis shifted taw agFigure 3.5 (b)). In
Figure 3.5 (c), the cut off voltage of the PMOS input pair is about 850mV of the input
common mode voltage and that voltage must be the same as the shifted saturation point
voltage of NMOS input pai a&For the saturation of M2 at 850mV of input aoon
mode voltage, the voltage differencecof andw  must be the same as

®w ,® ,andw are the gatsource voltage, threshold voltage, and deainrce
voltage of M2 respectively. From the below equationsytiee ofw is aboutl60mV at
850mV of input commormode voltage anéd should be 880mV. The case of the P
channel input pair is symmetric with the case of thehisinnel input pair and the value of
w is about 360mV whethere is 300mV of input comon mode voltage, which is the
cut off voltage of Nchannel input pair. The simulation result of saturation point control is

shown inFigure3.5 (c). For this simulation, 1.2V single supply voltage is used.

W W W (Saturation of M2)
W W W W W
@ @ W W
p., ., W :
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The simulation result ofFigure 3.5 (c) shows *7.48% variation of overall
transconductance and for better performance, some modification is required. Shifted
saturation pointswaeand wag are well controlled, but the variation of overall
transconductance in the overlapped transition regions degrade the performance. To
decrease this variation, the voltageuof andw are modified Figure 3.6 (a) shows the
structure of modified saturation point control technique. PMOS and NMOS source
followers are added to control the voltagesafandw gerespectively. The input signal of
the PMOS source follower comes from the sources of tHtaaxinel input pair and this
signal is the semet heuttFdgd &5i(ay iPEMIOS soufce 6
follower shifts this signal as much as of PMOS and this shifted signal is connected to
® . Figure3.6 (c) shows that befommodification,w is constant and cannot control the
current of the Nchannel input pair in the transition region. of the modified technique,
however, varies along with the input common mode voltage and set to 880mV at 850mV
of input common mode oltage to controtba Thus, in the transition region of the
modified technigued andw of M3 are smaller than those of the unmodified technique.
As a result, because of lowered of M3, the current of Nchannel input pair is lowered
in the transition region and the graph of transconductance is more linear than unmodified
one Figure3.6 (c)). The case of the-€hannel input pair is symmetric with the case of the
N-channel input pair. The simulation result shows that the variation of overall
transconductance of the modified saturation point control technique is +3Fa5%e@.6

(b)).
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Figure3.7 Total Transconductance Variations with Supply Voltage of 1.6V, 1.4V, and 1

Figure3.7 shows the simulation results of overall transconductance variation with
supply voltage of 1.6V, 1.4V and 1.2V using the saturation poimtraictechnique which
is the new overlapped transition regions technique proposed in this chapter. These results
demonstrate that if overall transconductance is larger than the transconductanrae of N
P-channel input paiin the middle range of commanode input signal, the saturation
point control technique can be used generally with any supply voltage without limited
amount of voltage shifting. In addition, with 1.6V supply voltage, the overall
transconductance variation of the saturation point cotdnbinique is £3.35% and better
than the conventional and modified overlapped transition regions technique. Overall
transconductance variations of the conventional and modified overlapped transition

regions technique are £4.97% and £8.66%, respectively.
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Thesaturation point control technique which is novel overlapped transition regions
technique is introduced to overcome the drawback of the conventional and new level
shifting technique. This technique has no limitation of voltage shifting amount which is
oneof main drawback of the conventional and new level shifting technique. Additionally,
this technique has smaller total transconductance variation than that of the conventional
and new level shifting technique with the same supply voltage even thougéctingque

is slightly complicated.

3.3 Modified New Level Shifting Technique : Hybrid of 3.1 and 3.2

New level shifting technigue is introduced in Chapter 3.1 and that is the simplest
technique of constant transcowthince ratto-rail op-amp for thelow supply voltage
environment. As mentioned in Chapter 3.1, one of the main drawbacks is relatively large
total transconductance variation, £8.66%. That is caused by the slope mismatch of
transconductance in the transition regions of NMOS and PMOS difbetential pairs.
Because of diode connected NMOS, the satur
shifted and that results in the gentle slope of NMOS transconductance in the transition
region. In Chapter 3.2, saturation point control techniqywaposed and that technique
controls the saturation point of currents of NMOS and PMOS input differential pairs.
Therefore, if the concept of saturation point control technique is employed for new level

shifting technique, the slope mismatch of transcotasthae can be minimize.
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Figure 3.8 shows the structure and the working principle of modified new level
shifting technique. The diode connected NMOS, M1, shifts the graph of vaoltage
much aso of M1 and that causes the shifting of transconductance of NMOS input pair.

However, inturning on region of NMOS, the slope @fwith M1 is gentler than that @b

without M1 due to the diode connected NMOS, Migure3.8 (b)). Thd is the source of

slope mismatch of transconductance. The saturation point control technique introduced in
Chapter 3.2 employs one NMOS above the NMOS tail current source and one PMOS
below the PMOS current source to control saturation points of NMO$BI@IS input
pairsoé current. This concept i's employed
Figure3.8 (a), M2 is added below the PMOS tail cutrenurce to control the saturation

point of PMOS input pair current and the slope of PMOS transconductance is gentler than

that of new level shifting techniquEigure3.8 (c)).

Figure 3.9 shows the simulation results comparison of the total transconductance
variations of two techniques. New level shifting technique has +8.66% of total
transconductance variation. But, modified new level shifting tecknigmploys the
saturation point control technique and only has +2.63% of total transconductance
variation. Modified new level shifting technique does not degrade the main advantage of
new level shifting technique, simplicity, and dramatically reduces th&l to
transconductance variation from +8.66% to *2.63%. Modified new level shifting
technique requires only two MOSFETSs. One is diode connected NMOS which is used to
shift the transconductance of NMOS input differential pair and another is PMOS which is
empbyed to control the saturation point of current of PMOS input differential pair.
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Chapter 4. Literature Review for Extremely Low
Supply Voltage OpAmp

4.1 Extremely Low Supply Voltage Environment

In Chapter 1, the total transconductance problems of low supply voltage and
extremely low supply voltage environments are mentioned. As shoWwigume 1.2 and
Figure 1.3, the dead zone problem of an extremely low supply voltage environment is
totally different fromthe tweofold transconductance variation problem of a lovpy
voltage environment. For an extremely low supply voltage environment, some special
techniques are required tocreasethe total transconductance of middle range of the
input common mode sign&b the level of the other regions of common mode input
the dead zone of an extremely low supply voltage environment, the total
transconductance is very small or almost zero. Therefore, the gain will be very small or
almost zero and that markedlydifferent fromthe two-fold variationof the gainand the
unity gain frequency in théow supply voltage environment. In the past years, several
techniqueshave beemnproposed for an extremely low supply voltage-avpp. Some
techniques use bulk of NMOS or PMOS input differential pair as a input node to avoid
the ded zone, and some techniques modify or compress the input signal into the

acceptable region of NMOS or PMOS input differential pair. In the following sections of
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this chapter, four typical techniques for an extremely low supply voltage environment are

explaned.

4.2 Dynamic Level Shifting Technique

Dynamic Level shifting Technique wdisst proposed in14] and later studied in
[15] ~ [17]. The basic concept of this technique is showRkigure4.1. Two inputs are
directly connected to the resistors, R1 ~ R4. The top and bottom of resistors are
connected to the variable current sour@syhich currents are generated by the level
shift current generator. The concegitgraph of the generated current is showRigure
4.1 (b). The generated curreff, is controlled by the common mode input signal. When
the common mode inpuigmal is around the supply rail, grounddr , theOis zero and
at the middle point of the common mode input signal,@reaches the maximum value.

The input common mode voltages of NMOS and PMOS input pairs are given by

Wherew andw  are the input common mode voltages of NMOS and PMOS input
pairs, respectively, an@d is the original input common mode voltagégure 4.1 (c)
shows the conceptual graphof ,® andw . In the left half region of the figure,
the input common mode voltage of PMOS input pair, , exists in the acceptable

region of PMOSinput pair and the input common mode voltage of NMOS input pair,
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® , exists in the acceptable region of NMOS input pair in the right half region.

Therefore, the dead zone problem can be resdiyehis technique.

The main part of this technique is the level shift current genefature4.2 (a)
shows the level shift current generator block. Some equatioried explanation of this

block are given below.

© ¢O0 O ©

© ¢O0 0

0 0 © O

The generated curreri@, is current difference 60andO, and that is difference of
‘O and 'O O.WhenO s larger than'O ‘O,0Ois™O ‘O O and©
is zero iffO is equal or smaller thariO “O . Thus, in the middle range of input
common mode signal, both pairs are turned off which mé@ns “O is zero, andOwill
be'®© . Figure4.2 (b) and (c) show simulation results of generated curi®ngnd

input common mode voltages of NMOS and PMOS imaits,c0  andw

The basic concept ahe dynamic level shifting technique is that the voltage
shifting amount of input common mode signal is controlled by the common mode

voltage. There is no voltage shifting around the supply railsjngr@rw , but in the
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middle range of thénput common mode signal, the common mode voltages of NMOS
and PMOS input pairs are shifted into the acceptable ranbyaiS and PMOS input

pairs. Thus, the dead zone problem can be avoided using this technique. In the input
structure of this technique, however, two input signals erop are directly connected

to the resistors and this technique has finite input impedance. As mentioned in Chapter 1,
one of the main requirements of the ECG amplifier is very high input impedance, almost

infinity. Therefore, this technique is not suitable for the portable ECG amplifier.

4.3 Bulk Driven Input Stage Technique

In [18] and[19], several types of bulk driveinput stage technique are proposed.
The basic concept of bulk driven input stage technique is using bulk transconductance,
‘Q , rather thaiQ which is the transconductance when the gate of MOSFET is used as
an input node. Usually, the gate of MOSFIETused as an input node and the voltage

difference of gate and source of input MOSFET, has to be larger than the threshold

voltage,w , to turn on the input MOSFET. This threshold voltage of input MOSFET
makes the dead zone problem difficudt dvoid for the extremely low supply voltage
environment. If the bulk of input MOSFET is used as an input node, however, the input
MOSFET is turned on with very small input voltage even though the input voltage is
smaller than the negative supply rdtigure 4.3 ([19])) shows the comparison of gate
driven case and bulk driven case. For the gate driven case, the bulk is connected to the

source of NMOS which is groundeand for the bulk driven case, the gate of NMOS is
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connectedo w . In these cases, the supply voltage range is from ground to 1.5V. When
the gate is used as an input node, the input voltage should be larger than about 1V to turn
on the MOSFET. But for the bulk driven case, the MOSFET risetli on in the whole

range of input voltage from 0 to 1.5V. Thus, the-taitail input stage can be achieved
using bulk driven input techniquEigure4.4 shows simple conceptual input structure of

bulk driven input stage technique.
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One of the main disadvantages of this techniquiws input impedance. As
mentioned in Chaptet.2, very high input impedands required for the portable ECG
amplifier. Another disadvaage of this technique is th& is usually smaller thaif .
Thus, | arge body effect coefficieii s o, i s
proportional to the body &effect coefficie

techniquds not appropriate for the portable ECG either.

4.4 Depletion Mode Input Pair Technique

The depletion mode input pair technique is propose®B}.[The depletion mode
MOSFET has a physically implanted channel. Because a channel is formed intrinsically,
the depletion mode MOSFET has drain current even if the voltage difference between the
gate and source is zero or negativegure 4.5 shows the current characteristic
comparison of Nchannel depletion mode MOSFET and enhancement mode MOSFET.
Depletion mode input pair technique employs the depletion mode MOS&EATs input
pair and has no dead zone problem because the depletion mode MOSFET has intrinsic

channel and negative value of the threshold voltagegFigure4.6).

In this technique, because the input signal is directly connected to the gate of the
depletion mode input pair, the input impedance of this structure is very high, almost
infinity. Using this high input impedance characteristic of depletion mode input pai
technique, hybrid type of depletion mode input pair technique and bulk driven input

technique is proposed id§]. Basic concept of the input stage of this technique is shown
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in Figure 4.7. Becausehe depletion mode input pair technique is employte, input
impedance of this structure duite high, ad the source of the depletion mode NMOS
input differential pair is conneatl to the bulk of the PMOS pair. Thus, the original input

signal is shifted by the depletion mode NMOS input differential pair and this shifted
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input signal is fed to the bulk of the PMOS pair which is the input pair of bulk driven

input technique.

Depletion mode input pair technique overcomes the dead zone problem of the
extremely low supply voltage environment with verghinput impedance. However,
the depletion mode MOSFET cannot be fabricated by the standard CMOS processes
([21])) and requires extra costs and processes. That is the main disadvantage of this

technique.

4.5 Input Signal Compression Technique

Another techique to overcome dead zone problem of the extremely low supply

voltage environment is input signal compression technique proposéd enfl 22 The
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basic concept of this technique is that the-t@tail input common mode signal is
compressedhy t he i nput signal compr e gigured.k8 bl oc
into the acceptable range of PMOS input pair chaopp. Because this technique employs

the PMOS pair input stage, not the complementary differential input structure, and the
original input signal is compressed into the acceptable rangg@S input pair, the

dead zone problem can be avoideidure4.8 shows the basic concept of this technique.

A

Figured9( a) shows the inside of Dblock 06abd,
The input/output voltage characteristics of each block are shokigune4.9 (b), (c) and
(d). Block 1 consists of a PMOS source follower in the first stage, a NMOS source
follower in the second stage, and a PMOS source follower in the last Biggee@.9
(b)). This cascade of source followers shifts the input signal and the output voltage of

block 1,0 , is shown in the graph.

The first and the second stage of block 2 are a NMOS and aSP#tQrce

follower, respectivelyFigure4.9 (c)). At the last stage of block 2, the output voltage
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is constant for lovwew because of source follower operation of the last stage of block 2,
while that works as a commeource amplifier which invertw voltage for highw.

Figure4.9 (c) shows the overall behavior of block 2.

Two inputs of block 3 ar& andw .w is the output of block 3 as well as the
whol e block of si gn &igured.® (@p Whkesss isdow, 0 id 1l oc k
constant and block 3 operates as a NMOS source follower. On the other hand) when
is high,® is constant and block 3 inverts the signatwof. The raitto-rail input signal

® iscanpressedaw t hr ough bl ock 6adé, input signal

Using this concept of input signal compression, the dead zone problem of the

extremely low supply voltage environment can be avoided. This input signal compression

technique, however, haso me dr awbacks. First, t he signa

is very complex and second, this technique has reduced bandwidth as menti@#d in [
The third one is signal to noise ratio, SNR. In input signal compression technique, the
original input ggnal is compressed by the signal compression block and this compressed
input signal is fed to the PMOS input pair-amp. The compressed differential input
signal is obviously smaller than the original differential input signal. Therefore, the SNR
of input signal compression technique is worse than that of other techniques which use

the original differential input signal.
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Chapter 5. Novel Extremely Low Supply Voltage
Rail-to-Rail Op-Amps

5.1 Common Mode Elimination Technique

In Chapter 4.5the input signal compression technique is briefly explained. Even
if that technique has some drawbadks,input signal compression technigdeesavoid
the dead zone problem of the extremely low supply voltages. t€bhnique works very
well in the extremsl low supply voltage environment, but we cannot achieve additional
CMRR advantage from that techniquand has been stated beforartpble ECG
amplifiers requirevery high CMRR because of common mode noise fobiner muscles

of human body.

In this chaptera novel common mode elimination technique for the extremely
low supply voltage environment is proposed using the basic concept of input signal
compression techniqudn Figure 5.1, the basic concept of novel common mode
el i mination technique is shown. Block 6ab
compression technique explained in Chapter 4.5. Using signal inverting block, named
bl ock 06bd, ommod maodeisputsignalrfream O te 1V can be kept constant.
While differential input signal is extracted and transferred to the following conventional
PMOS input differential amplifier. The compressed input signal which is the output

signal o fi nbvl eorctke do abdy ibsl ock &ébd6é andtorasi ng
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variation of the input common mode signal is fixed at the crossing poiatasfdw
which are the outgu s i gnal of bl ock 6ad and O6bd r es
signal is still ¢éalived and twraadwsafeemnssed t o

connected whethey are connected to resistofsgure5.2 andFigure5.3).
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Figure 5.4 shows the simulation results of minimum CMRR of input signal
compression and common mode elimination technique. Fait isignal compression

technique, raito-rail signal variation, 0 to 1V, compressed from 72.6mV to 449.4mV
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and that means 62.32% of compression rate for common mode and differential signal.
For the common mode elimination techniquie differential signal is compressed by
about 71.4%as shown irFigure 5.2 (e). Because tife compressed differential signal,
the common mode elimination technique has some loss of gain, but becausenaitetim

common mode signahigh CMRR has been obtained.

However, even if this technique has ulligh CMRR using common mode
elimination technique, the original disadvantages tled input signal compression
technique are not resolved. This common mode elimination technique still enaploys
compl ex input signal compression bl ock,
addition, the signal to noise ratio, SNR, of common modeiedition technique is worse
than that of input signal compression technique. Because the compression rate of
common mode elimination technique is higher than that of input signal compression
technique the compressed differential input signal which is tedhe PMOS input pair
op-amp of common mode elimination technique is smaller than thiteohput signal

compression technique. So, a novel technique for the extremely low supply voltage
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environment is proposed in the following section to resolve tdesm&backs of input

signal compression and common mode elimination techniques.

5.2 New Input Signal Compression Technique

As mentioned in Chapter 4.5 and 5.1, input signal compression technique and
common mode elimination technique have some disadvantages and modified technique
which is more appropriate for the portable ECG system is required to overcome those
disadvantagesln this chapter, new input signal compression technique which is the
modified version of input signal compression and common mode elimination techniques
is proposed to overcome some drawbacks of the previous techniptlsthe input
signal compression ¢bnique andhe common mode elimination technique emplay
conventional PMOS inpubecause the compressed input signal and common mode
eliminated signal are located in the acceptable common mode range of PMOS input pair.
For a novel input signal compressitechnique, however, the complentary differential
input pairstructure is employedtigure 5.5 shows the structure of proposed novel input
signal compression techlinie. For common mode input signal technique, only one
common mode elimination block which is con
and 4 resistors is required for the PMOS input padamp. For a novel input signal
compression technique, howevene more common mode elimination block is required
for the complementary differential ioppairop-amp which has both PMOS and NMOS

input pairs.
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Figure56 shows wor king principle and he
composed of block 6alb 6b16, and idaresi

simple input signal compression block which is a NMOS source follower, not the

complex input signal compression block which is employed in input signal compression

and common mode elimination techniques, and the block bl is a signal inverting block

which is very similar with that of the common mode elimination technique. In region I,

the block al is turned off and differential input signal is not transferred to the PMOS

input pair. The block al is turned on in region Il and lll, but the transferfestatitial

input signal of region Il is smaller than that of region Il because in region Il, the NMOS

source follower of the block al is in triode region and signal compression rate is higher

than that of region Ill. This differential signal loss will bempensated by the signal
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signal is transferred. The differential input signal transfer and compensation concept is

shown inFigure5.8.

For this technique, the common mode elimination technique is employed and the

common mode variation ofo |

transconductance

aeand W

vari

j

ati

&is below 2mV. Thus, the

on of PMOS and

NMO

compression rate difference among those regions, the gain variation at the output still
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 Gain : 45.54dB | Gain: 43.3dB ' Gain : 66.83dB
| UGF : 28.72KHz UGF : 26.43KHz | UGF : 1.746MHz
Conventional -Compression Common Mode Elimination New Con;ni)ression

Figure5.9 Comparisons of Gain and Unity Gain Frequency

exists. However, input signal compression technique and common mode elimination
technique also have gain variation because of nonlinearity of compressed input signal.
The overall gain variation of a novel technique is smaller than that of input signal

compression technique and common mode elimination technique.

Figure 5.9 shows the gain and unity gain frequency comparisons of simulation
results of 3 techniques, input signal compression technique, common mode elimination
technique, and a proposed novel input signal compression technique. The unity gain

frequencies of previgsly proposed techniques, input signal compression and common
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Compression Rate : 63% Compression Rate : 71% Compression Rate : 50%
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Input Signal EGmpression Common Mode Elimination New Input Sign;‘llmbompression

Figure5.10 Comparison of Transferred Differential Input Signal

mode elimination techniques, are below 30KHz and that of a proposettedweique

expands to 1.746MHz.

A novel input signal compression technique proposed in this chapter overcomes
some disadvantages of previously introduced techniques. First, the complex input signal
compression blocks of input signal compression and cammmwde elimination
techniques are replaced to the simple NMOS and PMOS source followers. Second, the
unity gain frequency expands to 1.746MHz. Previously introduced techniques have
reduced bandwidths and unity gain frequencies of those techniques are30&biz.

For the last part, new input signal compression technique has better SNR than previous
techniques. As mentioned in Chapter 5.1, the signal compression rate of input signal
compression and common mode elimination techniques are about 63% and 71%
regectively. That means if the original differential input signal is 1mV of gegleak

value, the compressed and common mode eliminated differential input signal of those
techniques are 0.37mV and 0.29mV respectively. However, the signal compression rate
of proposed novel input signal compression technique is 50% and 0.5mMgpee#k

compressed differential input signal is transferred to thamp when the original peak
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to-peak value of differential input signal is 1m\Figure 5.10). Because bigger
differential input signal is transferred, proposed technique has better signal to noise ratio

than previous techniques.
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Chapter 6. Simulation Results and Comparison

In this chapter, all simulation results and compassitiive novel raitto-rail op-
amp techniquesire describedLarge transistor sizes atesedto reduce noise as these

designs, especially the input signal compression designs, can have substasgi@dl oi

mentioned in Chapter 1.2, the targgiut referrechoise level is about 5pWOoat 1Hz
All rail-to-rail op-amp techniques proposed in this dissertation, exbegiommon mode
elimination technique, hawecceptablenput referred noisdue to usig large transistors.
The @®mmon mode elimination techniquaowever,has limitedbandwidth and poor
SNR characteristidReducing noise by using large transistisrsiot appropriatdor this
techniquebecause ofthe bandwidth problem. Therefore, only schetim simulation
results without noise reduction will be given fthe common mode elimination

technique.

6.1 Simulation Results of New Level Shifting Technique

Figure 6.1 shows the overall structure comparison of t@ventionallevel
shifting technique anthe new level shifting techniqués mentioned in Chapter 3.the
new level shifting technique employmly one diode connected MOSFET while four resistors are

required for the conventional level shifting techniqueFigure 3.3, the comparison of overall
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Figure6.1 Overall Structure Comparison

transconductance variation is shown and the overall variation of new level shifting teghniqu

+8.66%, is higher than that of the traditional level shifting technique, +4.B@é&ause of this

overall transconductance variation, tppamphasgain variationover the entire railo-rail input

common mode rangd-igure 6.2 (a) showsthe gain variation comparison of the conventional

level shifting technique andew level shifting technique. Theew level shiftingtechnique has

larger gain variation (+1.3dB) thdahe conventional level shifting techniq(tl.215dB) because
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Figure6.2 Comparison of Conventional and New Level Shifting Technique

of thelarger overall transconductance variatidfe unity gain frequenciesf the conventional
andnew level shifting technique ate1MHz and 1.25MHz respectivelfhe phase margins of
the conventional and new level shifting technique are 62.3°ar@® @Gdgure 6.2 (b)). Table6.1
shows the comparisons of all simulation results of those two techniquesidihmim CMRR of
the conventional and new level shifting technique are 80dB and 73.29dB.Tatum6.1, the
new level shifting technique has lower power consumption than the convenéeelathifting

technique, as he conventional level shifting tecljuie requires additional ment for
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Conventional Level Shifting

New Level Shifting Technique

Consumption (@150Hz

Technique
Supply Voltage 1.6V 1.6V
ICMR Rail-to-Rail Rail-to-Rail
Gm Variation +4.97% +8.66%
Avg. Gain 76.145dB 77.08dB
Gain Variation +1.215dB +1.3dB
Unity Gain Freq. 1.1MHz 1.25MHz
Phase Margin 62.3° 58.9°
CMRR 080dB 073.29dB
Avg. Power 89.48uW 79.14uW

Table6.1 Simulation Results of Conventional and New Level Shifting Techniques

two PMOS sourcdollowers which shifinput common mode signal for PMOSfdrential input

pair. However, PMOS source followers are not required for new level shifting technique.

Therefore, no additional currents are required and power consumptiba rdw level shiftingy

technique is lower than that of the conventional level shifting technique.

The rew level shifting technique is modified to reduce input referred nbisethe ECG
amplifier, the frequency of input signal is very low, below 150Hz, and the flicker nwise i
dominant inthis frequencyrange Cadence SPECTRE simulator and TSMC @u2% technology
are used for this simulation and fro3], equation forflicker noise model used in SPECTRE

simulator is given below.

0L'00

MM 6 w
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Figure6.3 Input Referred Noise of New Level Shifting Technique

"Y "Qis the drain noise current spectral density §d ,w ,0 are frequency,

oxide capacitance, effective gate width and length of MOSFET respectivép. "Cand

‘O"a@re flicker noise coefficient, flicker noise exponent, and flicker noise frequency
coefficient respectively. From the above equation, largersistor has lower flicker
noise.For the flicker noise reduction of new level shifting 4taHrail op-amp, 25 times

larger transistors than the original schematic transistors are used for the complementary
input differential stage and the folded cascodeent summing stagé&igure 6.3 shows

the input referred noise comparison of before and after noise reduction. Before noise
reduction, the average input referredsaois about 120uWOdat 1Hz. As mentioned in

Chapter 1.2, the target noise level for this work is Hi@hat 1Hz and after noise

reduction, the average input referred noise is about S/ZDdAt 1Hz.

This flicker noise reduction method using large s$istols, however, has a main

drawback which is reduced bandwidth. To reduce flicker noise, large transistors for the
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Figure6.4 Simulation Results Comparisons of Before and After Noise Reduction

complementary input differential pairs are employed and because of these large input
transistors, the bandwidth of -@mp is reducedrigure 6.4 shows the simulation results
comparisons of before and after noise reduction. Before noise reduction, the unity gain
frequency of new level shifting technique is 1.25MHz but aftésenreduction, the unity

gain frequency is decreased to 340.5KHz. Because of the reduced bandwidth, gain has to
be lowered from 77.08dB to 66.775dB for th&lB frequency of 150Hz which is the
upper frequency range othe ECG amplifier.Table 6.2 shows the simulation results

comparisons of before and after noise reduction. The differences are noise, gain,
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Before Noise Reduction After Noise Reduction
SupplyVoltage 1.6V 1.6V
ICMR Rail-to-Rail Rail-to-Rail
Avg. Gain 77.08dB 66.7751B
Gain Variation +1.3dB +0.725B
Unity Gain Freq. 1.25VIHz 340.5KHz
Phase Margin 58.9 59.2
CMRR O 788 29 O 6868 28
COnsuAn\n/giisr? \zv@eprlson 79.14W 82. W
nputReferred Noise 1204V#OG 5 2uVIIOY

Table6.2 Simulation Results Comparison of Before and After Noise Reduction
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Figure6.5 Layout Picture of New Level Shifting Technique (125.82umx93.18um)
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Figure6.6 Comparisons of Schematic and Post Layout Simulations
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