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ABSTRACT

The main objective of this thesis is to decreasegpodissipation. A low power CMOS
operational amplifier using weak inversion regiof MOSFET for biomedical
instrumentation operating with a 1.8V supply isald®ed. The opamp is designed in UMC
.18uum CMOS technology using tool cadence. Two typesahpensation techniques (a)
RC compensation (b) Current buffer are used. With d®@mpensation technique, the open
loop gain is 76.97 db, the gain bandwidth prod@B\V) is 489.9 kHz, CMRR obtained is
79.11 db, with large range of ICMR 0V to 1.689V gftase margin is 56.09 degree with
10pF load. The power consumption is 1.568N. With Current buffer compensation
technique, the open loop gain is 76.21db, the gamdwidth product (GBW) is 743.2 kHz,
CMRR obtained is 157.1db, with large range of ICBIR19V to 1.54V and phase margin is
62.77 degree with 10pF load. The power consumpi®n3.69uW. Current buffer
compensation technique provide high CMRR, high dmindwidth product and high phase
margin as compared to RC compensation techniqus®, Alea requirement for current buffer
compensation technique is very less as comparddCccompensation technique. In this
thesis work PVT variations are also given. Processations management techniques are

also discussed.
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CHAPTER 1 INTRODUCTION

CHAPTER

INTRODUCTION

The world is an analog place and the use of analogessing allows electronic circuits to
interact with the physical world. Digital technigualso have importance but there are
many analog building blocks such as operational lidieng, transistor amplifiers,
comparators, A/D and D/A converters, phase-lockegp$ and voltage references etc. that

are still used and will be used in the future.

1.1 MOTIVATION [1]

The era of low power microelectronics began with itvention of transistor in the late
1940's and came of age with the invention of thegrated circuit in the late 1950’s.
Historically, the most demanding applications ol Ipower microelectronics have been
battery operated products such as wrist watchearirfte aids, implantable cardiac
pacemakers, pocket calculators, pagers, cellulaptienes and prospectively, the hand
held multi-media terminal. However, in early 199@s8v power microelectronics rapidly
evolved as a mainstream of microelectronics. Théncpral reasons for this
transformation were the increasing packaging degrafitthe transistor and increasing
clock frequencies of CMOS microchips pushing heataval and power distribution to

the forefront of the problems confronting the adweanf microelectronics.

Thapar University, Patiala



CHAPTER 1 INTRODUCTION

Historically, the motivation for the low power etemnics has stemmed from three
reasonably distinct classes of need: (1) the earied the most demanding of these is the
portable battery operated equipment that is seffity small in size and weight and long
in operating life to satisfy user; (2) the mostemicneed is for ever increasing packing
density in order to further enhance the speedgii performance systems which imposes
severe restrictions on power dissipation densityd &3) the broadest need is for
conservation of power in desktop and desk sideesystwhere a competitive life cycle
cost-to-performance ratio demands low power opmmato reduce power supply and

cooling cost.

So, the power consumed by a integrated circuit lbeseduced to reduce heat dissipation
and to save energy in battery-operated instruméfas.some reduction in performance

must be accepted to achieve micropower operation

1.2 APPLICATION OF LOW POWER OPAMP [2, 3, 4]

Low power circuits required in battery operatedides. Low power opamp can be used
as bio-potential amplifier. The essential purpoSa bio-potential amplifier is to amplify
and filter the extremely weak bio-potential signdewever, the design of this amplifier
is not straight forward. Bio-potential amplifiersust cope with various challenges in
order to extract the bio-potential signals. Mean&hthe power dissipation of the
amplifier must be minimized for long-term power@umy. The challenges of designing
a bio-potential amplifier for portable bio-potehi@quisition systems can be summarized

as follows:

* High CMRR.

» Low-noise for high signal quality.

* Ultra-low power dissipation for long-term poweartanomy. The bio-potential amplifier
should minimize its power dissipation to improve ffower autonomy

» Configurable gain and filter characteristics thait the needs of different bio-potential

signals and different applications.

Thapar University, Patiala



CHAPTER 1 INTRODUCTION

In biomedical field low power opamp is useful as-pbtential amplifier require small
bandwidth. For example, one of the most importétteophysiological measurements in
medical diagnosis and patient care is that of teet®cardiogram (ECG or EKG). The
amplitude and wave shape of the ECG depends orewhermeasuring electrode pair is
located on the skin surface. It consists of QR&esd? wave and T wave, the ECG QRS

spike can range from a 500/ to 5 mV peak. Its amplitude depends on the raogrdite

and the patient’s body type.

Figure 1.1 ECG signal

ECG amplifiers are reactively coupled with standaed -3-dB corner frequencies at 0.05
and 100 Hz. Signals such as ECG and EEG requireoepmately 0.1 to 100 Hz. The
fundamental frequency for the QRS complex at theylbsurface is 10 Hz, and most of
the diagnostic information is contained below 100iA adults, although low amplitude,
high-frequency components as high as 500 Hz hage tetected and studied. The QRS
of infants often contains important components &b las 250 Hz. The fundamental
frequency of T waves is approximately 1 to 2 Hz. RERrval gives the indication of

heart rate.

Thapar University, Patiala



CHAPTER 1 INTRODUCTION

Heart Rate = Beats/Minute=60(RR intervals in sespnd

The common-mode rejection specified by the AAMI g8siation for the Advancement
of Medical Instrumentation) is 90 dB minimum foastlard ECG and 60 dB minimum

for ambulatory recorders.

According to AAMI worst case ECG pulse has a slete rof 0.28V/s. AAMI defined
highest slew rate for ECG equipment can be estuoinbyedividing the maximum peak
amplitude with in AAMI range 0.5 to 5mV and dividint by minimum rise time of QR
interval within the AAMI range of 17.5 to 52.5mshi$ gives a maximum slew rate of
5mV /17.5ms = 0.28V/s for a worst case ECG pulge [3

1.3 THESIS ORGANIZATION

CHAPTER1: INTRODUCTION. This chapter introduces mation, application of low
power operational amplifier and organization ofsikevork.

CHAPTER2 LOW POWER TECHNIQUESThis chapter discuss low power techniques

for analog designing and specifications for designs also decided in this chapter

CHAPTER3: PARAMETER EXTRACTION OF MOS IN SUBTHRESS®&HD
REGION. In this chapter MOS subthresshold pararadilee n, |, coefficient of channel

length modulation are calculated experimentally.

CHAPTER4: DESIGN OF TWO STAGE OPAMP USING GM/METHODLOGY. In
this chapter two stage opamp is designed with R@pemsated techniques using

On/IpAlso process corner simulation is done.

CHAPTERS5: DESIGN OF TWO STAGE OPAMP WITH CURRENT BBER
COMPENSATION TECHNIQUE. Two stage opamp is desigmesthg current buffer
technique and it is compared with RC compensatedngpdesigned in previous chapter

and also simulated on all PVT variations.

Thapar University, Patiala



CHAPTER 1 INTRODUCTION
CHAPTERG6: LAYOUT DESIGN AND POST LAYOUT SIMULATIONInN this chapter,
layout design and post layout simulation is doner@ll PVT variations.

CHAPTER 7: CONCLUSIONS AND FUTURE RESEARCH. Thisagter summarizes
the major accomplishments of this thesis and ptesw@ scope for future and further
research.

Thapar University, Patiala



CHAPTER 2 LOW POWER TECHNIQUES

CHAPTER
LOW POWER

TECHNIQUES

2.1 LOW POWER TECHNIQUES

Preamplifier is an important block of biomedicahser architecture and designing an
ultra low power preamplifier has become an impdrtasearch area. In order to achieve
ultra low power consumption requirement, preamgiitan be implemented using bulk
input MOS transistor, FGCMOS technique, currentvetti bulk technique (CDB
technique; this is basically low voltage techniglrethis technique threshold voltage of
transistor is reduced for low voltage applicatioagd weak inversion MOS transistor
technique, in this technique bias current is migedi However, very low bias current
reduces performance of amplifier. Low power preatfigplcan be used to reduce heat
dissipation and to save energy in battery-operaigduments. Portable health monitoring
devices usually contain various types of sensoch s heart rate sensor, ECG sensor,
hearing aids etc. Small size and to sustain loriteiyalife these sensor must consume
very small current. These reasons are making iessy to develop circuit techniques
and building blocks operating with low power congtion. In this chapter, above

mentioned low power techniques for analog desiganmegdiscussed.

Thapar University, Patiala



CHAPTER 2 LOW POWER TECHNIQUES

2.1.1 BULK — DRIVEN MOSFETS

BULK DRIVEN PRINCIPLE [5]

An important factor concerning analog circuits hattthe threshold voltages of future
standard CMOS technologies are not expected tedsermuch below what is available
today. To overcome the threshold voltage a bulketriMOST has been used, it is well
known that a reverse bias on the well-source joncwill cause the threshold voltage to
increase. Similarly, a forward bias on this junctiill cause the threshold voltage to
decrease.

1.6E-04
1.4E-04
1.2E-04 / /

1.0E-04 f .
8.0E-05 i Bulk-Driven

6.0E-05 / / —— Gate-Driven
4.0E-05 /

2.0E-05
0.0E+00 =

J\‘D ,\‘L QQ QQJ Q‘b ) ()rb (36 QO:' N ,\93 N

Drain Cirrent (A)

Bulk and Gate-Driven voltage (V)

Figure 2.1 Drain current versus Bulk and Gate-Driveltage

The bulk-driven transistor is a good solution toemome the threshold voltage
Limitation. It can work under negative, zero, oem\slightly positive biasing condition as
depicted on Figure 2.1.

To enable bulk driving, one must first bias theeg&d form a conduction channel
inversion layer by connecting the gate terminal foxed voltage that is sufficient to form
an inversion layer (e.g.,é > V1 for the NMOS)

The operation of the bulk-driven MOSFET is of déiple type. The gate-source voltage

is set to a value sufficient to turn on the tramsisinput voltage is then applied to the

7
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CHAPTER 2 LOW POWER TECHNIQUES

bulk-terminal (i.e. well) of the transistor to mdmte the current flow through the
transistor. The advantage of a bulk-driven deviger@a gate-driven device is that the

threshold voltage limitation disappears and bothkitpe and negative bias voltages are

possible.
VDD
Q
Ib
v
{ ) vout
M1
] o
Vbi.as
Vin
GND

Figure 2.2 Bulk-driven MOS transistor

This is especially important in analog low voltageuits where the dynamic range of the
signal should be maximized with respect to the Buppltage in order to maximize the
performance of the circuit. There are also somewbaagks of bulk-driven devices
compared to gate-driven devices, such as smales¢onductance (g instead of g)
because of smaller control capacitance of the tlepléayer, larger parasitic capacitance
to the substrate, which results in lower &nd higher input referred noise, because of
smaller transconductance. Also, it has to be nttetl there is only one type of bulk-
driven devices available (PMOS in n-well or NM@Sp-well) depending on the process
used. By applying the input signal to the bulk-tevams instead of gate-terminals of the
input transistors, the threshold voltage limitatthsappears and a large input CMR of the

opamp is achievable.

Thapar University, Patiala



CHAPTER 2 LOW POWER TECHNIQUES

2.1.2 FLOATING GATE TECHNIQUE [6]

In floating gate transistor the charge on the gatdOSFET is controlled by two or more
inputs through poly-poly capacitor between eachuingnd the floating gate (figure
2.3(a)).

floating gate, polyl
a)
Vi, —
Vbias —
C,
b}
Vin Vbias

_J_ 1 floating-gate
T ey

_[_—E . Cy ——

source drain

Figure 2.3 floating gate MOSFET: (a) ideal devicgpractical device

By using one input for the signal and one for hiakage, the floating gate potential can

be partly set by the bias voltage, (figure 2.3(#@ floating gate potential f¥g is,

Vees = (Clvin +C,Vhias )/(Cl + Cz) (2.1)

Thapar University, Patiala



CHAPTER 2 LOW POWER TECHNIQUES

The potential of the floating-gate is controlledaby source and drain voltages through
capacitances {5 Gy respectively (Figure 2.3(b)) and by any possibleapiéic
capacitances to other nodes.

The potential of the floating gate is also detemdiiy a random charge componengXQ
During processing a random amount of charge acatesibn the floating-gate causing a
change in its potential and in the case of a diffigal pair an offset since the amount of
charge on the two floating-gates may be differdiiis charge can be removed by
grounding the inputs and exposing the poly-polyac#pr edges to shortwave UV-light.

2.1.3 CURRENT DRIVEN BULK (CDB) TECHNIQUE [7]

Current driven bulk (CDB) technique can be useddoieve low power and low voltage
design. The CDB technique was introduced as a rdetbp low voltage design by

reducing threshold voltage. Current Driven Bulk @Das a technique to reduce the
threshold voltage of MOS transistor in standard CGMchnology. CDB technique,

which is used as a method for compensating bodgcgflas means of reducing the
threshold voltage in some transistors.

The relationship between threshold-voltage agg, Which is called bulk bias voltage, is

given as:

Vi =Vio + V(\/|2¢F _VBS| _\/ﬂ) (2.2)

Where V;;,,: zero bias threshold voltage
y:  bulk effect factor

¢r. Fermi potential

The relationship between threshold voltage and moceconcentration (N in NMOS

can be expressed using the following equations:

QBO _ Qox _ Qi

Vyo =@ +20 — 2.3
thO wms ¢F COX COX COX ( )
QBo = /20N ,&4|- 24 | (2.4)
10
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CHAPTER 2 LOW POWER TECHNIQUES
VDD

[ Inject

_|

Figure 2.4 NMOS CDB transistor

Injecting a current into the bulk in NMOS would diga the acceptor concentration (NA),
which in turn, causes a decrease in the threshutdge of NMOS. Same understanding
is valid for PMOS and donor concentration by extrar an electron from hulk. In
semiconductor physics, thex\of an NMOS is usually defined as the gate voltage f
which the interface is “as much n-type as the sabesis p-type.

»
P

500p 200n h 1 [A]
Tnject

Figure 2.5 Effect of injection current on threshetitage

Effect of injection current on thresshold voltageshown in figure2.5. One can observe
reduction in threshold voltage

11
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CHAPTER 2 LOW POWER TECHNIQUES

2.1.4 WEAK INVERSION TECHNIQUE [8]

A simple model for weak inversion is given as

. _W Vss
ip = . I 5o exr{—n(KT/q)] (2.5)

Where

n is the subthresshold slope factor and its vafueis greater than 1 and less than 3 and

I, is process dependent parameter. It also dependgpand V. .
The point at which transistor enters the weak isiogr region can be approximated as

Vg <Vp + nﬁ (2.6)

q

Operation of the MOS device in subthresshold reggovery important when low power

circuits are desired.

From above equation, the transconductance canrbedas
— I D
I = KT
q

There is linear relationship between transcondwetaamd current. Also transconductance

2.7)

is independent of device geometry. But in strongeision relationship between

transconductance and current is square law andwalstion of device geometry.

12
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2.2 SPECIFICATIONS

CHAPTER 2 LOW POWER TECHNIQUES

Specifications are decided according to previos®arh on low power opamp using
above mentioned techniques bulk input techniqueCMGS technique and from

biomedical application discussed in 1.2. In taldle@revious research work and target
specification are shown.

PREVIOUS RESEARCH WORK RESULTS

TABLE 2.1

AND TARGET SPECIFICATIONS

2005 | 2000 | 2000 2008 TARGET
YEAR - TUNITS | g 0y | 111] | [12] | SPECFICATION
bulk | floating
TECHNIQUE input | gate input weak inversion
SUPPLY V 3 1 1.2 1.8
AO db 55.56| 70 65 65 >70
UGB kHz 190 230 >250
-3DB Hz 170 127 >100
PHASE
MARGIN Degree 60 62 60
POWER
DISSIPATION uW 66 5 5.16 104 <5
SR+ kV/s 50 150 180 41 >200
SR- kV/s >200
CMRR db 100 110 >85
PSRR db 80 >90
ICMR(MAX) Vv 2 1.3
ICMR(MIN) V 0.3 0.2
C pF 7 9 10 10
Cc pF 4 2 150

Thapar University, Patiala
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CHAPTER 2 LOW POWER TECHNIQUES

In table 2.2 previous research work on low poweaop is shown. All research work

shown below are taken from low power opamp for k@dioal application.

TABLE 2.2

PREVIOUS RESEARCH WORK RESULTS [13]

YEAR UNITS | 2002 | 2004 | 2005] 2007] 2009
CMOS Zu | 154 | 384 | a8y | .18u
TECHNOLOGY
SUPPLY Y, 5 3V 3 1 18
AO db | 606 | 393 56 14 60
UGB kHz | 55 27 130 27 | 2820
-3DB Hz
MPA_I;‘ g IEN Degree 63.5
o SPS?;,’YAET'TON 4W | 11000| 114.8| 726| 315 378
SR+ KV/s 6400 50 10 | 3450
SR- KV/s 6400 50 10 1670
CMRR db | 137 100 85
PSRR db 50 56 100

Thapar University, Patiala
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CHAPTER 3 PARAMETER EXTRACTIONS OF MOSIN SUBTHRESSHOLD REGION

CHAPTER

PARAMETER EXTRACTIONS
OF MOS IN

SUBTHRESSHOLD REGION

Procedure for extracting parameters of MOS [14$ubthresshold regions is mentioned

here.  for weak inversion is given as

Ves—Vrn

v,
W nUT __'DS
l,=1,—e 1-e™r
L

(0]

(3.1)

Where

| = 2nuC, U2e e (N~ WVes
nuU ; nuU ;
(3.2)
Ur is thermal voltage which is 25.9mV,

V1y is threshold voltage and

n is subthresshold parameter

15
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CHAPTER 3 PARAMETER EXTRACTIONS OF MOSIN SUBTHRESSHOLD REGION

3.1 SUBTHRESSHOLD PARAMETER EXTRACTION

Subthresshold parameters of MOS in weak inversam lwe calculated experimentally
using b and \iscurve in weak inversion region. Subthresshold patanin’ is normally
measured from the slope of linear regiongh(bnd \&s curve in weak inversion region.

Parameter extraction,(&nd n) for nmos in subthresshold region is givereh

3.1.1 SUBTHRESSHOLD SLOPE FACTOR n’
EXTRACTION

Subthresshold parameter ‘n’ is normally measurethfthe slope of linear region Igjl
and Vss curve in weak inversion region. From this curveaaae measure the slope of the
In(Ips) vs Ves curve shown in figure 3.1.This slope is also detig differentiating the
drain current in subthresshold region with respectVgs i.e. slope is obtained by

differentiating equation (3.13nd is given as

slope= (3.3)
T
Where U is thermal voltage which is 25.9mV.
From equation (3.3), Subthresshold parameterdn’lze calculated as
n=1.172
16
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CHAPTER 3 PARAMETER EXTRACTIONS OF MOSIN SUBTHRESSHOLD REGION

— In{IDS) ws WGS

-14

/

-1&

-18

=20

YO

=22

24

0 S0 100 150 200 250 200
clo (i’

Figure 3.1 In@}) and \&scurve in weak inversion region

3.1.2 b EXTRACTION

lo is calculated fromg and \&scurve in weak inversion regiors &nd \scurve in weak

inversion region is given below in figure 3.2

17
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CHAPTER 3 PARAMETER EXTRACTIONS OF MOSIN SUBTHRESSHOLD REGION

DC Eesponse

— D5 ws WiGE

7001

600 I/
500+ //
4004 //

giamc_
20@5 ff;
1003
cf "
o S )
0 50.0 100 150 200 250 200

cc ()

Figure 3.2 b and \sscurve in weak inversion region

PROCEDURE FOR CALCULATING | o:

Select four to five set of values ot¥and corresponding values @f IAnd then calculate
value of Lusing equation (3.1) for each set of values. Amhthveraging all values to get

final value of }. Ip and \iscurve in weak inversion region is given below iguiie 3.2

18
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CHAPTER 3 PARAMETER EXTRACTIONS OF MOSIN SUBTHRESSHOLD REGION

TABLE 3.1

VALUES OF CURRENT AND VOLTAGES FROM

GRAPH IN FIGURE 3.2

Vas(V) Ibs(NA) 1o (NA)

0.1 1.283 273.14
0.15 6.9832 281.24
0.2 34.64 276.70
0.25 145.07 224.45

Average value ofyl= 263.5nA

3.1.3 CALCULATION CHANNEL LENGTH MODULATION
COEFFICIENT (LAMBDA, 1)

Channel length modulation coefficient can be caltad from curvegs vs Vps given in
figure 3.3.Channel length modulation coefficienh dae calculated experimentally by

using following formula:

st — 1+ AV (3.4)
los 1+ AVpe,

For 2um length

An.sub= 0.28, for NMOS transistor in subthresshold regiap= 0.13 for strong inversion
andi,= 0.0215, for PMOS transistor

19
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D Fesponse

— D5 ws D5

40

35

39? fﬁ(ﬁ

f’;‘%ﬁﬂﬂmv, 29.04n4) \W:' 1.0V, 22 .56n4)

25
2 1

15_r
101

5 0

0.0 25 5 75 1.0 1.25 1.5 175 2.0
oo (V)

Figure 3.3 Plot between Vs Vps for NMOS in subthresshold
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CHAPTER 4 DESIGN OF TWO STAGE OPAMP USING GM/ID METHODOLOGY

CHAPTER

DESIGN OF TWO STAGE
OPAMP USING

GM/ID METHODOLOGY

The two stage operational amplifier is widely usedlog building block. Schematic for
two stage opamp with compensation block is shownfignre 4.1. Where CB is

compensation block. The design procedure is baseth® following main parameters:
phase margin, gain bandwidth product, load capawitaslew rate, input common mode

range.

MG

M7

':5' GMND

Figure 4.1 Circuit diagram of two stage opamp

Important parameters such as CMRR and PSRR, willbeoused during design steps.
Such parameters greatly depend on the amplifieology and can be predicted by
simulation using accurate transistor models. Ia thiapter designing of two stage opamp

with RC compensation using gmfhethodology is given.

21
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CHAPTER 4 DESIGN OF TWO STAGE OPAMP USING GM/ID METHODOLOGY

4.1 DESIGNING USING GM/I, METHODOLOGY

gm/lp characteristic of MOSFET tells about the regiontlod transistor operation and
helps in calculating the dimensions of transisidre main advantage of this method is
that this curve is unique for given technology.sTburve is called as current density plot.
This curve gives the knowledge of inversion level whether the transistor is operating
in weak inversion or in moderated inversion or inolg inversion. Knowledge of
inversion level allows proper evaluation of destgadeoffs among gain, bandwidth etc.
basically weak inversion favours gain and strongeision favours bandwidth. This
method minimizes the time spent on design stageaahiitves major accuracy in results.
The gm/}p value is maximum in weak inversion and the maxinuatoe is equal to 1/ndJ

. The gm/p ratio decreases as the operating point movesrtbWix@ strong inversion
when b or Vg are increased. The normalized current is indepeanafehe transistor size.

So, this current density plot is independent o siztransistor [15, 16].

The design flow for gmAimethodology is as follows:

1. Determine the gm from the given specificatioohsas gain and bandwidth.

2. Determine the current from the given specifmadi such as power dissipation.
3. Decide L for the design depending on the speatibhn requirement.

4. Get gm/ ratio.

5. Determine Bias voltage for current source boagiesired gm§j.

The relationship betweep,,/I, and the normalized current is a unique charatiefisr
all transistor of the same type (NMOS or PMOS).

22
Thapar University, Patiala



CHAPTER 4 DESIGN OF TWO STAGE OPAMP USING GM/ID METHODOLOGY

30

1: weak inversion
2: moderate inversion
3: strong inversion

25
20 - .
15 |
10 '

)

—

gm/Ip (V'

0 2 4 & 3 10

Ip/(W/L) (na)

Figure 4.29,,/1p Vs I, /(W /L) curve for NMOS

In present work, all NMOS transistors are put irbtBeesshold region and PMOS
transistors are put in saturation region. This népe is used to calculate sizes of
transistors using values of gm/land bL/W. these values are calculated from
specifications. For exampl&irst we fix the length L=2um. Current is calcuthttom

power dissipation. Power dissipation is given as :
PD =Vl (4.2)
From power dissipation we calculate currepi 200nA, bs=400nA andds ;= 800nA

From gain and bandwidth we calculate gyidr NMOS and PMOS transistors and from

this corresponding normalized current we calcWétef each transistor.

Gain and bandwidth for two stage opamp is given as:

— gml gmG 1
A= (4.2)
IDl ID6 (An +Ap)2

UGB = 9 (4.3)
2MNC.

For UGB 250kHz g—”ﬂ >172 and fromg,, = nlﬁ 9 — 3080

D1 T D1

From equation (4.2) and above value 9ft = 3282, 9 s calculated.
D1 D6
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CHAPTER 4 DESIGN OF TWO STAGE OPAMP USING GM/ID METHODOLOGY

For NMOS transistors in subthressholds\« V. Biasing voltage Y < Vry for putting

NMOS tail transistor in subthreshold region.

For 60phase margin, C. =02, (4.4)
C. = 22pF whereC_ =10pF

In RC compensated opamp [8], this resistor R allomdependent control over the

placement of the zero. In order to remove the rigirtd plane zero, R — . Another

Ime

way is to move RHP zero to the LHP and place ithentop of p(2™ pole), for this value

of Ris given as

Rgi(ﬁj (4.5)
m6

In present work, R is implemented using PMOS tistosiin linear region as shown in

figure 4.3

Figure 4.3 RC compensation block

Figure 4.1 and figure 4.2 shows the gimflot for NMOS and PMOS transistor

respectively in .18um technology.
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w1
gm/ID — D/
80j 125
70 i
L1 00
50 1
750
50 -
= L =
=40 c0.0 =
E i &
30 I
A o5 .0
ML{z00mY, 15.95) I
20— =1 EE=a -
; o
1o MMO(Z00mY, 4.5688x1073 [
0 | 250
o0 .25 5 75 10 1.25 15 175 2.0
de ()

Figure 4.4 gmf vs /W plot for NMOS in .18 m technology

For Ves= 0.2V less than threshold voltage, from gswbk /W plot for NMOS in .18

m technology,

Om - 1896 and % = 4568x10°°

D1

From power dissipation we calculate currept 200nA, bs= 400nA andds 7= 800nA

(Wj _ 43782um 4.6)
L), 2um '
(wj _ 8756(m @.7)
L), 2um '
(wj _17513m .8)
L/, 2um '
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O Eesponse

am/ID — 1D,/
20 20,0
F17.5
25 ;
F15.0
20 1
RN
= I =
=2 [ =
= 15 foqszzmv, 12,73 rloox
L7.5
10 ;
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5.0 r
k2.5
1523y, .0B487)
o) ! T 1.0
0.0 .25 5 .75 1.0 1.25 1.5 1.75 2.0

o )

Figure 4.5 gmf vs /W plot for PMOS in .18 m technology

From gm/p vs b/W plot for PMOS in .18 m technology,

Gms and 155 = 008487
137 v

D6

(WJ _ 9426im 49)

L),  2um '

(V—Vj - 236um (4.10)
L Jsa  24m '

In RC compensated opamp, R is implemented using &Mansistor in linear region and
value of R is given as

R= L(&j 4.11)
Oms \ Cc
0.6 = 1096x10° LA/V (4.12)
R= 1 _ 2.2pF +10pF (4.13)
109610 22pF
26
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CHAPTER 4 DESIGN OF TWO STAGE OPAMP USING GM/ID METHODOLOGY

R =50597kQ

[¥)

Using gm/p methodology one can calculate sizes of transisteigiven in Table 4.1

_0310um

10um

TABLE 4.1

SIZES AND OPERATING REGION OF TRANSISTORS

(4.14)

(4.15)

TRANSISTOR SIZE TYPE REGION
M1,2 43.78/2 NMOS SUBTHRESSHOLD
M5 87.57/2 NMOS SUBTHRESSHOLD
M7 167/2 NMOS SUBTHRESSHOLD
M3,4 2.36/2 PMOS SATURATION
M6 9.34/2 PMOS SATURATION
M8 0.310/10 PMOS LINEAR
COMPENSATION
CAPACITOR
LOAD
CAPACITOR

Thapar University, Patiala
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CHAPTER 4 DESIGN OF TWO STAGE OPAMP USING GM/ID METHODOLOGY

4.2 SIMULATION RESULTS

Simulation methods and simulation results for gdiandwidth, phase margin, ICMR,

CMRR, PSRR, transient response etc at tt cormestawn in this section.

4.2.1 AC ANALYSIS

The AC analysis of operational amplifier is donefbjyowing circuit setup as shown in
figure 4.6 and simulation results for AC analysis §lain and phase plot vs frequency is

shown in figure 4.7

VDD

Vout

- I

AC@

Figure 4.6 Setup for AC analysis

With Cc = 2.2pF, -3db is 43.23Hz and phase margin is®ied. So, €reduces to .9pF

by trying number of iterations. It also compengadé and zero, previously which is not
compensated. From figure 4.7, designed opamp hagddCis 76.97db, UGB is 489.9
kHz, -3db is 102.8Hz and Phase margin is 56.0%edeg

28
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— qain — phase
100 I I I I I 200
—MO(1,0Hz, 76.97v) | MI1({102.8Hz, 73.97V)
75.0
\ Liso
50,0
L T-M3(482.9kHz, 56.02degs)[100
25,0
= [co.0 o
= O M 2459 GkHz, 0.0%) =
= o
£ _25.0 o 3
(=
—50.0
0.0
—75.0
100
—100
-125 150
102 10l 102 1035 104 10 10% 107 108

fraq (Hz)

Figure 4.7 Gain and phase plot at tt corner

4.2.2 CMRR MEASUREMENT

The circuit setup for CMRR analysis is shown inufig 4.8 and response is shown in
figure 4.9 and the measure CMRR is 79.11db as shogure 4.9.

VDD

WVout

JT_ ICL

AC

Figure 4.8 Setup for CMRR measurement
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— CMRER

100 | |
! |
O(1.0Hz, 79.11)

750

S0.0

25.0

dB20 ()

-25.0

—50.0
100 101 102 103 104 107 10% 107 108
freq (Hz)

Figure 4.9 Common mode rejection ratio (CMRR)

4.2.3 PSRR MEASUREMENT

For the measurement of PSRR, opamp is connectedity gain feedback, a DC bias is
connected to input and AC signal at VDD terminal RERR measurement. Setup for

PSRR measurement is shown in figure 4.10 and P&Rponse in figure 4.11.

VDD

AC

+ WVout

DC C‘_)

Figure 4.10 Setup for PSRR measurement
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PSRFR

100 T T
AL QOHz, 98 48]

20.0

0.0

dB20()

40,0

20.0

o
100 10l 102 103 104 105 10% 107 108
freq (Hz)

Figure 4.11 power supply rejection ratio (PSRR)

The above PSRR response shown in figure 4.11 #6566.

4.2.4 ICMR MEASUREMENT

For ICMR measurement apply variable DC voltage ngtui of opamp in unity gain

configuration as shown in figure 4.12 and its resgois shown in figure 4.13.

VDD

Vout

+
> —/A/ -
Oto 1.8V —

Cr

Figure 4.12 Setup for ICMR measurement
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OC Response

WOUT — wWin

2.0 : .
| 1
; 1
1.75 M1({1l.E89%, 1. 686W)
1.5
1.25
=
= 1.0
2
.75
.5
.25
Gro.Ov, 0.0V)
0.0 : !
0.0 .25 5 75 1.0 1.25 1.5 1.75 2.0

Figure 4.13 Input common mode range (ICMR)

From above plot shown in figure 4.13 ICMR(max) i689 and ICMR(min) is OV.

4.2.5 SLEW RATE MEASUREMENT

The following figure 4.14 shows the setup for skatte measurement.

INPUT
PULSE

20Hz

L*

Figure 4.14 Setup for slew rate measurement

From above circuit setup for slew rate measurenyaogitive slew rate is measured as
338.941kV/s and negative slew rate is measure® 83kV/s.
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4.2.6 TRANSIENT ANALYSIS

Setup for transient analysis is shown in figureb4ahd output transient response shown

in figure 4.16. A sin wave is applied with 24¥ peak to peak is applied as input.

Sm AC

“frin{p-pj- =240V

YO ()

In above figure 4.16, ¥ip-p)= 1.5457 and Mp-p) = 2401 V, thus

1.5457

Gain =
240u

Freg=1Hz

DC

Transient Response

jimm

HEEH

RS

1o /«T(o. s Iswgnvy

|

|
|
U
sy

|
25 ’
J

Figure 4.16 Output transient Response
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CHAPTER 4 DESIGN OF TWO STAGE OPAMP USING GM/ID METHODOLOGY

Following table 4.2 is showing comparison betweamédt specifications and obtained

simulated results.

TABLE 4.2
COMPARISON BETWEEN OBTAINED RESULTS
AND

TARGET SPECIFICATIONS

TARGET OBTAINED
PARAMETER UNITS
SPECIFICATIONS RESULTS
Ao db >70 76.97
-3DB Hz >100 102.8
UGB kHz >250 489.9
PHASE MARGIN Degree 60 56.09
POWER
uW <5 1.516
DISSIPATION
CMRR db >85 79.11
PSRR db >90 96.46
ICMR(MAX) Vv >1.3 1.689
ICMR(MIN) Vv <0.2 0
SR+ kV/s >200 338.941
SR- kV/s >200 50.076

In above comparison it can be seen that obtaine®Rnd negative slew rate is not

meeting to target specifications.

34
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4.2.7 EFFECT OF PROCESS CORNERS

In table 4.3 effect of process corners SS, FF,Fg-are shown and compared with TT

corner are shown.

EFFECT OF PROCESS CORNERS

TABLE 4.3

PARAMETER | UNITS | TT SS FF SF FS
Ao db 7697 | 77.88| 7563] 7756  76.18
-3DB Hz 102.8 | 4043| 2581 63.7 163.5
UGB kHz | 4899 | 155.2| 1181 228 835.8
PHASE
Degree| 56.09| 4541 4611  44.85 4849
MARGIN
POWER
aW | 1.516 646 3.42 956 2.32
DISSIPATION
CMRR db 79.11 | 80.16| 7765 79.73  78.3b
PSRR db 96.46 | 97.46] 9501  96.41 96.4
ICMR(MAX) | V 1.689 1.71 1675 | 1.725| 1.676
ICMR(MIN) Vv 0 0 0 0 0

There are some parameters which are not accorditeyget specifications. Also during

process corner analysis design is fails to obtanget specifications. During process

corner simulation when NMOS is slow, -3db frequendGB degrades with large

amount. So, there is need to increase bandwidth resdl to change compensation

technique.

Thapar University, Patiala

35



CHAPTER 4 DESIGN OF TWO STAGE OPAMP USING GM/ID METHODOLOGY

In this two stage opamp the results like -3db fesgpy, UGB, phase margin does not

meet required target specifications during processer simulation.

When NMOS is slow or during SS and SF process cosmeulation -3db and UGB
decrEeses. This is because all NMOS transistosulthresshold region, M5 and M7
current sources are in subthresshold. So, cureemtffect a lot during process corner

simulation. So, when NMOS is slow current in citdecreases. Now UGB is given as:

I
UGB=_9m_ ang 0., =—2 , as current decreases , transconductance desraas
2MC, U,

hence UGB decreases . In case of weak inversiomrdudepends exponentially on
threshold voltage, so, small change iny\produce large change in current. So, during

process corners SS and SF current change is laflg#@S are in weak inversion.

Now gain depends upe%l and 9

D1 l D6

— (4.16)

This is constant. So, it does not affect the gdimw, M6 in saturation. Sag,, [ /156

Now current in M7 decreases with large amount &siit subthresshold. So, Say current

in M6 become half during process corner SS

l o = %6 (4.17)
. |

|D6 = % (418)

Oy = % (4.19)

Dividing above transconductance equation by curegoition, we get

O
9ns _ V2 (4.20)
|D6 Iﬁ
2
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L ﬁ% (4.21)

ID6 D6

So, 96 increases so gain increases during ss corner.
I
D6

-3db depends ony ros, fos and b7

r, = 1 (4.22)
Al
So, b is decreasing and hengancreasing and hence -3db is decreasing
In subthresshold region , current follow expondnaa i.e.
Vs~V
I, O0e ™r (4.23)

VGS _VTH

For slow NMOS Wy is large as compared to TT corner, so the terf~  decreases,

so the }p decreases exponentially. So, in subthresshold megomirrent decreases
exponentially ie there is large change in currentcampared to mosfet in saturation
region(in saturation region current is follow sgudaw) . So, during process corner
simulation if transistors are in subthressholdeaghere is large change in current which

affect power dissipation, UGB and -3db frequency.
Effect of threshold voltage when NMOS is slow:

When NMOS is slow, threshold voltage of NMOS iseiakas 0.3222V but for typical
value of threshold voltage is 0.3075V.Fogs¥0.2V, one can calculate relative change in
current as compared to typical NMOS. Current in 23 become 61.7% when NMOS is
slow i.e. 123.4nA as compared to current when NM®§/pical. So, UGB should be
61.7% of calculated for typical NMOS. So, UGB beeo93.11 kHz when NMOS is
slow, so, UGB decreases. Now experimentally obsevatue of UGB during SS and SF
corner is 155.2 kHz and 228 kHz respectively. Hamby effect of threshold voltage is

shown.
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CHAPTER

DESIGN OF OPAMP USING
CURRENT BUFFER
COMPENSATION TECHNIQUE

5.1 INTRODUCTION

In previous chapter two stage opamp is designed R@ compensation technique. In that
opamp during process corner analysis, when NMOSow bandwidth degrades with
large extent so it is required to increase bandwid@o, here for overcoming the
drawbacks of RC compensation opamp current bufbenpensation technique is used.
Current buffer compensation technique has highedwalth and it is area efficient as
compared to RC compensated technique. Another matidn is that only input stage
differential pair nmos transistors are put in subdshold region not all NMOS transistor
as in RC compensated opamp and other current saumos transistors M5 and M7 are
not put in subthresshold region. This is becauseenti in subthresshold follows
exponential law so during process variation when®dOS is slow current decreases
with large amount when NMOS in subthresshold redian as compared to NMOS in
saturation region as it follows square law. So essc variations affect mosfet in
subthresshold region as compared to mosfet inataiarbecause in subthresshold region
current follows exponential law so small changdscifa lot as compared to mosfet in

saturation as it follows square law.
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5.2 DESIGN TWO STAGE OPAMP USING CURRENT
BUFFER COMPENSATION TECHNIQUE

This current buffer compensation technique [17hased on removing the feed forward
path from the output of first stage to the outpub@amp. Schematic for two stage opamp
with compensation block is shown in figure 4.1. &#) CB is compensation block. In

this technique Compensation block is current budfeshown in figure 5.1

VDD

MO }_o

Figure 5.1 Current buffer compensation block

Frequency response of two stage opamp with commata @irrent buffer compensation

technique as shown in figure 5.2 is given as

C
gmlngm6R2[1+ g . S]

m9

C:ol + ColCL js_i_ Coch SZ
gmG CC gmG gmlgme

A(S) = (5.1)

(1+ccagmeR2)[1+{
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@[b wo Jf—[ = — [

O—‘ M1 M2 ]‘—O || —O
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QD -
Ms || I I[
] [ 1LY

<= aw

Figure 5.2 Schematic of two stage opamp with comgaie current buffer compensation

technique

Two poles and zero of this opamp is given as

=] - 1 (5.2)
9 RCc Ry
p,=— ImCc (5.3)
Cu(Cc +C.)
gm9
Z= 5.4
c. (5.4)
Unity gain bandwidth is given by
— Ym
UGB = (5.5)
Cc
Dividing equation (5.3) and (5.5), we get
40
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F)2 = gme CC CC
UGB g, C, (C.+C,)

(5.6)

C. . . . . . .
—C s called as improvement factor, greater is tat®rgreater is phase margin,;Can

ol

be reduced by careful layout and design of firzgst
Current can be calculated from power dissipatiowdtalissipation is given as
PD =V, | (5.7)

Only input transistors are biased in subthresshegibn this is explained above. Current

equation of MOSFET in subthreeshold region [14]iien as

Ves—™Vin

nU; _Vbs
I, = |O%e (1—e ”UTJ (5.8)

Where | = 2nuC, U2 ™ ¢ (0 -1V (5.9)
nuU; nuU;

Ur is thermal voltage which is 25.9mV,
V14 is threshold voltage and
n is subthresshold parameter

For MOSFET to be in saturation region when it isutthresshold, y5>3Ur. it reduces

subthresshold current equation to

I, =1,—e ™ (5.10)

Procedure for extracting parameters of MOS in g@lshold regions is given in chapter
3 and these are n=1.172+263.5nA, Ay sub= 0.28, for NMOS transistor in subthresshold
region ,A,=0.13 for strong inversion ang= 0.0215, for PMOS transistor

Gain bandwidth optimization [18] can be achievedéiting
Oro = 20m. (5.11)
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and

o= (2 e,
Oms \ 2+K 2

Where
K =tang¢ (¢ is phase margin) and

Co1 = 48.1fHs the Capacitance at the output of first stage. diven as

Cot =Cliz *Criz TClys T Cria TClyo T Cruo +Crpa +Cpyyz +Crs +Ce

Capacitances [8] given as:

In subthresshold region, Cy =Co W.L+CGBQAW
C, =CGSaW
Cy, =CGDOW

In saturation region, C, =CGBAW

C, =COSOW +(24)c, WL

C,, =CGDOW

Coq IS given as:

_ CJ.AD N CJSW.PD
MJ MISW
1- Vﬂ 1- Vﬂ
PB PB

Where AD area of source/drain and PD perimeterahcdontact.

Thapar University, Patiala

(5.12)

(5.13)

S (5.14)

> (5.15)

(5.16)
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Figure 5.3 For MOS transistor area and perimetieukzion

Where S = L1 + L2 + L3, AD(source/drain area)=S>®ID(perimeter of source/drain)=2
x(S+W) and W is the width of transistor.

ICMR is used to calculate the size of M3 and MAICMR Vg3 4 can be calculated
also from g6 VgssCan be calculated.

ICMR(max) =Vpp —Vass + Vo, (5.17)
As M1,2 in subthresshold and M5 in saturation,

ICMR(min) =V, (5.18)
For equal positive and negative slew rate |11 =&} @s shown in figure 5.1. Also 12 31l

i.e. current following in current buffer must beegter than current in input transistors.

| bs
= 5.19
C. ( )

In order to improve CMRR, accurate matching musglented by both a proper layout
design and symmetrical bias conditions. This méa@same drain-source voltages.

Viss =Voss =Vess (5.20)

From above design procedure sizes of transistardeacalculated as given in table 5.1.
These values of transistors are calculated for ga#®@db, UGB = 500 kHz, PD<s5W,

phase margin is 6f®r achieving required target specifications
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w b jTE -
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%7 GND

Figure 5.4 Schematic of two stage opamp with caifbeffer compensation technique

TABLE 5.1

SIZES AND REGIONS OF TRANSISTORS FOR FIGURE 5.4

D

TRANSISTOR SIZE TYPE REGION
M1,2 18.2/2 NMOS SUBTHRESSHOL
M5,8 .336/2 NMOS SATURATION

M7 1.68/2 NMOS SATURATION
M9,10 .388/2 NMOS SATURATION
M11,12 .674/2 NMOS SATURATION

M3,4 .252/2 PMOS SATURATION
M6 2.526/2 PMOS SATURATION
M13,14 1/2 PMOS SATURATION
COMPENSATION
Ce 0.390pF
CAPACITOR
LOAD
CAPACITOR

Thapar University, Patiala
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5.3 SIMULATION RESULTS

Simulation methods and simulation results for gédiandwidth, phase margin, ICMR,

CMRR, PSRR, transient response etc at TT cormestamwn in this section.

5.3.1 AC ANALYSIS

The AC analysis of operational amplifier is donefbjyowing circuit setup as shown in

figure 4.6 and simulation results for AC analysis §ain and phase plot vs frequency is

shown in figure 5.5

— gain phasze
100 . . . | . 200
| | | | |
1 1 : ! '
MO(1,0Hz, 73.57) | M1243.0Hz, 7O.57%)
75.0
Eaasll F50
50.0 MZil.155MHz, 55.7 7degs)
\ L1 00
25.0 - =
= \ S
=
=) o} T £0.0 —
o M3(1. 155MHz, 0.0%) @
- fas]
oy
-25.0 -
_O
—50.0 \
=00
-75.0
-100 100
109 10! 102 103 10% 100 105 10F 108

freg (Hz)

Figure 5.5 Gain and phase plot with €0 .390pF

From figure 5.5, designed opamp has gain = 73.50@B = 1.155MHz, phase margin is

53.77 But with this compensation capacitor phase maggiaw so it is requires to adjust
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. . C. . . C. .
compensation capacitor becausé- is improvement factor and as% increases phase
ol ol

margin increases. So, after iteration value of capais given as 0.490 pF for ‘Gfegree
for which calculation is to be done. AC responsthwWi490pF compensation capacitor is
shown in figure5.6. This shows improvement in phasegin but little degradation in
bandwidth.

— gain — phase
100 T T T T T 200
| | | | |
| 1 1 | | |
Orl 0OHz, 7357 . .
250 ol ) 1{197.0Hz, 70.57%)
‘“’< Liso
50.0
M3{1.094MHz, 65 . BEdags)
F1 00
25.0 e

dB20 (V)|
Phase (degs)|

o 201.094MHz, 0.0%) ‘\ 50.0
-25.0
\ Lo
-50.0
\/—50.0

-75.0
—100 100
109 10! 102 103 104 10 10%  10f 108
freq (Hz)

Figure 5.6 Gain and phase plot with €0.490pF

Now from figure 5.6, designed opamp has Gain = 75 -3db = 197Hz, UGB =
1.094MHz and Phase margin = 65.86

5.3.2 CMRR MEASUREMENT

The circuit setup for CMRR analysis is shown inufig 4.8 and response is shown in
figure 5.7 and the measure CMRR is 147.9db as shhoWgure 5.7.
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CMRE
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Figure 5.7 Common mode rejection ratio(CMRR)

5.3.3 PSRR MEASUREMENT

For the measurement of PSRR, opamp is connectedity gain feedback, a DC bias is
connected to input and AC signal at VDD terminal RERR measurement. Setup for

PSRR measurement is shown in figure 4.10 and P&BRponse in figure 5.8

PSRR
a0 T T

i i
\MO 1.0Hz, 55.54)

30

70

dBZ20()
@
o

50

40

30
100 101 102 103 104 107 108 107 108
freq (Hz)

Figure 5.8 Power supply rejection ratio (PSRR)
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Above figure 5.8 shows PSRR = 88.84db

5.3.4 ICMR MEASUREMENT

For ICMR measurement apply variable DC voltage ngtui of opamp in unity gain

configuration as shown in figure 4.12 and its rexsgois shown in figure 5.9.

From ICMR plot shown in figure 5.9, ICMR(max) i485 and ICMR(min) is 0.142V.

L Response

— wout — win

2.0

1.75

M1l 432%, 1.435%)

< 1.0
=
75
5
.25 FMOC142,5m, 144,53 m)
0.0
0.0 25 5 75 1.0 1.25 1.5 1.75 2.0

Figure 5.9 Input common mode range (ICMR)

5.3.5 TRANSIENT ANALYSIS

Setup for transient analysis is shown in figurebdahd output transient response shown

in figure 5.10. A sin wave is applied with 24¥ peak to peak is applied as input.

In figure 5.10, Mutp-p)= 1.1803 and Mp-p) = 240 V, thus
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Gain = 1.1803_ 49179166= 7383db
240

]

Ac analysis in figure 5.6 shows that gain =73.5Wdtich is approximately equal to gain
calculated by transient analysis which is 73.83db.

O R T
IR cR AR AR AR AR AR
SEEECEERERERREaEE

751 I

T SRS AR

255\/ U U \j U Wz 285291({@;\‘}
M5 279 GDO.hmv)

WEEEEEEEEE
S T LT T
BEEREEEUREE R

e U el

0,0 2.5 C.0 7.5 10,0
tirne (5]

(5,
U
(5.
il

Figure 5.10 Input and Output transient Response

5.3.6 SLEW RATE MEASUREMENT

From the circuit setup for slew rate measuremeatvshin figure 4.14, positive slew rate

is measured as 399.2kV/s and negative slew rateasured as 107.342kV/s.
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5.3.7 COMPARISON

In following table 5.2, comparison between targetcsfications and obtained results is
shown. In this designed opamp in figure 5.4.

TABLE 5.2
COMPARISON BETWEEN OBTAINED RESULTS

AND TARGET SPECIFICATION

TARGET SIMULATED
PARAMETER | UNITS
SPECIFICATIONS RESULTS
Ao db 70 73.57
-3DB Hz 100 197
UGB kHz 250 1094
PHASE
Degree 60 65.86
MARGIN
POWER
uW 5 4.35
DISSIPATION
CMRR db 85 147.9
PSRR db 90 88.84
ICMR(MAX) Vv 0.2 1.49
ICMR(MIN) Vv 1.3 0.142
SR+ kV/s 200 399.2
SR- kV/s 200 107.342

All specifications are achieved except PSRR whish little lesser than target
specification and negative slew rate is less.
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In table 5.3, there is comparison between RC cosgied opamp shown in figure 4.1

and current buffer compensated opamp shown indi§ut.

TABLE 5.3

COMPARISON BETWEEN CURRENT BUFFER COMPENSATED
OPAMP AND RC COMPENSATED OPAMP

CURRENT BUFFER RC
PARAMETER | UNITS COMPENSATED | COMPENSATED
OPAMP OPAMP
Ao db 73.57 76.97
-3DB Hz 197 102.8
UGB kHz 1094 489.9
PHASE
MARGIN Degree 65.86 56.09
POWER
DISSIPATION i 35 1516
CMRR db 147.9 79.11
PSRR db 88.84 96.46
ICMR(MAX) V 1.49 1.689
ICMR(MIN) V 0.142 0
SR+ kV/s 399.2 338.941
SR- kV/s 107.342 50.076

Current buffer compensated opamp there is impromwemé gain, bandwidth, phase

margin CMRR, slew rate but power dissipation insemaand PSRR decreases.

Thapar University, Patiala
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5.4 EFFECT OF PROCESS CORNERS

In table 5.4 effect of process corners SS, FF,Fg¥-are shown and compared with TT

corner are shown.

EFFECT OF PROCESS CORNER

TABLE 5.4

PARAMETER | UNITS | TT SS FF SF FS
Ao db 73.57 | 70.65| 72.16 45.86 44 .4)7
-3DB Hz 197 260.4| 2235 4.354K 5.024K
UGB kHz 1094 1047 1093 985.3 907.2K
PHASE
Degree| 65.86 | 72.87| 63.75 71.76 63.06
MARGIN
POWER
uW 4.35 5.64 3.5 4.48 4
DISSIPATION
CMRR db 147.9 85.1 89.73 87.9 88.98
PSRR db 88.84| 85,51 91.5 85.74 95.92
ICMR(MAX) Vv 1.49 1.42 1.54 1.51 1.48
ICMR(MIN) Vv 142 165 .108 144 142

Some parameter specially gain decreases duringi@f& process corner analysis. One
can observe large improvement in CMRR phase mdrgmdwidth as compared to RC
compensated opamp shown in figure 4.1. But stiélsdoot fulfill all requirements during

all process corners. So, it needs some improvement.
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5.5 MANAGEING PROCESS VARIATIONS

Moore’s law driven technology scaling has impro¥&d| performance by five orders of
magnitude in the last four decades. As the advatexthologies continue the pursuit of
Moor’s law, a variety of challenges will need toeosome. One of these challenges is
management of process variation. In recent yeapnsegs variation emerges as new
challenge associated with advanced CMOS technapgiecess variation has been a
continuing theme throughout the history of semiaadr process engineering. [20]

5.5.1 CRITICAL SOURCES OF PROCESS VARIATIONS

Critical sources of variation are random dopantttiation, line edge roughness, line

width roughness, oxide thichness, fixed chargesasf traps etc.
RANDOM DOPANT FLUCTUATION (RDF)

In sub-micron CMOS technologies, MOS threshold agdt variation due to random
fluctuations in the number and location of dopatires is an increasingly significant

effect.

As the number of dopant atoms in the channel deescaith scaled dimensions,the
impact of variation associated with the atom insesa Figure 5.11 shows the decreasing
average number of dopant atoms in the channefasction of technology node.

RDF is assumed to be major contributor to devicenmaich of identical adjacent devices

and is represented by stolk’s formulation giverolein equation (5.20).

4 3 4
v =|VMEp |To [ YN |_1[ C (5.21)
2 gox effLeff \/E \/Weff'Leff

From equation (5.20), matching improves with deseca

(i) Channel doping (N),
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Figure 5.11 Average number of dopant atom in tlenkl as a function of technology

node

(i) Gate oxide thickness (J) and

(i) With increase in device area. With increadeacea variation decreases shown in

figure 5.12.

Figure 5.12 Comparison of variation between dewadis different dimensions
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LINE WIDTH AND LINE EDGE ROUGHNESS (LER AND LWR)

The primary concern with LER/LWR is variations inlp-gate patterning. For poly-gate
patterning, LER and LWR are associated with in@easubthresshold current as well as

degradation in threshold voltage.

{ah Defimiteon of 1.FR (k) Definition of 1. WR

Figure 5.13 LER/LWR definitions

Other effects like gate oxide thickness, fixed geardefects and traps affect threshold
voltage (i.e. fluctuation in threshold voltage)x&d charge, defects and traps also affect
the mobility i.e. degradation in mobility. In addi to fundamental variation mechanism
of random dopant fluctuation , there are numbevasfation sources associated with the
physical implant and anneal process. The implasit¢onditions are a significant source

of transistor variations

5.5.2 PROCESS, DESIGN AND LAYOUT TECHNIQUES TO
MITIGATE THE IMPACT OF PROCESS VARIATIONS

There are many techniques to mitigate the impagrofess variation. These techniques
can be characterized as a pure process technigeete¢hniques transparent to design),
combination process and design techniques (i.enigaes that exercise tight cooperation
between process and design) and pure design temh(iig. transparent to process). RDF
IS major contributor to random variation and itepresented by equation (5.20). It shows
that matching improves with decrease in channeindp@N) and gate oxide thickness
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(Tox) and degrades with decrease in device area. Tmses under process migration
technique. As with scalling gate oxide thicknesslupes suggests a continued
improvement in the random variation coefficient,)(Cin combined process-design
migration technique, “wide” design topology rathiean “tall” design topology. As the
wide design improves CD (critical dimension) cohttnd variation by aligning the poly
in single direction, eliminating diffusion cornees)d relaxing some patterning constraints
on other critical layers. In design migration teicjue variations are minimized through
the use of good layout techniques for example, iffinfjer layout technique.

In this current buffer compensated opamp showmguré 5.4, process corner simulation
is shown in table 5.4. During SF and FS simulatiaa observed that gain is decreasing.
Now gain depends on§p of M6 and experimentally it is also observed tthabiasing
voltage of output node of first stage of opamp smaw figure 5.4 is varying during
process corner so thg/tp of M6. Hence, the gain is varying. So, this dasbof output
node of first stage must be stable or variationalfage at this node should be decrease
so to achieve results during process variation. tBere are some sensitive nodes in

circuits and voltage at these sensitive nodes dhmeilstable during process variations.

Now process variation depends upon length and wadthrea of device as shown in
equation (5.20). this equation shows that withrease of device area variation decreases.
So, area of devices connected to output nodegifdiage or affecting dc bias of this node
should increase but keeping same W/L ratio so adeftrease variations. But here

capacitance at this output node of first stagectffiee performance of opamp as it is

C
connected to the improvement factor of opamp t.eill affect C—C improvement factor
ol

as it will increase output capacitane of first stag. Gs. It will degrade UGB, -3db and
also phase margin. So, area of devices shouldaserbut keeping target specification in
mind.Here, transistors M3, M4, M13, M14, M9, M1@ aonnected to this node, so there
areas are to be increase but keeping same W/L egwirlg target specification in mind.
So, sizes of transitors modified are given beloar. 60 degree phase margirng S also
modified to 0.580pF.

(ﬂj _125 (WJ _ 222 (Wj _ 098 and(wj _ 333
L )34 10" (L e 10 L 010 O L ). 10
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5.6 SIMULATION RESULTS OVER TT CORNER OF
OPTIMIZED OPAMP FOR TOLERATING PROCESS
VARIATIONS

In this section, simulation results of improved mpafor gain, bandwidth, phase margin,
ICMR, CMRR, PSRR etc at TT corner are shown.

5.6.1 AC ANALYSIS

The AC analysis of operational amplifier is donefbjyowing circuit setup as shown in
figure 4.6 and simulation results for AC analysis gain and phase plot vs frequency is

shown in figure 5.14

From figure 5.14, designed opamp has DC gain i69th, UGB is 756.6 kHz, -3db is
128.9Hz and Phase margin is 60.24 degree.

AT Analysis Tach freq = (1 Hz —»> 100 MHz)
—gain — phase

100

T T T T T T 200
0{1.0Hz, 75.69v) | | | !
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=] ME(756 5kHz, 60.24degs)§|R “
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109 10l 102 103 104 10 108 107 108
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Figure 5.14 Gain and phase plot
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5.6.2 CMRR MEASUREMENT

The circuit setup for CMRR analysis is shown inufig 4.8 and response is shown in
figure 5.15

— CMRR

150

125 0rl.0Hz, 145,1)

100

75.0

dB20 ()

500

25.0

-25.0
109 10l 102 103 10% 100 105 107 108
frag (Hz)

Figure 5.15 Common mode rejection ratio (CMRR)

The measure CMRR is 143.1db as shown in figure 5.15

5.6.3 PSRR MEASUREMENT

For the measurement of PSRR, opamp is connecteditiy gain feedback, a DC bias is
connected to input and AC signal at VDD terminal RERR measurement. Setup for
PSRR measurement is shown in figure 4.10 and P&Rponse in figure 5.16 and PSRR
is 92.29db.
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Figure 5.16 Power supply rejection ratio (PSRR)

5.6.4 ICMR MEASUREMENT

For ICMR measurement apply variable DC voltagengut of opamp in unity gain
configuration as shown in figure 4.12 and its res@ois shown in figure 5.17. From this
plot shown in figure 5.17 ICMR (max) is 1.51 andMR (min) is 0.143V.

OC Response
— win WO T

2.0

1.7%

FL(1.5 1Y, 1.5[!9\;-“)

-25‘—2\4 O(143.4mY, 143.5mv)

a0 25 = FE 1.0 1.25 1.5 1.75 2.0

Figure 5.17 Input common mode range (ICMR)
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5.6.5 TRANSIENT ANALYSIS

Setup for transient analysis is shown in figurebdahd output transient response shown

in figure 5.18. A sin wave is applied with 240/ peak to peak is applied as input.

Transient Response

WOLT
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FI1(2.7 35, 14664

1.25
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2’12(2.25?5, 295.1m\q
|

.25 | |
Q.0 1 2 3 4 5
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Figure 5.18 Transient Analysis TT corner

In above figure 4.16, yip-p)= 1.5457 and Mp-p) = 240u V, thus

_ 11709
40u

Gain =4878.75= 7376db

Table 5.5 showing simulated result of optimized mpdor process variations and also
comparison with target specifications. From tabk @&e can observe that all parameters
or target specifications are achieved except negatiew rate. Because of optimization

for process variation some of parameters degradeaue of increase in,{(output

C
capacitance of first stage) accs2 (improvement factor) degrades. Basically, UGB,b-3d
ol

and phase margin degrades but still target spatifics are achieved. UGB become
756.6 kHz previously it was 1.094MHz, -3db degratesl28.9Hz previously it was
197Hz and phase margin degrades to 60.24 degreeysh it was 65.86 degree
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TABLE 5.5
COMPARISON BETWEEN OBTAINED RESULTS
AND

TARGET SPECIFICATION

TARGET
PARAMETER UNITS RESULTS
SPECIFICATIONS
Ao db 70 75.69
UGB kHz 100 756.6
-3DB Hz 250 128.9
PHASE
Degree 60 60.24
MARGIN
POWER
uW 5 3.51
DISSIPATION
CMRR db 85 143.1
PSRR db 90 92.29
ICMR(MAX) Vv 0.2 1.51
ICMR(MIN) \% 1.3 143
SR+ kV/s 200 338.962
SR- kV/s 200 79.459
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5.7 EFFECT OF PVT VARIATIONS

In this section effect of Process, supply voltage temperature variations are shown.

Supply voltage variation is taken 10% i.e. minimwupply voltage is 1.62V and

maximum supply voltage is 1.98V.
Temperature variation is taken from €2 8CC.

And also with these supply and temperature vanatiove process corner variations are
also considered.

TABLE 5.6

PVT VARIATION CHART

SUPPLY TEMPERATURE
PROCESS CORNERS

VARIATION(V) VARIATION ( C)
1.8 27 TT| SS| FF| SF| FS
1.8 -20 TT| SS| FF| SF| FS
1.8 80 TT| SS| FF | SF| FS
1.62 27 TT| SS| FF | SF| FS
1.98 27 TT| SS| FF| SF| FS

5.7.1 EFFECT OF PROCESS CORNER

In table 5.7 effect of process corners SS, FF,Fg-are shown and compared with TT
corner are shown. All specifications are achiewetept negative slew rate.
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TABLE 5.7

EFFECT OF PROCESS CORNER

PARAMETERS |UNITS | TT SS FF SF FS
AO db 75.69 | 7561 75.69 75.9 75.39
UGB kHz 756.6 | 745.9| 768.3 755.2  757)9
-3DB Hz 128.9 128.6 130.2 125.9 133}5
PHASE 60.24 | 59.71| 60.77 59.9 60.49
MARGIN pegree
POWER W 3.51 3.65 3.39 3.54 3.49
DISSIPATION
SR+ kV/s | 338.962338.464| 344.750 344.696 339.839
SR- kVIs | 79.459 79528 78.816 79.986 78.717
CMRR db 143.1 111.8 117.8 104.1 104.8
PSRR db 92.29| 92.71 9199 9213 92.62
ICMR(MAX) Vv 1.51 1.51 1.548 1.56 1.51
ICMR(MIN) \Y 0.143 | 0.147| 0.090| 0.123 0.102

5.7.2 EFFECT OF TEMPERATURE AND PROCESS
CORNER VARIATIONS

Effect of process variation with temperature of d4g. and 80deg. is shown in table 5.8

and table 5.9 respectively.
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TABLE 5.8

EFFECT OF PROCESS CORNER

A

ND

TEMPERATURE (TEMP = -20 DEGREE)

PARAMETERS |UNITS | TT SS FF SF FS
Ao db 7593 | 7597 75.79 76.07 75.7
UGB kHz 698.7| 690.8] 707.6 697.8 6993
-3DB Hz 112.5 110.9 115.4 1104 1159
PHASE
Degree, 61.92 | 61.29| 6255 61.73 62.14
MARGIN
POWER
uW 3.55 3.67 3.44 3.58 3.52
DISSIPATION
SR+ kV/s | 333.096325.853| 340.238 341.098 340.136
SR- kV/is | 83.736) 84.470 83.002 84.083 82.826
CMRR db 99.2 96.57| 98.04 93.84 104
PSRR db 93.29) 91.5¢ 91.0f 91.2 91.44
ICMR(MAX) V 1.51 1.51 1.51 1.54 1.47
ICMR(MIN) Vv 0.072 | 0.092| 0.054| 0.098 0.072

During these variations temperature (-20 deg. adeg.) with all five process corner

variations all target results are achieved excepative slew rate as shown in above table

5.8 and table 5.9.
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TABLE 5.9

EFFECT OF PROCESS CORNER

AND

TEMPERATURE (TEMP = 80 DEGREE)

PARAMETERS |UNITS | TT SS FF SF FS
Ao db 75.14| 7489 75.26 7541  74.15
UGB kHz 802.4| 789.6 816 800.2 8043
-3DB Hz 148.6 151.1 148.4 143.6 156/5
PHASE
Degree, 59.35 | 58.97| 59.67, 59.11 59.6
MARGIN
POWER
uW 3.48 3.63 3.35 3.51 3.45
DISSIPATION
SR+ kV/s | 346.861341.956| 349.973 348.580 341.025
SR- kVIis | 74.338 75.33 73.490 74911 73.673
CMRR db 97.85 101.9, 97.89 105./  95.76
PSRR db 91.32) 93.771 9295 9297  93.87
ICMR(MAX) V 1.53 1.54 1.56 1.55 1.51
ICMR(MIN) Vv 0.165 | 0.183| 0.142| 0.180 0.156
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5.7.3 EFFECT OF SUPPLY VOLTAGE AND PROCESS
CORNER VARIATIONS

Effect of process variation with supply voltagelo62V and 1.98V witht 10% variation

is shown in table 5.10 and table 5.11 respectively.

TABLE 5.10

EFFECT OF PROCESS CORNER

AND

SUPPLY (VDD = 1.62V)

PARAMETERS |UNITS | TT SS FF SF FS
Ao db 75.44 75.23 75.49 75.69 75.0
UGB kHz 752.8 | 7415k 764.8 751.5 753.
-3DB Hz 132.1 133.7 132.7 128.4 137.
PHASE
Degree| 59.87 59.29 60.44 59.62 60.1!
MARGIN
POWER
uW 3.16 3.288 3.05 3.19 3.14
DISSIPATION
SR+ kV/s | 338.241334.991] 342.555| 342.610 332.722
SR- kV/s | 78.215 78.978 72213 78.601 77.4
CMRR db 105.5 100.5 110.4  99.56 1109.
PSRR db 89.92 90.76 89.4 89.71 90.7
ICMR(MAX) \% 1.33 1.31 1.35 1.35 1.30
ICMR(MIN) \ 0.114 | 0.131 0.090, 0.143 0.109

Thapar University, Patiala

66



CHAPATERS DESIGN OF OPAMP USING CURRENT BUFFER COMPENSATION TECHNIQUE

TABLE 5.11
EFFECT OF PROCESS CORNER
AND

SUPPLY (VDD = 1.98V)

PARAMETERS | UNITS TT SS FF Sk FS
Ao db 75.85 75.82 75.81 76.04 75.99
UGB kHz 759.4 748.8 770.8 757.9 7607
-3DB Hz 127 126.1 128.9 123.9 130.7
PHASE
Degree| 60.54 60.06 61.04 60.31 60.7Y9
MARGIN
POWER
uW 3.86 | 4.01452 3.73 3.9 3.83
DISSIPATION
SR+ kV/s | 351.848350.402| 350.439 352.339 351.735
SR- kVis | 79.462| 80.259 78.742 79.991 78.697
CMRR db 119.8 116.8 113.7 105.2 103|2
PSRR db 93.67 93.93 93.32 93.45 93.95
ICMR(MAX) Vv 1.71 1.73 1.76 1.77 1.70
ICMR(MIN) Vv 0.108 0.145 0.095 0.133 0.110

During these variations supply voltage (1.62V an@B¥) with all five process corner
variations all target results are achieved excepgative slew rate as shown in above table
5.10 and table 5.11
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5.8 EFFECT OF FINGERS ON CMRR

Here CMRR is calculated for different number ofgiemns. As number of fingers increases
matching increases between transistors so CMRR I&hogrease with increase in
number of fingers. CMRR depends upon matching betwd3 and M4 transistor and
matching between them increase as number of fingergases. So, CMRR should

increase with increase in number of fingers. Thishown in figure 5.19 and table 5.12.

CMRR_Mf=1 CMRE_Mf=2 — CMRR_MNf=3

1757 : :

1 M2(1.0Hz, 156.8

150

:\ o,
125—_ 171.0Hz, 15 1.8)
] ;O(I.GHZ, 142 1y

100

75.01 \

50,01

dB2a

25.01

109 10l 10¢ 107 10% 10° 10° 107 108
freg (Hz)

Figure 5.19 Effect of fingers on CMRR
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TABLE 5.12

EFFECT OF FINGERS ON CMRR

NUMBER OF FINGERS(NF) CMRR(db)
1 143.1
2 151.8
3 156.8

5.9 ACHIEVING HIGH CMRR

One can observe from figure 5.7 and figure 5.3 {from analysis of CMRR), for current
buffer compensated opamp CMRR is very high. Thigpassible i.e. high CMRR is

possible by symmetrical bias condition i.e. matghin

In order to improve CMRR, accurate matching musgbented by both a proper layout

design and symmetrical bias conditions. This mélamsame drain-source voltages.
Viss =Voss = Vese (5.22)

This matching can be achieved by transistors MIB3Nh4.

YD

Mid I —1| M3

Figure 5.20 M13, 14 used for high CMRR
These two transistors helps in achieving high CMBRRproperly sizing these transistors
one can achieve high CMRR.
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5.10 PARAMETER EXTRACTION USING BSIM MODEL
EQUATION [21]

EFFECTIVE CHANNEL WIDTH AND LENGTH

Wes and Legs in @above equation are effective channel width length and given as, W
= Wyrawn— 2dW and k¢ = Lgrawn - 2dL . Where dL and dW is given as,

dL="L, + oy by be

(5.23)
I‘LLN WLV\/N L\M_NV\(N\NN

dw =W, + W Wy, Wy (5.23)
Wi Wonn  Liven WMo

For NMOS dL= 15.8nm, dW = 10.22nm and for PMOS dL18.4nm, dW = -152.5nm

lo EXTRACTION

In subthresshold region current equation is given a

W, f V.. -\, —VOFF
|l =lo——|1-ex Vs | |gyf Yoo TV (5.25)
Lot nuU. nuU.

_,, [9&N _ New | _
Wherel , = u Tf”uf andqoS—ZUTln[ n(i:HJ_Z%'

1=44.5nm, Xe=-055um, § = 41.8nA, {= 26.09nm, Gep=1883.48uF/r?l

Where N, is average doping concentration in channel, nlopesfactor and Y is
thermal voltage and its value is 25.9m\fepds depletion width,lis characteristic length,
VOFF is offset voltage and its value for NMOS is -.1208¢e theoretical subthresshold
voltage is given by ¥suw= Vin + VOFF. The difference between threshold voltage o
strong inversion and threshold of subthressholidbres several ¥ and to account this
fact VOFF is introduced.
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I, is calculated as 41.8nA

SUBTHRESSHOLD SLOPE FACTOR (n)

Subthresshold slope factor (n) is given as

C
n=1+ NFACTOR—Cdep + S

0ox 0ox

L L (5.26)
(CDSC +CDSCD.V,, +cdschV,, )| exp - DVTL_" |+exp —DVT1 &

t t

+
C

0ox

Where NFACTOR is introduced to cover for any ur@iety in the calculation of

depletion capacitance angr@ interface charge capacitance.

Value of n=1.053 for NMOS.

COEFFICIENT OF CHANNEL LENGTH MODULATION

Va is early voltage given as

LA TR

V, =V, t|1+
A Asat { E_ L,

VACLM VADI BL

WhereV,.m €arly voltage due to channel length modulatidp; s, is early voltage due

to drain induced barrier lowering aig,; is early voltage at saturation point.

1

Channel length modulation is inverse of early \gudta = "
A

An1,2=0 .068 for M1 amd M2),= 0.048,, = 0.025

Following table 5.13 shows the calculated sizettarfsistors of current compensated two

stage opam using above parameters calculated eguragions (5.21) to (5.25)
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TABLE 5.13

SIZES OF TRANSISTORS

D

TRANSISTOR SIZE TYPE REGION
M1,2 7.5/2 NMOS SUBTHRESSHOL
M5,8 0.360/2 NMOS SATURATION
M7 1.67/2 NMOS SATURATION

M9,10 0.39/2 NMOS SATURATION
M11,12 0.68/2 NMOS SATURATION
M3,4 0.470/2 PMOS SATURATION
M6 1.945/2 PMOS SATURATION
M13,14 0.960/2 PMOS SATURATION
COMPENSATION
Cc 0.420PF
CAPACITOR
LOAD
CL 10PF
CAPACITOR

Thapar University, Patiala
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TABLE 5.14

COMPARISON BETWEEN OBTAINED RESULTS

AND

TARGET SPECIFICATION

TARGET SIMULATED
PARAMETER | UNITS
SPECIFICATIONS | RESULTS
Ao db 70 75.07
-3DB Hz 100 167
UGB kHz 250 950.4
PHASE
Degree 60 60.5
MARGIN
POWER
uW 5 2.87
DISSIPATION
CMRR db 85 123.6
PSRR db 90 90.24
ICMR(MAX) Vv 0.2 1.57
ICMR(MIN) Vv 1.3 0.180
SR+ kV/s 200 465.999
SR- kV/s 200 58.180

Table 5.14 shows the comparison between targetfadion and simulated obtained
results. One can observe that negative slew rateeig less than required target

specification. All other specifications are obtalne
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CHAPTER
LAYOUT DESIGN

AND
POST LAYOUT SIMULATION

6.1 INTRODUCTION

In amplifiers it is assumed that the circuits aegf@ctly symmetric i.e. two sides exhibit
identical properties and bias currents. But initgadlentical devices suffers from a finite
mismatch due to uncertainties in each step of theuiacturing process. Let us take an
example, as shown in figure 6.1 shown below, the geamensions of MOSFET suffer
from random, microscopic variations and hence mish&s between equivalent lengths

and widths of two transistors that are identictdig out [20].

Also, MOS devices exhibits threshold voltage misthabecause ¥, is a function of
doping levels in the channel and the gate, ancetles®ls vary randomly from one device
to another.

VTH = (pMS + (pF + Qdﬂ (61)

Cox

Where ®ys is the difference between the work functions olypgate and the silicon
substrate, ®p = (KT /q)In(Ng,,/n;) , q is electron charge, ¥ is the doping
concentration of substrate 4&is the charge in depletion region, angk S the gate
capacitance per unit area. So, to minimize effeatismatch effective layout technique is

needed.
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Figure 6.1 Random mismatch due to microscopic tiaria in device dimensions

EI! . WHI - |!| ‘5
- I I

Ra/2 Ra/2

Figure 6.2 Reduction of gate resistance by mutigidr layout design style or by folding

1

Analog systems demand many layout precautions sto aminimize mismatch and

parasitic. Multi-finger transistors use to reducsmrmatch S/D junction area and the gate
resistance. Thumb rule for fingering is “the widtheach finger is chosen such that the
resistance of the finger is less than the inveraastonductance associated with the
finger”. While the gate resistance can be redugeddzomposing the transistor into more
parallel fingers but the capacitance associatedh whe perimeter of the S/D areas
increases. For example, as shown in figure 6.2tiNMnoger layout or folding reduces the

gate resistance by a factor of four.
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6.2 LAYOUT OF OPAMP

In figure 6.3 layout of current buffer compensatgzthmp is shown. Schematic of this
opamp is shown in figure 5.4. Optimized sizes ahsistors and compensation capacitor

for process variation shown in section 5.5.2.

Figure 6.3 Layout of two stage opamp with currexffdr compensation with
Cc=0.580pF

IO, 1| T —|

Figure 6.4 Extracted view of layout of two stageump in figure 6.3

In figure 6.4 extracted view of layout shown inuig 6.3 is shown. With extracted view

parasitic are attached like parasitic capacitamck marasitic resistors. This view is used

for post layout simulation.
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RCX is use to extract parasitic from layout and gost layout simulation this extracted

view is simulated i.e. parasitic are attached testatic.

Parasitic like parasitic capacitance and parassdstors attached with extracted view are

shown in figure 6.5. Figure 6.5 is enlarged or zedricture of extracted view.

Figure 6.5 Zoomed extracted view of layout showpagasitic
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6.3 FREQUENCY RESPONSE

In figure 6.6 the AC analysis of layout is showrhisT figure 6.6 shows post layout

simulation.

— gain — phase

200

100 , ,
| |
e ! !

1(80.46Hz, 73.08v)
75.0 !

\ F150
(1. OHz, 76.08v)

M32(557 akHz, 82 25degs) 197

0.0

25.0

dB20 ()
Phase (degs)

Mﬁ('S?.le—z, 0.0V 0.0

o =]
N

-25.0
\/——50.0

=00

-75.0 100
109 101 107 103 10 10° 10% 107 1058
freg (Hz)

Figure 6.6 Post layout simulation

In above figure 6.6 Gain, phase vs frequency plith W-=0.580pF is shown. One can
observe that result in this case after post lagontlation degrades or changes this is due
to parasitic UGB and -3db degrades to 557.9kHi8h46Hz and phase margin become
83.42 degree. It means that €hould be decrease so as to decrease phase raadgin
increase or improve bandwidth. Results shows taedgitic are added incG.e. parasitic
are increasing compensation capacitor. So, ongdaecrease value of compensation
capacitor for compensating parasitic so that toeaehsame result as we are getting with

schematic. So £value is taken as 0.380pF.

In figure 6.7, the optimized layout of opamp with=0.380pF is shown.
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Figure 6.7 Optimized layout of two stage opamp wWigx0.380pF

6.4 POST LAYOUT SIMULATION OF OPTIMIZED
LAYOUT

Simulation results for gain, bandwidth, phase mar¢fMR, CMRR, PSRR, transient

response etc at tt corner are shown in this section

6.4.1 AC ANALYSIS

The AC analysis of operational amplifier is donefbjyowing circuit setup as shown in
figure 4.6 and simulation results for AC analysis §lain and phase plot vs frequency is

shown in figure 6.8. Now from figure 6.8, desigrgzhmp has
Gain = 76.21db

-3db = 119.4Hz

UGB = 743.2 KHz

Phase margin = 62.77
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— gain — phase
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Figure 6.8 Gain and phase plot

6.4.2 CMRR MEASUREMENT

The circuit setup for CMRR analysis is shown inufig 4.8 and response is shown in
figure 6.9 and the measure CMRR is 157.1db as shogure 6.9.

CMRER
175

T T
/VIO(l.OHz, 157.12
150

125

100

750

dB201()

50.0

25,0

o}

-25.0
100 101 102 103 104 10° 105 107 108
fraeg (Hz)

Figure 6.9 Common mode rejection ratio (CMRR)
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In layout CMRR increases to 157.1db as comparexsthematic where CMRR is 143.1

shown in figure 5.15.

6.4.3 PSRR MEASUREMENT

For the measurement of PSRR, opamp is connectamityngain feedback, a DC bias is
connected to input and AC signal at VDD terminalPSRR measurement. Setup for
PSRR measurement is shown in figure 4.10 and P&Rpdnse in figure 6.10. Above
figure 6.10 shows PSRR = 92.85db

— PSER
100

T T
a0l.0Hz, 22.95)

90,0

50,0

F0.0

dB20 ()
@
fal
o

0.0

40.0 \ /
30,0

20,0
100 10l 102 103 104 105 10% 107 108
freqg (Hz)

Figure 6.10 Power supply rejection ratio (PSRR)

6.4.4 ICMR MEASUREMENT

For ICMR measurement apply variable DC voltage ngtui of opamp in unity gain

configuration as shown in figure 4.12 and its resgois shown in figure 6.11.

From ICMR plot shown in figure 6.11, ICMR (max)li$4 and ICMR (min) is 0.119V.
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DC Response

Yvout —vih

2.0

1.7%
MI1(1.5248Y, 1.545V)

15

125

1.0

YO D

75

25T MO(119.3mY, 120.7mV)

0.0 25 = 75 1.0 125 1S 1.7% 2.0

Figure 6.11 Input common mode range (ICMR)

6.4.5 TRANSIENT ANALYSIS

Setup for transient analysis is shown in figureb4ahd output transient response shown

in figure 6.14. A sin wave is applied with 24¥ peak to peak is applied as input.
In figure 6.14, Mutp-p)= 1.1928 and M-p) = 2401V, thus

Gain = % =4970= 7392db

40u

AC analysis in figure 6.8 shows that gain = 76.2Hdol gain calculated by transient
analysis is 73.92db.
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Transient Response

Transient Response
— vout
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Figure 6.12Transient analyses during SF and FS corners

During process corner simulation SF and FS cormaulation transient analysis are
shown in figures shown above. One can observetthasient analysis fails during SF
and FS process corner simulation. For removingpheblem, one has to remove process
variations, now process variation can be minimizgdising fingers. As fingers are used
process variation effect decreases. When fingeMfs taken as 4 and M7 taken as 2,
transient analysis is optimized to large extentsi&ally, it is observed during process
corner analysis that Ron6 and Ron7 differ with éaegnount that is why during SF and
FS Vcm_out varies with large amount. Ron6 and RisniMohm during TT corner but
during SF Ron6 become 1.4Mohm and Ron7 is 300komandairing FS Ron6 become
300kohm and Ron7 is 1.4Mohm. Fingering of M6 and '&hown in layout shown
below in layout. All results shown in this chaptaken using final layout shown in figure
6.13

Figure 6.13Final layout of opamp
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Transient Response
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Figure 6.14 Transient analysis at all five procegs®sers

6.5. EFFECT OF PVT VARIATION

PVT variation chart is shown in table 5.6. In thétion 6.5.1 effect of process corners is

given.
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6.5.1 EFFECT OF PROCESS CORNERS

In table 6.1 effect of process corners SS, FF,Fg¥-are shown and compared with TT

corner are shown. All specifications are achiewatbpt negative slew rate.

TABLE 6.1

EFFECT OF PROCESS

PARAMETERS [UNITS | TT SS FF SF FS
Ao db 76.21| 76.01] 76.21 75.783  73.85
-3DB Hz 119.4 120 119.4 125.1 1562
UGB kHz 743.2 726 739.9 728.6 7352
PHASE
Degree, 62.77 | 63.76| 61.01 62.5 62.04
MARGIN
POWER
uW 3.69 3.84 3.19 3.54 3.43
DISSIPATION
SR+ kV/s | 334.124330.276| 339.497| 338.655 329.121
SR- kV/is | 74.309] 83.489 67.013 78.624 70.149
CMRR db 157.1| 103.39 103 104.8  99.66
PSRR db 9245 91.9¢ 928l 9148 94.43
ICMR(MAX) Vv 1.54 1.52 1.54 1.56 1.54
ICMR(MIN) Vv 0.119 | 0.123| 0.081| 0.1172 0.093
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6.5.2 EFFECT OF TEMPERATURE AND PROCESS
CORNER VARIATIONS

Effect of process variation with temperature of d4g. and 80deg. is shown in table 6.2

and table 6.3 respectively.

TABLE 6.2

EFFECT OF PROCESS CORNER

AND

TEMPERATURE (TEMP= -20 DEGREE)

PARAMETERS |UNITS | TT SS FF SF FS
Ao db 7564 | 7549 75.79 7569 72.68
-3DB Hz 136.9 137.6 136 135.6 193.6
UGB kHz 7776 | 7643 786.1 772.6  780/6
PHASE
Degree| 61.32 62.8 59.9 61.39 60.98
MARGIN
POWER
uW 3.47 3.86 3.15 3.53 3.42
DISSIPATION
SR+ kV/s | 339.107334.653| 342.950 340.729 334.529
SR- kV/s | 70.997 80.914 63.267 75.635 66.358
CMRR db 98.43 105.5| 95.63 1106 9591
PSRR db 92.98| 9241 9341 91.64 9534
ICMR(MAX) Vv 1.54 1.53 1.58 1.58 1.54
ICMR(MIN) \Y 0.160 | 0.184| 0.125| 0.165 0.144
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TABLE 6.3

EFFECT OF PROCESS CORNER

AND

TEMPERATURE (TEMP= 80 DEGREE)

PARAMETERS [UNITS | TT SS FF SF FS
Ao db 76.34| 76.28| 76.34 7557 7411
-3DB Hz 105.1 105 105.8 114.2 1359
UGB kHz 676.6| 6714 682.3 673.8 6785
PHASE
Degree, 64.15 | 65.46| 6291 6439 63.76
MARGIN
POWER
W 3.49 3.83 3.22 3.55 3.45
DISSIPATION
SR+ kV/s | 329.170319.653| 336.047| 334.324 320.902
SR- kV/is | 76.901 85.394 69.958 80.947 72.745
CMRR db 102.8| 97.62] 107.98 96.44 113.3
PSRR db 91.76) 91.35 92.04 90.y 93.56
ICMR(MAX) V 1.51 1.50 1.53 1.52 1.51
ICMR(MIN) Vv 0.056 | 0.084 | 0.054| 0.077 0.043

During these variations temperature (-20 deg. adeg.) with all five process corner

variations all target results are achieved excepative slew rate as shown in above table

6.2 and table 6.3.
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6.5.3 EFFECT OF SUPPLY VOLTAGE AND PROCESS
CORNER VARIATIONS

Effect of process variation with supply voltagelo62V and 1.98V witht 10% variation
is shown in table 6.4 and table 6.5 respectively.

TAB

LEG6.4

EFFECT OF PROCESS CORNER

AND SUPPLY (VDD = 1.62V)

PARAMETERS |UNITS | TT SS FF Sf fs
Ao db 75.88 | 75.74] 75.99 7542  75.63
-3DB Hz 122.8 123.8 122.4 129.2 128
UGB kHz 730.4 | 723.6| 737.7 726.Y 7419
PHASE
Degree| 62.22 | 63.61| 60.89 62.4 62.06
MARGIN
POWER
W 3.13 3.46 2.87 3.19 3.23
DISSIPATION
SR+ kV/s | 333.318328.849 337.748 335.516 328.209
SR- kV/s | 70.035 82.091 65.824 73.37 68.947
CMRR db 118.8 100.9 108.3 101.b 100,8
PSRR db 90 89.27, 90.51 88.23 94.89
ICMR(MAX) Vv 1.33 1.32 1.36 1.36 1.34
ICMR(MIN) Vv 0.108 | 0.137| 0.081| 0.113 0.108
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TABLE 6.5
EFFECT OF PROCESS CORNER

AND SUPPLY (VDD = 1.98V)

PARAMETERS [UNITS| TT SS FF SF FS
Ao do | 76.28| 76.18] 76.35 7593 75.23
-3DB Hz | 117.4| 117.8] 117. 1222 133
UGB kHz | 7342 | 7282 7415 730 73709
PHASE
Degree| 62.44 | 63.82| 61.09 6257 62.28
MARGIN
POWER
uW | 382 | 422 | 351| 3.89| 3.78
DISSIPATION
SR+ KV/s | 343.841324.342| 346.236 343.924 322.664
SR- KVis | 74.324] 83.434 67.085 79.405 70.180
CMRR db 108 | 114.4| 102.3 1056 98.84
PSRR do | 93.82] 9338 9408 09283 9517
ICMR(MAX) Y, 174 | 1.71 | 176 | 1.75| 1.72
ICMR(MIN) V | 0.108 | 0.132| 0.072] 0.128 0.092

During these variations supply voltage (1.62V an@B¥) with all five process corner
variations all target results are achieved excepative slew rate as shown in above table
6.4 and table 6.5
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CHAPTER CONCLUSION

AND
FUTURE RESEARCH

7.1 CONCLUSION

In present work two compensation techniques arepeoed. In table 5.3, there is comparison
between RC compensated opamp shown in figure 4l Tament buffer compensated opamp

shown in figure 5.4.

RC compensated opamp design method presentedsiprésent work, one can observe that
Cc is 0.9pF which is less than minimum accepted valee 2.2Pf (=0.22 G where

C.=10pF). So, advantage of this technique is thatpsorsation capacitor value decreases.

Current buffer compensated opamp there is impromemiegain, bandwidth, phase margin
CMRR, slew rate but power dissipation increases &8RR decreases. Also, area
requirement for current buffer compensation techaigs very less as compared to RC

compensation technique.

Compensation capacitor is less for current buffangensated opamp as compared to RC

compensated opamp.
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In this present work, technique to achieve high GMR given as shown in section 5.9. One
of the main advantages of current buffer compendsapamp is that it has high CMRR and
high bandwidth. On can use it where high CMRR tpuneed. One can observe that typical
value of CMRR obtained in this current buffer comgeted opamp is 157.1db after post

layout simulation.

During transient analysis improvement, it is obsdnthat a MOS can be represented as
resistor and during process variations its valueukhnot be vary so as to pass process

corners. So, any analog circuit can be represdntd®lC network.

—H[ &= £

Figure 7.1 MOS and resistor equivalence

In section 5.5 it is shown that how to manage msoariations. And tried to implement
process variation mitigate techniques like incregsarea of some MOS devices, design
should be “wide” for proper aligning of poly or giing poly in same direction and multi-

finger technique.

One main thing for managing process variation & thurrent sources should be in saturation
as it affect current less as compared to currentrceoin subthresshold region. As in
saturation current follows square law and in sudghinold region current follow exponential

law.

Also, there may one or more sensitive nodes vadtage such nodes should be stable for
stability during process variations, from this cepic of sensitive nodes emerges like in

current buffer compensated opamp output of fi@gestis sensitive node.
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All simulation results are shown in form of besseaworst case, and typical case compared
with target specifications of current compensateanap. These results are shown in table 7.1

given below.

TABLE 7.1

SPECIFICATION COMPARISON IN TERMS OF TYPICAL, BEST

AND WORST CASE
TARGET
PARAMET- BEST | WORST
UNITS | SPECIFICA | TYPICAL
ERS CASE | CASE
-TIONS
Ao db >70 76.21 | 76.35 72.68
-3db Hz >100 119.4 | 1936 105
UGB kHz >250 7432 | 786.1 6714
PHASE
Degree 60 62.77 | 6546  59.9
MARGIN
POWER
DISSIPATIO | uW <5 3.69 2.87| 4.22
N
346.23
SR+ KV/s >200 334.124| © | 320,902
SR- KV/s >200 74.309 | 85.39463.267
CMRR db >85 157.1 | 157.1 95.63
PSRR db >90 92.45 | 9534 88.2]
ICMR(MAX) | V 1.3 1.54 176 | 1.32
ICMR(MIN) Vv 0.2 0.119 | 0.043] 0.184

Thapar University, Patiala
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7.2 FUTURE RESEARCH

In this work, one can observe that negative sle® imnot equal to positive slew rate and
negative slew rate is 4 to 5 times smaller thantipesslew rate. Condition for negative slew
rate is that 11=I2 (see figure 5.1) even after giog this condition negative slew rate is not

equal to positive slew rate. Thus, this is one npaoblem or area of improvement.

Hence, above low power opamp can be used as priéi@amiar biomedical applications as it
is stable and achieves almost all target spediicatfor biomedical applications like ECG.

So, it can be used to make low power biomedicaksys like ECG system.
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APPENDIX

A

IMPROVEMENT FOR

PROCESS VARIATION

In this section improvement in results during pgssceorner simulation is done. In table

5.4 process corner analysis is given during SFRE®dne can observe that simulation

fails. A way is to use fingers for M6 and M7 whefirfgyers for M6 and 4 fingers for M7

is taken (NMOS has taken just half the fingers BIGS, also taken in section 6.4.5 for

improvement in transient

EFFECT OF PROCESS CORNER

TABLE A.1

Thapar University, Patiala

PARAMETER | UNITS TT SS FF SF FS
Ao db 73.55 73.04| 73.537 73.5 73.429
-3DB Hz 194 202 194.27  194.3 194.3
UGB kHz 1055 989.1 1127 1033 1072
PHASE
Degree| 64.88 | 66.459] 63.42 66.1] 63.737
MARGIN
POWER
uW 3.79 4.34 3.42 4.08 3.55
DISSIPATION
CMRR db 110.87| 85.68 89.157 88.6 88.339
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analysis it shows good results or one can saydass&t when fingers of PMOS is twice the
NMOS). Results are shown in table A.1

One can observe from table A.1 effect of procesgmtian minimizes. One can compare
with results shown in table 5.4 where gain, bandwaite not stable during process corner

simulation.
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APPENDIX

SMALL SIGNAL ANALYSIS

In this section small signal analysis of currenfféducompensated opamp is given.

f VDD

"'Tbias
MO Vout

gl = L
%7 GND

Figure B.1 Schematic of current buffer compensateimp

Small signal circuit of figureB.1 is shown in figuB.2 and its simplified circuit is shown

in figure B.3
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gm9vgs9

i : Cc
Vdo Vs9

—I_ gmlvid

Cc1 R2
R1 gmbvgst

Figure B.2 Small signal circuit of current buffamspensated opamp

Source rearrangement method is used to simplifitif8]. Figure B.2 is simplified to
Figure B.3 as shown below.

Cc
Vdg Vg Vout
1 1
| |
EmSvgss Cgs9
—_ rdsg — —_
gmlvid a1 C1 EmBvEse - Cc2

%

Figure B.3 Simplified Small signal circuit
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One can divide circuit in three parts given below:

PART 1
11=gmSvgs3
vl
mlvid % c1
& Rl
Figure B.4 Partl of simplified Small signal circuit
i1= gmOvgs9

(vout —vs9)sCc =il
(vout —vs9)sCc = gmivs9

voutsCc

——— =Vvs9
gm9+ sCc

i1= gmivid +£+\/lsC1
R1

Thapar University, Patiala

(B.1)
(B.2)

(B.3)

(B.4)

(B.5)
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PART2
Vout
R ‘
Rds9=1/gms3 _J~ gmoveso - 2
T Cgss
Figure B.5 Part2 of simplified Small signal circuit
vout + gm6vl+ﬂ +voutsC2=0
1 N 1 R2 (B.6)
scgs9+gm9  sCc '
PART3
l Vout
Cc
- V=S
11
Rdsg9=1/gm9 l ::l 12
Cgs9
Figure B.6 Part3 of simplified Small signal circuit
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‘f’Ut_O —=il+i2= V9 4 vs9sCgs9 (B.7)
+
gm9+sCgs9 sCc %]mg
vout
+ = + B.8
(gm9 + sCgs9)vs9 (SCo + gm9 + SCgs9) sCc(gm9 + sCgs9) (B.8)
_ voutsCc (B.9)
s(Cc + Cgs9) + gnm9

From equation (B.1) and (B.5) we get,

gm9vs9 = gmivid +R£1+\/13C1:0 (B.10)

Putting value of vs9 from (B.9) into (B.10), we get

voutsCc - gmivid +£+vlsC1:O (B.11)
s(Cc + Cgs9) + gm9 Rl
gmosCovout i w{ E SCl} (B.12)
s(Cc+Cgs9) + gm9 RL

From equation (B.6), we get,

voutsCc(sCgs9+gm9) vout SVOUtC2 (B.13)
sCc + gm9 + sCgs9 R2

gmevl = -

Putting value of v1 from (B.13) into (B.12), we get

gm9sCcvout g6 = gilvidgme — voutsCc(gm9 + sCgs9)  vout VOULSC2 [ 1, sCl}
s(Cc + Cgs9) + gm9 s(Cgs9 +Cc) + gm9 Rl
(B.14)
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gmBgmIsCc +[ sCc(gmd+sCgs9 | 1.

+sC2 (i + sClj vout = grmilgmévid
S(Cc+Cgs9) + gm0 | s(Cc+Cgs9) +gmd R2 RL

(B.15)

gmbgmIsCe + SCc(gmo + SCgs9) (i + sClj + (i + sCZJ(i + sClj = grrngmG—Vid
s(Cc+Cgs9) +gm9 s(Cc+Cgs9) + gmo\ RL R2 RL vout

(B.16)

gmBgmISCe + SCo(gmo + ngsg)(Ril + sclj +(s(Ce-+ Cgs9) + gmg)(Ri1 ; sClj[é + sczj

= gmlgmGE[s(Cc +Cgs9) + gm9)|
vout
(B.17)

Solving left hand side of equation (B.17):

= gMBQMISCe + SCe(gmo+ sctgsg)[Ri1 + sClj +(s(Co+ Cgs9) + gmg)(é ‘ sczj(Ril + sClj

Taking gm9 common and take it to right hand side get left hand side as,

= sgm6Cc + s0d 1+ 29 (i+ sClj 4 S(CerCe) |y (i+ sc1j(i+ sczj
gm9 ARl gmo RL R2

Taking R1R2 as L.C.M. at L.H.S. And take R1R2 imanator to R.H.S., we get L.H.S.

as,

= sgm6R1R2Cc + ch(l+ SCgs9
gm9

](1+ SRIC1)R2 + (w
gm9

+ 1} (L+ SRIC1)(L+ SR2C2)

sCgs9
gmo9

S(Cc + Cgs9)
gm9

— sgmBRIR2Cc + ch(1+ J(1+ SRIC1)R2 + (1+ ](1+ SRICI)(1+ SR2C2)
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— sgMBRIR2CC + sCR2 + 57 SO0 camipo + 7| R2ECC99 | cooimipo
gm9 gmo

#1459 L0 iroco | |+ 52| L0 cimi + riciroc2 + 899 o

gm9 gm9 gm9
4 {w +RICL+ chz}

gm9

_ o[ cosoceCIRIR? | Co+Cgs0 L oo

gm9 gmo
+ 52| ECFCO0 oot 4 miciroc2 + SEF GO0 pocy o CCCO0 oy | mirocice

gm9 gm9 gmo
+ {gm6R1RZCC +CeR2+ CCJ’—”?:'SQ’ +RICL + chz} +1
g

(B.18)

Small signal frequency response of current buffengensated opamp is given as,

vout gm9
A(S) = = B.19
(s) vid 1+ as+bs? +cs® ( )

Equation (B.18) is the denominator of equation @3.1
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