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Abstract

It is inconcevable to implement any analog circuit without the use of amplifiers in one form or
another. The amplifiers are the essential part of the analog designs. Amplifiers consists of input amplifiers
to primarily provide the gain and output amplifiers are used to provide sufficient power to the output load
and to drive a speaker or other power device Another important purpose of output stage is the input-output
matching of devices with which it is cascaded. An output stage plays a aucia role in the drcuit design.
The output stage with minimum distortion, low output impedance, high bandwidth, and high efficiency is
desired.

In this projed, some amplifiers to be used as output amplifiers are designed to drive the RC load with
R =2K and C =10 .

Here, | have studied performance parameters like Total Harmonic Distortion, efficiency, Bandwidth, output
voltage swing, dc gain, output resistance, temperature dfeds for class A current source load class A
sinking amplifiers(without and with feedbadk), push-pull classB and AB output amplifiers (without and
with feadbad) and cascode amplifiers. The results for the same ae tabulated in the mncluding chapter,
which would fadlit ate the design enginee to make achoice between the various modalities for a spedfic
applicaion.

Source degeneration technique to reduce the total harmonic distortion and error amplifier to reduce the

output resistance ae dso presented in this projed.



Differential amplifiers are dso studied and two topdogies i.e. resistive load dfferential amplifier, and
current mirror load dfferential amplifier is designed to be used as input amplifiers.
The layouts of class A common source sinking amplifier, classB push-pull amplifier without feedbad and

differential amplifier isalso presented.
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Chapter 1

I ntroduction

The dectronics industry has achieved a phenomenal growth over the last few decades,
mainly due to the rapid advances in integrated techndogies and very large scde CMOS
design. The wuse of integrated circuits in high performance @mputing,
teleommunicaions, and consumer electronics has been growing at a very fast pace in
digital aswell as analog domains.

In analog damain, amplifier forms an essential comporent of every eledronic arcuits and
isfunctionally important constituent of the signal processng circuits and systems.

We ae avail able with many types of input and output stages, working in particular
classof operation with particular architecture. The dassof operation for output stage is
determined by the biasing point. A particular circuit topdogy achieves sme good
parameters , whil e trading the other. Though some literature is avail able on thistopic, bu
the detail ed data for parameters achievable by a particular topdogy of amplifiers is nat
avail able for decision making to the choice of a spedfic drcuit for desired use. Thereby
need for comparative study of the useful parameters of different topdogiesto be used as
output stage with dfferent classof operationis of paramourt importance.

The ClassA, ClassB, ClassAB output stages, with and withou feedbad to drive 2kQ,
10pf , RC load was designed and performance parameters like the Total Harmonic
distortion at different frequencies, vdtage swing, Bandwidth, temperature dfeds, are
studied and tabulated for different architectures used as output stage. The trade-offs to
adhieve best performancewith ore achitecture is also dscussd.

In inpu stages, differential amplifiers with resistive load and with current mirror load
was designed.

This work has been made possble through the benign guidancein using the Tanner Toal
fadlity (1.25 un Technology) for simulations, available & T.I.E.T, Patiala. The work has
been dore a the level of simulations using T-Spice and layouts are made in L-Edit.

The detailed design has been accomplished in the dapters to follow. However, brief
introduction, chapter wise is presented hereby. The final results are tabulated at the end.
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Predsely, thiswork in hand takes up the objedive “It is necessary to examine dosely the
design processof anaog circuits and to identify those principles that will i ncrease design

productivity & the designer’s chances for success”.

1.2. Organization of ThesisWork:

In Chapter 1, is given the brief introduction abou the topic and chapterwise
organization d the work.

In chapter 2, introduction to types of amplifiers is presented, that include inpu and
output amplifiers and goerational amplifier, which are commonly used for amplificaion
in analog circuits. The various parameters which dedde the performance of the anplifiers
i.e. distortion, ouput voltage swing, -3dB Bandwidth, inpu and ouput resistances,
efficiency, gain, ndse, effed of temperature ae dso hriefly discussd.

In chapter 3, the output amplifiers are discussed that are classfied as ClassA, ClassB
and Class AB amplifiers based ontheir operating point biasing. The two topdogies of
output amplifiers include output amplifiers withou feedback and with feedbad. Output
amplifiers withou feedbadk including Class A, Class AB and Class B are designed for
driving aload of R = 2K and C = 10 pF and their performances calculated in terms of
Total Harmonic Distortion, DC Gain, Bandwidth, Output Resistance, Power Disgpation
and Efficiency are discused. Simulations are made in Tanner-Tod with 1.25um
Tedcndogy isaso presented in this chapter.

In chapter 4 , the output amplifier with feedbadk, including classA, class AB, ClassB
amplifiers, are designed and the same parameters as mentioned in chapter 2 are
cdculated. The practical implementation d Class B output amplifier with floating
batteriesis discussd.

In chapter 5, differential amplifiers with dfferent loads to be used asinpu amplifiersin
analog circuits, is discussed. The trade-off s between these topdogies are discussed. Two
differential amplifiers i.e. Differentiadl Amplifiers with resistive load and dfferential
amplifier with current-mirror load is designed and their simulation results are dso
provided in this chapter.

In chapter 6, the analog layouts are made for common- source ClassA, ClassB and for

current mirror load dfferential amplifier designed in previous chapters.
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In chapter 7 the comparison d al the output amplifiers designed in previous chapters
to drive the RC load is given in table 5. Then, which ouput amplifier is best suited to
which applicationis discussd.

Appendix | —Mode file

Appendix Il — Net-list

References
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Chapter 2

Clasdfication of Amplifiers

Amplificdion is an essential function in most analog and many digital circuits.
Amplificaionis dore because the signal may be too small to drive aload, a to overcome
the noise of a subsequent stage or to provide logical levels to a digital circuit. The
performance parameters of the anplifiers are dc gain, suppy voltage, lineaity, power
disgpation, nase and maximum voltage swings. The inpu and ouput impedances of the
amplifier determines how the drcuit interads with precaling and subsequent stages.
Most of these parameters trade with ead aher, making the design a multi-dimensional

optimization problem.

2.1.Typesof Amplifiers
The basic types of amplifiers[1] are shown as foll ows:
MOS Inverting Amplifiers
o Differential Amplifiers
e Output amplifiers
* Operational Amplifiers

2.1.1.MOS Inverting Amplifiers

The inverter iswidely used in bah analog and dgital circuits. In dgital circuits, inverter
acomplishes the Bodlean operation d negation. In anaog circuits, the inverter is used to
achieve amplificaion. The inverting amplifier is primary gain stage of analog amplifiers.
The objedive of inverting amplifiers used in analog circuits is to provide an inverting,
small signal voltage gain greater than 1 The inverter produces output that is inverted
w.r.tinpu.

An inverting amplifier, in its smple form, consists of two bocks, votage controlled

current sink/ source and the load.
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Basic Inverter Architectures
The voltage ontrolled current sink/ source ae combined with two terminal loads to
implement the threebasi ¢ types of inverter architectures:

» Sinking Inverter

» Sourcing Inverter

* Push-Pull Inverter

In sinking inverter as shown in Fig. 2.1.(a), there is a voltage controlled current source
and the load. The inverter is cdled sinking inverter because the transistor sinks the
current through load whereas the sourcing inverter is cdled so because it sources the
current in the load, as shown in Fig. 2.1(b)

In push-pull inverters, as shown in Fig. 2.1(b), there is a voltage cntrolled current
source and a voltage antrolled current sink. The use of dc current sources or sinks to

redize the load will | ead to high values of small signal voltage gain Av.

load +o—y|a
Y4 Vin Y o
Qo0—=o + —T_O " 5 i
J * lo Vout e

@ (b)

14



(©)
Fig .2.1.Inverter Architectures. (a) Sinking Inverter (b) Sourcing Inverter, (c) Push- pull
Inverter.

The genera voltage transfer representations for sinking inverter, sourcing inverter and
Push-Pull i nverter are shown in Fig 2.2.(a), 2.2(b), 2.2(c) respedively. In these voltage
transfer curves, onand df state of transistor, transition region between switching on and

off of transistor is shown, which tell s abou working of that architecture.

Vour
s “VOUT
ﬁffgvlu | 777HVP
| | |
iti i | :
} : transition region : : transition region
! | / [ ' /
i [
| off | A on : on | off |
(e e Ving | state | | state \
‘ I S ‘ | f f .
o) | Ve Vi | Ve
i . -
Vru | | | Vi |
| I \ \
| | | !
L L
\ } . N ;
Vg F——=— N
@ (b)
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Vour

/ off

My, =
(©
Fig.2.2. Typicd voltage transfer functions for the inverters (a) Sinking Inverter (b)

Sourcing Inverter, () Push-pull Inverter

The small signal ac performance of sinking and sourcing inverters can be cdculated
with the help of small signal model. It is sen that acgain, inpu resistance, and the output
resistance ae afollows:

Av =vout/ vin = -gm/ (g0 +gl) = -gm. Rout
Rin=ri =1 g
Rout =ro.rl/ (ro +rl) = 1/ (g0 +gl)

In Push-Pull amplifier, the ac gain, the inpu resistance and the output resistance seen
with the help of small signal model are & foll ows:

Av = Voul Vin = -(gm1 +9m2)/ (Go1 + Jo2) = -(Om1 + Gm2). Rou

Rin = riv.fi2/ (fias+ri2) = 1 (Gin + 9i2)

Rout = T'o1-fo2! ( fortlaz) = 1/ (01 + Qo)

The possble MOS implementations of the sinking inverter architedure ae shown in
Fig.2.3 Each of the lower block is a redization d the voltage controlled current sink
using an n-channel transistor and eadt of the upper block represents a realization d the
load conneded between the output of the voltage-controll ed current-sink and Vdd.

16



Fig.2.3. Possble redizations of Sinking Inverter with (a) Active p-channel load, (b)

Current source load, (c) Active n-channel load.

The performance of the inverter varies with the different load used. The Table.1 shows
theoreticd values of ac voltage gain, acoutput resistance and bandwidth.

The performance of the inverting amplifier can be improved by use of additiona devices,
like cacode anplifiers. The improvements are not only in the aeaof performance but
also in the aea of design freedom.

2.1.2.Differential Amplifiers

The differential amplifier is among the most important circuit in analog design. It is very
useful to use & an input stage and is highly compatible with IC techndogy. The
differential amplifier has two inpus. It amplifies the difference of input and gives single
ended o differential output. The differential amplifiers snoud have higher output swings
and hghreedion d supply noise.

The differential-mode inpu voltage, Vid, of differentiad amplifier is defined as the
difference between vin; and vin,. This voltage is defined between two terminals, neither
of which is ground.The common mode inpu voltage Vi is the average value of vin; and
vin,.

Vig= Vi n]_-Vi Ny

17



Vic = (VimtVin2)/2
Vint = Vict Vid/2
Vinz= Vic- Vig/2

The output voltage of differential amplifiersis expressed as:
Vout = Avd Via + Avc (Vin1+Vin2)/2

The differential amplifier can be implemented with two transistors in dfferential
arrangement and with dfferent loads, like resistive load, cascode load and mirror load
efc.

2.1.30utput amplifiers

This amplifier is necessary to interface the output of an amplifier to a low resistance or
low-capacitance load. Normally amplifiers are incapable of driving alow resistance high
cgpacitance load. [2] Shows one technique for CMOS buffer amplifiers to derive low
resistive loads The output amplifier is difficult to design since it requires large, linear
output swings acrosslow resistive load[3].

The output load of the circuit can significantly influence the performance of the circuit.
The output load generally consists of aload resistor R, in parale with aload cgpadtor
C.. The objedive of an ouput amplifier is to provide large output voltage swing across
the load. The requirements of output amplifier can be divided into ‘static and dynamic'
requirements. The static requirement can be stated as the aili ty to maintain a dc voltage
somewhere between the power suppy limits acoss a spedfied load resistor. Therefore
the output stage shoud have alow thevenin ouput resistance and shoud be dficient to
avoid large power disspation in the amplifier. The dynamic requirement is the aility to
charge or discharge alarge capadtance d a specified vdtage rate. This requirement is
often associated with slew rate or maximum output voltage rate of an analog circuit.

The maximum source sink ouput currents and the acoutput resistance charaderize the
static performance of the output amplifier. The quiescent bias current of the amplifier

rel ates these two measures.

18



Under dynamic ocondtions, the output sinking/ sourcing current needed to charge or
discharge C, may be greater than that required to maintain given dc voltage acrossR,. It
is assumed that the output voltage is in the range where both transistors are in saturation.
The arrent required to charge acgpadtor C, at slew rateis given by:
llout| = CL [dVout/ dt]
=C.. Sew rate. PPN ¢} |
As the output voltage deviates from 0 V, the aurrent avail able for charging C, is reduced

by the aurrent necessary to sustain an nonzero value of Vo a0ossR, .

2.1.4.0Operational Amplifiers

For analog circuits, the operational amplifier is one of the most useful blocks. The opamp
isusually made up d two gain stages, namely, the differential inpu stage and the output
stage.

Operational Amplifier, unlike the transconductance anplifier, includes an output stage
cgpable of driving off-chip low load resistances. Drive caabili ty, li nearity, and

output swing are mainly (or aimost completely) set by the output stage [4, 5, § whichis
the most criticd block in the design of low-voltage opamps.

The focus of inverting and dfferential amplifier is on the small signal performance. This
includes the acgain, inpu and ouput resistances, bandwidth and nase. These anplifiers
are typicdly used as input or interstage anplifiers and do ndé have large signal swing
requirements. The focus of output amplifiers is on large signal anaysis. The key
performance apeds include large signal swing, lineaity, efficiency, and low output
impedance In operational amplifier, the emphasis includes both small signa & large

signal considerations.

2.2. Performancefactorsof Amplifiers:

* Distortion
If the output signal is not like the input signal in shape or frequency, the signal is sid to
be distorted. Distortionis any undesired change in asignal from inpu to ouput.

19



An amplifier distortion can be dharaderized by the influence of the anplifier upona pure
sinusoidal signal[8]. Distortion is caused by the non-lineaity of the transfer curve of the
amplifier. If pure sinusoid is given as

Vin(@) = Vp sin(wt)

is applied to the inpu, the output of amplifier with dstortionwill be
Vou(w) = & Vp sin(wt) + & Vp sSin(2wt) +.............. + & Vp sin(nwt)

Harmonic Distortion (HD) : for the ith harmonic can be defined as the ratio of magnitude
of the ith harmonic to the magnitude of the fundamental.

HD, = ay &

HD3=a &

Total harmonic Distortion (THD): is defined as the square rocat of the ratio of the sum of
al of the second and higher harmonics to the magnitude of the first or fundamental
harmonic. Thus THD can be expressd as

THD = [@2 +a6™+ &’ Feeveeaeeeeenanns +a] lay

» Efficiency
The dficiency of an amplifier refers to the anount of power delivered to the output

compared to the power supdied to the arcuit.

Efficiency = Pr/ Psupply

* Power Disgpation

The power disspated in load and dsspated by source is cdculated with the help of
.power command which is used alongwith tran command.

The average power, the instantaneous minimum power and the instantaneous minimum
power (in Watts) and the time of maximum and minimum power consumption (in

semndas) are reported.
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The instantaneous power P; dissipated by voltage source d time t is the aurrent through
the source multi plied by the voltage drop aaoss the source. The average power P for time

interval (ty, tp) iscomputed using the trapezoidal approximation to evaluate the integral:
= 1 e

Pt t;) = | P(T)dr

T

T ) ©)

Iy =1y

* Output Voltage Swing

Output voltage swing is the range over which the output voltage can vary withou
excesgve distortion. Infad the output voltage swing gves the value of the maximum
paositive and regative voltages over which transistor will be out of saturation. The output
swing can be noted from the plot showing variation in ouput with the variation in inpu

signal.

* Bandwidth

In the frequency domain, A,(w ) of the ideal inverter shoud have a magnitude, Ao,
independent of frequency and a phase shift of £180 degree At some frequency, the
magnitude of A,(w) of the pradicd inverter will deaease. The frequency at which the
magnitude of A,(w) is equal to A/ 2 is cdled the —3dB frequency. The gain of
integrated circuit inverters is Ao for al frequencies sifficiently below w3dB. Thus the

bandwidth of the inverter is—3dB frequency.

e OQOutput Resistance
Output resistance dfeds the speal with which the amplifier can charge a capacitor
conreded to its output, and hence the highest signal frequency. Output resistance rq, for
different topdogies using small signal model, are evaluated.
For sinking and push-pull inverter, rout = 1/ (Qust Qds2)
For cascode achitecture, rout = rys. Ome- a2 || fass

21



The AC gain, Output resistance and Bandwidth of sinking inverter with n-channel adive
load, with p-channel active load and with current source load and pwsh pul inverter with
different type of loads are shown in Table.1.

Tablel : The AC gain, ouput resistance and bandwidth of sinking inverter and push pul

inverter.

Inverter AC voltage Gain AC output resistance | Bandwidth (Cgb=0)
n-channel -Om1/(Gm2tGmb2) 1/(Gmz+Omb2) (Im2 + Gmb2)/

adive load (Court Cyart Cysot Choa2)
sinking

inverter

p-channe | -gm1/Om2 UGme (Om2 + Gmb2) /

adive load (Codr + Cyart Cyeot Coa2)
sinking

inverter

Current -Om/ (Qdst + Q) | 1/(Qastt Qo) (Qast Qus2) /

source load (Court Cyart Cyrt Co)
sinking

inverter

Push-pull “(Om1+ Om2) / (Gust + | 1/ (Gusa+Qs2) (Qust Qas2) /

inverter Oas2) (Coart Cyart Cyeot Cor)
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Chapter 3
Output Amplifierswithout Feedback

The output stages primarily provide sufficient power to the output load to drive aspeaker
or other power device.

One method to charaderize amplifiers is by class of operation. Basically, amplifier
classes represent the anount the output signal varies over one cycle of operation for afull

cycleof inpu signal. A brief description o amplifier classesis as follows:

ClassA: The output signal varies for afull 360 degreeof cycle. The Q-point of Class A
amplifier is such hiased that at least half the signal swing of the output may vary up and
down withou going to a high enough vdtage to be limited by the supdy voltage level, or
too low to approacd the lower suppy level.

ClassB: A classB circuit provides an ouput signal varying over one half the inpu-cycle,
or for 180 degree of signal. The dass B operation is st by selecting proper operating
point of transistor. For ClassB amplifiers to be used in amplification applicaions, push-

pull architedureis used.

ClassAB: For Class AB operation, the output signal swing occurs between 180 deg &
360 degree and is neither ClassA nor ClassB operation. This amplifier Q-point is biased
at adc level between the Q-paint of ClassA and ClassB Q-paint.

ClassC: The output of a dassC amplifier is biased for operation at lessthan 180 agree
of the cycle and will operate only with a tuned (resonant) circuit which provides a full
cycle of operation for the tuned o resonant frequency. This operating classis therefore

used in spedal areas of tuned circuits, such asradio or communications.

ClassD: Thisclassisaform of amplifier operation using pulse signals which are onfor a

short interval and df for a long interval. Using digital techniques makes it possible to
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obtain a signal that varies over the full cycle to reaeate the output from many pieces of
inpu signal.

There aetwo dstinct approaches to implementing output stages.
e Output amplifier withou feedback
e Output amplifier with feedback

A conservative gpproad to characterize the output signal swing of MOS amplifiersisto
asume that all devices must be in saturation. This constrains the operation to the
transition region d the voltage transfer function d the amplifier. The resulting output
rangeis nat as large as that which could be achieved if some of the devices are all owed to

operate in the adive or ohmic region.

3.1 ClassA Common Source Output Amplifier

The MOS current source load inverting amplifier has a higher ac gain than the adive p-
channel and adive n-channel load.

Consider the drcuit of current sourceload (sometimes cdled a “pull-up”) classA sinking
amplifier as shown in Fig. 3.1.1t will be asumed that the arrent flows in bah ouput
devices during the entire swing of the output voltage (ClassA operation)

c=100
R=1 ,:
K

[ ®

NS
Fig.3.1.Schematic of ClassA Common Source Output Amplifier
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The maximum source arrent, loy, that can be obtained from the drcuit of fig.1 occurs
when M (lower transistor) is off and M(upper transistor) is sturated, is given as

lout” = Ko’ WolVag- VG-Vl / 2Lz e (3)

It is important to nde that as long as M, is saturated, this current always flows in M,
regardlessof the value of Vj,. The maximum sinking current, Iy, for Fig.1 accurs when

M, is sturated and Vi, = V4q andis given as
lout = K’ W1 (Vg ~Vss—Vin)? 121 = lout vvvvveeveinnaenaennn, (4)

Here, o must also include o becaise of Class A nature of biasing. The arrent-
sinking capability of M1 can easily exceal |, because the gate-source voltage of M; can
be very large.

If Vou @pproadhes Vs then My will passfrom the saturationto ohmic region where V g <
Vga- Vi If aload resistance R, is conrneded to the output, Vg is small, and Vi =V g,
Then eg. (4) for ohmic region kecomes

Id]_ = Kn’ Wl (Vdd _VSS_th)(-IOUt -* R| _VS$ / Ll .............. (5)

Sincelgs is 2Im of 1oy and Iy, solving for lqy as
Iout' = [Kn’ Wl(Vdd _VSS - th).Vss /Ll - |0ut+] / [ l+ Kn’(Wl /Ll)( Vdd‘ VSS_
V)R] R (<)

When Vo approadies Vg, loiw Will become dependent on R, and have a smaller value
than that of Eq.(3).

3.1.1Designing of Class A Output Amplifier:
Spedfications:

R. =2KQ, C_ = 10pF,

Slew rate =5V/us, vadltage swing = +-2V,
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Vg = -V = 25V.
Design Steps:
Step 1. Calculate the bias current using eg. (1)
lhias= CL * Slew rate.
lout. (Sourcing current) =1.05 mA
Step 2. Find the bias voltage for upper transistor (M»), so that it remains in saturation.
Vg=0.74/
Step 3. Calculate aspect ratio of M using eg. (3)
(W/L)p=125u2u,
Step 4. Calculate aspect ratio of M, using eg. (4)
And, loyt (Sinking current) =10.5mA
(W/L)n =38uU2u,
The sinking current is approximately 10 times urcing current. The sourcing current can
be increased by decreasing the gate voltage on M, (upper transistor) or increasing
(W-/Ly). In ether case, the bias current that flow would increase, causing the power

disgpationin the inverter to increase.

The small circuit resistance of the inverting voltage anplifier is a measure of how the AC
gain will be influenced by the presence of asmall | oad resistance

Using eq oyt = 1 /(Qas1 + Qds2), Fout IS CAculated.

Using eq Ay = -G/ (Gest + Gee) = [2Kn (Wo/L2)]™?/ n + Ag)(1)]**

Thegain A, for ClassA amplifier, assuming that R_ isinfinite.

When loaded with R, new gain Av’ was cdculated, as

AV =AV[R./(R. +row)] @)

= -Om1/ (Qass+Qusot G).
The ClassA output amplifier hasazero at z=gm1/Cgd1l
and apde dp= -(gdsl + Qs +G|_) / (ngl + ngz + Cpg1 + Cog2 + CL) .............. (8)

The new value of gain A, for finite R_ is reduced from the value that obtained with

infinite R..
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Ancther desirable characteristic of an ouput amplifier is to have small value of rout, so
that small signal voltage gain by eq. (7) is not reduced.

The Total harmonic distortionin ouput for small value of inpu is lessthan the distortion
for higher value of input. The THD measured for Vi, = 0.2is1.76whereas THD for V, =
0.51is 3.157,which is higher than that for Vi, =.2, as $hown in Appendix Il. The THD
also varies with change in frequency. The variation o THD in this output Stage, for vin =
0.5with variationin frequency is siownin Fig.3.5.

The dficiency of thisamplifieris: 6.9%

Efficiency = Pri/ Psypiy = [Vout (Peek)? 2 RL] / (Vdd Vs9 | g

We know that, Ig = (Vdd —Vs9/ 2RL.

Therefore, Efficiency = ( vout(Pe&)/ (Vdd —Vsg )?

The maximum efficiency of the ClassA output stage occurs when Vout(pe&) is 0.5(Vdd
—Vss), which is 25%

3.1.2Simulation Results:

ModuleO

Temp =125 deg

=
=
o
)
[]
=
S
>

Fig.3.2.Plot of the output voltage of the arcuit of Fig.3.1. as a function d 2KQ load

resistor.
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Frequency (Hz)

Fig.3.3.AC Analysis of ClassA Output Amplifier.

Temp = 125 deg

Voltage (V)

Time (us)

Fig.3.4.Plot of sinusoidal input (Vpek =0.5) and ouput voltage for Fig.3.1
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Fig.3.5.Thevariation d THD with frequency for ClassA Output Amplifier.

The power results are shown in Appendix Il.
Efficiency =6.9%

3.2. Class AB Amplifier Without Feedback

A semnd method d implementing an ouput amplifier withou feedbadk in MOS
Tedchndogy is the common-source Class B or Class AB amplifiers. Vb is a floating
battery used to establish the proper bias of the devices. The sinking/sourcing output
current capability of such amplifiersis very large and is limited primarily by the power

disgpation cgpabili ty of the devices.

The drcuit diagram of push-pull architecture operating in ClassAB output stage is s1own

below:
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Fig.3.6.ClassAB Output Amplifier withou Feedbadk

Spedfications:

RL =2KQ, CL = 10pF,

Slew rate =5V/us, vadltage swing = +-2V,
Vdd=-|Vsg|=2.5¢

3.2.1.Designing Of Class AB Output Amplifier:
Step 1: Slew Rate =5V/V,
Ibias = CL *Slew Rate =1.05mA
Step 2 : Caculate (W/L)n by the dowve &.
laz = Ky Wn (Vag—Vss—Vin) (-lou- R —Vs9 /Ln
(W/L)n= 384
Step 3: Calculate (W/L)p by eq..
(W/L)p = (W/L)n* K,/ K,
(W/L)p=91/4

The two high-efficiency output stages providing rail-to rail output swing and high ouput

current are the symmetric dassAB output stage[9], and the asymmetric classAB output
stage [7] are discussed in [10]. The symmetric classAB output stage is based ona novel

solution, which provides the drive cpability of a smple inverter stage (i.e., with the

same pe&k-to-peak output swing and an overdrive limited by only two saturation
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voltages), and wses a simple and acarate arrent control. High linearity for low input
level isalso achieved. The asymmetric classAB output stage is sSmpler than the previous
one, bu, dueto its asymmetric topdogy, we exped alower linearity performance
The simulation Results are shown in sedion.3.22. In Fig.3.7,as bah transistors, M| and
M2 are @nducting in the region aroundVin = 0, thisamplifier is cdl ed ClassAB.

Harmonic distortionin classAB circuits can be evaluated with the goproach suggested in
[11, 13. The methodgives the seaond and third-order harmonic distortions as afunction
of the small-signal voltage gain al, as well asthe output derivative & the highest and
lowest extreme of theinput variationa” and a respedively. The foll owing harmonic
distortionterms resultsin

HD2 = (a'- a) / 8a

HD3 =(a'- a -2a,) / 24

The THD at frequency 20,000Hz for this amplifier is 6.08 %6

Power consumed results are shown in Appendix Il.

Efficiency = 12.2%

3.2.2.Simulation Results:

Fig. 3.7.Plot of the output voltage and dain current in M1 & M2 of Fig.3.6.
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Temp = 27 deg
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Fig. 3.9.Sinusoidal output for 0.5V (p-p) sinusoidal inpu.
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Fig. 3.10.Thevariation d THD with frequency for ClassAB Output Amplifier

3.3. Class B Output Amplifier without feedback

In Fig. 3.11,the transistors are biased so that no drain current flows when Vin is zero, the
stage is termed Class B. When Vin is positive, the lower device is on and the upper
deviceis off. When Vin is negative, the lower deviceis off and the upper deviceis on.
The maximum passhble efficiency of the ClassB amplifier for a sinusoidal Output signal
IS 78.5%.

vh 4 @
in } i Lvout~ N

L+
$g Bl e

Fig. 3.11.ClassB Output Amplifier withou Feedbadk
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Here, lg1= lout

SO, lg1 = Ky W1 (Vag—Vss—Vin)(lout- Ri =Vsd /L1 covvinii i 9)
In order to balancethe aili ty of the anplifier to source/sink current,
(W/L)2 = (Kn/Kp)(WL/L1) P (/X0

3.3.1.Designing Of Class B Output Amplifier:

Spedfications

Output swing = +-2V, Vdd= |-Vss|= 2.5V

lout- = 1.05mA

Design Procedure:

Step 1: (W1/L1) iscaculated from following eg. (9)
(WZ/L1) = 38U 4u.

Step 2: (W2/L2) is calculated from eqg. (10)
(W2/L2)=91u/4u.

We can seefrom fig.3.7.that to operatein classB, Vb=1.81vV

This circuit has a maximum sink/source arrent of 1. 4mA, resulting in a +1.4V output
signal swing.

Here Vb= 1.81, and the amplifier is operating in ClassB mode. Fig.7 shows a simulation
correspondng to that of fig.7 for Vb = 1.81V. Several things shoud be noted. 'Thefirst is
that Ml is off when. M2 is on and vice versa. The second is that Vb has caused the
maximum source and sink currents to be reduced from 1.05mA to 0.9mA. Also nade that
the transfer function is norlinea abou Vin = 0. This norineaity will introduce
distortionin the output signal. A good compromise for this amplifier would be to go back
to ClassAB operation by choasing appropriate Vb.

Efficiency = Pri/ Psypiy = [Vout(peek)?/ 2RL] / [(Vdd-Vs9(Vout(pesk))/ TRL]

The term V(pe&k)/ TRL in the denominator represents the average aurrent flow for a
half wave redified sinusoid. The maximum efficiency occurs when Vout(pe&) is the
largest, i.e. 0.5V 44Vsy, andis 78.3%.

Efficiency =7.2%
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The primary advantage of the implementations of ClassB / AB is that the, maximum
sourcing/sinking current is not limited by the bias current. This allows, output amplifiers
to have loy limitations smilar to the Iy levels of the ClassA output amplifiers.

The variation d THD with change in frequency is siownin Fig. 3.15.

3.3.2.Simulation Results:

<
@
<
5

Temp = 27deg

Fig..3.12.0utput voltage and ClassB Output Amplifier

Temp =125 deg

Temp = 27 deg

Voltage Phase (deg)

Fig. 3.13.AC Analysis of ClassB Output Amplifier.
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Fig.3.14.Sinusoidal Analysis of ClassB output stage.
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Fig. 3.15.Variation d THD of ClassB with variationin Frequency
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3.3.3. Floating Battery implementation for common source class B/ AB Push-Pull
amplifier:

Class B/AB represents a good solution to the output amplifier, except for the
implementation d floating battery, Vb. Figure below shows the crosscoupling of four
devices that allow the design of ClassAB or B operation. The operation is determined by
the voltages Vgg4 and Vgg5 used to establish the bias current in the output devices M1

and M2. When inpu is taken pasitive, the aurrent in M8 increases, and the current in M7

3
=

Lol

=

D

T

el
3

Fig. 3.16. Floating Battery implementation d classB/AB Amplifier

deaeases. If the operation is ClassB, then M7 turns off. As the aurrent in M8 increases,
it is mirrored as an increasing current in M1, which provides the sinking capabili ty, for
the output current. When vin is deaeased, M2 can source output current.

Using eg.(11), we can find the value of Vgg4 and asped ratio of M8, M4, M3.

l1.= Uy Cox (W/L)g (Vin = Vg = Vin)® = Un Cox (WIL)4 (Vggn = Vg = Vip)* = Up
Cox (W/L)3 (Vo = Vs— Vi)
Similarly, Vggb can aso be caculated.
Vggd =Vggs = 2.5V

(W/L)g= (W/L)s= (W/L)3=16/4 and (W/L)7 = (W/L)s= (W/L)4=40/4.
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Fig. 3.17.Plot showing output swing for circuit of Fig. 3.16.

3.4. Cascode Amplifier

The cacode amplifier has two advantages over the inverting amplifiers. It provides a
higher output impedance and it also reduces the dfect of the Mill er Capadtance on the
inpu of the anplifier, which will be very important in designing the frequency behaviour
of op—-amp.

The inpu signal of a @mmmon gate stage may be a arrent. Also transistor in common-
source arrangement converts a voltage signal to a aurrent signal. The cascode of a CS
stage and a CG stage is cdled a ‘cascode’ topdogy. Cascading can be extended to three
or more stadked devices to achieve higher output impedance, but the required additional
voltage headroom makes such configuration less attradive. For example, the minimum
output voltage of atriple cacodeis equal to the sum of threeoverdrive voltage.

Gm bea trade off with the bias current and device cgadtances, it is desirable to increase
the voltage gain by maximizing ro.

The voltage gain is roughly equal to the square of intrinsic gain of the transistors.
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Fig 3.17. Schematic of Cascode Amplifier.

3.4.1.Design Procedure:

Spedfications:

Slew rate =5v/us,

CL=10pF,

Av =-50V/V

Output voltage =+2V

Design Steps:

Step 1: Calculate lyiss as

Ibias = CL * Slew Rate

Ipias =1 = SOUA

Step2: Calculate asped ratio of M3 and M4 using eg.
(WIL)3 =21/ Ky [Vag —Vou(max)]?
(W/L)3 =38.02 [11524

Step 3: (W/L)4 = Ibias(W/L)3/1 ,
(W/L)4 = 1524

Step 4: Calculate asped ratio of M1 using eg.
(W/L)1 = (AVA)?l/ 2 Kn'
(W/L)1 = 61.700247/4
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Step 5: Calculate asped ratio of M2 using eg.
Vou(mMin) = Vg (sat) + Vgeo(sat)
={21/ K, (W/L)1}Y?+ {21 / K, (W/L)2}Y2

To cdculate M2, Vdgo iSs neaded , and to cdculate Vdsat2 we nead Vdsatl.
Vae(sat) = {21/ K, (W/L)1}? =0.160V

V gz(sat)= Vou(min) - Vg (sat) =-1.66V
Als0, V gao(sat) = {21/ K, (W/L)2} Y2
Therefore (W/L)2 = 92/4

Step 6: Calculate Vgg2 using eg.

Vg = Vas(sat) + Ve

Vg =-0.87

3.4.2. Simulation Results:

cascode_ac

—~
m
°
~
()
e}
>
5=
=
()]
©
=
()
()]
©
=
o
>

10k 100k
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Fig. 3.18. Dc Analysis of Cascode Amplifier:
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Time (us)

Fig. 3.19.Sinusoidal input and ouput for Fig.3.18.

3.5. Error Amplifier
Fig.3.2Q shows an implementation d the use of negative feedback with error amp to
obtain an improved common source push-pull output amplifier. Since the inverter can
have reasonable gain, it is possble to use resistive feedbad to replace the more complex
error amplifier. The resistance R2 shoud be twice R1 so that the input signal does not
have to be cgable of maintaining the output signal. The resistors do nd have to be
caefully matched and could be palysilicon, dffusion, n+ or p- well, or even transistors in
the cae of the MOS version. Asuuming that R2 = 2 R1, the loop gain of negative
feedback loopwould be

LGOgmRL/3
Where gm is transconductance of M1 o M2. Thus the output resistance of shurt
feedback circuit is expressed as
Rout’ = rout/(1+ gm RL/3)

Where rout is the resistance of output amplifier with the open loop.
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Fig. 3.20.Use of negative feadbad to reduce the output resistance of the fig.3.6.

Fig.3.21.Frequency response of Error Amplifier

Taking different values of R1 and R2 satisfying R, = 2 R; we observethe gain bandwidth

trade-off. Increasing the value of R, the gain increases whil e the bandwidth deaeases.
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Table 2: Trade-off between dc gain and bandwidth for Fig. 3.21with R, = 2 R;.

R Rz Bandwidth DC Gain
50 100 36.7M Hz -36 db
2K 4K 2.39M Hz -0.7 db
4K 8K 2.2M Hz 0.27 db
10K 20K 2M Hz 1db
20K 40K 2M Hz 1db

3.6. Linearization Tedhnique

In the large signal analysis of single stage and differential amplifiers, circuits usualy
exhibit anontlinea inpu/output charaderistic.
In a cmmon source, the output variation becomes heavily norlinea as the inpu level

increases i.e. for small inpu swing, the output is reasonable replica of the input but for

large swings, the output exhibits saturated level§[13)].

vout“

ty

Fig.3.22.Distortion in common source stage.

VDL“ "

f‘l
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While anplifiers using “global” feedbadk circuits can achieve ahigh linearity, stability
and settling issues of feedbad circuits limit their usage in high- speed applicéions. For
this reason, many other techniques have been invented to linearize anplifiers with less
compromisein spedl.

The principle behind lineaization is to reduce the dependence of the gain o the drcuit
uponthe inpu level. This usualy translates into making the gain relatively independent

of the transistor bias currents.

The simplest lineaization method is ource degeneration by means of a linea resistor.
For a cmmon source stage, and reveded by the observations in the previous sdion,
degeneration thereby reduces the signal swing applied between the gate and the source of

the transistor, making the inpu output charaderistics more linea.

From other point of view negleding body effed, we can write the overdl
transcondtctance of the stage s,

Gm = g/ (1+ gmRs)

For large gmRs, G, = 1/Rs

Note that the anount of lineaization depends on gmRs rather on Rs alone. With a
relatively constant G,,, GnRy is aso relatively independent of the input and amplifier is
lineaized.

Fig. 3.23.Common source stage with degeneration
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Fig.3.24 DC results of fig. 3.23,(a) For Rs = 0, ld(max)= 2.5 mA, (b) For Rs =2k,
Id(max) = 840LA.

Resistive degeneration presents trade-offs between linearity, gain, ndse axd power
disgpation. For reasonable input voltage swings, it may be quite difficult to achieve even
avoltage gain o 2 in acommon source stage if non-lineaity isto remain below 1%.

CMOS current amplifiers with improved lineaity performance of output stages and a

high-drive capability are discussed in [14]
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Chapter 4
Output Amplifier with Feadback

The feedbad is generally employed in circuits, to stabilize the system. However, na all
types of feedbadk has this property. There are two types of feedback: positive ad
negative. Negative feedbadk stabili zes, whil e the positi ve feedback has oppaosite df ect.
The Feedback Equation

AcL =AoL/ 1+A0L B PN /A
Where, frequency dependenceof Ag, isnot shown.

Ac_ : Closed loopgain

AoL : Openloop @gain

B : Fealbad gain

AoLB : loopgain

Note the dependence of Ac. onthe value of Ag. . The value of Ag. becomes large (AoL
bewmmes infinity), then the value of Ac. approaches 1/ 3. This ill ustrates the need for
having a high-gain amplifier. If Ag_ is large, then the dosed loop gain becomes highly
dependent on the feedback comporents.

4.1. Properties of negative feedback in Amplifier Design:
e Gain desensitivity
* Bandwidth extension
* Reductionin norinea distortion.
* Reducing the dfed of noise.
e Inpu and output impedance ®ntrol.

Gain desensitivity

Since the value of open loop @in is large, its vaue may change significantly with
temperature, mismatch of devices, and dher parameter variations. However, negative
fealback desensiti zes the dosed loop gain from changesin open-loop.
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Bandwidth Extension

Negative feedbad also increases the usable bandwidth of an amplifier. Asume that an
amplifier has the frequency resporse given by

AoLH(9)= Aoty / (S+ wH) e (12)
AoLn(s) is smply the high-frequency dependent version d Ao and is approximated
using afirst-order pae & wy. Plugging Eq. (11) into eq.(12) yields

AcLu(S)= AoLu(S) / (1+ AoLn(s) B) =[Aol/ (1 + B Aol)] / [1+ & (1+B AoL) @] - ... (13)

The &.(13) is compaosed of two parts. The numerator is sSmply the dosed-loop @gain at
low frequencies and the denominator reveds apole & (1+f AoL) wy. Tus, -3d bandwidth
has increased by afador of (1+f3 AoL), a the st of a propational reduction in the gain.
Figure 4.1ill ustrates the bandwidth extension from using negative feedback. The original
open-loop frequency resporse is drawn in the solid line, while the dosed-loop frequency
resporse is ill ustrated in the dashed line. The dosed-loop resporse shows the decrease in
the gain and at the same time an increase in bandwidth[15].

p decrw

MLF o

v

w

Fig. 4.1.Extension d the bandwidth (a) high-frequency pde, (b) Low frequency as a
result of feedback.

Effed of negative feedback on Nonlinearity:
We know that negative feadback makes the closed-loop gin relatively independent of the
open loop gain. Since norlineaity can be viewed as the variation d small signal gain

47



with inpu level [20], we exped that negative feedbadk suppresses this variation as well,
yielding higher linearity for the dosed loop system.
A fealbadk circuit employing a feedforward amplifier with a finite gain suffers from gain

error.

4.2. Source Followers:

Source followers are occasionally employed as level shifters or buffers, impading the
overall frequency response.

The follower configuration hes both high current gain and low output resistance
Unfortunately, since the source is the output node, the MOS device is dependent on the
body effed. The body effed causes the value of V; to increase & the output voltage is
increased. This creates the situation where the maximum output voltage of the n-channel

sourcefoll ower is considerably lower than V 4q —V+.

One alvantage of the source follower is alow small signal output resistance This low

resistance causes the acvoltage gain (and frequency resporse) to be lessdependent on R,.

4.3.ClassA Source Follower
Fig. 4.2 Shows that, when Vi, approades V4 the source follower must sink external
load current and Vo e(Min) will be greder than Vs The maximum value of Vq iS given as
Vout (MaX) = Vgd — Vi Von1 OVag— Vi
Asauming that Vin can be taken to V yq,
Vi = Vi +y (V)
Vou (Max) OVaa V172 =Vier-yi/2 (Ya*+ 4V aer Vs —Vian)

The maximum output current sinking is determined by M, and maximum current

sourcing is determined by M; and V.
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Fig. 4.2.Schematic of ClassA Source Foll ower

V

4.3.1.Design Procedure:
Spedfications:

Output voltage swing = £2V
Vdd=|Vss|=2.5,R =2K, C_. =10pF.
Vg=1V.

Step 1: | =CL * Slew Rate =1.05mA.

Step 2: The aspect ratio of M2 can be foundfrom equation given below

Lot = KZZC/:IZ (Vg ~Ves _\/tZ)

(W2/L2) = 16/ 2

Step 2: The agpect ratio of M1 can be foundfrom foll owing equation, taking Vi = Vyo.

. KW,
Iout = 21|_11 [Vdd _Vout _Vt1]2 - l D2
(W/L)1 =582

Step 3: Iterate again for the value of Vy; with eq. given below:
Vi = Vig+y (Ve + [2phi )~ [2phi[?
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4.3.2.Simulation Results
The smulationresults of ClassA sourcefoll ower are given as:

ModuleO

Voltage (V)

Fig. 4.3.0utput voltage of fig 4.2.for variationin inpu.

ModuleO

)
S
(O]
(@)
©
=
(@]
>

50 60

Time (us)

Fig. 4.4.Sinusoidal input and ouput for fig. 4.2.
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Voltage Magnitude (dB)

Fig. 4.5.AC Analysis of fig. 4.2.
THD =2.92%

Efficiency = 8.6%

4.3. Class AB sourcefollower

The schematic of ClassAB sourcefollower is srown in fig. below.

.

Fig. 4.6.Schematic of ClassAB sourcefoll ower
Here the battery Vb = 2.5V and the drcuit isoperating in ClassAB.

51



4.3.1.Design Procedure:
Spedfications:

Output voltage swing = +2V
Vdd=|Vss|=2.5R =2K, C. =10pF.

Step 1: The aspect ratio of M1 is cdculated with eg. given below:
| bias = UnCox(W/L)1.(VaatVb -Vou- V1)?/2
Initially assume, Vi = Vyo , (W/L)1 = 20/4,

Step 2: The apect ratio of M2 is cdculated with eg. below:
(W/L)1 =up/ un (W/L)2,

(W/L)2=48/4

Step 3. Apply iterations for V; with the . given below:

Vi=Vio- Yy ((phi - Vsb)ll2 - phllz)

4.3.2.Simulation Results:

Fig.4.7. Output voltage and current charaderistics for the push-pull Class AB Source
Foll ower.
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Fig. 4.8.AC Analysis of ClassAB Source AB foll ower Stage

ModuleO
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Temp =27 de
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Module0
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Fig. 4.9.Sinusoidal Analysis of ClassAB Source Foll ower Stage
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Fig. 4.10. THD variation of ClassAB Source Foll ower with change in frequency.
Efficiency = 1.5%

The asymmetric classAB ouput stage [7] is smpler than the asymmetric dass AB
output stage, bu, due to its asymmetric topdogy, a lower linearity performance is
expeded. The THD in the symmetric dassAB output stage is better than the THD of the
asymmetric dassAB output stage[10].

4.4. Class B Source Follower

The drcuit for ClassB sourcefollower is diowninfig. 4.11.

vout

=
<+ &

Fig.4.11.Schematic of ClassB sourcefoll ower.
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4.4.1.Design Procedure:
Spedfications:

Output voltage swing = +2V
Vdd=|Vss|=2.5R =2K, C. =10pF.

Step 1: The aspect ratio of M1 is cdculated with eg. given below:
Ipizs = UnCox (W/L)1.(VaeHVb -Vou- V) /2

Initially assume, Vi = Vyo , (W/L)1 = 20/4,

Step 2: The apect ratio of M2 is cdculated with eq. below:
(W/L)1 = uy/ u, (WIL)2,

(W/L)2 = 48/4

Step 3. Apply iterations for V; with the . given below:

Vi=Vio- Yy ((phi - Vsb)ll2 - phllz)

4.4.2.Simulation Results:

Fig.4.12. Output voltage and current charaderistics for the Source follower Class B

amplifier.
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Fig.4.13.Sinusoida Input and ouput voltage for fig. 4.11.
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Fig.4.14 AC Anaysisof fig. 4.11.
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Fig.4.15.THD variation with variationin frequency for vin = 0.5
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Chapter 5

Differential Amplifiers

The differential amplifier is one of the more versatile drcuits in analog circuit design. It
serves as inpu stage to most op-amps. The differential amplifiers soud have high
output swings and hHgh rgedion d supdy noise.

The differential-mode inpu voltage, Vid, of differential amplifier is defined as the
difference between vinl and Min2. Thisvoltage is defined between two terminas, neither
of which is ground The cmmmon mode inpu voltage Vic isthe average value of vinl and
vin2.

The output voltage of differential amplifiersis expressed as:

Vout = Ay Vig + Avc (vingt+ving)/2

Differential in single ended ouput Transcondictance can be shown as
Om = Sla/ dvid |yig=o= (K’ g1 W1/2L1)¥?
Differential Out Transconductance gds= dlod/ dvid | ig=o
= (2K’ 191 Wa/2L)¥?
The output voltage of the differentia amplifier depends on hav the active loads are
implemented.
Gan o adifferential Stage =Output Swing/ Vid = gm/gds = gm* Rout

5.1. Differential Amplifier With Resistive L oad:

Fig. 5.1. dsplays a resistor-loaded, dfferential amplifier used in high speed appli cations.
The resistors are often redized within a reasonably small area using unsilicided
palysilicon, and introduce lesscgpadtance than ather loads such as triode PMOS devices
or diode-conneded NMOS devices. Further increases in bandwidth can be adieved at

the expense of chip areaby introducing inductors into the loads [2].

The maximum and minimum output levels in this case ae Vg and Vgq - Rg.lss resp.
independent of theinpu CM level.
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The small signal gain is maximum for vinl= vin2, gradually falling to zero as |vinl —
vin2| increeses i.e. the drcuit becomes more norntlinea as the inpu voltage swing

increases.

Vcm isbounded as foll ows:
Vst + (Vg3 = Viha) <= Vin, cm <=min[ (Vdd —Ry. Iss/2 + Vi), Vydl
Vou1 —Vouz = Rg. Al

J

Hds

Under equili brium condtion, |A,| = ( Blsd”2Ry

|l-!| = ml HH | = Om = |{e|1,l1: + |'.l-!'|.ri'l(|r-“

T

Fig. 5.1.Schematic of differential amplifier with resistive load

The aspect ratios of the transistors are & foll ows:

(W/L)1 = (W/L)2 = 52/4
(W/L)4 = (W/L)3 = 1004
R1=R2=10KQ
Cl=C2=10F
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Fig. 5.2.Plot showing variations of (a) Drain currentsin M1 and M2, (b) (voutl —vou?2)
asafunction d (Vin1—Vino)
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Fig. 5.3.Sinusoidal inpu and ouput voltage for Fig. 5.1.
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Fig. 5.4.AC Analysisof Fig. 5.1.

5.2. Differential Amplifier with Current-Mirror Load

The alvantage of this configuration is that the differential output signal is converted to a
single ended ouput signal with noextra cmporent required. In this circuit, the output
voltage or current is taken from the drains of M2 ar M4.

Operation:
If adifferential voltage Vigq, is applied between the gates (V4/2) , then the half is applied

to the gate-source of M1 and helf to the gate source of M2. The result isto increase 1d1 &
deaease Iy, by equal increments Al. The Al increase l4; is mirrored through M3- M4 as
an increasein ly4 Of Al. Asa mnsequence of the Al increasein Iq4 and Al deaeasein Iy,

the output must sink a airrent of 2*Al. Therefore the transconductance of this circuit is

equal to the single transistor. The small signal analysis of thisisasfollows:

The differential- in- differential-out gain =
Avdd = 72 (Om1t+ Om1- Oma/ (das1 + Imat Jas3)) (1/(ds2 +0dsa))
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If M3 and M4 are matched then gnz =04, SINCEgm3 >> dther gyqq Or Jys3

Therefore Aygd = mz1 / ( Qa2+ Jdsa)
=2(K* W)/ (A2 + Ag)(lss L)

Rout = V(da + Qasa) = 1 (A2 + Ag)lss= U A s

— e ¢

Fig. 5.5.Differential Amplifier with current source load.

The schematic of differential amplifier with current mirror load is sxown in Fig. 5.4. The

spedficaions and design equation for thisamplifier isgivenin sedion 5.21.

5.2.1.Design Procedure:

Spedfications:
Slew Rate>=10wv/us, -3db Bandwidth >= 100KHz,

A,=100db,
ICMR <=2V andICMR >=-1.5V,

Pdiss <:1mW.
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Equations Used:

Vic (Max)=Vg(max)=Vaa- Vs + Vini  corviiiinnnnnnn. Q)
Vic (Min) =Vss+ Vgg(sat) + Vg i (2
SR=Is/C. (3)
Ar=0m. Row (4)

Rou= /(Qas2 + gasa)

Ay =Vou! Vida = Oma/ (Gas + Gass) = 2 * (K1*W1) "2/ (A2+ Ad)* (Iss L) *

Paiss= (Vaa+ V) * Is (5)

Wab =V Rout - CL (6)

Calculation Of Asped Ratios:

Step 1: Using eg. (3) , Is>=100WA and with eq (5), 15<=200QuA.

Step 2: Using eq (6), Rou<= 159K and (W/L), =(WI/L), =25.

Step 3: Using eg. (1), (W/L)3=(W/L)4=9.5

Step 4: Using eq (2), Vgss is cdculated and then using current Equation d Mss,
(W/L)s= 30is cdculated.

Step 5: Iterate accordingly.

5.2.2.Simulation Results:
ModuleO
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Fig. 5.6.0utput Voltage Vs Differential Inpu Voltage
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Fig. 5.7.Plot for Of CMIR

ModuleO

Frequency (Hz)

Voltage Magnitude (dB)

Module0

Frequency (Hz)

Voltage Phase (deg)

(4 Y "

Fig. 5.8. Gain vs Frequency and plase vs Frequency plot
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Fig. 5.9 Sinusoidal inpu and ouput plot for Fig. 5.5.
Results:

For VCC =2.5,

DC Gain =37db

CMRR =-2.3t0 1.7

BW =100k

PM = Phase Margin=90

Output Swing =2.5t0 2.5

5.3. Differential Amp with NM OS enhancement L oad:
The single ended ouput voltages V4, and V4, are given as

Va1 = Vo Ve «2 lay/ (K3 Ba))Y? Var = Ve Via <2 laz/ (Ka Ba)) *
Differential in single ended ouput gain = -1/2 *(B/ B 3)*?
Differential voltage gain (Avad) = -Gm1/Oms -

Rig = Infinite

The single-ended output resistance (Rout1) = 1/ (Oms + Qast + Jass) = 1/gm3

AndRout2 = 1/ (gms + Qa2 + Qdsa) = 1/Oma
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Differentia output resistance Rog = Routt + Rouz = Y/Gmz + 1/Gma = 2/ Oz

The voltage gain of the enhancement Nmos load differential amplifier can be increased

using current sourceloads.

5.4. Differential Amplifier With Current Source L oad

This configuration hes advantage of a larger input common mode range voltage because
M3 isnolonger in dode configuration. The differential in differential out (voutl-vout2)
small signal voltage gain is the same & that of differential amplifier with current mirror
load. If the voltage is taken at with current mirror load. If the voltage is taken at with
current mirror load. If the voltage is taken at v3 or v4, the small signal voltage gain is half

that of differential amplifier with current mirror load.

Fig. 5.9.Differential amplifier with current source load.

The Ibias definesthe arrentsin M3 and M4, as well asthe arrrent in M5. It islikely that
these aurrents will not be exadly equal. If adc current flows through bath PMOS and a
NMOS transistors, the transistor with a larger dc current will become ative. The only
way to match these aurrents. The only way to dothisisto leave the saturation region. So,

if I3 isgreater than I;, then M1 is sturated & M3 isadive and vice-versa
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When the aurrents are not balanced, the outputs of the differential amplifier will deaease
or increase. Therefore if a ammmon-mode fealback scheme, we will be able to stabili ze
the common mode output voltages of the differential amplifier while dlowing the

differential mode output voltage to be determined by differential inpu to the anplifier.

The single ended gain A,gs1, Avas @nd dfferential gain A,qqare summarized as foll ows.
Avdst = Av1 = Var/ Vid = -Om1/ 2(Qus1 +Tasa)

Avae =Av2=Va2/ Via= Im1/ 2 (Qusz +Ydsa)

Avdd = Vod ! Vid = -Om1/ 2(Qdst +9ds3) = -Omz2 / 2(Jas2 + gasa)

Routt = 1/ (Qast+ Qa3 )
Routz = 1/ (Jaso+ Qasa )
andRog = 2/ (Qdst + Jos3 )

5.5. Nonlinearity Of Differential Circuits:

Differential circuits exhibits an “odd-symmetric” inpu/output characteristic, i.e. f(-x) =-
f(x).

Therefore, it can be shown that,

Y (1) = g X(t) + oz X(1)*+ a5 X(1)° +.......

Thisindicaesthat a differential signal produces no even harmonics.

From large signal analysis, we can find that,

For single ended common source anplifier,

AHDZ/ AF = Vm/ 4(Vgs_ Vth) ................. (1)
For differential amplifier,
Anpsd A =Vid 32Vgs—Vin)® e 2)

Comparison d (1) and (2) indicaes that the differentia circuit exhibits much less
distortion than its sngle ended courterpart while providing the same voltage gain and

output swing.
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While atieving a lower distortion, the differential pair consumes twice as much powver
than CS stage because Iss =2I.

THD =15.2% THD =1.85%
Fig. 5.10 Distortionin a differential pair with (a) vin=0.5,(b) vin=0.2

The nontlineaity of the drcuit can be dharaderized by applying a sinusoid at the input
and measuring the harmonic content of the outpui.

Putting in eg. (1), x(t) = A cos ut

Y(t) = 01 A €OS @t + 0y A COSSWE + O3 A COSOt +.ovveeeennne,
= 03 A c0S G + 02 A7 1+c0s(20t)]/2 + 013 A3 cosuwt +CoS(30t)|/4+....... e,

The higher order terms yield higher harmonics. In particular, even order terms and odd
order terms result in even and odd harmonics, respedively. The magnitude of the nth
harmonic grows roughly in propation to the nth power to the inpu amplitude. The

“Harmonic Distortion” is usualy quantified by summing the power of al of the
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harmonics (except that of fundamental) and rmormalizing the result to the power of the
fundamental.

THD = [(a2 A%/2)? + (a3A%/4)7] | (01 A + 3013A°%14)?

Harmonic Distortion is undesirable in most signal processng applicaions, including
audio and video systems.

Linearization Tedhnique:

A differentia pair can be degenerated as siownin 5.11(a) and (b).

In Fig. 5.11(a), Issflows through the degeneration resistors, thereby consuming a voltage
headroom of IssRs/2. The drcuit of Fig. 5.11(b), on the other hand daes naot invave this
iswue, bu it suffers from a dlightly higher naise (and dfset voltage) because the two tail
current sources introduce some differential error. If the output noise current of each
current is equal to In2, then the input referred noise voltage of the circuit of Fig.5.11(b)
is higher than that of Fig.5.11(a) by 2 |2 Re.

Voo

Fig. 5.11.Source degeneration applied to a differential pair

Yo
Atm, 1wyl
Vi, ¢—TE |

M

L= ]
Iss(y v ss
2 2

Fig.5.12.Differential pair generated by aMOSFET
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Resistive degeneration requires high- quality resistors, which is difficult to fabricae. The
resistor can be replaced by aMOSFET operating in deep triode region. However for large
swings, M3 may not remain in deep-triode region, thereby experiencing substantial
changein its on-resistance. Furthermore, Vb must track the input common mode level, so

that Ron can be defined accurately.
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Chapter 6

Analog L ayouts

Device scding has enhanced the raw speed of transistors, unwanted interadion between
different sections of integrated circuits as well as non-idedities in the layout and
padkaging increasingly limit both the speed and the predsion d such system. Anaog
circuit design is heavily influenced by layout and padkaging.

The width and length of ead transistor is determined by circuit design, most of the other
dimensionsin alayout are dictated by “Design rules’. These design rules are set of set of
rules that guarantees proper transistor and interconnect fabrication despite various
tolerances in each step of processng. These rules include Minimum widths of geometries
defined on a mask, minimum spadng ketween masks, minimum enclosure aad minimum
extension d transistors in a well that must excead a minimum vaue imposed by bath
lithography and processng capabiliti es of the techndogy.

After smulations in S-edit, layouts are made in L-edit.

6.1. Analog Layout Tedniques:
Anaog systems demand many layout precautions $ as to minimize undesired effeds
such as crosdalk, mismatches, nase dc.

Multifinger Transistors.

Wide transistors are usually “folded” so as to reduce both the source drain junction area
and gate resistance A simple folded structure may prove inadequate for very wide
devices, necesstating the use of “Multiple fingers’. Asarule of thumb, the width of each
finger is chosen such that the resistance of the finger is less than the inverse of
transconductance aciated with the finger.

The gate resistance @an be reduced by decompasing the transistor into more parall el
fingers. But the cgadtance aciated with the perimeter of the source Drain area

increases.
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Symmetry:

The asymmetries in the fully differential circuit introduce inpu-referred dffsets, thus
limiti ng the min. signal level that can be deteded. Inadequate datention to symmetry in
the layout may result in large offsets. Symmetry also suppresses the dfect of common-
mode noise and even-order nonlinearity. The symmetry must be gplied to bah the
devices of interest and their surroundng environment.

The asymmetry can ameliorate by adding “dummy transistors’ to the two sides of the
transistors to provide same environment. The same environment must be provided onthe

two sides of the ais of symmetry.

Symmetry becomes more difficult to establish for large transistors. For example, in the
differential pair layout, having a large width to achieve asmall inpu off set voltage, but
the gradients along the x-axis give rise to appreciable mismatches. To reduce the error, a
“ commoncentroid” configuration may be used such that the effect of first- order
gradients along both axisis cancelled. Each transistor is decomposed into two halves that
are placed dagonally oppaosite to ead ather and conneded in perall €.

6.2.Layouts of Amplifier:
6.2.1.ClassA Amplifier layout:

Fig. 6.1.Anaog layout of fig. 3.1.
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C_source_ac_layout
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C_source_ac_layout

Voltage Magnitude (dB)
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Fig. 6.2.DC Analysisof fig 6.1

C_source_sine

Voltage (V)

Fig. 6.3.DC analysis of fig 6.1.
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6.2.2.ClassB Amplifier:

ModuleO

Voltage (V)

Fig. 6.5.DC Analysisof fig 6.4
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Fig. 6.6.AC Analysisof fig 6.4

Differential Amplifier with current Mirr or L oad:

ﬁf"ﬂjfiul T

h:ll_ll_ll_llzi

Fig. 6.7.Anaog layout of fig 5.9
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ModuleO

Voltage (V)

Fig. 6.8.DC Analysisof fig 6.7

ModuleO

Voltage Phase (deg)

Frequency (Hz)

Module0

Voltage Magnitude (dB)

Frequency (Hz)

Fig. 6.9.DC Analysisof fig 6.7.
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Chapter 7

Conclusion

Output lout+ | lout- Rout THD | Voltage | -3dB Efficiency | DC
Amplifier swing | BW gan
Class A |lbias | >>lbias| 10.1KQ | 3.16% | 1.0 —|9.3M <25% 7.7B
MOS 2.1
common
siource
Class AB | High | High 25.XQ | 6.08%0 | +2.06V | 8.2Mega | <60% 10.58
MOS for for
Amplifier | large | large

W/L | W/L
Class B | High | High IMegaQ | 14.086 | +1.4v | 8M <75% -18B
MOS for for
Amplifier | large | large

W/L | W/L
Class A | High | Ibias 6940 29260 |-1.7 to|25M <25% -6dB
MOS for +0.2
source large
follower | WI/L
Class AB | High | High | 6500 1.678%6 | +1.9% | 17M <75% 5.50B
Inverter | for for
with large | large
negative | W/L | W/L
feedback
Class B | High | High 600Q 1080 | +1.2 10M <75% -400B
MOS for for
source large | large
Follower | W/L | W/L
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Cascode | lpias | Viias 1.2 2% |+24 10K -- 54 B
Amplifier Mega

The comparison performance parameters of Class A, Class B and Class AB( with and
withou feedbadk) isgivenin Table 3.

When high current is demanded by the resistive nature of the load, the enphasisis onthe
output stage. In classA output stages, the maximum current is equal to the bias current.
One of the disadvantages of Class A inverting amplifiers is that considerable quiescent
power is disgpated. The maximum efficiency of Class A power amplifier is 25% for a
sinusoidal signal.One alvantage of the ClassA inverting amplifier is low distortion. This
is a result of operating both MOS transistors in the saturation region over most of the

output voltage swing.

Class B output stages combine high ouput current cgpability with very low quiescent
current but introduce cossover distortion. The mmmon-source dassAB stage, presents a
good trade-off between distortion and quescent disgpation. The output transistors are
biased with a small quiescent current compared to the maximum output current, which
reduces crosover distortionin comparison with classB output stage.

Current source differential amp has performance that is identicd to the aurrent- source

load sinking inverter

The ClassA source follower has very low output resistance, poa signal swing, and low
efficiency. The maximum source and sink currents depend on bah the supply voltage and

the dimensions of the transistors.

Class AB arrangements are probably the most commonly employed system for power
amplifier output sedions, athough ‘Pure’ ClassA is often used for low current/voltage
applicaions where the poor power efficiency isn't a problem. That Class A amplifiers
employ a high Quiescent Current (sometimes cdled hias current or standing current)
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large enough that the transistor currents are large even when the output signal level is
small. It shoud be dear that the power efficiency of ClassA amplifiersis therefore poor,
but they can dffer goodsignal performance due to avoiding problems with eff ects due to
low-current level norlineariti es causing Distortion.

Class AB amplifiers have better efficiency and poorer fidelity than class A amplifiers.
They are used when the output signal need na be a @mplete reproduction of the input
signal, bu both pasitive and negative portions of the inpu signal must be available & the
output.

Future Scope:

The layouts gudy is dore for just 3 configurations. Layout results can be compared with
the schematic simulation results of al inpu and ouput stages.

Only two types of differential amplifiers are designed here. The study can be extended
for many inpu stages, considering analysis of all types of differential amplifiers.
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Appendix |
MODEL FILE

R R I b b S b Sk S b S b b S b S b b S b b b S b I R b i S b b b S b b S bk b b i bk S S Rk

* %

* *

* *

R R b b S b Sk b b S b i S b Sk b b S b b b S bk S Rk b S bk S b b S b Sk b b i b b S b b S 1

. hodel

+ + + + + + + + o+

. hodel

+

+

+

Nom nal Level

2/ 26/ 87

nNDS nnNDS
Level =2

Nsub=1. 066E+16
Gamma=. 639243
Uexp=4. 612355E- 2
Vmax=177269

Nf s=4. 55168E+12
Tpg=1. 000
Cgdo=2. 89E- 10

g sw=1. 74E- 10

pnmos pnos
Level =2

Nsub=6. 575441E+16
Gamua=0. 618101
Uexp=8. 886957E- 02

MCNC 1. 25um CMOS Pr ocess
2 MOSFET Par aneters

Ld=0. Ou

Vt 0=0. 622490
Phi =0. 31
Ucrit=174667
Xj =.9u

Nef f =4. 68830
Rsh=60

g =3. 27E- 04
M sw=0. 195

Ld=. 03000u

Vt 0=-0. 63025
Phi =. 541111
Ucrit=637449
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Tox=225. 00E- 10
Kp=6. 326640E- 05
Uo=1215. 74

Del ta=0.0
Lanbda=0. 0
Nss=3. 00E+10
Cgso=2. 89E- 10
M =1. 067

Tox=225. 000E- 10
Kp=2. 635440E- 05
Uo=361. 941
Del ta=0.0



+ Vmax=63253. 3 Xj =0. 112799u Lanbda=0. 0
+ Nf s=1. 668437E+11 Nef f =0. 64354 Nss=3. 00E+10

+ Tpg=-1. 00 Rsh=150 Cgso=3. 35E- 10
+ Cgdo=3. 35E- 10 g =4. 75E- 04 M =. 341

+ g sw=2. 23E- 10 M sw=0. 307

Appendix Il

SAMPLE NET-LIST

kkk kkk kkk kkk kkhkhkkk kkhkk kkk kkk khkhkhkk kkhkk kkk kkk kkkkkk k) k k%%

Simulations Resultsfor ClassA Output Stage With Current Source L oad

* SPICE netlist written by S-Edit Win32 7.00

* Main circuit: ModuleO

.dclinsourcev8-2525.1

.include "C:\Tannen\T Spice7O\models\ml2_125md"

.Jprint dc v(vout) v(vin) id(M2) id(M3)

C1 vout Gnd 10

M2 vout vin N1 N1 NMOS L=2u W=38u AD=66p PD=24u AS=66p PS=24u
M3 vout vg N3 N3 PMOS L=2u W=125u AD=66p PD=24u AS=66p PS=24u
R4 vout Gnd 2K TC=0.0, 0.0

v5 N3 Gnd 2.5

v6 Gnd N1 25

v7 vg Gnd 0.74

v8vinGnd 25

* End of main circuit: ModuleO

ClassAB without feedback:

* Main circuit: ModuleQ

.dclinsourcev7 -2525.1

.include "C:\Tanner\T Spice7O\models\ml2_125md"

.print dc v(vout) v(vin) id(M2) id(M3)

C1 vout Gnd 10~

M2 vout vin N3 N3 NMOS L=4u W=36u AD=66p PD=24u AS=66p PS=24u
M3 vout vin N2 N2 PMOS L=4u W=88u AD=66p PD=24u AS=66p PS=24u
R4 vout Gnd 2K TC=0.0, 0.0

v5 N2 Gnd 25

v6 Gnd N3 25

v7vinGnd 0.0

* End of main circuit: ModuleO

ClassB without feedback:

* Main circuit: ModuleO
.dclinsourcev8-2525.1

.include "C:\Tannen\T Spice7O\models\ml2_125md"
.print dc v(vout) v(vin) id(M2) id(M3)

C1 vout Gnd 10~
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M2 vout N1 N3 N3 NMOS L=4u W=38u AD=66p PD=24u AS=66p PS=24u
M3 vout N7 N5 N5 PMOS L=4u W=91u AD=66p PD=24u AS=66p PS=24u
R4 vout Gnd 2K TC=0.0, 0.0

v5 N2 N6 0.023AC 1.0 00

v6 N5 Gnd 25

v7 Gnd N3 25

v8vinGnd O

vON7vin 181

v10vin N1 181

* End of main circuit: ModuleO

Floating Battery implementation for common source dassB/ AB
* Main circuit: ModuleO

.dclinsourcevl3-2525.1

.include "C:\Tannern\T Spice7O\models\ml2_125md"

.print dc v(vout) id(M6) id(M2)

C1 vout Gnd 100~

M2 vout 2 N3 N3 NMOS L=4u W=44u AD=66p PD=24u AS=66p PS=24u
M3 sl Vggs N2 N2 NMOS L=4u W=16u AD=66p PD=24u AS=66p PS=24u
M4 N4 vin N5 N5 NMOS L=4u W=16u AD=66p PD=24u AS=66p PS=24u
M5 s2 s2 N3 N3 NMOS L=4u W=16u AD=66p PD=24u AS=66p PS=24u
M6 vout s1 N4 N4 PMOS L=4u W=106u AD=66p PD=24u AS=66p PS=24u
M7 sl s1 N4 N4 PMOS L=4u W=44u AD=66p PD=24u AS=66p PS=24u
M8 N3 vin N2 N2 PMOS L=4u W=44u AD=66p PD=24u AS=66p PS=24u
M9 s2 Vggd N5 N5 PMOS L=4u W=44u AD=66p PD=24u AS=66p PS=24u
R10vout Gnd 2K TC=0.0, 0.0

v11Gnd N3 25

v12N4 Gnd 25

v13vinGnd 0

v14Vggs Gnd 2

v15Gnd Vgg4 2

End of main circuit: ModuleO

Cascode Amplifier:

* Main circuit: Module0

.include "C:\Tanner\T Spice7O\models\ml2_125md"

.tran/op 1u 100u method=hdf

.Jprint tran v(vout) v(vin)

C1 vout Gnd 10

M2 N1 N6 vout N1 NMOS L=4u W=92u AD=66p PD=24u AS=66p PS=24u
M3 N3 vin N1 N3 NMOS L=4u W=247u AD=66p PD=24u AS=66p PS=24u
M4 N7 N7 N5 N5 PMOS L=4u W=1521 AD=66p PD=24u AS=66p PS=24u
M5 vout N7 N5 N5 PMOS L=4u W=1521 AD=66p PD=24u AS=66p PS=24u
i6 N7 Gnd 5QUA

v8 N6 Gnd -0.87

v10ON5Gnd 25

v11Gnd N3 25

v12vinGnd o

Err or Amplifier

Main circuit: ModuleO

.acdec10 1100mega

.include “D:\tanner\S-Edit\tutorial\schematic\ml2_125md”
.print acvp(vout) vdb(vout)

.op
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C1 vout Gnd 100~

M2 vout N1 N2 N2 NMOS L=4u W=50u AD=66p PD=24u AS=66p PS=24u
M3 vout N1 N3 N3 PMOS L=4u W=120u AD=66p PD=24u AS=66p PS=24u
R4 vout Gnd 50TC=0.0, 0.0

R5 N1 vout 100TC=0.0, 0.0

R6 vin N1 2K TC=0.0, 0.0

v7vinGnd 0.0OAC 1.0 0.0

v8 N3 Gnd 25

vo Gnd N2 25

End of main circuit: Module0

Differential Amplifier with Resistive load
* Main circuit: ModuleO

.dclinsourcevl0-11.1

.include "C:\Tannern\T Spice7O\models\ml2_125md"
.print dc v(voutl) v(vout?) '(v(voutl)-v(vout2))'

C1vout2 Gnd 10g-

C2voutl Gnd 10g-

M3 N4 N1 N6 N4 NMOS L=4u W=52u AD=66p PD=310u AS=66p PS=24u
M4 voutl N5 N6 N6 NMOS L=4u W=100u AD=66p PD=24u AS=66p PS=24u
M5 vout2 vgl N6 N6 NMOS L=4u W=100u AD=66p PD=24u AS=66p PS=24u
M6 N4 N1 N1 N4 NMOS L=4u W=52u AD=66p PD=24u AS=66p PS=24u

R7 N3 voutl 1K TC=0.0, 0.0

R8 N3 vout2 1K TC=0.0, 0.0

i9 N3 N1 150uA

v1ION5vgl O

v11N3 Gnd 25

v12Gnd N4 25

vI3N5Gnd 1

* End of main circuit: ModuleO

Differential with Current mirror load:
Main circuit: Module0
.dclinsourcev9-11.01
.include “ C:\Tanner\S-Edit\tutorial\schematic\ml2_125md”
.print dc ‘v(voutl)-v(vout2)’ id(M4) id(M5) id(M1)
M1 N1 N3 N4 N4 NMOS L=4u W=52u AD=66p PD=24u AS=66p PS=24u
M2 vout2 vgl N1 N4 NMOS L=4u W=100u AD=66p PD=24u AS=66p PS=24u
M3 voutl vg2 N1 N4 NMOS L=4u W=100u AD=66p PD=24u AS=66p PS=24u
M4 N3 N3 N4 N4 NMOS L=4u W=52u AD=66p PD=24u AS=66p PS=24u
M5 voutl vout2 N2 N2 PMOS L=4u W=32u AD=66p PD=24u AS=66pPS=24u
M6 N2 vout2 vout2 N2 PMOS L=4u W=32u AD=66p PD=24u AS=66p PS=24u
i7 N2 N3 100uA
v8 N2 Gnd 25
v9 vglvg2 0
v10Gnd N4 25
v11lvg2 Gnd 15
End of main circuit: Module0

ClassA Distortion Analysis.

The distortion was cdculated for vin= 0.5 and vin= 0.2
For vin=0.5

FOURIER ANALYSISRESULTS
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Fourier components of transient response v(vout)
DC component = 3.7061e-001

Harmonic no Frequency<Hz> Fourier comp Normalized FC  Phase<deg> Normalized phase
2.0000e+004 1.0782+000 1.0000e+000 -1.7834e+002 0.0000e+000

©Ooo~NoOOhr~,WNE

4.0000e+004
6.0000e+004
8.0000e+004
1.0000e+005
1.2000e+005
1.4000e+005
1.6000e+005
1.8000e+005

1.43862-002
2.5358:-002
1.333%-002
1.0050=-002
4.3762-003
8.3822-004
3.1011e-003
3.0420-004

1.3343e-002
2.3520e-002
1.2372e-002
9.3211e-003
4.0589%-003
7.7744e-004
2.8763e-003
2.8214e-004

-1.4521e+001
-1.764%+002
6.3744e+001
5.2687+000
-2.469@+001
1.1206e+001
-8.9317%+000
1.2117%+002

1.6382e+002
1.8920e+000
2.4208e+002
1.8361e+002
1.5365e+002
1.8954e+002
1.6941e+002
2.9951e+002

Tota harmonic distortion = 3.157 percent

For Vin=0.2
FOURIER ANALYSISRESULTS
Fourier components of transient response v(vout)
DC component = 3.7013e-001
Harmonic no Frequency<Hz> Fourier comp Normalized FC  Phase<deg> Normalized phase

Total harmonic distortion =

O©CoOoO~NOOT, WN P

2.0000e+004
4.0000e+004
6.0000e+004
8.0000e+004
1.0000e+005
1.2000e+005
1.4000e+005
1.6000e+005
1.8000e+005

4.6104e-001
7.056%-003
1.0076e-003
2.629%-003
4.8597%-004
1.851%-003
9.990%-004
1.4140=-003
1.1930=-003

1.0000e+000 -1.7833+002

1.5306e-002
2.1855e-003
5.7034e-003
1.0541e-003
4.0168e-003
2.1670e-003
3.0670e-003
2.5877e-003

1.76 percent

3.4472+001
-1.730%+002
1.5600e+001
5.986%+000
-9.792%+000
1.4440+001
-8.9884e+000
1.7252+001

Efficiency and Power Calculations Power Results

v6 fromtimeOto 0.1
Average power consumed -> 2.854781e-006 watts
Max power 4.23545e-003 at time 6.26814-005
Min power 1.41901e-003at time 3.7400%-005

v5fromtimeOto 0.1
Average power consumed -> 2.391479%-006 watts
Max power 2.486739e-003 at time 6.26814-005
Min power 2.284143e-003 at time 3.7400%-005

R4 fromtime Oto 0.1
Average power consumed -> 3.628325-007 watts
Max power 9.78520e-004 at time 6.26814-005
Min power 2.759044e-009at time 7.7631%-005

L atout of ClassA source foll ower:

*
*
*
*
*

NODE NAME ALIASES

1=Vss(425,-5.5)
2 =vout (40,10)
3=vdd (57,405)
4=vg (925,125)
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Q0000e+000
2.1281e+002
5.2868e+000
1.9393e+002
1.8432e+002
1.6854e+002
1.9277e+002
1.6935e+002
1.9559e+002



*  5=vin(91,-2.5)
M1 vout vin VssVss NMOS L=2E-006W=5.5E-006 AD=3.85E-011 PD=2.5E-005AS=1.925E-011
PS=1.25E-005

* M1 DRAIN GATE SOURCE BULK (77 0579 6

M2 Vssvin vout Vss NMOS L=2E-006W=5.5E-006 AD=1.925E-011 PD=1.25E-005 AS=1.925E-011
PS=1.25E-005

* M2 DRAIN GATE SOURCE BULK (68 0570 6

M3 vout vin VssVss NMOS L=2E-006W=55E-006 AD=1.925E-011 PD=1.25E-005 AS=1.925E-011
PS=1.25E-005

* M3 DRAIN GATE SOURCE BULK (59 Q561 6

M4 Vssvin vout Vss NMOS L=2E-006\W=5.5E-006 AD=1.925E-011 PD=1.25E-005 AS=1.925E-011
PS=1.25E-005

* M4 DRAIN GATE SOURCE BULK (50 0552 6

MS5 vout vin VssVss NMOS L=2E-006W=55E-006 AD=1.925E-011 PD=1.25E-005 AS=1.925E-011
PS=1.25E-005

* M5 DRAIN GATE SOURCE BULK (41 0543 6

M6 Vssvin vout Vss NMOS L=2E-006W=55E-006 AD=1.925E-011 PD=1.25E-005 AS=1.925E-011
PS=1.25E-005

* M6 DRAIN GATE SOURCE BULK (32 0534 6

M 14 vout vin Vss Vss NMOS L=2E-006 W=5.5E-006 AD=1.925E-011 PD=1.25E-005 AS=3.85E-011
PS=2.5E-005

* M14 DRAIN GATE SOURCE BULK (23 05 25 6)

M7 vout vg vdd vdd PMOS L=2E-006 W=1.8E-005 AD=1.26E-010 PD=5E-005 A S=6.3E-011 PS=2.5E-
005

* M7 DRAIN GATE SOURCE BULK (77 1679 34

M8 vdd vg vout vdd PMOS L=2E-006 W=1.8E-005 AD=6.3E-011 PD=2.5E-005 AS=6.3E-011 PS=2.5E-
005

* M8 DRAIN GATE SOURCE BULK (68 1670 34

M9 vout vg vdd vdd PMOS L=2E-006 W=1.8E-005 AD=6.3E-011 PD=2.5E-005 AS=6.3E-011 PS=2.5E-
005

* M9 DRAIN GATE SOURCE BULK (59 1661 34

M10vdd vg vout vdd PMOS L=2E-006 W=1.8E-005 AD=6.3E-011 PD=2.5E-005 A S=6.3E-011 PS=2.5E-
005

* M10 DRAIN GATE SOURCE BULK (50 1652 34)

M11 vout vg vdd vdd PMOS L=2E-006 W=1.8E-005 AD=6.3E-011 PD=2.5E-005AS=6.3E-011 PS=2.5E-
005

* M11 DRAIN GATE SOURCE BULK (41 1643 34)

M12vdd vg vout vdd PMOS L=2E-006 W=1.8E-005 AD=6.3E-011 PD=2.5E-005AS=6.3E-011 PS=2.5E-
005

* M12 DRAIN GATE SOURCE BULK (32 1634 34)

M13vout vg vdd vdd PMOS L=2E-006 W=1.8E-005 AD=6.3E-011 PD=2.5E-005AS=1.35E-010
PS=5.1E-005

* M13 DRAIN GATE SOURCE BULK (23 1625 34)

END

L ayout of classB source foll ower:

* NODE NAME ALIASES

* 2 =vout (60,15)

* 3=vdd(51,40.5)

* 4 =vin2 (615,-5.5)

M1 vout 5 vdd vdd PMOS L=4E-006 W=1.3E-005AD=9.1E-011 PD=4E-005 AS=4.55E-011 PS=2E-005
* M1 DRAIN GATE SOURCE BULK (88 1992 32

M2 vdd 5vout vdd PMOS L=4E-006 W=1.3E-005 AD=4.55E-011 PD=2E-005 AS=4.55E-011 PS=2E-005
* M2 DRAIN GATE SOURCE BULK (77 1981 32

M3 vout 5 vdd vdd PMOS L=4E-006 W=1.3E-005 AD=4.55E-011 PD=2E-005 AS=4.55E-011 PS=2E-005
* M3 DRAIN GATE SOURCE BULK (66 1970 32
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M4 vdd 5vout vdd PMOS L=4E-006 W=1.3E-005 AD=4.55E-011 PD=2E-005AS=4.55E-011 PS=2E-005
* M4 DRAIN GATE SOURCE BULK (55 195932)

M5 vout 5 vdd vdd PMOS L=4E-006 W=1.3E-005 AD=4.55E-011 PD=2E-005AS=4.55E-011 PS=2E-005
* M5 DRAIN GATE SOURCE BULK (44 1948 32

M6 vdd 5vout vdd PMOS L=4E-006 W=1.3E-005 AD=4.55E-011 PD=2E-005 AS=4.55E-011 PS=2E-005
* M6 DRAIN GATE SOURCE BULK (33 1937 32

M7 vout 5 vdd vdd PMOS L=4E-006 W=1.3E-005 AD=4.55E-011 PD=2E-005 AS=9.1E-011 PS=4E-005
* M7 DRAIN GATE SOURCE BULK (22 1926 32

M8 1vin2 vout 1 NMOS L=4E-006 W=9.5E-006 AD=6.65E-011 PD=3.3E-005AS=3.325E-011
PS=1.65E-005

* M8 DRAIN GATE SOURCE BULK (655 -2 69.5 7.5)

M9 vout vin2 1 INMOS L=4E-006 W=9.5E-006 AD=3.325E-011 PD=1.65E-005AS=3.325:-011
PS=1.65E-005

* M9 DRAIN GATE SOURCE BULK (54.5-258.5 7.5)

M10 1vin2 vout 1 NMOS L=4E-006 W=9.5E-006 AD=3.325E-011PD=1.65E-005 AS=3.325E-011
PS=1.65E-005

* M10 DRAIN GATE SOURCE BULK (435-2 4757.5)

M11voutvin2 1 INMOS L=4E-006 W=9.5E-006 AD=3.325E-011 PD=1.65E-005AS=6.175E-011
PS=3.2E-005

* M11 DRAIN GATE SOURCE BULK (325-2 3657.5)

.END

L ayout of differential Amplifier:

* NODE NAME ALIASES

* 1=vdd (160,70)

* 4 =Gnd (37.5,-62)

M1 vdd 56 2 PMOS L=4E-006 W=9.5E-006 AD=7.6E-011 PD=3.5E-005 AS=3.325=-011 PS=1.65E-005
* M1 DRAIN GATE SOURCE BULK (16441 168 50.5)

M2 6 5vdd 2 PMOS L=4E-006 W=9.5E-006 AD=3.325E-011 PD=1.65E-005 AS=3.325E-011 PS=1.65E-
005

* M2 DRAIN GATE SOURCE BULK (15341 157 50.5)

M3 vdd 552 PMOS L=4E-006 W=9.5E-006 AD=3.325E-011 PD=1.65E-005 AS=3.325E-011 PS=1.65E-
005

* M3 DRAIN GATE SOURCE BULK (14241 146 50.5)

M4 5 5vdd 2 PMOS L=4E-006 W=9.5E-006 AD=3.325E-011 PD=1.65E-005 AS=3.325E-011 PS=1.65E-
005

* M4 DRAIN GATE SOURCE BULK (13141 135 50.5)

M5 vdd 56 2 PMOS L=4E-006 W=9.5E-006 AD=3.325-011 PD=1.65E-005 AS=3.325E-011 PS=1.65E-
005

* M5 DRAIN GATE SOURCE BULK (12041 124 50.5)

M6 vdd 56 2 PMOS L=4E-006 W=9.5E-006 AD=3.325E-011 PD=1.65E-005 AS=3.325E-011 PS=1.65E-
005

* M6 DRAIN GATE SOURCE BULK (10941 113 50.5)

M7 vdd 55 2 PMOS L=4E-006 W=9.5E-006 AD=3.325-011 PD=1.65E-005 AS=3.325E-011 PS=1.65E-
005

* M7 DRAIN GATE SOURCE BULK (98 41102 50.5)

M8 5 5vdd 2 PMOS L=4E-006 W=9.5E-006 AD=3.325-011 PD=1.65E-005 AS=6.65E-011 PS=3.3E-
005

* M8 DRAIN GATE SOURCE BULK (87 4191 5Q5)

M9 311 Gnd 10NMOS L=4E-006 W=1.2E-005AD=9.6E-011 PD=4E-005 AS=4.2E-011 PS=1.9E-005

* M9 DRAIN GATE SOURCE BULK (2305 -53 234.5 -41)

M10Gnd 117 10 NMOS L=4E-006 W=1.2E-005 AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M10DRAIN GATE SOURCE BULK (2195 -532235 -41)

M11 79 610 NMOS L=4E-006 W=1E-005AD=3.5E-011 PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M11 DRAIN GATE SOURCE BULK (222-2 2268)
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M12 69 710 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011PS=1.7E-005

* M12 DRAIN GATE SOURCE BULK (211-2 2158)

M13 58 710 NMOS L=4E-006 W=1E-005AD=8E-011 PD=3.6E-005AS=3.5E-011 PS=1.7E-005

* M13 DRAIN GATE SOURCE BULK (233-2 2378)

M14Gnd 117 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M14 DRAIN GATE SOURCE BULK (2085 -532125-41)

M15Gnd 113 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M15DRAIN GATE SOURCE BULK (197.5-53201.5 -41)

M16 311Gnd 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M16 DRAIN GATE SOURCE BULK (1865 -53190.5 -41)

M17Gnd 117 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M17 DRAIN GATE SOURCE BULK (1755-531795-41)

M18 711 Gnd 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M18 DRAIN GATE SOURCE BULK (1645 -531685-41)

M19Gnd 113 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M19 DRAIN GATE SOURCE BULK (1535 -53157.5 -41)

M20 311 Gnd 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M20 DRAIN GATE SOURCE BULK (1425 -53146.5 -41)

M21Gnd 117 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M21 DRAIN GATE SOURCE BULK (1315-53135.5-41)

M22 711 Gnd 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M22 DRAIN GATE SOURCE BULK (1205 -53124.5-41)

M23 79 610 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M23DRAIN GATE SOURCE BULK (178-2 1828)

M24 69 710 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M24 DRAIN GATE SOURCE BULK (167-2 1718)

M25 79 610 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M25 DRAIN GATE SOURCE BULK (134-2 1388)

M26 69 710 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011PS=1.7E-005

* M26 DRAIN GATE SOURCE BULK (123-2 1278)

M27 78 510 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M27 DRAIN GATE SOURCE BULK (200-2 2048)

M28 58 710 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M28 DRAIN GATE SOURCE BULK (189-2 1938)

M29 78 510 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011PS=1.7E-005

* M29 DRAIN GATE SOURCE BULK (156-2 1608)

M30 58 710 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011PS=1.7E-005

* M30DRAIN GATE SOURCE BULK (145-2 1498)

M31 78 510 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011PS=1.7E-005

* M31DRAIN GATE SOURCE BULK (112-2 1168)

M32 311 Gnd 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M32DRAIN GATE SOURCE BULK (1095-531135-41)

M33 311 Gnd 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M33 DRAIN GATE SOURCE BULK (985 -53 102.5 -41)
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M34Gnd 117 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M34 DRAIN GATE SOURCE BULK (87.5-53 915 -41)

M35 711 Gnd 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M35 DRAIN GATE SOURCE BULK (76.5-53 805 -41)

M36 Gnd 113 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M36 DRAIN GATE SOURCE BULK (65.5 -53 695 -41)

M37 311Gnd 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M37 DRAIN GATE SOURCE BULK (54.5 -53 585 -41)

M38Gnd 117 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M38DRAIN GATE SOURCE BULK (435 -53 475 -41)

M39 711 Gnd 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=4.2E-011 PS=1.9E-
005

* M39 DRAIN GATE SOURCE BULK (325 -53 365 -41)

M40Gnd 113 10 NMOS L=4E-006 W=1.2E-005AD=4.2E-011 PD=1.9E-005AS=1.08E-010 PS=4.2E-
005

* M40 DRAIN GATE SOURCE BULK (21.5 -53 255 -41)

M41 79 610 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011PS=1.7E-005

* M41DRAIN GATE SOURCE BULK (90-2 94 §

M42 69 710 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011PS=1.7E-005

* M42 DRAIN GATE SOURCE BULK (79-2 83 §

M43 79 610 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M43 DRAIN GATE SOURCE BULK (46-2 50 §

M44 69 710NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M44 DRAIN GATE SOURCE BULK (35-2 39 §

M45 58 710 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M45 DRAIN GATE SOURCE BULK (101-2 1058)

M46 78 510 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011 PS=1.7E-005

* M46 DRAIN GATE SOURCE BULK (68-2 72 §

M47 58 710 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=3.5E-011PS=1.7E-005

* M47 DRAIN GATE SOURCE BULK (57-2 61 §

M48 78 510 NMOS L=4E-006 W=1E-005AD=3.5E-011PD=1.7E-005 AS=9E-011 PS=3.8E-005

* M48 DRAIN GATE SOURCE BULK (24-2 28 §

.END

Kkkk kkk kkk khk kkhk khk khkk khk hkk kkk khk kkhk kkk kkk khkk kkk khk khk khk kkk kkk kkk kkk *k% *k*k k*k k%% k%% *%
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