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A‘: now;él compensation technique “.f.or in.t:g'rmil'.two—st‘a.g‘e C%(OS« op Iamp's
is ”pre;‘;.en;:ed: Ins(:eac\i.,df cgnﬁect’péz the c;mpeﬂghfzic‘;ﬂ capacitor e;cl”‘rog‘.é
+ the o;xt;p\'xt:() s;t:age "for . thc; hllill.elr m‘ul‘t:ipllica;\gé]on ..é'f‘:'fléoc,’::i.séga_‘rat‘:e
matched ’cémpeggacion" stage is used. 'I'he RHP zeYo 'is eli_xl{inaCed and’
_t:ll:le ﬁondaninaht pole becémes i‘n‘dep‘endent ‘oﬁ¢ Ith"e l'oa;i c‘;pa'c'iclavnceﬂ

LIS

/res\gllting in a 20° 1mprovgmehc,in the ﬁh‘aseﬂnargih‘for the same ﬁpowef

dissipa .. The achievable péi‘fo.r:mance_y £5r this type of compensation’

- M ~ e . i
as such @S pover dissipation, settling time, phase margin, die

ig

a, and  power supply rejection {is co,mpafed with“‘gthe ‘&heg,

compensation ' schemes found in the literature. Désign§ based on a

-

common set of specifications were generated using the different

compensation ;echniqup's. ' "I’he‘\ step - response of the. unity gain
cbnfiguracibn was =~ studied using SPICE simulatibﬁs. ‘The ;simple ’
. L . \

.

capagitor compensation and the separate stage compensation designsrwere

integrated. The measurémencfi&\ for a samp1e> of 5 chips are ‘givén.
R ‘ . »

Vieral design of internal two-stage CMOS op émps is discussed and a

a

sys tematic' design method.is presented.
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1.0 INTRODUCTION | - L

1.1 Applications of op amps . . o e o

N , a

" : : e
Since their introduction in the mid-60's, monolithic operationél

; . _ 1
amplifiers (or 'op amps’) have becomee‘che mosc widely used type of

analog incegrated circuit (16]. The op amp "is'a general purpose
amplifying device which is used in a closed feedback loop. The op am%

COgetherv with {its excernal feedback components,forms an 'operational

-~ oo

circuit’ [12]: Part of theﬁeppeal of the op amp %ies in the fact,thaf

idealiy, its characterietice. are  such’ 'chat: ‘the ino:c-outpuk
relationship for the operatfonai circuit becones\solely dé?endent on.

. the external feedback components. Hence the transfer function becomes
inseneitive to inCegreted circuit process tolerances which result .in

variation of the op amp parameters ThiS'desirable behaviour'is most

closely achieved as the op amp approaches the ideal of having infinica

gain and bandwidth, 1nfiniCe ‘input resistance and zero outpuc'
S | s
resis ince. By only varying the ‘external feedback components then ' the

operational circuit can be made to perform various analog signal

processing functions "such’ -as precision gain, ‘inversion, -addition,

subtraction,'uingegratfon, differentiation and even nonlinear operations
such as ‘exponentiaCion This, together with its low cost énd small
size due to integration have brought the op amp into use in countless

appIICations [17]



1.2 CMOS realization of op amps:

Because of the economic advantages of implementing both digital and

W

analog functions on the same chip, it is desirable to realize op_amps

fn CMOS. - CMOS 1is the = technology of choice for digital circuits,
resulting in lower ' power dissipation ‘and  higher circuit densities

compared ‘to both NHOSR'and bipolar. iﬁplenentations [20]. ' Analog
'Afunctions requiring op amps—'are often needed ror interfacing digital
systems to the outside world. Some of these functions include

‘filtering, voltage comparison, generation of reference voltages and the
2 ) !

sample and hold function. Improvements in process technology now allow

.

‘these - analog functions to’ be: implemented ~on the same chip as the

 digital circuitry resulting in more. cost effective products [13]

[

'Examples of subsystems in which this ‘has occurred are A/D converters,

digital signal'processors and PCM voice "encoders.

Using CMOS for analog circuits instead of the traditional bipolar
‘4

implementation shows both advantages . and disadvantages The
' disadvantages‘ are the ' lack ‘of ‘a floéting diode ,structure nigher
‘low- frequency noise; and lower transistor transeonductance by typically
an order of magnitude for the same bias current: [18] This last fact
results *in order»of’magnitude higher DC offsets increased temperature
sensitivity'land loﬁer‘ gain ~ The typical CMOS op amp gain is 5000
lversus a minimum of 50 000 for the common pA?Al bipolar op amp . QJ. ;_‘

Some of the advantages of CMOS are its greater circuit density (op
amps .are 3-5x smaller in area [18]), its ability to implement a good_:'
_switch and the very high input resistance of its transistors 'Ihe,p

T L&

‘latter stwo facts allow the wuse of switched capacitor'techniques for -

'



.reducing the" high noise and offset levels of op emps {13].. lSwitched
capacitors _can ~also simulate large resistance values which qould not
normally be integgated due to area c0nstraints. Because of this,

+ .switched capacitor . filters are -a common application for'CMOS‘op amps_

(13].

1.3 Two categories‘of op amp

%ecause ?I‘MOS op amps are usually used within “in.tegrated ‘systems;
their .1oads are often well-defined‘énd purely caoacitive wich a value
of only a’ few picofarads.‘ Hence these 'internal:“op amos [l]‘do.not
~ require the usual additional stage which provides: a low output
‘resistance; In contrast, a 'stand-alone; op amp (1] needs an output
stage 'beCause it is. required to drive variable loads with capacftance
- of’ up’ to ‘se;eral hundred picofarad - and resistance as low .as a‘few
lthou‘sand ohms. 'Thus the output resistance of the internal CMOS op amp
lé typically several hundred thousand ohms while that of a stand- elone

v

op amp such as the'pA741 is‘75'ohms.‘ .‘ “ , IR i‘nﬁ .~_'
o SRR
T | o

'1L4_ Stabilityvand'compensation of op

‘It is essential that the op amp be capable of stable operation in a

closed loop feedback configuration "In the time, domain this translates:«
into .a desirable transient response such as’ a step response with Iittle'

overshoot or - ringing and fast settling ln the frequency domeinf'

= s

mstebility_‘implies a flat passband with little peaking of the frequency.‘

; . R . ‘

1chaf§EEeristic (assuming the most simple application as an amplifier -



“

see flgure. 1.1)“‘[19],‘ Op amp compensation alms ‘at shaping the

open-1loop - frequency response such that in the closed loop feedback
. g 4

configuration the deslred stability is achieved. Basic feedback theory
. {14] ' indicates that ‘the .total phase shift of the signal through the
0‘loop (iL.e.. the ~amptifier with 1its feedback circuit) must not exceed

180°>‘for,7freQUencies where the loop gain 1is .still greater .than

o .
.

unity. '(Note‘ here. that the addltional.180éhdue to inversion within

'the op amp .is not included). - A measure'of the degree of stability is

bl
Al

given by the 'phase margin which is the amount by which the phase
‘shift falls short of the 180° limic at the unitylgain.frequencyp
' Cenerally, ‘a higher phase margin results‘in less overshoot.and ringing
‘:of »the_closedoloop transient response and less'peakiné of the frequehcy'
response.' . ‘ ’ R . _ .
The frequency iresponSe of the udcompenSated op’ amp has closely
lspaced poles introduCed- by parasitics in each stagei[l9]. Each pole
‘contributes . a. gradually increasing phase shift ofl up' to 90° for

' frequencies ‘above approximately ten times the" pole frequency.: ; The
Y s

closed loop feedback circuit with an uncompensated op amp is unstable*i

because 'the op amp's closely spaced poles cause its phase shift_to'
'Treach [the 1809 flimit"for ‘greater -than unity’gain | The role of the :

J —

compensation 1s to introduce a dominant pole at low frequency to roll

off the\ gain characteristic ;uch that the unity gain frequency occursi

s

. at a’ frequency lower than the next nondominant pole ,Afpositive phase

margin is then assured (see figure 1 2)

: lhe' correspondence between phase margin and closed loop response is (
based on the assumption of a single nondominant pole For this simple ‘

case the nondominant‘pole location determines the closed loop frequency"z

‘ YV
LT
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~and transient responses. and also the phase margin. Hence the phase

nargin itself can be used to predict the 'c165ed-160p‘ responses.

However, the actual‘ op . amp usually has additional poles and zeros at

P \

higher frequency which affect the open loop response as shown in figure

) margin-'and

1:2. " In this case the correspondence‘ between phase
“"closed;léop response 1is only an_ approximatiOn: . The accuracy of the

'approximation improves .as the higher order\poles and zeros are located

‘further from the second pole (see section 3 1. 2)

1

The most basic compensation method for internal CMdé op amps. {is
achieved b}‘ a capacitor placed across the ‘input .and output of the
Second gain stage [1]. The Miller multiplication effect results in &
‘1arge shunt -capacitance at the first stage output which together with

' the high output resistance gives thi'nrequired dominant pole for
‘compensation‘ , This‘ simple ’ technique works better “in bipolar‘
'1mplementations‘ than in‘CMOS. The phase margin is degraded due to the d

peraflel signal path to the output through the compensation: capacitor
i B I W

- and fthis‘\effecti is more evident in CMOSﬂ due to the lower deVice'
‘—transconductanceQV‘- Using a buffer or resistor in series with the
capacitor . are techniques which have appeared.in the literature [a 5]

| for solving this problem

' l;S‘,TheSis‘content

This _thesis 7investigates four compensation techniquesf used - in
internal fMOS 0p amps; The four techniques are

'l) ing a single Miller capacitor5

LY

~ﬂ2).pi using a series buffer with the capacitor
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3) using‘a series rasistor with the capacitor; and
4) using a single, Miller capacitor on a separate compensation.

stage.
. While - the first three ‘methods‘ are widely reported in the

-

literature, the fourth method 1is new‘bto ‘the author’s 'knowledge.

Instead : of the 'compensation capacitor being placed across the second
stage for the Miller multiplication‘;effect, it {is placed across a

separate matched"'compensatiOR' stage. Betause the ‘compensation,

‘o

‘cepacitor s isolated . from the output node the signal feedthrough

. , : , ‘ L
f problem is hot observed. Also - as opposed to the simple capacitor

) compenSAtion, ‘the nondominant pole location becomes independent of the
load capacitance. These facts result in superior compensation

[
It “was desired to evaluate the different compensation techniques as

Y

to their achievable performance Partly due’ to the different size of
compensation& capacitor required and partly due to the different circuit

architecture, the noise power dissipation power supply rejection and

required die area can differ for a given transient response depending

L)

on “the technique which was used - The simple capacitor compensation was

-

used 'as a. benchmark against which the other techniques were compared
f;he ’compensation was aimed at obtaining a desirable transient response

and especially a reduction of the settling time (op amp settling time
\

isf one of the factors which limits ‘khe input frequency range of'

switched capacitor filters) Only 100% feedback resulting in unity

v

gain was: considEred because this ,configuration presents‘ the most'r

stringent compensation requirement SRR :} P

Designs‘ based on .a _common set of design specificatioﬁs were -

-

generated using all four techniques The_results,of»SPICE.simulationan



(fv‘ ‘ “\

. on t?ﬁze designs are giVen. The' simple capacitor compensation and che

.\ n

s!parace stage compensation designs were incegrated and measurements on
a sample of 5 ,chips are given ‘ |

One chapter is devdted . to che'general design‘of internal CMOS cp"
ramps: \!»Seeking an oprimum design can become quice a complicated macter

ds there 'are approximately twelveuspecifications which may have to be’

[t

met and - about the same number of independenc circuic parameters which\

can be adjusted. " The performance areas are often interrelaCed which
~can reSuic in confliccing design requirements A systema;ic design

‘method is presented with the aim of providing the details of che design
—_ /

proceduré which most “texts fail to include . It is hoped thac thel

s,

'information will be .of ‘use . to ocher graduate students requiring the

implementac1on of op amps in their research.
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2, i“ Basic two - stage architeCCure , ‘ )
‘h», :

v,

A

The design methods of this chapter are based on' the two-stage
architecture of f}gdren 2.1. The- first stage consists of the

differential' input pgir;‘ﬁl/MZ dri?ing che’current mirror load M3/M4
Qith -M5 providipg- §‘=e§£;tant current bias, As well as giving gaih,
‘thiﬁ‘.SCag; pfovidé;:'differential to single-ended conversion wich good
réjéctioﬁ of mgde signélé. The second gain.stase consists of M6

Lo

K

“"{in a comm ,source’configuration with M7 as.P'constant current source

loady "‘compensation'éapagitor Cc 1is used to provide the necessary

gain rolloff for stabiIiCy and is tonnecteq.across the second stage for

) i

the Miller multiplication effect. (For a discussion of the basic

blocks which make up the amplifier see (1]).

f\‘r v b ) ' [
e | | | ﬂ
1] *‘ "

2.2 Performance parameters o

The op amp is designed to meet a number of performande

"

specifications.” Thqv following section defines these parameters,
describes their significance  and gives"cheir design equations

corresponhing to the two stage architecture.

-
C e

. 2.2.1 Gatn. .

" As mentioned in chapter 1 the ,op amp connected'in a negative
' . .

W \

feedback,@configuracion offérs many advantageous characteriscics It is

c{ "

1mportanc chat the gain of the op amp is high as these characteristics
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will more closely approach the ideal as(khe galn increases, The small
signal model of figure 2.2 can be used for calculating the DC gain to
be [1, p. 742]: . .

AV(0) = (gn1 Rp4) (B Re7) | . (2.1)

where the subscripts refer/ to the transistor designations of figure 2.1

* [

and Ry, = Ry||R,, Rgy = R4||R7. The dutput impedance of each tFansi§cgr

| "—

is dependent on bias curténg I and device length [1] fi.e.

R=1 where A - 1 ¥y | (2.2).
IA Leff aVpg ‘

and ¥4 15 a factor dependent on Vpg. (A is typically 0,01 vl for
av ‘
DS :

for NMOS and 0.03 V°! For PMOS). .

2.2.2 Gain-Bandwidth product (GBW)

Figure 2.3 shows the op amp’'s frequency response characteristic
based on the small signal model éﬁ figure 2.2. This‘cﬁaraCCeriscic is
clo;e to the usually required fully compensated 0OA characteristic. The
dominant pole P; can be shown ({1, p. 549] to be set by the

compensation capacitor as follows:

PL =~ \ | (2.3)
(ene Rg7) Ce Ry, | | |
~42+3)—s6hows that the compensation capacitor, muIEiplied by the gain of

the sééond stage,, 1s seen in parallel with the firsc stége'output,
impedance. The_ gain thus rolls off by 3dﬁ‘;c p; and continues to
roll off at a -ZOaB/decade rate for higherwfrequencies. It can be

sh;wn [12] thatOChe,gaLn-bandwidth product for a noninverting feedback

configurétién is equal to the GBW of the op amp'itself. Hence this
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. . . - . \ .
figure of merit is useful for calculating the bandwidth of the feedback
'cifcuic depending on the overall gain. From (?.2) and (2.3) the GBW of

the two stage op amp is seen to be:

GBY = Av(0)py = fmL | C B 3L
. Cec N ' ) \

‘ﬂ It should also be noted that in the interval where the op amp gain

rolls off at 20dB/decade fts gain-frequency product is constant. Hence

. the unity gain—frequengy w, 1s qual‘co the GBW,

2.2.3 Phase margin (PM)
For stable gperation in a feedback configuration the phase shift of
the op amp must be sufficiently less than 180° at the unity gain

N »

frequency. This phase margin is indicated on figure 2.3 and is usually
required to be at least ' 45° (preferably 60°) to avoid excessive
ringing and provide acceptable settling times. The phase margin is

degraded b the nondominant pole p, and the right hand plane, zero z-
g y : 2, g plane, %

From the small signélﬂpodel of figure 2.2 Pp and z are derived as (1,

p. 549):
py = " §m6.. o | | | ©(2.5)
L o ‘
a , ‘ ‘ o o RS
z - fm6 . - : ' o (2.6)

(under the assumptions Cc, ACL >> Cpy) -
From (2.6) and (2.4), the ~19cacion- of the =zero relative to w, is
given by : C o S

. Bpg : o | (2.7)

Z . Tmo
W . ' * . ) 2 H -

w Balo T
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1

Thus : the phase margin degradation due to the RHP zero is dependent on
this transconductance ‘ratio. ‘ Taking thLS' ;nto -aceountj for a. 60°
u

phase margin the required location of Py reldtive to w_. can be

approximated by: -

ipgl . (2.8)
Yu tan[JO - tan H:gm;)] ' , ‘ I :
This is plotted in figure 2.5. From thevfigufe, one sees that withﬁf
‘ Lﬁz_l o= 3 A " ) v . ' (2.9)
W, . .
‘u - : : :

A

A 60° phase margin should‘be guafenteed.for values of %ﬁg = 6. However,
this requi:ed value of l|p2|/wu‘ may have‘to\be increased in order to
account fofv'additional.‘phase shift introdueed"by perasiticslin‘tne‘
first stage whieh have net been considered in the approximate.analySis.

-
L

. 2.2.4 Slew Rate (SR)
N} .
" The slew rate limit of the op emp is the,maiimum}rate of éhange of ~

[nd

dts outnut voltage. For 1etge input‘signalslche‘inpuc differential
scage -leaves its ﬁlinear 'operating region ’and appears as‘é constant
: curtent‘*sourEe of - value IBI;S (see‘figure 2.4) 'As'shpun 1n'f£gute
é.S,H the seeond " stage wich compensation capacitor will integrate this .

o
. current and result in a yarying output voltage of slope

Vo - Iblas = SR . , | ©(2.10)

dt. Ce o S ’ -
The. slew rate must be high enough to ensure a fast sectling response to
" large ‘inpuc steps when the op amp-is used in pulse mode. Also, the '
slew rate will %fmit the max imun_output’emplituue~of éjsine.wavebfon a .,

given frequency [21]
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2.2.5 Settling time (tg)
The settling time ‘refers to the time required‘for the op amp in a,

feedback configuration to settle . to within a certain error band of‘its‘

'
'

'*flnal ontput' level ‘in response to ‘a step . input, Settling times
referred(vto ‘inhvthis’ thesis. will be for ‘a‘unity gain noninverting
vfe: back configuration‘and'an error‘bandlof 0.1%1 .Thisuis.the level(of
agcuracy deemed suitable for switched"capacitorfﬂsignal rprocessingh
applieations [2]. Fast settling is very important-for this application‘
as 1t will set the limit on the upper frequency range of the'. s1gnals to
be processed : ‘ ,' ‘ co , - B
The stepb,response for- .a feedback configﬁration'vill start with a
slewing ‘period_and end with the op ‘amp in linear operation, Hence both |
the GBW ‘and‘ SR ‘Villv'have an effect on the‘settling'time. Under the
i-assumption‘ of an .OA with an‘integrgtor frequency response,‘the period
_of linear ‘operation‘blgives : exponential settling:~.v Under “these

I

,bconditions , anl estimate of the GBW and SR requirements for a given té
vand voltage step ean be derived (See appendix 1).

“'The‘ results‘ for a one 'volt step are summarized on the graphs of
g figdre 2.8. The different curves‘correspond with different values of
| VDsATulfor . the input‘ transistor ‘pair (note that VDSAT must be kept .
low for low offset see section 2 2 9) j For: a loV step, the;‘
.exponential settling. model .shows ‘the optimamm'valuehof VDSATIJCQ be;
‘v.-about 162 uv. - e

The actual settling time will be longer than predicted by the model

idme, to the ringing caused by the nondominant pole and zero For an. OA f'

jwith 60° phase margin the settling time for a 1 V step has been seen

to be typically 20% longer than predicted (see table 3. l)
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2.2.6 Input common mode range (ICMR) and output swing (0S)

Both these specificdtions define the operating‘range of the op amp,

‘outside of which its‘characteristics become degraded 723 a common mode

Lo " % .
input signal approaches VSS' Ml and M2 will eventually leave pinchoff

causing;‘the Hgain‘to drop. Similarly, as the outpuc voltage approaches

VSS' M6 will eventually leave pinchoff with ‘the same rgsult It can

be‘ shown (appendix 2) that the —ICMR ‘and -0S specs set upper limits -oft

VDSAi3-as‘follows. . : o o .. ‘ : N
: . ' ) . ‘ . ;. R C e < |
(-ICHR): Vpgury S (Viggq - Vsg) - IVezl+ [Vl e
(-0S): VDSAT3 s (V°min - VSS)’ o : : ‘ - ‘ (z.lZl’

The ' output fswingl‘requirement will normally take precedent as‘body
effect'causes’ Vel ‘>_‘|V;3|‘ by 1 V. typically.‘ (2.11) can thus
eesilj be"met~ pitn‘ Vimin - VSS i.e. p-ICMﬁ extends to'VSS; ‘Thel
'aspect.ratio of M3 and M4 is then: ‘» |
. . | — (2.13).

R AN 15 o '
(’/ )3 - | o N

| Kn (VDSATBmax)

VA‘“positive going ‘common mode input eventually causes M5 to leave"
pinchoff causing first stage bias current to roll off and the SR to bel
vdegraded A positive going output signal eventually causes M7 to leavei;

pinchoff ' Now +ICMR and +OS _set’ limits on VDSATS as follows.:
! ! w B “ T

\{ . " PR ;

'(appendix 2) 'i o .-‘ ‘ R S

‘l?: -(fIC“R??J DsATs

ogﬁfQS):g‘ ergéTS:ﬁf(VDvaomax)‘m f”p_;'h (}: _‘“";‘H‘$2-15)'3‘
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Once VDSATSmax is deeided (W/L)s is found:

(V/L)S‘z- 2 IS R p , .‘v o ’ s (2.16)
Kp v DSATSmax) | o .

e

From (2.14) \above,' ic is seen ‘that the +ICMR falls sborc of VDD by at.

R

. least vCSl' (~ '1:2 v typically for Ve = 0.9,V). Also, to avoid an
unreasonably‘ large value"of (W/L)S, DSATS cannot . be " chosen . too

:smell Thus +ICMR can only be within l 5 - 2 V of V

2.2,7‘ Power supply reJection ratio (PSRR)

The PSRR is a measure of the ability bf the op- amp connecreu in a
ffeedback configuration ‘to reject signals on the power supplies This
paraneCer is -quice fmportant for CMOS op amps since they are likely to
operate -in a system which combines both analog and digical circui;ty%on
the ‘same chip.v For a configuracion suth as in figure 2.7 the componene
of ’do‘ due to eéither vdd or vss (ripple on the_power supply lines,~say)

-

can be shOhn (15]) to be given by:

vo =f%pp . yo =BV L (2an
vdd Av vss -\ L ' ‘ - .o :

. ' ' ! >
o . : . ' 1}

‘ffor frequencies up 't0w the uniCy gain frequency Here AVDD and Avgg..

‘are the gains 'toﬂ,the output from the power~ supplies Hence the
rejectionfré:ios ere'defined as:

| HPSRR(E) = A (g) _ . and PSRR(f) -*Av(g)' S @as L
?or"ch " two- stage architecturel of figure 2 1 “the '¥PSRR' will ’
'typically be< much higher (say 20dB) Chan the -PSRR Also it remains

flat out CO‘ higher frequencies before\ beginning to roll off The

L - e . Lo ' -

‘

fexplanacion follows
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Because‘ the diode connected cransistor MB 1is biased at a constant

_ current, its drain will track Vgs- Since the currents in M3 and MA

.are equal ‘and‘their gate voltages are equal, their drain voltages must,

also - be equal hence the first stage gutput will also track VéS* The
model of figure 2.9 can-‘then be used to deriveAAvss(w) shown in

figure '2.10. At Iowﬂfrequencies,hthe circuit simpiifies to the voltage
‘ .divider Rg ‘end R7. ‘As the frequency approaches the dominant pole

-of the 0A, the compensation qapacitor acts as a’ short M6 looks like a

-

diode connected transistor - and:-the supply signal appears almost

undiminished at the output The result is that -PSRR(w) follows Av(w)‘

. quite closely, as shown in figure 2.11.

‘The +PSRR can be calculated using che model of figure 2 12 The DC

Ny

gain from’ the positive supply can be shown to .be

avp( =Re - g (R6||R7) R R T
. Rg+Ry - : ’

t

‘where' T, 1is the ctransfeg functidn to the output of the first stage

. and ¢an be shown to be approkimetely: W

¥

Ty = _;_1__;;'\“ oo N . (Z:QQ),

2 &3 Rs RIS _ .

(2 19). shows that the output of . the first stage actually helps to

‘cancel the output component due to the resistance divider R6 and Ry

‘Hence the, noninfinite rejection of the first stage can cause +PSRR(D)tup

'

:to be much higher than v-PSRR(O) ‘ However (2 20) does .not take into

v

‘account lst stage device mismatches and in fact T1 can be much 1arger

-

/than expected = Hence the second component of (2 19) may predominate

)

‘causing the +PSRR to be degraded

AVDD(W) _g shown in figure 2. 13 can be derived from the model of

P
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figure 2.12, At high frequencies Cc appears 4s a short causing the

dominant output component to be due o the resistance divider

consiécing of the diode connected transistor (1/Bge) and R7.  The,

»

frequency of which this occurs is seen to be greater than the dominant

pole of the op amp, +PSRR(w) is then as shown in figure 2,14, From
] .
(2.19) it 1is seen that {f the first stage had infinite rejection +PSRR

would be approximately. equal to -PSRR at low frequenéies, However f{t
'y
\ ]

would remain flat to much higher frequexéi&g as shown in figure 2,15,
In  summary chen, the +PSRR is superior to the -PSRR mainly because

as the  frequency increases and Cc makes M6 appear as a diode connected
‘ .

transistor, the gain from the positive supply will roll off while the

gain from the negative supply increases. If the complementary

A

architecture . with NMOS inputs were used the -PSRR would be superior as

r !
the diode nuected transistor would then be the -one connected to the

»
—

positi;e supgly,

2.2.8 Common mode rejection ratio (CMRR)

N

The CMRR is defined as:

CMRR = Av ' o : (2.21)
Acm
where Acm is the gain for a—Tommon mode signal at the op amp inputs.

" This pafamécer is especially relevant to applications involving a

noninverting feedback configuration. A unity gain buffer, for example,

>

with input v has an output error:

’

[
» ‘ N '
Vo _,.ch» o 1 -__l_ ) : (222)
Vem CMRR Av

‘hence the importance of the high CMRR.
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Figure 2.16 Model for CMRR calculation

1 1 ¢

_ gmé R§117 R24 Cc RSi CpS : log w
gm6R67 | ‘ ',
2gm3 RS \ :
| 1 CS
Acm(dB —_—
(d8) 2gm3R24 Cc

Figure 2.17 Common mode gain frequency response

o : l ‘
, % ‘ i)

~Av(0)+6d8 ™

CMRR (¢B)

————> lgw
- | ,
R5Cp 200kHztyp

-

vFigure‘Z.'l 8' CnRR frequency response .
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A .. ‘ : :
The model of figure 2.16 can be used to calculate the CMRR of the 2

stage architecture, The DC ctransfer functions to the first stage

output can be shown to be:
‘ ,

Ve | = - 1 (2.23)
. vcm\,\ 28mSRS T s

and the ovéralx common mode gain at DC;:

‘ \ . : ‘ .
Acm(O\ = V7 = BueRey . ‘ (2.26)
. \ Vem _ngBRS '
which can be cypéfally -6dB.

The overall f rejection can be improved by -increasing _the
transconductance of the current mirror load and by increasing ‘the
-

length of MS. | ’ *

4
.

The frequency response of Acm is set by Cc which introduces a low

frequency pole, and the parasicic Cpg associated with source-substracé '
capacitance which by shunting M5 introduces a high frequency zero. The

result is as shown in figure 2.17. Because Acm rolls off at the
dominant pole ffeqﬁency\ of the op amp, the CMRR will stay''flat out to

quite high frequency (see ¥igure 2.18) " ‘ .

L
Lo

©2.2.9 Voltage offset and noise

With no input signal, voltage offset and noise appear at the op

amp output. The 'voltage ffset can be considered a type of low

\ L

frequency naise as it drifts witH’tide-(aging),Atemperature‘or supply

“ °
voltage. ',The effect of these’

dditive error sources ‘on an operational
tircuit can be modelled by using equivalent inpﬁt sources in series

with the terminals .of a noiseless and offset-free op amp as shown in

figure 2.19. :

»



Yos veq (tot) 2

~20kHz

? o
! M6 (driver) characteristic '
M7 (load) characteristic
1 — > v
Vss : Yo ya | .
'Figure 2.20 Second stage 'Operafing point
\ ®.
oo ¥y, :
28w . |

F Ignre 2.21 Spectral noise denéi‘ty‘ ekamp'l'é. . :

‘ : . A
Figure 2.19 Representaion of offset voltage and noise .

A

28
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-~ [ v . .
. ' . '

Vos 1is - defined as the differential input voltage'(wltﬁ zero Common - -

W
4

mode Vvoltage) required, to force the output voltage to be zero.. For the

two stage ‘architecture, the offset can be divided into systematic and.

random ‘contributions. The systematic contribution: results from an

‘ imbalance in the bias currents of Mé and M7. Roughly speakihg the gace.

voltage ‘of M6 must be set such chat “the current of M6 cakes. up- all che

AR

' current of M?. This sets the' following requirement on the W/L ratios:

SASPRPR /PR B s,
1M/ WS { | L

[

:In ,actual fact tﬁis will stlll gesult in some imbalanoe due to the
different output lmpedances of PMOS (M7) and NMOS (M6) devices Fighre
é.ZO shows the outpuc voltage as the intersection of the characteriscic
curves of the output devioes . It can be seen from the figure thac
oecause the PMOS dev1ce has Cypically 1/3 the output 1mpedance of che,
NMOS devioe eicher the M6 characteristic husc be raised or the M7. -
characteristic lowered. to bring Vo midway‘ betweer. Vpp and Vésé
This corresponds to sligh:lyl»increasing ~(W/L)6 retative coA(W/L)3
‘or decteasing‘ (W/L)7 relative to (W/L)s. These adfgstmeots can be
? made ldurlng ‘compuCer si&ulecioﬁ, In pfactical terms the adjuseﬁenc is -~

usually not requi%ed as the resulting input offset is typically less

than 1 mV. . S R
The random offset oompohent is due to threshold Mismetches‘or'W/L
S , . o o

mismatches and is usually on che order  of several mV, . It can be shown

[1 P.. 745] to be’ given by

. < [c 7 I
o wan N W asy MWL gl

‘.



30

The,‘contribution due to the threshold mismatch of the current mirror
load is minimized by having a small gm3/gm1 ' The W/L mismatch

' contribution is reduced by having a small I/gM ratio, This is ensured

‘ by operating the input transistors with (VGS—V ) = 50 200 mV: |

equivalent input noise voltage Vn can also be shown [1 p. 750]

to 'be predominantly due‘ to the inherent noise of the input pair if

gmi' is made 2 or _more ‘times greater. than‘gm3 and‘L3‘is made 2 or

moreb timesf'greater than L. . The input noise spectral densfty will -
then be:
- . ) o:

*VNT - 2KFy +,4kr("a’ ) oo, @an

lhe first component is ‘theuul/f or . flicker noise and can be
minimized by increasing jthejdevice'area. ' The noise coefficient‘KF is
strongly process‘ dependent and is typically 2 or 3 times smaller for
the _PMOS as opposed to the NHOS device The second component is due to
: thermal fidise and can-be reduced by increasing Eml- ) |
A typical’ ‘value “for KFp ‘might be 3 x 10'12 VzpF [l] Figure

2.21 then shows the spectral noise density for an 80 x 10 micron dev1ce o
(see design example) assuming KFp = 3x10°12 V2pF Cox = .4 fF/pm

I o S A, and Kp - lO ;JA/V2 N0te that the flicker'noise is;dominant[-

'up to about 20 kHz

To !§lculate the total equfv—lent input noise voltage for an:

.

Operational‘V circuit requires integration of the spectral density"‘

ffunction ‘(2-27) over. the frequency range 3 For’ the above example if‘w-

'

the op amp is connected as a unity gain buffer and f =.l MHz thep_‘

total noise voltage is calculatedv to " be.4Vn; = 40 pV; ‘This sets



31

the 1lower 'limit on the minimum signal size which'can be applied to the

~cirecuic.
2.3 Typical Performance Parameters

Table 2.1 gives ‘the,‘expected. performance specifications for a
two?stagel'rcMOS internal, op amp‘ with PMOS 'inputs "‘ Achievable‘
- .performance in the areas of‘QBW, SR, die area. and Pdiss is highly
dependent‘on‘éL. ‘This will hevfurther appreciated.in the design'examplef

« ‘ ' o D 4 o E
2.4 uDesign“ | R

'“Ti 2.4,1 *PrOCedure “'-d‘ : | | | |

- For simplicity, the op amp is designed to meet the following set of '
‘forimary design spec1fications " PM, 'SR; ‘GBW, +ICMR iOS.. The
‘ fsecopdaryf’ispecifications of Av(O),_ CMRR, PSRR,ﬁ‘tS ‘and‘Pdigs are
then. checked (usually by computer Simulations) 'to ‘see‘if‘they‘are'

‘ acceptable. If they are not acceptable it may be that‘the primary‘set :

of specifications is incompatible and‘\needs to . be 'reviSed. "For?‘
v-instance~. it vcan be shown [13 p 225] that AV(O) and CMRR are fully

:determined by, the GBW and SR | Similarly,f tg ~and PdisS.areboth,
determined by SR GBW and PM :

™

The. 1ist of design equations corresponding to the architecture of

ffigure 2. 1 ts given in table 2.2,,. The' order of calculations is

a-"

summarized in the flowchart offﬁfigure 2 22 Bold items indicate_”

.-performance parameters while items .in ;square boxes “are the final;h
: & CoT e : ' S e T

Do

. eircuit values.'



'SPEC

Av(0)-

GBW - .

'SR

PM

+ICMR

-ICMR

- +0S

-0S

+PSRR (DC)
-PSRR. (DC)

. CMRR (DC)
. OFFSET

" NOISE

,.Pdies
“DIE AREA

. LOAD - -

" TYPICAL VALUES

103

<1

- 'Vpp
 Vss

VbD
Vss

100

~ 10%

‘10‘MHZ »

20 V/us

ps,(é.l%,

S1.5v

-Q_
+0.

(VRV}
<<

dB

.80 dB

80 dB

< lOymV

0.5

1.

-‘10 mW -

100 pF '

1l V step, CrL=5 pF)

5100 nV @ 1 kHz
‘ JHz S

”s’lOb;OOO_mic?onz

L3200

T.A'I’able 2. 1 Typical performance specificetions for a 2 stage CMOS op amp
‘ " (PMOS. input configuration) ’ L v _
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Performance

p_arame ter s
PM 3 60°

SR
GBW

-ICMR o
-0S§

-

+ICMR
.+OS
. Noise

o and
“‘ Offset

Y

* o o -
. see notes of section %“4'1,

I

‘  1‘“Tab1§ 2.2 Design_Equations 

Design ' a
equations . - . K
- Bmé = 3 w/"

Vpsat3 S (Vipjn - Vss) - IVeal + [Vl

2

Vpsat3 = Vopin - Vss

7 v
Vpsars = (Vpp - Vigax) - [-—23# Vel
. o ke,

. VpsaTs = Vpp - Vopay

o Em3 S 12y

Ly z 21y

_.“.‘ 9

f 33
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" Note the foIlowing:.

1.

72;»‘

m.“w.. 4

v
i .

It is ‘advantageous ' to choose‘gml at the lowest limit set-by:

thermal_ noise ~(seev equation ‘(2:27)); From (2;4)\it ifs seen

that :for a given GBW, this results in the smallest value for

35,

' C Rt ' e . —

' Ce ,and ‘hence " reduced  area requirements., Also, it means

reduced Pdiss yand Uhigher .gain since a Smaller‘firet stage
pl o o S . h '
‘-current is required for a given SR.

: e

The smaller value 'of gml.also results in‘auhigher frequency

\h RHP ‘zero;\“;Since 8m6 LS ‘fixed by the PM requirement (see
| ‘ . L | ) 17 v ‘k‘ ) ) ) "A ) !
'(2;5)), ‘a, smaller  Bml . means ’ a larger transconductance

]

Vratio; h-‘Fromf‘(2.7) then! it is seen that' the RHP zero moves.

. ‘o
vt

further frdm‘wﬁ resulting in-en'imprOVed‘phaée'margin.

‘ If a large gml is r uired giving gm6/gm1 < 6 p/w'-3

will be insuffeeient or .a 60° ‘phase margin 4see figure

\

oint). An indication that ngG/gml < ‘6 is given by Cc >

( .
w"‘t Co

. i’
RN ‘
CL/2 since from (2 5) and (2 4) it can be written

i

‘l ‘,' . "v'
"(1A.~

'28m3

ibe' used‘vsince‘ otherwise a large p/_wu racie may be required

resulting in much 1arger second stage curreng',(see next

-as large as possible Because M3 M4 and M6 have a common

‘4) v‘_‘COmpensati technique from the next chapter should

stegeh'current the ratio gm3/gm1 should |

LS

‘, B
; A . '.' .
lgm6 sa c Sms SR 8m1
3m3 ST - Bm3 2w, ARG Pl
(p/wy) SR c:L 5m1 | o | (.‘_2,.2"9)" o
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Hence from (2 2§) the larger, gm3/gml thef'smallerk Ig.
. B . S e SR X
As ' indicated in the design flowchart gm3 usually,hasfan‘ [

o ! A}
l .

upper 1imit of gm3 gm1/2 to Prevent excess noise and<offset ﬁk

,m,\

However 1Lf the lower limit set by ICMR and OS exceeds this“
: oo . "'}
there will necessarily be 'some performance tradeoff If the

] ' ",',.l ' J

' 7. noise limit for 8n3 is~ .used and p/w —3 (2 29) becomes ﬁ{

"A‘

Ig=3SRC \ DT A ¢S 30>
. ) ' . o ' ' “,‘.‘ ' - _‘ \l L l'

o) Froml (2. 2)‘ ic 1s  seen’ that\mransi;tqr output resistancé ls 'y

2 ; Y ’.,,}

“‘directly proportional to, the devioe length Hence the gain ;x

'/
[

I
J
/
’/
N (

requirement usually sets a lower limit on the length

L z lO micron ‘i ‘ suggested The\length 3f matched devxces '

! "‘."."\' K o Sy “\"v-(‘y
should be equal for best“matching Lf\\g fv\\_-*yf S

- . »:/_ S foer

o - : ' / S ‘\"/"[4 /I 'I. \ ‘_”.f S ( ' B
2.4.2 Examplef-—- i‘\ckgﬁ o ‘~‘ifhiﬂ . Q§N,”‘l J“]“ - o

The following design example is for a conventional two stage op amp
‘ ' ! o lf [ “ \ ‘ ", ,'.

which was ' submitted for fabricatipn using Northern Telecom s 5 micron,

\ . ' )
_process : Test results on this op amp are. given in chapter } Its fQ

performance".was usedg as a benchmark against\ which other de51gns

fappearing"‘inl this B thesis were ;gcomparedf‘:jiylhyf chosen :design?‘
“specifications \a given in table 2 3 - Note that a/ larger than %yproal§;7
load capacitance ;as choSen because of the requirement that the op ampriﬂ

..\

) would have to drive off chip loads for teSting

‘,TheW calculations follow the design flow of figure 2 22 Northernd

‘Telecom's Aprocessv parameters were‘ taken from [3] All device lengthS'v;

[ e

‘ were taken as 10 micron for adequate gain and best matching Note thath'
to avoid accumulation of error,' whenever.-a transistor dimension 1S<

e



‘._" ," “, -
.‘l,‘ :1'5 . ~ ) )
:.‘ . (. T(‘ '
/n , ) {..“ |
l‘ "I‘ ' ‘
O 5 , '
Yoo
S . GBW, 1 MHz
- SR 2 V/ps ‘ T
I PM = 60°
, ‘\’CL ‘ 20 pF
X fICMR  . Vpp - 2V ‘
, \-ICMR Vg -
o %OS ‘ Vpp 0.5 V

-0S , VSS +0.5 V,"

N . Av(0) 2 5000

EAVE

' \ a

’ . : . . Yy

lTéb{e‘Z.B ‘Speqificecions for the‘désigﬂ eiample

o~ -
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rounded off to the .nearest micron, the aspect ratio is recalculated for

"

.use in laterx calculations,

o . - | - o
1., Phase margin requirement: '

 Bm6(min) = 0L Yy ‘ | (2.31)
. | = 3(20 pF) (2 1 MHz) ~ 377 pa/v

Bne =. 355 pA/V was used iﬁ the iﬁélemenced‘ design and so is

chosen here.

2. Noise requirement: ‘ ’

)

‘A transconductance ratio of about 10 was deemed as resulting in a
satisfactory noise level. Hence g, = 27.6 wA/N corresponding
with gm6/gﬁl+12.86 was chosen,

3, Gain-Bandyidth requirement:

Cé = Bml = 27.6 wA/V - 4.4 pF : (2.32)
GBW  2x (1 MHz)

o’

. - D
4., Slew rate requiremert:
Ig = Cc SR = 4.4 pF (2 V/us) = 8.8 uA . (2.33)
2 2 g ‘
/) = Bpl - 27807 - 5.8 ‘ (2.34)

IsKy' 8.8 (9.75)

L, (DRAWN) = 10 pm

L, (ACTUAL). = (10 - 1.2) pm = 8.8 um
: ) .

W) (DRAWN) = 8.88 (8.8 um) = 78.14 = 78—m !
So final values are
(WL); - 18_=- 8.86 | | o (@2.39)

8.8

-and g, = J&ixp'(W/L)l - /8.8 (9.75) 78 =~ 27.6 upA/V
P : 8.8 ®
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Note that to have an acceptable level of 1/f noise, Wy and L)
may have to be scaled’ up- to get a larger transistor area (see

section 2.2,9.

Negative going ICMR and OS requirement:

(-ICMR) : , 7
Ypsar3 = (VIn(pigy - Vss) - Ves *1Ve) lpax ' (2.36)
where vcl(max> - Voo 7(J?$;7I_V§g - 25 (2.37)

-0.9+0.63 (J612 +9 - Je12) =24 v

(here Vgp is estimated)

so VpsaT3 S0 - 0.9 + 2.4 -1,5V"" ,

-~ Vgg = 0.5V | ©(2.38)

.

VpsaT3 = VO (max)
Hence the output swing requirement on VDSATS overrides and
WLy;=1s ~ 8.8 NERS A (2.39)
K" (VpsaT3) 30 (0.5)

choose Ly éDRAWN) = 10 um
so Ly (ACTUAL) = 10 - 1.4 = 8.6 um

and~ Wy (DRAWN) = 1.17 (8.6) = 10.06 um, say 10 pm

A

this gives g 4 = /éI3 Kn' (W/L)4 - : (2.40)

- [2%6:4) 30 (1.163) = 17.5 pa/v |
R}

and  Bm3 = 17,5 - 0.63- " i
Eml 27.6 - o ’
For ndise and offset. considerations this ratio sho;ld not be
increased (see (2.26)) so (W/L)$ cannot Be‘ increaséa further.
(Also, in retrospect, Ly should ha;e' been cgosén Ly =2 2L
vfor reduced 1/f noise c;ntribu;idn ffoﬁ M3 and M4 [1° p. 750].

This 1is. overlooked here in" order to be in agreement with the-

dimensions of the circuit submitted for fabrication.
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Knowing gu¢, Bgp3 and (W/L);,  (W/L), can be 'derived from the

fact. that M3 and M6 have a common géﬁe voltage, Hence

Bm6 - P6 VpsaT - Y6 : . (2.61)
8m3— F3-Vpsar V3
1f Lg = Ly = 10 pm

therefore We = 10 355 = 203 pum
- 17,5

Positive going ICMR and OS

(+ICMR) : . ,(2°.42)
Vpsats = (Vpp - Vi(max)> - A S vtl(mln)
Kp! (W/L)

where th(min) = Vercoy * ¢ /2¢F+VSB' J§¢§) (2i43)
~0.9+0.63( J61Z + 5" - V61D
- 1.07 .

(nofe: here Vgp is estimated)
hence

Vpsars 52 - ( [88 " +1.07 ‘
" \V9.75(8.86) :

<2 -1.39

<

< 0.6

(+05):

Vpsars S Vpp - Vo (max) = 0-5 V ' | (2.44)

Hence the output swing requirement on VDSATS 6V9rrides. .
" So : R ' ' N
WLy 2215 , ~ 288, -7.22 (2.45)

Kp' (VpgaTs). 9.75(0.5) )

Choose '
LSI(DRAWN) - 10 um
then LS (ACTUAL) -10-1.2 -8.8 pm
and Vg (DRAWN) = 7.22 (8:8 pm) = 63. 54 ~ b4 pm

So the final ratio is (W/L)S - 64/8.8 = 7 273
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8. Systematic offset requirement:
Choose L7 - LS = 10 pm, Theh because L6‘- Ly, (2.25) can be-written'
Wy = Wg . 1 ¥ ‘ : - (2.46)
. 2 w3 » K ) R
In order to get a round number, w6iis altered to 205 microns, then:

Wy = 64 205 = 656 um
2 10

9, Power dissipation request:

it .
~From (2.30) and (2.10) the total bias current can be estimated as

Ibias = SR C -+ 3 SR Cp ' C(2.67)
‘ From (2.28) this can be rewritten:

Ibias = 3 SR CL <gm1/gm6 + 1) ) (2.48)

For this design then, Ibias is
~.Ibias = 3 (2 V/ps)(26 pF)(i/12.9 + 1)
- 129 pA
AHence with # ?V supplies the expécted‘power dissipation is i.29‘
'mW. N . ‘ . | o - -
Simulations |
The' gain, CMRR and PSRR are difficult to preoict doe to the
inaccurac} of ‘estimating transistor- o&tput resistance. hence it,isl
best to . use the more . accurate SPICE [22} level 2 hodels inborder to
check  that these performanceb'areas are. accepteble,> Also, the

3

simulations vefify that the primafy design, specifications are met.

Appendix 3 shows the basic SPICE file which wa used TranSistor
source and drain areas and peripheries were estimated from Northern

, Telecom s 5 micron design rules as shown in figute 2. 23 _As a result

of the simulation process the end values for the _sebondA stage
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Figure 2.23 Transistor dj_menstons for S micron rules .
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F igure 2.24 Two stage op-aiﬁp with NMOS inputs
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- Figure 2.25. Final-\circuit for design example
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-
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——H:m . (15v typ) -
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- Figure 2.26 Cascoded transistor COnﬂgura,t‘I:ohj o
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transistor sizes ‘differs‘ from the above designs.values. tThe final
circuit {is shoun— in‘ figure 2.25§ h During the simulations ‘it was
ohserued ‘that ~the more accurate MOSFET model resulted in lower values
. of.‘VDSATl'than expected. Although ‘this meant that ICMR and 0s were‘
"better than eapected, it also resulted in the need to increase (W/L)6
in order to‘ obtain the desired transconductancel (W/L)7‘consequently
also had to be"increasedrto prevent,s}stematic offsetx A summary of
.all the simulation results can be found in table 3{4, Measurements of

Ithe actual circuit*implementation”are given in chapter 4,

2.4.3 Evaluating tradeoffs

If‘ during the:simulation phase the op amp performance is seen tonhe
deficient in ‘some area it will: be‘ necessary"to make so}kﬁ;ﬁfCUi;
adjustments; To rhelp ,in 'this proees;, table 2,4vshouslthe general
(relationship between ' the circuit parameters eand the pertormance
parameters.":.Fromi'the‘atable one can see - that. fOr a given'circuit
change,‘ performance in one area may improve uhile in. another it may

: degrade.vf The designer can then choose the approach which results in

the most acceptabLe tradeoff
., As an _example.'of,(the.'use of the table, con51der that the first

:”stagej current is.increased ‘From the table ic is seen that SR GBW an&'
‘tthe' thermal noise 1e§ei should improve i Ho&ever Av(O), ICM& OS

u PSRR CMRR and offset will degrade Looking across the table though
‘shows that inoreasing the aspect ratios of Ml M2 M3 M4 and MS will

counteract these degradations while maintaining the improvements in SR ”-‘

aGBW and noise
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fN2£21=‘f ‘ .
1hd1:' In- changing‘one‘circuit parameter care mhstlhe taken tﬂ!% the other
circuit ’parameters ‘remain 'constanti For instance if we wish to
pincrease Av(0) by increasing Ll“and JLZ then Wy and wz'must‘

: 4
"' . be proportionately increased to mai‘!ain w/L- constant -

2.’ Note 2 indicates a' square root relationship

“1.e. Av(O)a 1/ JIs ’

3. Note 3 gindicates a circuit parameter which does not (show} a

)

proportional relationship with the performance parameter
4. * and o+ indicate circuit parameters which are coupled .and can only

" be changed‘lby ‘the same factor.” For exgbple in note 3 of section'

2;4;1"‘it 1is “shbdﬁ'f that ._12 can be decreased 1f 8n3 1is
. ‘ ‘ ‘ : ‘
increased. Hencep inn the table for  reducing power‘dissipation

.1(W)L)7“can be decreased if kﬁ/L)3 gis simultaneously‘increased
”;by the same factor. | : - | o -
5."2nd stage‘ current doeS'not appearuas‘a separate circuithparameter\
‘since it is :set by the reiative,:sizes of (ﬁ)L)6 to (W/h)3 and
'(W/L)7 to (W/L)5 S
| [2 4 4 NMOS Vs, PMOS inpucs ; p,tﬂ.ﬁ h. ' d “'”‘ e f‘-j.i;
'Ih twWo . stage design can be"implemented using a complementarylf
‘architecture which has an NMOS instead of PMOS input pair as shown in.
"figure 2. 24 With the NMOS devices there is the choice of connecéingiig
hthe source and body (p well) together or 1eaving them separate (p- well:"
'fconnected to‘ VSS) Connec:ing them together prevents body effecti'

‘from‘ altering v6 However in the case of a differential pair body‘

7effect is actually beneficial For one polarity of common mode input
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it causes |V£l|‘ to " increase‘ resulting in' an" extended' ICMR‘ (see‘
(2{11)); ‘Also, it does ‘not degrade the differential gain of the stage

since for balanced inputs the inpu@ pair sources are at AC grounq Ash

. for the common‘mode gain, it can be‘shown to be‘actually feduced by a

'factot of ) gmlA 'resulting in a - 1dB inptouement'in'CHRR.
| 8m1+8mb1 o ' o
‘ Howevet, one case in which' being able to connect source and body
| together\ is beneficial is ‘in.‘reducing power supply coupling tohthe
output at high frequencies‘ due' to‘"supplyfcapacitence" (2)..° If“the
body effect is present power supply variations cauSe Vdé ;;riationsff
con the input pair With the’ op amp ‘connected :-n a lfeedback.u
configuration ‘the gesulting:‘capaCitance curxeutsl due to the'gate
'parasitic flow in the..feedback path :causing an- output rvoltage{
‘ variationji | B | |
"For ‘the- NMOS input,.configutation the source of the second stage
‘dtiver Iis‘ cohnected to. VDD* Hence the +PSRR can be expected to be
.-much _worse than the -PSRR (see section 2. 2 7) Also since the first :
stage bias source -MS-J' next to VSS the -ICMR can be expected to be”
nuCh less than ‘the +ICMR (see section 2 2 6) This_isvyice versatfot"
the PMOS input configuration ‘ ‘ |
Finally, ,the‘ equivalent input noise sourceﬂ for ‘the’ NMOS input
configuration can be expected to be higher by a factor of typically 3X .
[l] This is due to the process dependence of l/f noise .

-Table »2 5 compares the typical performance of the NMOS input (with

and without source body connection) and the PMOS input configurations
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“with source - body connected . - : T
* without source -' body ‘connected , : S
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ﬁ_NMOS*‘ o mos*t Vo pMos- -

' +ICMR Vpp -0.5V Vpp - -1
CIGMR - Vgg 415V Vgg +1.5 Y “;“:VSSI‘I\
#PSRR (DC) . 76d4B . 76dB. . . 90 dB
-PSRR (DC) - 90.dB - ‘ 90 4B . . . .76 dB .

l/f'noise- S - - o '\‘ . ";fx 5glNMbSi

Table.2.5 Comparison of NMOS vs PMOS inpﬁt.#dnfigﬁratién§ '



t

‘iincorporating this configuration in th lst
‘high gains -(> IOOdB) can be ‘achiete

n‘become degraded and

fZ Effed%s of different architectures‘

’,performance;_V‘q .
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Several modifioFtions 'to " the two-stage architecture and several
i “\‘v‘ ‘ N : Y L \ i ) . ' ‘ N . . ' .
alternate »architectures haVe‘ been used to improve on some aspects of

e
\

2 5 f Variations of the two- stage

For the *twowstage design improved phase margin can be achieved by‘

|
v

fy*usin . a. resistor\ " [\A]" or a buffer 5 in series wich the c pensation
g (4] GW

(
\y ' “ Y ' Y

' capacitor ' 1(This 15‘ elaborated ‘on in chapter 3) ‘ Also‘ the PSRR off

’

‘th“ two stage can be improved by the insertion of a cascode device inu

(
,41

“series .with the compensation capacitpr [2]

)

ain of the o- sta e OA can be improved b the ‘use of cescoded.
8 tﬁ\ 8 Y

‘»transistors :"The cascode configuration (figure 2. 26) has a much higher

.‘1,

raoutput ‘impedance v}typically 'SOX greater than a norma%—transistor-——ﬂy

r 2nd stage of the OA‘Very
‘although the phase margin can
"

“ahe compensation becomes more complicated [6]

' ‘v"v
[

Another (problem with the cascode configuration is the increased valueh

,;”(see figure 2 26) which limits the linear operating range

;With ‘a, caseoded first Stage the ICMR will be reduced which is not a

AT , &

Jproblem for ?an inverting amplifier ,configuration but will be for a

'~buffer With a cascoded second stage the output swing becomes reduced

“

;fThis problem can be allevieted by using special biasing techniques [1

r

'-p 715] Figure 2 27 shows an op amp with a caseoded lst stage ?
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,2.5.2 Single stage OAs o "
_‘ The high output impedance of the cascode configuration permits the
v - ‘

.geih of,the regular 2- stege to be achieved in a single gein stage The
. operational transconductance amplifer (OTA)“of figure' 2,28 s |en.

méxegple of‘.such a single stage architecture {7]; ‘ Here the 1554"‘
[ : . ‘ o ‘ i
-'cgﬁaciéancé ‘prevides the dominant pole‘for compensaqion.and'no Miiier
*‘compensatioh fcapacitor is"required,‘ | As\such thereiis no rightihand
yplane'-zero‘fto degrade the phase_ margin. Also, the nondominent pole is
iset\-by ‘snall parasitic capecitor; associated with the current mirrors
K instead of the iarge' load capecitancelas in the 2- stage design, The:

feéuié is 'improved phase ‘margin ang%_better‘ power Lfﬁiciency (i e

higher bandwidthsmhachievablen for ‘sameibcurrent) ‘ Also becauseJnO;

ﬁ ﬁiller capecitor is used the PSRR is improved (see section 2.2, 7)

- One disadvantage .of the cascoded output _is as )previOUSly

u"méntioned;f‘the" reduced output swing for which special biasing circuits

: aref réougred, ? Also, because the entire gein of the amplifier is oniy
B v

wfeghieVedf‘in thé f1na1 portion of the circuit more transistors will

Bl

¢

'contribute 9noise mo give a higher equivalent input}noise Finally the,
A S ‘ !

N T

Toutput 1mpedance of the ,cascode output 'is very high which may be a

N

V‘pfdblemﬁ in sOme“appfications % The folded cascode or ‘common- source/
e g . / .

common gate. amplifier of figure 2. }9 {21-is another example of a single .

stage architecture AT “7.“'} . :, R vv.‘ 'W‘

2,5.3. Architectures‘_ fo.r- low powfer‘ ‘fa'pplic,ation‘s'
. The low poéer Carchitectures.'seek ' .get around the problem of
S i‘;"r'\ ' ' i i
. reduced slew. rate when operating at. 1ow currents - Class '‘AB. circuitry

- such 'aS“»in,gthe' second stage Ain figure 2 30 can be used to source or .

v
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- Yout

-

Figure 2.30 Circuit {llustrating class AB
' -~ second stage
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sink higher currents cﬁan the DC qulescent values [2]. M2 is arranged
as a driver in a push-pull arrangement insteﬁq of the simplé current
source of a regular two stage design, Another technique meanc‘fér
switched capacitor applications uses a pulsed bias current source (8].
At iche beginnfng of the clock phase the current is very.high allowing’
rapid slewing of chgaoutputs to clése to their final value, By the end
of‘ the clock phdse when no slewing is required, ,the éurrent has
Aiminished to ; ve%y low value.' In (9] an adaptiﬂp biasigg‘teéhnique
for‘ the OTA is described whereby the bias currént is héde siénal
dependent, The resulz is a 100X improvement in slew rate (SR = 10V/us
for Ibias = 1 uA, CL - 10 pF),

\

2.5.4 Circuit techniques for reducing offset and noise

The MOS ctransistor’s abilicy to implement a switch has ;alowed the
. ‘ - »

use ofﬁfaﬁpled data techniques to reduce offset to levels less than

' mV with drift less than 2 uV/C and noise to levels of 65 nV/JﬁZ at

‘

loy frequencies [10]}.
Autozeroing or correlated double sampling [10] is a techniqde In

which amplifer noise and offset are stored on capacitors during one

. . '
clock phase. During the next phase the capacitors are switched into
- the signal pgth such-that the stored voltage counters the noise and

offset in the w»signal. Because of the high correlation of the low

~
S

frequency. noise in thé two phases significant noise cahéellﬁ;ion
results. Switch changé injecgion. clock feedthrough and thérmal noise
of switches then §ec;the lower 1limit on‘aéhievable offset and noise.

One problem with aﬁcozeroing is that fast settling is'required in

*
‘order that .the amplifier .output can rapidly switch between the high
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signal 1evei and low offset level of subsequent phases. ‘éhopper
stabilization {11) lis a technique which. avoids this problem. The
signal 1is square wave modulaﬁed before being amplified. When the
output éignal is demodulated the low freéuenéy noi;e and offset of the
;;ﬁlifier' are shifted outside the bas;band of the signal and hence can

be removed.

In both [10] and [1l] the noise and offset reduction techniques are

N n

combined with f;lly dgfferéntial circuitry. The dynamic range is thus
further improved by allowing largfr output .swings, Also PSRR is
improved since power supply Qariétions produce a common mode signal on’
the differential oukpuc of one stage which is then rejected by the

: | ’
differential input of the next. S



- 3.0 INTERNAL COMPENSATION TECHNIQUES

bl

The purpose of this chaptér is ‘to investigate the optimum design
and ach;evable perférmange for several compensation methods used in
internal CMOS op amps, The methods presented are:

1) the use of a simple Miller capaclcor{

2) cﬁe use of a resistor in seriés with the c;pacicor;
’3) the uée of a buffer in series with the capacitor; and
4) the use of a separate compensation stage. |
Methods 2 and 3 afe presented in tﬁe literature [A;S] As techﬁiqﬁes

which overcome thJ degraded phase margin due to signal feedforward in

the Miller capacitor configuration. Method 4 1is @ new technique

presented by this author. It will be seen that the achievable
) L4 ' i ) )

performance of the op aﬁp in terms of power dissipation, die area, and

settling time is depeddent on the compensation method used,

\

3;1 General Considerations

3.1.1 Second Order System Model

! . . .
'The second order system - approximation gives us a basis for

understanding and comparing .the different compensation techniques.

Here the OA open loop frequency response is assumed to be as shown in\n

figure 3!1 i.e. an integrator response with a single nondominant pole

at p > w,. The corresponding opeh‘loop transfer function would be: —

N

Agp(s) =¥u 1 | - (3.1)
; s 1+ s/p , T , .

55
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or normalizing with respect to LA

AgL(s) - L 1 - p’ - ' (3.2)
s (L+s/p!) s (s +p’) B <

where p’ = P/w,-

With 100% feedback, the closed loop transfer function is cthen;

AcL(s) = _ZoL(s) - ___p (3.3)
1 + Agp(s) s“ + p’'s + p' :

Thelclosed loop pole locations are -then at:
sy p=-p (12 1 -4/p') - . (3.4)
The root locus plot of figure 3.2 shows these closed loop pole
‘locacions as a function of the open loop pole p o .
Knowing the closed loop pole locations, the inverse Leplace
transform can be used t0‘ derive the time response to an input step.
Figure 3.3 shows examples of the step response for different values of

the open loop pole. Note that for p’>4 the system is overdamped and

shows an exponential response. ; - .
3 . ’ 1 Y .
e

An importantv-fact in the compensacion design is that the phase
margin (in the ‘open loop frequency response) is directly relaced to the
value of p and so can be used to predicc the time response From

(3. 2) the phase margin can he derived as: S \

-(3.5)

PM = tan'? 2
' J_,l + ls/_&fi B
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\

imag part (normalized to v, )

=15 Y - l | ! i T : 1
. -4 '-35 -3 25 . -2 -15 -
B real pcri’..(nornl\cllze’d fo w,)

: AF'igure}‘Z: Ro;}uocus for 'znd qﬁder system :
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 Figure 3.3 'Steo"response for 2nd order system
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_degfeesv

Flgure 3. 4/ Phase margin Vs open loop pole locatlon
: for 2nd order system : <’ S
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Figure 3.4 shows'the ?M vs p’. Note that p’'=1.5 corresponds to ?Mr60°
’which is‘the PM‘typically chosenjtor‘the classicalltwo-stage OA design.
The settling'time and overshoot of,the'step response are the design

parameters of most interest here. For the second order system these

can be easily derived and are shown in figures 3.5 and 3.6 as functions

of the'.open“loop’ pole location. Note that the minimum achievable

‘settling .time occurs atlcp'—3.35"where the overshoot is equal to.the
€rroxr band of 0.1s. | ‘ |

hrom figure 3.4; vp’—3.35-'corre5ponds to a phase margin‘of 74° .
The' nsual~ 600 phase -margin‘corresponds with p'rl.S and results in anv'

'overshoot“pf 8.8% and tg=8.35 r which is . about 2 4 X greater
than the minimum. It';will be shown that using the compensation-
techniques- of this chapter~ the minimum settling can be more closely

. achieved with possible area and ‘power: savings as well

‘ 3;1.2“Validity of second order assumption

An actual op amp does not have the(d%en loop frequency'response of'

" figure 3.1. Parasitics in the first stage introduce higher order poles',

“

and zerbs and the different‘ compensation- techniques also introduce'

,additional poles and- zeros. The question then arises as . to when the

nresultsl of the second order system analysis can be applied It'can be,

e .

stated [15] that ;the correspondence between the phase margin and the‘l
step response will still hold if there is. a dominant\pair of complex
‘conjugate olosed loop poles and there are no zeros nearby Hence high

frequency poles and zeros can be taken into account in the second order

Loy

fmodel by deriving an equlvalent single pole which gives the same phase

margin as. the actual multi pole/zero system
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Figure 3.5 0.1% settling time for 2nd order system .
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T .-"'Fvlgtji‘éf3.‘6'-;r‘06iét‘f$hdot for 2nd order system
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‘f To get ‘some idea of ‘the aCcuracﬁ‘. £ this aoproximatlon _an .
additional pole .and . zero at 10 and 20X Wy respectively were added to

the open loop transfer ‘function of (3 2) The settling time and:

overshoot were calculated ind aretplotted against the equivalent pole’

“‘location in figure 3. 7 Curves for the regular second order system are”

‘aISO ‘included. . The- deviation between the two sets. of curves is thenl

the’ error of the approximation

"In .the next sections it will be dseen dthat fthe, COmoensation

t
'

techniques‘ described often introduce“cloself spaced pole zero pairs
("doublets ) 1f these doublets occur: at frequencies near or below the::

unity-gain ~frequency there can be a significant effect on the settling;

- | » e
tim@: The, second ' order system results are then no longer directly

|
o,

yalid but can be used. for purposes of’ comparison

s

!§.2. Series Buffer‘Compensation; ‘ll 'i : -; . o L

3.2.1 :Descriotion

' The simnle Miller capacitor method of compensation suffers from a ;

———T T ]

degraded phase margin due to the parallel path to the . output which the

'h

Fcapacitor presents -toiblh.- signal at‘lhigh frequencies (see‘section ‘
,2.2.3). ' This can’ be,cor%ected by the use of a buffer in. series with
. e .
the capacitor as shown in figure 3 8(a) %‘ The buffeie wOL'ld be

_ implemented using a sourcgfollower configuratiqn The implications to ;. .

e

the "0 ggrformance would be “ a reduced output swing due t.'o: the

’

{ e‘--‘

,"vgate source voltage required to mail‘in the bias current of the source
fo-llower o Also bias current wil c.ontribute tthe overall power ,' :

-‘dissipation v However, it will be shown that thi.s method can achieve _I‘.

AN 5 o § e
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12 = . i : : — ‘ .
'\ C i , ' 2nd order system

. "qdd‘i'tiqnal‘ pole and zero |

_1
- -.---‘-.
-

! 0 — ™
1 2. 3 4 5 .6 7 8.
) ‘ P/mu .(equivalent).
(a) .

al

1.20
1,15

1104

pvershoot -factor

e
-
Q.
n -

1 sl 2 Yoy o  3 '35 4
‘ s p/m (equivalenc) T

F lgure 3 7 Accm‘a?:y‘or 2nd order assumption |
AR wlth pole and zero at 10 and 20 Mhz

‘ S (aroas settnng time

e ~ b). 8 overshoot



v

" M2 | RO .

A i

63

M3

JF

M4

e ‘, ' (a)
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] b

F Igure 3 8 Compensatton wlth a serles buffer

(D)

(a) ctiuit L
o ¢ b ) small slgnal model

gm2v1

\
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better compensationF with ‘lowerlnoverall ‘power dissioation“than the

simple Miller capacitor method,‘ : . . y 4
A linear apalysis ‘of the circhit‘can be made in order‘to show the
.? ' ‘ '

expected ‘perfo a under this -assumption, It will be shown later,

however, that nonlinearities have a strong effect on the resulting
v . C o ' ) . N , . . . ‘ e o
performance. e .o ‘ o SR

.
|

‘The‘ smell“signal‘ model of figure .B;B(b) _is used vto derive the
followi‘g'transfervfunctfon: ’ ) ‘ ,?‘- ol - o o

~ 51 2R1R (14 sRoC) e T (3 &
vi gm 2(1 + sgmlech)(I + sC2/gm2)(1 + sRoCl) L

s

vcomharingz;this, with 'the .- transfer 'function for the simple Mlller

capacitor shows that the 'right'hand'plane zero‘at 9L /C\is no longer\
+ ” " \ - :
present. o Instead a leﬁt hand plane zero at l/RoC and an addltlonal

hi- frequency pole at l/RoCI have been introducedA_

4

3.2.2 ‘choosgng Ro Lo -
. _In the design of the~compensation the queStion arisesdes to how Ro
should be chosen ; ‘One approach might be to minimize Ro in order 'to

minimlge‘.the effect of the extra pole " For example by the use of a

flarge“aspect ratio ‘and bias current ‘ gm of the source follower

buffer is ‘made equal to the gm of the second stage Then it 1s safe L
it

“to say that ‘he pole contributed by the buffer,is/}nsignlficant slnce L?‘

Lo
“

o

L=t =Bn2 > Eal (g, Sy, O <€)
o ReCpe GG T T e
1l.e p.>> wﬁ A i e
.l _ v .
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The LHP zero will then be located at \"i . G
3 e , ksl ; N “.\ } . e S
A ¢, 10 - ,
‘.‘v. Z o~ — = E_m_l"_ gml - lowu : K ‘ '
' RoC c c
if gpo=10 gp . The- results of the second order éyscgé analysis ‘can

be used with the effect of the zero ‘being an improﬁemént of the phase

margin by about can"lgl/lO) "= 6% ' 'Including the elimination of

al . .

the RHP ' zero there would be ’a net phase margih_improvementTOf‘120\

over ché.éimplé Milier'capacitot method, ‘ ﬁfi-J— .

lyﬂowefepg\ eiéh thouéh thég;?&#s iﬁprovedenc in ohose marg{hp‘ohis
N S o o ‘

aoprodch ls ‘not optimum.’ if thevoame-inéroase‘in bias' current and die
-[arga";ere aopiidd ccdthe.seoond‘scage wiCh'simple Miller compensation
che phase margxn is also improved withOut chdgoxora dov1Ces ‘and:- reddcedd

output swing ‘ Ig the second stage /bias curﬁgrt wére doubled, for

el ‘ "

‘inscance, the phase margin 1mprovement can be calculated to be about
14°. " i}
<R

f . . . ' . P . [

’

A better choice. for Ro in.termj/bf power efficiency is to-gake:
-~ - RO - l ‘E-Z_ . v( / ' '

. . . o/ g .
gm2‘ ¢ //” ' ’ C , L N
“ From -(3.6)‘li; is seéﬁ‘}hqt the LHP zeroithen‘cancels the pole at

(307

ng/CZ and the reméiniqg ndodominanc pole is at s . L

" ‘ ' . S s

p=Bm2 c ‘ S ) ‘ ‘l - (3 8)\

dThé‘ new nondominanc pole ig thus seen to be increased in fEEquency by
._faoton of C/Cl 1 e. the ratio of the larga.compensacion capaoitor to -

{3mall parasitic ‘ Hence now gm2 and second stage bias current Izj‘

2

can be‘ reduced Also from (3 7) the source followet transconductance

is- lower chan gm2 by a factor of Cy/C. Hence;the'powér;dissipatioﬂ f
19 the buffer is also reduced “ k STTLI ‘i\ |

w
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3.2.3 Power dissipation :
Slew rate , requirements limit the reduction of Iiopr and Bm2 - »To

prevent the first, second or buffer stages from limiting . the SR

J
W

. 0, ~ [N
crequires: . .
i* , 1 ' I; o - .

.21 2 SR, ‘buffer = SR, 22 = SR - - (3.9
C ) c Cy ‘

A} {

Ny : - ' .
‘From- (3.9) a lower limit on the total bias current can be written:
: - W
| | . R

) sR (2C +.Cy) ' . ¥ R (3.10)

result in C’<< C, hence (3.10)

\

L . o .

I, . = SR Cy’ R : 3.11
Sor g 2 . . ( )‘

) The design mgthods of this section

can be rewritten: ff
* \

N * . . - - ‘
For the conventional . design with ppz3w, to give a phase margin
L . .
.of ‘609, _ the totqi bias currqot wés foundhtd be (see section 2.&.2:
. ! / - ¢
item 9): : . . N

, \ : K ' q‘f
Teor =i3 SR € (gy1/856 *+ 1) s . SR

This - suggésqs that about a fa€vor of 3 improvement in-power dissipacibn

-
1

‘should be achievable hsing'théfsergeS”bhffer compensation.

P ’ P - ‘i‘ ‘/\‘

N

.:3.2.4 &ower limit on Em2 R . . :
Ffom'(3.9),'a‘lowérv1;m1t onﬁgmzvéan also;bg foundé ch e
+ RS :;n . T D C Y e

' = G2 n (3.12)
\‘ 13 C ’ "'el“ :‘ .
“ Bm2xC2 L .
—= .
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Now, since in a normal design &m1~K(28,3) where Kzl (see"

section 2,2.9). (3.12) can be rewritten: .

| n2 = 122 (3.13)
' B K Q |
Bn2 2 1 Bml - Y . (3.14)
For K=1, the lower limit on gy is then:
. Bm2=¥uCh ' -t ) {3.15)

This is still a factor of ¢3 X less than in the design using simple
Miller capacitor compensation (see section 2,2.3). Note as well from

‘=(3.6) that this lower limic':on 8n2 Tresults in a pole-éero pair at

a

Bm2/Co=vy

3.2.5 Choosing‘c

The compensation capacitor C i{s used to select the posicis% of the

u
- ]

due to the gate capacitance of M6 (figure 3.8) (3.8) can be written:

{ f

nondominant pole p relative to w . Assuming .él is predominqn;ly‘

.

4
p-fm2 ¢ -8m3 ¢ - L (3.16)
Cl C2 C3 C2 . . . "

- . - ’4

'(H%re LZ-L3 and 93—QOXW$L3?x‘°Henc§lthe noqdom;nanc'Qolg;lPEation‘is'

]ind}pendent of thé. second‘ stage . (under biés<qpnditions) aqd'racﬁghx

depends on the current mirror :lbadﬂ(M3 ahdﬁHA).{ The ﬁ/wu ratio can

. : \ - k’ - . ‘,
then be written: i - R oo
’ I “ g_m} 2 . _ L 2 I 2 ‘- .
‘ P =C G =Bm3 & ~_ct = . (3.17)
. Mw o Bml gyp C3Cp 0 2KC3C, S

. : o . : A
o | S . ~ S M
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From (3.17) then,’C can be chosen for a desired p/w, ratio °

assuming values for the first stage parameters K = gml

283
and C3 -‘COXW3L3'
Higher frequency poles and zeros due to the first stage contribute
additional phase shift in the circuit. The effect of this is to push

the effective ‘valge of p/w, to a lower frequency than expected. In

order to account for this, C must be increased until the phase margin
corresponding fo the desired value of'p/wu is optain%d.
~ P .;/’.

3.2.6 Factors affecting the step response

There are two factors which result in the fact that the step
response .differs from- the results expected from the graphs of figures
\. - e

3.5 and 3.6. These are imprecise pole/zero cancellation and the strong_

nonlinearity of the second stage at low current. ,

; : [ 2 .
" . ‘ . - | .

The pole- and zero at gm/CZ Will not perfectly cancél each other

. for several reasons namely. the approximate natnre ‘of the derivation

of (3.6), process parameter varfations and imprecise knowledge of the

- LN
capacitance’ parasitics. The result is a- closely spaced pole/zero pair

r - "doublet® which is at approximately w, [if 12 is reduced .to 1ts

u

lowest' limit. v Depending' on the degree of’ mismatch the doublet-can'

' have a significant effect on’ the locations of the closed loop poles and

can dominate the settling time B

[N

O If the second order _.System analysis is -modified to incliude the
‘ ) ‘ v «

doublet with - its zero at w;, the settling time plots of figure‘3:9



ts/Tu (Tu=l/wu)‘

e

1 2 -3 4 S 6 7 8 9 10

Plw
Lb )
Fig'e 3. 9 0 1% settling times with doublet at Wu

(a) k)l
(b) k(l;
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dcen be obtained, Each curve shous the 0.13 settling time (normalized‘
to ro=1/v,) as a function bg. the ‘nondominant polelrloc;tion
(normalized .to w,) for a“idifferent amount ‘of ‘pole/zero mismatch.
.This degree of mismatch is given by.the matching‘perameter‘k-p/z‘which
is varied between 0.9 and 1.1. Curves for k—l.O‘represent the simple

second order system results and arevincluded‘for comparison, ‘'From the

curves it i{s seen that for mismatch greater than 2-3% the sharp minimum

in the " settling time observed for the simple second order system a\

p/w,=3.35" 1is lost. Hoveverl with up to‘lO§ mismatch, settling can be

maintained below tg/ Ty~ for 2. 25 < p/w, < 4.25.

VEE s P C .“'m '
© Nonlinear Second Stage ‘ : 2
B 't In", the course of the step " response, as the secdbnd stage driver
. . _ , BN

o™

current changes the transconductance can: also change significantly

"

Hence, the nondominant pole of (3 8) and the doublet s pole location

" will change. It will ‘be ‘seen thet for the minimum allowable value of

R
I,, this deviaoion of the poles -is  of. ‘such significance that -the

linehr analysis cannot be used to accurately predict the step response {
.

The variation o£ second stage driver (M6)‘ current during tﬁ"\{

.;'response- to a positive step input is shown in figure 3. 1ot The firse

NE v

<lf3tage draws 'current from the compensation capacitor resulting in a:

dV/dt across’ it This gives the initial dip in ‘the gate voltage of M6

using' its current to decrease and its ~active load current to be :

diverted to charge the load~capacitance;‘ As the rising dV/dt of the .-

! .

tput comes to equal the dV/dt across the compensation capacitor the

zlreaches the lowest point of its dip The maximum devia— .

‘ion of the second.stage bias current can then be derived as follows



M3

®w T

M4

—

fl

Vs

= Vgs6( DCj

_A.!mG(‘!hO_X): .

.~ Flgure 3.10 Waveforms. for a positive step input- - -

BN

¢

=t — m6(DC)

71
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A - -av o L (3'18?

dt ut dt C

°12 - IM6(mlh) -1 - ; R . (3.19)
CL C / ' L',{’ ) : . )
!\,4" \‘y

‘Fot VS <, s1/2 vDSATl' I - 8m1Vs as _oeen ln the transfer functlbn‘

of the differential pair (flgure‘Z.A).t Hence,
. ) X L.}

.. AMyo(max) - - 8m1Vs o . (3.20)

" . L ‘ C / ~ - . '
Alye(max) T - (CL W) Vs . SRR ER Y

For large Vg (Vg = Vpgar), J-n and.so (3.21) is:* . ¥

S | o N , - o ‘
AIMG(max) - CL,EL_ (€, SR) : | | {3.22)
‘ ) e Y L _‘r ‘ N i
Since the nondominant ‘pole given by (3 8) and the double& pole at
gﬁz/czﬂxafe‘ both proportional QO"gmz, 'the‘ deviation of these pole‘\

locations is, given by:

aAp
. P N C : R , R
S ap = ¥2(lg * Olygf) - PLygh - a
:, ll"j{ L ,;;\}7 L -_ ."75(3#23)3;

fFrom (3 22) and (3 f3) the following results for large input steps can

fbe calculated

g | heg - :ﬁmp — step

12 _' 1 25 (sx cL) - 55% SR ,,34%

T 3 (sn cL) o 18% ~';‘;,‘v\-§-15‘%,-_
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Case #1 corresponds to a eecond stage current set at its'lowest 1imit E
imposed by the slew rate. Case #2 corresponds to a value 25% higher
than this lowet; limit. - Case #3 corresponds to the high second stage

hias‘ level required 1n the conventional' compensation 'schemeg (see

. -
-~

(2.28)).
From . these results. one. sees that‘the pole.deviat}on becomes quite

large as' second stage current is reduced to the slew rate 'limit. One -

‘ cen \expect‘ thenl.thAt the linear analysis whichfaesumes‘fixed pole
‘ " . ‘ . .

Ioéations ‘can be;highly inaccurate. 'For the PMOS input conf%guration;

positive £nput‘*5teps result 1in a negative pole deyiation. Hence‘the

effective‘xvalue otj the - nondominant pole p2‘ ieflower th%? expected
reeult;ng. in'yundercompenSation. - Also;‘the doublet “splite;,w#th the

N

pole‘ mouing to a lower frequency fesuiting in some effectﬂye value of k
lower than~'expected. g (This also has an effectjon the responee es"‘

vexplained in the' previous‘ section)- For negetive input steps, the

- . [y

‘ effectlve .value of p2 will be higher than expected (resulting in

, overcompensation) and the effective value of k will be higher than o
expectedr Fq steps less than about ZVDSAT the stze of the step wiLl

-determine- the. amount of pole deviation and hence the amount of over_A
. ' T X

.'undercompensation

-2 7 SBICE results :"°=;

: Simulations using SPICE (version 2G 6) were- used to verify‘t:i
R ;
gabove
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high second stage current of 'conventional compensation. All the

. tos +

designs werg derived from the“conventional . compensation design‘of

figure 2.25. ' First stage deviCe widths-and currents were scaled‘by‘the

s

2‘vsame‘ factor as the compensation capacitor so that. the performance specs

’ \

of table 2. 3 (GEW,.‘SR etc.) would not change. 'The series buffer and

"

its output resistance were modelled using a voltage controlled voltage K
source and an ideal resistor. The value of Ro was chosen- according to
, e . .

(3.7).
Table 3.1 summariZes the simulatiﬁn results' Phase margins and ‘the -

overshoot and settling timesvfor positive and negative steps of up to 1 V

are given. Results for the conventional compensation are in the: first
column for comparison Phase margins were measured- from the inverting
input. A relative tblerance of 0.001% .was'chosen in the..OPTIONS

statement. for accurate transient response simulations. In order to

%

‘better 'interpret thew,results,r some of theidoublet zero‘locations and .

- N .“_?. . . D R A -

_ mismatch”'factors are included . These were calculated from the exact
. . ‘&

transfer function of the small signal modeh,of figure 3\ Values for

transconductances and resistance and capacitance parasitics were taken ‘
: ‘ ﬂ{f?' : ' ‘

TR .
Lo . . .
", . et

e K w A ‘.

from the SPICE,operating point analysis
. A e

'éﬁ In comparing the designs. those with low second stage current are o8
seen to have overshoots and settling times dependent on ]if step size

Damping continuously[.decreases_ (i e more overshoot longer settling)l

“asi the positive :stepy size, increases up until VS > ZVDSAT (i e Vsdjf

»\ .

"ng steps,\ the, damping i‘oreases (i & S

"ofvtheglinear

which ﬂ?i

, _.»..‘,<w1chi‘ o
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o SN e

-

k=0.98, . figufe 3;10 vindicates ts will be little altered) - Eve ‘the g

O;l- V .step is‘ seen to haVe higher overshoot and longer settling than

expected. ' (One result which is not too clearly understood at: the'
S : . / U

moment  is' why the Pigh current design with 2 pF also hds a

substantially higher overshoot and settling than expectedf

. By .increasing c and thereby pushing p/v, out to higher frequency,

K

[N

- the overshoot in’ che low current designs is seen to decrease up to a

point;i' This cén‘ be" explained as follows:' as p/w moves out to

higher frequency; the effect of its deviation‘becomes less significant'

o

and thq splitting of the doublet at w, becomes the predominant factor
u :

in affecting the step response The effect of the p/w deviation

seems negligible for phase margins greater than about 82° corresponding

‘-
!

p/w ‘="3$ ‘ the-given designs this. corresponded to C/CL‘

1/6 x‘¢‘i similar improvement in overshoot and settling is seen in
u,the.high ‘current designs f‘i‘ﬁn‘.{ R N |
‘ In the.12 pi{lou oprrent deaign, it~ is' seen that there are‘b
o substantial power and area savings while maintaining or improving the"

. ‘/‘
. L . ; LY

‘ sgptling and qwershqot' of the conventional design However the best




xj( b) resi:;tof 1mplemenv,'l tlon
(c) ,small signal model Yo T
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channel bass transistor . as shown in figur« 3 ll(b) By implementing

the. pass transig&grs on the left sfide of the capacltor, khe gate source .
‘voltages remain relatively ‘fixed and the op amp output swing 1is not

.
'

degraded. o 3 ' ‘ ’ -“h*. N

Thev small signal model of figure 3. ll(c) can be used to derive the

]

following approximate transfer function E oL ‘ R
. N \ + N ' \ ' ' "

»®

- k)

Yo =~ Ep18nRi Ry (1"5(‘* 1/8m2>c> (L4se) '-‘“ R "(3.24)
vy (l+sgm2R1R2C) (1+sc2/gmz ) (14sRCy) (1+sRE)

\
o

The pole 7and zero, at l/RC are included to. }ndicate what appears to be
| & \
an imprecisely ‘matched . pole-zero pair here,,“ However exact

calculatioh of * the 7pole and zero locatxons for the designs givenrxn
settlon v3.3.6 ~seem. to indicate that this pole zero pair is matched to
better than 0 05% ' Hence it will be’ lgnored in further dischssion:

Note that .as in ‘the case oflcompensation with the buf{er,‘the series

vl A

resistbr also‘ introduces an additional pole and zero. ' The zero exists

in» the right hand plane for‘R < 1/gm2 and in the left hand plane ‘for

R>l'/sm2 o :_ I R

3 3 2 Choosing R o -*,J”:dﬁf:’uiw;.“j ;“f"‘f‘ f.. S - '. ; I

‘e

5ﬁ‘i From (3 24) it is “seen that. choosing R-l/gm2 results ‘1n thelfﬁﬂﬁ

7‘cancellation of the right hand plane zero A The usual nondominant pole('i

at gmz/cz remains as well ‘as’ an additional high frequency pole at‘f.f.
' R Q -

The net résult 1s 'some improvement in the phase margin ‘,"“

‘; 8m2/°1;_
;The amount of'.this improvement depends on where the RHP zero—was‘; -

URHP zero iss located at 10 wd (see;§.fQ

i2 2 3)’resu1ting in a phase margin‘improvement of about S°
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'The resistor can also be choSen according to the same strategy of

N

section 3.2 of using a LHP zero’ to cancel the main nondominent pole at

5m2/02'~ From (3 24) it is' seen that seleccing ' .
L L T sy
: 8n2 © B RN, : v N Co
. . ‘ ) \ :
results'in a neanondominant pole at
p- Bm2 ¢ ot o (3.26)
' \ “ . : . L ) ‘ . ‘ R
C+C2‘ Cl L ' . X ‘ . “’
'and‘avdoublet: _ 1
‘ L ‘ ‘ SN
L i . . . L .
o et % ¥ Cen ~
. . . ' C2 ~‘ , ‘,;‘ ‘ ' S & 'Q“ vk

o |

' Note the close siﬁiiatity?between these results‘and"the'resultejfor ‘
serfﬁl buffer compensation ee given in section 3. 2 2. Here ’

though ‘the‘ nondominant pole is at a slightly 1ower frequency becéuse”

&

CZ is repladeo by C + C2' - . ) -t
- N . N ) v , o ! . o ‘\ ) . '
f3u3.3 Slew'rate 11m1tations Lok - s
L | » PR S o ‘@%G .
in the‘ series buffer compensation, second stage curfﬁnt
Q ’ .
reduced up to-a limit set by the SR However -in'this Qase the second

stage must provide current'fOr charging both C and 62 The result is )
‘ e e

‘ eHAE even though there is no' extra stage to bias the lower limit on ﬁ;

:the total bias ‘current 1s the same'as given by (3 10) for tbe series s

¥ iy o \ R A‘ . .
buffer\ compensation "Also Atbe lower limit on ng can be found to ;
- S u_‘} “"“n "u RN LR e R

T - : ot cy : ’y v
8m2 2. x 1 + c 8m1 = w‘ v (3.28) "
G

‘“-‘ " )

where K‘- gml fn° close to col o
28m3 . .Z‘.'\' N . _‘" ~; l‘,“".y‘;.:“ . " ‘ . . L



3.3.4 Choosing C . i : *
? The same derivation as used in section 3,2.5 can be used here with
. \

Cy replaced by C + CZ' .The result is that p/illu {s now given by:

2 -X% . . (3.29)
from which C is found as ‘ .
P - N L Y S (3.30)
Kow, Cy p ~

Agatn’ the need to overcompensate to adcount for additional phase shifts
\ ' .
applies hg:e.

3.3.5 Factors affecting step response

Again as discussed {in section 3.2,6 low second stage currents

resujt in significant pole deviation( during the course of the step

respénse.‘ Also, 1in view of the fact that the. pole and doublet
W

locations for the series resistor designs are very similar to chogb)of

the series buffer design, similar performance is expected ﬁere.
L4

L4

3.3.6 SPICE: results

The results of SPICE simulations for two series resistor
compensation designs are ‘given in table 3.2. The same background
information as given in éection13.2?> applies here. Two of the designs
are 1identical to two. qf. tﬁe series buffer designs except that the
buffer with . its -outpuf‘ resistance is replaced by a resistor of value

given by (3.25). Theéremaining design 1 identical to the conventional

compensation design except for the adfiition of R=1/g42 gimedh}at

&

cancelling the RHP zero.

.
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c’ 2 pF 4.4 pF 4.8 pF

12 49.7 pA 120 upA 120 pA

&m?2 155 pA/V 355 wpA/V 355 pA/V

R 70968 15621 2817 3

k 0.98 =

z/w, 1.25

PM 75.6° 80° . 64°

Step Mp (%) o tg(pus) Mp tg Mp Cg —_—
3.2 _ 1.58 - . 0.96 3.0 1.55
3.3, 1.37 -
1.8 1.17 0,07 0.72 5.5 1.36
0.65 1.1 0.06 0.73 5.3 1.31
0.35 1.13 .06 0.735 5.2 1.24
0.1 1.07 0.07 0.75 4.6 1.22
¥.03 1.07 - 0.96 | 2.3 1.16

Simulation results for series resistor compensation designs
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The first two designs show thé same type of behdviour as in the
L} - ’ L ’
series buffer designs. A With the lower second stage current and the
o f . S R

© '
lower value of p/v nse shows a strong

w the damping of the step respo

dependence on the step size for steps of ‘up to 2VDSAT' Forgboth
these designs, however, the damping {is slightly less cthan the

corresponding series buffer dgskgns.’ This is understandable since for
the " same value 6f compensation.capacicor, (3.17) and (3;29)‘1nd(cafe

that the - sefies resistor design has a lower p/w, value by a factor of

C/(Cy + C). This effect is also seen in the lower phas% margins.
the high curreﬁt(design (with R

/ \

. A f
given by (3.25)) relative to thg series buffer case are explained - in

The improved settlimg times of

that the reduced damping brings the overshoot closer to the optimum of
‘f ”»

0.1%, ‘ .
z .

As  expected, the ' design in which R—l/gm2 shows &, small
improvement in the phase margin (4°)  compared to the conventiional

compensation case (see table 3.1), As such there is only a smatl
]

reduction in overshoot and settling ctine, Choosing R=1/g , can be

expected to give larger gains when Bml is required to be larger ‘er_

noise considerations. In this case, gmz/gml < 10 'and the RHP zero
will move to lower frequency becoming more significant. Still, as seen

B - —_— =
in compar¥ng the two 4.4 pF designs, choosing R according to-(3.r25)
results in a much ‘higher frequency nondominant pole and a superior

response.
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3.4 Separate Stage Compensation

4

A quite (aifferent approach to improving the lﬁqnventipnal
o ' ! : ‘

compensation is described in'this section, The technique is simple and
provides better phase margin for about the same power dissipation. A

separate compensation sgage matched ‘to the ouCpuﬁ stége is used,
AT v

(Y

resulting in a low-frequency pole-zero cancellation,

\

LY

3
¢
'
i
I

3.4.1 Small signal, analysis ,
The proposed op amp is shown in figure 3.12 together with its small

signal model: €1, Cpc and CZp represenc parasitics, The

subscript "c" refers to the 6ompensation stage. A small signal

analysis shows that at node 2 the Eransf%f function is
, .

2 ~'gmRy _(ts/z) - ’ (3.31)
vy (1+s/py) (1+s/p3) -
where (? ‘ '

1R2c(cpc+cc)' .
Pp = —1 (3.33)

| 8m2cR2cR1Ce ‘ ' ' '
. Py = &m2c ‘ . “s ' (3.34)

“—‘"' Cl . .

The output node introduces an extra pole of value ‘

pP-_1___ - _1_ o (3.35)

Now ' 1f the compensation stage is matched to the Qutput stage and

Cc=CL the ngpuc pole will’ cangel‘ ﬂf; zero ’of (3.32) to,givé an
ovdrall'tgpnsfer function -
Yo - - EmBmRiRy S o 3.36)
Vi ' (1+s/py) (1+s/py) o o P
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3.4.2 Phase margin . - .

o - -
For a given pover, dissi{pation ctHe . phase margin of the separate

. . .‘\t,', -
stage compensation design 1is greac5§ improved over the conventional

deéign. From (3.31),#we‘ note’ chac“che right hand(?lane'zero.whidh

"”normallyA_degrades phase maréin does. not appear. «fhe reason is-chat‘the’

l
\

compensation capdcitor no longer provides a path for signdls to
prdpagate diréccly to the outbut at high frequencies, As well, now the

le pp 1is depénde@E on a sméil parasitic Clnragher

@

76E£;Einant;

than a large'\lqad capacitance. This arises ‘because the seﬁarécé
" coWpghsation 5#&2? is not loaded down by C;. The result is th;c,che
ﬁ?ndominanc pole will be further out in frequency and willhhave‘mucb
legg effect on the pbésé‘margin.. |

“fhe nondominant pole " location can be shown to be largely
1Adependent‘ ,Of the ~séc§nd §éége cqg?itions" Assumihg €, 1is

predominantLym due to the gate capacitance of M6 and M6C (figure ﬁaiS)

\

gives the result: o ' nr
. A - | N
py = $m2 = Bm3 . | € W

» |
ry n

thus “pz"yé rgivéﬁ\;by 1/2 x fT- of the first stage mirror load.

‘ . ‘ ‘xi’b‘, ’ . . . .
Typically, the nondominant pole will be  at more than an order of
magnitude higherifrequéncy than~in”thq conventional design.'

3.4.3 Powé;‘dissipacibn". . . . o ‘i,
‘ ﬁ‘;“ i . E ! " . " . . }
The above’ points suggest that second stage bias current,can‘be
" reduced for a giﬁen"phaSe margin. -However, slew rate requireménts

dictate that- second stage current cannot be less than in the.first'

stage. = Furthermore, the first stage current must/be increased to
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account ' for the larger compensation capacitor The Iower limit for the,

'bias current of each of che three - stages is giwven by:
N K
Ibias = SR | | : -~
. e . :
2 . ‘ ' : ’
oo . : | \

Thus the total bias current is: .

Teor 2 38R Cp o (3.38)

Comparing' this to (2.28) shows that the minimum power dissipation will

-~

be about the same as for the conventional compensation design with a
phase margin of 60°. o

. S ‘ !
3.4.4 Settling time [
¢ T ‘ -

[

« o Thus, Jchough the power dissipation over the conventional design is

" A R

not reduced, the phase margin can approach 90° due to the much higher

[

frequency 'nondominant. pole. The .closed ;loop system can qhenfbe

described aé‘a‘single pole system with an exponential step responsé and
, . , o

a settling time given by: k ‘ . o .

A ' . v

where te  ‘is the ‘error band tq which settling' is measured

[

and . ry=1/w,." For ¢=0.001 (0.1% settling)

.’
1

This is about | .a 20% imprdVemeﬁé‘ over the sectliﬁg time for the

N

_conventional design wich ‘a phase margin of 60° ' However, as seen. in

A}

the _next section this settling time may be degraded 1f the canceiling
*
: N 7
pole zero pair at low frequency are not matched closely enough !

SE

(3 .-539) §

.

tg=6.9 1, i RN S (3.40)



3.4.5 Matchipg'requirements ’ .
‘Imperfect matching ‘of the compensation7stage with the output stage

or C. with ?CL ‘will result in imprecise pole/zero cancellation, .The

transfer function (3 31) will then contain a closely spaced polenzero

.pair (termed a “doublet ) which  may have an’ impefceptible effect on the

\ N o

freqnency resp0nse but can dramatically . increase the closed ' loop
settling time for small error bands .

s . ,
‘It can be shown [12] that with a doublet the voltage follower step

response is epnroximately\given by .

Vo(t) = Vg[a(l - 'exp-t) + b(l - exp-t)] ~(3.61)
‘ ' ‘ ) ‘ \ Tu Tz
' «"‘ .4, ¢ . . ‘ ‘ f
where ru-l/wu , and ' . 7 -l/w are. time |, constants

J

corresponding to the unityv gain frequency and ‘doublet frequency //

.respECtivg;YT/ﬁAlso
‘-

l
a=1- kll ‘and B’ = 5_1 : ‘ C o (3.42)
| Al All‘ S

\

Y
1]

where A is the ° open loop gain_at the doublet frequency and k=w’ /w is

the reiitige//doublet separationl (Here slewing 15 ignored and the op

amp 1is a3sumed to have no nondominant poles)
. . t 4

Reigtion (3 41) indicates a step response consisting*of a main fast

exponential which quickly brings the output to within a coarse error
v :
b?nd and a- slow exponential response for the remaining settling time.

rd

Thel slow settling component will not degrade the settling time if it"
?

ot 4
fa\ls completely within the desired error band _From (3.42) this
' A\ ' . . ; . . ",‘
requires I ﬂa '
v ‘ ,.;,"' . ’., . ‘_b“. ' ' . ) " ‘ c
Lelle, 0 3
Ap-1l R ’ '

. i . - . -
- . . - <

»
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For our case the gain at the doublet is

Ap = av(0) /P - gggRiRy R2Cc = gRy o (364
-1z, . EmRaRCg

where, p; 'and z are -gIVen by (3.33) ' and ‘(3.32). Thus Aj can be
expected to be about 50 and ,for‘ 5;9;901 (0.1% settling) (3.&3)

indicates that the pole/zero mismatch must be kept to less than 5%,

3.4.6 Power supply rejection,

The ' separate stage comperisation also results  in improved power

vsupply' rejection cqmpafed to the conventiohal aesign, We consider here

the negative supply rejection ratio = - /// :

" _PSRR '~ Vo/Vi(w) : )‘ - (3.45)

t vo/vsg(w)
Here v, /vy and vb/vss‘ are the . transfer functions _from the

‘difﬁerenciai , input and from the negative supp%x to the output,

f ) B
respectivg&x; ' For: the PMOS input configuration +PSRR (positive supply

.rejecfion ffatié) is typically 20dB better than -PSRR‘[15] and so only
s : N . .

the latter. is used as a figure of merit. b

~

‘ , ? S T ‘ .
Figure 3.13 ‘shows the small signal model used to derive v /vss .

for - the separate compensation stage‘ op amp.  (Here the number
—— e . - » oo . ‘ B . ‘
' subscripts' correspond - to the /transistors in figure 3»12). The reésult

{s‘_ I R , a - o ;, ' L
| - ‘ ; S R B :

o Yo - Ry assyz e . (3.46)

. . v8s R%+R7” 1+s/p1 '1+s/p2 ' . . ’ - t‘”A»'

.
Lt

o .'z'_ G : o o ) ,*~ o (3.475
c ~ (eneRe) Ryl IR4ICe | . : :
o o A . . L , o

- pp (1 + Rg/Ry)z | R €10

-
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. F lgure 3 I4 Negative PSRR for separate stage :
ol and convensional compensatton design
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pp-——1 A i o (3.49)
, ~ (RglIR9)Cy ' ; ‘
' /

v

The zero 2z and up%/arise froh th7 compensation'capacitor'appearing,as

. a short as frequency increases / M6C in figure 3 12, then appears as’ a

- S
diode connected trensiijor and the gain from thewnegative supply’ to "

-~ - .
node (compensationﬂ.stage/ output) " rises to approach unicty. M6

‘ . . N ‘ A

mirrors the action resulting/in the same behaviour at the output node.’
' / : S

|

The extra pole P a/;ears due to the load capacitor at the‘output‘

node. It would not ﬁppear if the output node were not isolated from

: . :
the compensation capacitor « . Hence using a separate compensation stage

‘allows extra attenuation in the supply signal' path resulting in
' , _— " N
improved -PSRR at high frequencies. :

-
/

3.4.7 SPICE results

P

SPICE éimulation resulss for a seperate stage compensetion design

. together with a conventional compensation design are given in table 3 4

and figdre' 3.14. Both designs meet the performance‘specs of table 2.3
/ :

and so have ‘the - same GBW and SR (remaining background information is

/

/ . : )

the /same as inl section 3.2. 7) - Table 3 3 gives the compensetion
.co oonent “values‘ stage currentsl and transistor widths for nthe
‘esigns. | A11 gate 1engths were chosen to be 10 micrdn‘in order. to‘get
sufficient gain Note that firsc stage currents‘and device sizes are

Vsimply scaled by the same facto* as the compensation capacitor ratio’.

The . results confirm ‘that for ”tne' same ‘power dissipation Vthe>'

‘separate . stage' cOmpensation_ gives an improved step response with no

overshoot and’ reduced settiingh Note that unlike the series buffer and.



M1,
M3,
M5,
M6,
M7,
Il
12
Cc

L

Table 3,3 Separate stage and co
circuit parameters

,

M2
Ma,

M8 \'Q

(M6c)"
(M7¢c)

L)

Conventional

Compensation’

W= 78 pm.
10 -
64

240
768 %
9.2 pA

119.0 pA
4.4 pF
20 pF . s

Separate Stage
Compensation

4

356 um
45 T

289

90 . e
" 289

40.8 pA
44 .0 pA
20 pF -
20 pF °

nventional compensation design -

1
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PM

", Pagss o
'GAIN (DC)

| GBW

S

SR

~  +ICMR
. ~ICMR

Vo swing
CMRR(DC)
U k)

»PSRR(bC)
(100 kﬂz)

+PSRR(DC)
(100 kHz)

Step

=]

-7 . .
'
o
O N WKE - Y~

CO N N N W S,

Gonventional = - SéparACe Scége |

Comgensacion

_Comgensacion \

59,4° 83.2°
o e
1.28 mW 1,29 mW e
: ‘ P o
73.6 dB ', 73.7 dB
0.96 MHz . 0,97 MHz »
1.9 V/ps 1.8 V/us '
Vpp -L.5 V va‘-lns \
Vss | Vss
within 0.5 V: same ‘
of supply R
o -
82.4 dB 83 dB
60 dB ‘60 dB
82 dB ~. . " 82 aB
120 4B, 35 dB
105 dB ' " 105 dB
58 dB " 61 dB
Mp(%) tgus) . Mp tg
37 1l6s T 1.3,
(& 1.&7 - ‘ i 118
8 " 1.35 -, 1
8 1.31 - - » *1.075
5 .22 - 1.02.
8 1.25 - - 1.0
~ e e :1.08
3.8, 1.5 . 1.2
L “ ' ”\
‘ . .” .

Table 3. 4 Comparison of simulation resuICS for separate sta
coEPensaCion ‘and conventional compensacion designs.
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[y

resistor ,designs with low secopd stage cufrent:?ﬁere the step size
shows little effect on the step response. Also, the séep response
cz}responds much more closely with the expected results from the linear
an;lysis. p/wu—8,25 /iorresponds to tho 85° phase margin., From the

second order system analysis results of figure 3.5 this gives an

exponenglal response with a sectling ‘time of 0,96 pus, The
|\
explanation to the above points 1is as follows, Betause this

a

configuration = inherently wuses a large éompensAcign capacitor, the
uondominant pole as given by (3.37) is at high frequency. In the case
of. this design, py = 40 MHz; However, from tg:‘¥hase ;argin it
is seen that additional phase shift;f(speculated as being due to the
first stage) are ‘such that the effective value of py is at about 8
MHz . This can be imagined as resulting from the pole at 40 MHZ and
another one at 10 MHz repres;nciné ch§ additional phase shifts. Thus,
even if 22 wére to see a deviation of ~50%, there would be licple
deviation of thé effecciye ‘value which would drop from 8 MHz to 6,7
MHz . As such, .the step size has Aiittle effect on tﬁe transient
response. Although the above points ?lso apply to the series bpffer
design with C=20 pF, 1in tﬂac case there was also a doublet at about
w§= whiehlhsplgt to .an ekteﬁt dependent on the step size. Hence for
" the series”buffé;i“&égign the transient response was still seen to be

depeﬁdeﬁ;lon step size even when p, was at high frequency.
- *p‘ .. ” . . . .
Anothér point to mention here is that the simulation results are

< E ' ‘ . -
for;;the .case when ‘the doublet at the 1location given by (3.35) is

clogely matched. ~ For an actual citcuit . implementation additional

tat , . :
mismatch can be expected due to process variations causing the output
Rty : . .
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resistances of the two stages to differ and due to imprecise knowledge

of the load capacitance. )

-
A

Figure 3,17 graph}cally compares the negative PSRR for the
conventional and the separate stage compensations., As expected, the
pole contributed by the output node allows -PSRR to stay flat at 35dB
for frequencies labove 10 kHz. Thgse PSRR measurements were obtained
using the circuic configurétion of filgure 2,8 and so are valid up to

the unity gain frequency f;,



4.0 EXPERIMENTAL RESULTS® : .
4.1 Op amp implementation ‘ \

The conventional . compensation and separate stage compensation
\ .

designs given 1in table 3,3, were implemented in Northern Té12;om's 5
micron process through the services of the Canadian Microelectronics
Cofporacion {3)._ Figure_a,L_ghAws photomicrographs of the implemented

OA circuics, The conventional compensation design (0Al) takes up an

r
I
L

area of about 94,000 square microns while the separate stage design
* ‘ , \
takes up about twice this area mainly due to the larger compensation

capacitor.

The circuit ﬁask layers were generated oﬁ'color graphics terminals
using ‘kic’, the circuit layout program from Stanford University. For
best matchihg, devices were kept as close together as possible and
given the same orlentation. Each transistor of the iﬁpucfpair was
implémented using two’ parallel devices of half the widch and the two
sets of transistors were then arranged in a common centrdid geometry

{1]. In order to keep the circuit compact, very wide transistors were

\
.

also implemented using smaller width devices connected in parallel.

. - . 4
Protection circuits were used on the OA inputs. Bias currents for thq
OAs were set by external resistors.

Two sets of OAs were laid out, one set had all inputs and outputs

.o ‘
going to pins while the other set were internally configured for unity

gain and had the rated load capacitance and buffered outputs (see
. . - .

figu;e 6.2). This buffered version permitted sStep response

~

-t
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Figure 4.1 Photomicrographs of implemented OAs

(a) OAl

conventional compensation

(b) OA2: separate stage compensation *
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. : + )
measurements to be made under the design conddtions without having to

|
[

worry about probe capacitance and parasitics, - e
: r
The results 'of measuremengf on the‘OAs%are givén 1h tables 4.1 and

4,2 and in figure 64.12, The following sections explain how thé™”

t . ' . r
measurements were undertaken, . : .

‘ L.
( —— N . .
. . .
I co "
. LI
! .

4.2 Open loop DC measurements

P

Al
A

Open loop DC transfer charaééeristics for Ehé OAs were obtained on
the HP4145A semiconductor parameter analyser. Tﬁis allowed measuring
the offset, DC gain and output swing as seen 1n"figune 4.3, A

reslétive divider - is wused on the OA input in order to‘increag; the
resolugion of the steps on the input sweep to ieés than 1 mV. Figure
4.4 shows a sample plot corresponéing to OAZ. chip w4 (The plot
includes ibD‘ as well as ‘the open 1;0p charaqteriscic). The
qharacceristié shows ‘Av(O) = 6000, Vos = 3 mV'land ‘an 6uCp;c
swing ‘wigh;n about 0.7 V vof th?;jpostcive guppiy ;nd d.S v of;ehe
negative ;upply. . Note that noise causes *ir?egul;ricies 'ovefjche
'1inear" region Of‘”fhe~'curve. ' This is piniﬁized by setting' the
parameter anaiyse£ on medium to long sdale‘_integraciop  time.

Rega:dless, the- DC gain measurement is estimated as being accurate to
within % 208. . __ i
'4.3'. Closed loop DC measurements’

¥ . o
Closed ' ioqp' DC transfer characteristics were also obtained on the:

N

parameter, gnalyéet. The OA is connected in a unity gain configuration

- and a staircase sweep is applied to the positive input through a source’
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(* chip accidentally destroyed)

Table 4.1 OAl measurement results

CHIP # 1 2 3 5
Av(0) 6700 8000 - 6500 7200 7000 -
Vos (V) 0 ~12.4 ~3.2 +0.3 +7.0
+05 (V) Vpp -0.55 0.6 -0.5 -0.6 -0.7
~0S8 (V) Vgg +0.55 405 +0.5 +0.5 +0,5
Pasgs (TW) 1.28 1.31 1.31 1.38 1.35
+ICMR (V) 3.4 . 3.2 3.3 313 3.2
-ICMR (V) 4.9 4.9 4.9 4.9 4.9
+PSRR(DC) 70.15 dB  65.2 7604 100.1 '80.12
CMRR(DC) 71.7 dB 65.4 - 81.1 . 81.6 . 73.7
SR (V/us) . . :
rising 2 1.92 1.94 1.86 *
falling 2.2 2.12 2.15 2.02
1 V step l
settling (us)
rising 1.52 1.58 1.52 1.60 *
falling 1.40 1.50 1.40 1.52
£, (MHz) 0.95 ‘ %
PM (degrees) 60 ’ *
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(* chip accidentally descroyed)
t effect of imprecise pole/zero canc

fl‘lation)

Table 4.2 " OA2 gﬁeésurement results

[

>

§
1 2 3 4 5
5700 6400 5400 6000 5500
-3.8. 2.5 4.0 3.2 L ~16.7
Vpp -0.7 -0,55 -0,65 . -0,45
Vgg +0.45 40,55 40.5 +0 .45
1.31 . 1.25 131, 1.31 1.24
+ICMR (V) 3.2 3.2 3.2 3.2 )3.1
“ICMR (V) 4.9 4.9 4.9 -4.9 4.9
+PSRR(DC) 100 dB 71.3 744 68.4 56.0
CMRR (DC) 82.7 dB 68.6 70.3 66.5 '56.8
SR (V/ps) .
rising. - 1.72 1.68 1.6 . 1.61 *
falling 1.91. 1.86 2.0 1.81
rising 1 V step . 9‘\'.
settling -(us) 2.5*% 1.19 ©10.9% 1.15° o *
overshoot (mV) 1.15 0.5 4.0 0.9 '
faili‘né 1 V step ‘ _
_ settling (us) 1.1 1.17 12.1* 1.15 *
~. ‘overshoot (mV) 0.95 0.5 3.0 0.9
£, (MHz) 1.05 — R
§M (degrees")k,) 80 K e /\1* -



vOuT . - ‘ 100
< V2 CURSOR( .0038v . 3.6020V . 185. SuUA ) CLUAY
‘ ERC -0039Y . 3.6029Y . 1
s. 000 | 200.0
. ‘ / ~1 10.00
l/g?e ‘ | zdiv
: / :
‘ / . ]
F | . ‘ T~
; / 110000
090 =
> 8.000 |

1. 000

VIN - 3000/div (V)

Figure 44 Open loop transfer characteristic

t
vouT BN . ." 10D
<V - TKUA)
! ER¢ .000QV , - 01V . 138,9uA >
S. 000} S 150.0
T~
17
oogl — \\‘ ,/- 1 Co
1. - _ < . S. 000
T /div : 3 >< L . /div
, 1 N
T , N
) . ¥y I
| //»u_a -+ \ o
~5.000Wmer] 1 1 1o 1 — 00..0
- =S.5 - ¢ 0.‘,

- . 0 5. S00
. vPOS 1.100/dtv ¢ V) oo

——

Figure 45 Closed loop'transfer characteristic -

101,



102

.channel . An IM356 op amp with % 15 V supplies was used to buffer
the. output of the OA under test. If this was not‘done the loading of

the cabling and analyser fnput was observed to cause the ;OA to

- ' '

'oscillate. Figure 4.5 shows the DC transfer characteristic for‘OAl‘
‘chip #1. Both IﬂD and Vout are plotted. Three input ranges are
, obserﬁed:‘ a negative rané¢ past which Vout levels off, a similar

positive range and another reduced positive range past which IbD
drops ‘off. This last range would correspond to the expected +ICMR past

which M5 (figure 2.1) leaves pinchoff. It is speculated that the
. [ . i s
reason the transfer characteristic still appears linear past this point

is that as'jfirst stage current drops, the resolting increase in gain

counterects the " increasing offset due'to mismatch‘of the second stage.
ﬁegardless of the lfnear characteristic, the SR'cen be.erpected tomoe
Areduced for ‘inputs\ exceediné‘ the +ICMR. The reason why Ij, levels ‘
off after dropping is not fully understood As seen in~tne-ploc and‘on
. all the measured OAs, the -ICMR was seen to extend to -4.9.V, Although'

the —ICMR of the input stage ' was: expected to extend to close to orﬂ

N

including Vgg, it was expecteh thaE the ‘limited output swing of the
second stage would have caused the transfer characteristic to level off‘

at about ;AfS V.

4.4 'Slew rate measurements
To isolate the probe and any - parasitic capacitances and to ensure a
known load capacitance the buffered vexsion ‘of the OAs were used The‘r

slew ‘rate  was measured for a 3 V 1nput step Figure 4.6 shows a

picture of the 3 V step response for OAl



4.5 §ettling time measurements

The buffered .OAs 'were used to measure the O.l%'settling for a 1.V

step inbut,- Fignre 4.7 shows ' the 1 v steﬁlresponse for the two

designs. . Note that OAl shows, an overshoot of about 4% as expected (see
v i ' » ., '

103

table 3;&) dhile 0A2 shows no overshoot. 'The spikes on the wéveforms .

‘are  due to the ‘capacitive parasitics\oﬁ‘the breadboard allowing the

oulse input on adjacent pins to couple into the OA outputs. : \

v, The breadboarded .circuit of figure 4.8 was wused to 6 make the

0

settling. time measurements. . The circuit wes derived from (12]. The

' spike’ waveform . of figure 4.9 is seen at the center of the resistive‘

divider as the output of the device under . test (DUT) cancels the output'

of "the hi- speed inverting amp Since the DUT is slower its‘settling
7corresponds with the settling of the spike. Because the spike waveform

‘hds no DC content its settling can be observed using AC coupling on the

most sensitive .scale of the oscilloscope. To ensure this is the‘case,-

y

the 10k pot is used to account for the'unequal gains of the DUT and the

inverting amp. Note that the spike amplitude is sufficiently small to

prevent, an excessive‘ scope overload recovery time (12]. The.high

frequency }N‘ cnsnnel': JFET 'is"used to isolate the scope " input

N . . B o N ' ’ . i ) . - ; e , . " ‘
capacitance. The 1IM318 inverting amp 'is configured for fast settling

«,

(see data sheets) bahd,‘is‘rmade 4&6, have a ‘negative output,offset’

'apptoximetely.:equal to the DC‘levelishift of the DUT's internal buffer.

' ! -

In this way none of the bias current meant for the buffer is redirected

through the resistive divider ' .l‘ ) E ‘-"". L e

3Eigure 4.10 shows-.thel center spike ,of figure 4.9 on'the most ‘

‘sensitivecrscele.. The waveform shows OAl's 0 1% settling.time for.al V

A

R
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Figure 4 7 lv step response B :
e ( Lower .and" upper traces correspona
‘ to OAI and 0A2 respectively )
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F igure. 49 input ‘puise:anq sp'i\k'e‘ waveforms seen

at center of divider in settling circuit -

Figure 410 Middle'spike of 1g. 49. .
... . asseenonmost sensitive scale

.,
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r,g oo Y . . '

i o , " |
riéin .step .The white spot on the left side of the phogo corresponds
W . - A
to .the ’scart of the pulse and the settling time is measured to where

-

3o
;&

the trace settles within the % 1 mV error band. The .settling time
- of the test circhic icaelf was measured to be 0,69 us by replacing

the DUT by a wire 1Lnk Hence it is sufficiently less so as not to

]

1ncerfere with thq_geCtling of the DUT,.
I‘ . ' i, “)

4.6 Phase thargin and inity gain frequency
S

‘Eor the"ffquéncy' reépoﬁseA measurements the unbuffered OA was
connected in a unity gain inverting configgracion, 100 kohm resistors
were selec€éd 55 va tradeoff between a la;ge valhe for minimum léading
of the OA And a small value sé that parasitics have least effect on the

circglh}éu The total load capacitance on the OA was not eécurately known

but was estimated to be about 20 pF since a TEK P IV robe was used

t'n
I.A

*(10.8 pF) 4nd on the breadboard the plns adjacent to the output pin
were at ' AC grouﬁd (- 6 pF). A 200 mV peak signal at 1 MHz was applied
to the input "of‘theliqverting amp configuration. An oscilloscope was
used to monitor ;he,waveforms on the output and inverting’input of the

OA. At che’ uﬁity. gﬁin frequency the two waveforms are of equal

.

amplitude. The pﬁése.difference is then measured on the oscilloscope.

)

A
\

4.7 Negative PSRR-measurement
- PO
- . /
o . :
:5‘“” . )

FLgute .a 11 shows the circuit configuration used. The negative

-
o

EBRR ls gIVen (12} by

'.\s" :

A _ vss(f) , 4.

& . PSRR (). v, (D) [1 * Rl] - ‘
. . . i Q .
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R2 and R1 are chosen as lm and 10k respectively and are measured on a

multimeter for Increased accuracy of the calculation. For measurements

2
4

above 4 kHz the resistors are removed and the OA confiéured for 'unity
gain, 1f this was not done the results were in error presumably due to
the effects of parasitics in the breadboarded ci;cuic. The AC signal
on Vgq was chogen as 2 V peak to peak and is taken from an HP8111A
f;nction generator, " The ;esults of the measurements are givén in

"

figure 4,12.

4.8 Positive PSRR and CMRR measurement

.

Figﬁre 4.11 shows the circuit configuracion,' The DC rejection

i

ratio is given by:

.

AV : .
+PSRR(DC) - —2Bf; + RZ| ‘ (4.2)
AVo R1 .
AVDD - 2 V was chosen, . The bias resistor was connected to the

negative side of the Vp, gupp%y ‘to ensure a constant bias current
regardless of the shift applied to Vpp-
Figure 4.13 —shows .the <circuit configuration for the CMRR

»
measurement. The CMRR is given [12] by:
Iy

’ CMRR(DC) - AVem {1 + R2 (4.3),
AVdmm R1 '
where here AVem - 4 V was used. The additional OA in the CMRR

measurgment circuit 1is required to increase the differential mode gain
and so reduce an error componenc‘in the output signal which is due to
, ; ‘

the . finiteness 'of this gain. Because this OA must be highly

overcompensated for total 160p stability, only the DC CMRR is measured.



negative PSRR (dB)

-

1y

Figure 4.11 Configuration for measuring PSRR
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Figure 4.13 Configuration for measuring CMRR
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' Figure 4.14 0A2 settling time waveform
. - showing ‘long tail’ due to
pole-zero -mismatch.
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4,9 Discussion of Results ‘ O

The bexperimenCal rasults can be compared with the SPICE results
listed in table 3.4. From ]the.viéwpoiqc’of the previous chapter'’s
discussion on compensation, the‘ mbst relevant méasuremenCS are‘the

’

phase mafgin‘ and settling times. The phase margins aﬁe seen to be as

expected for a 20 pF load although the actual load capacitance in the

measurement circuit was not accurately known. However, both Oas can be
expected to have had the same 1loading conditions aﬂd hence the
AIfference in the phase margins ‘is then the more’valid result, As
expected, the §epa£§te stage compen;acion design is. seen to have about
a éO degree improvement in phasé margin ov;r the co;;éntional'de§ignf
This fact |is als; revealed in the lack gf ringing in 0OA2’s step
‘responge .as 'seen in figuf&aé.7. The settling times for OAl are about
as expected. For all the samples of QAé the step response showed an
overshoot and the 'long tail’ which is evidence of 'a pole/zero mismhtch
t12] (see figufe "4.14) . For 2 of the 4 measurements tpe ;vepshooc

remalned within the . error band and hence the settling time was not

degraded. For these cases the 0A2 éétﬁling time was about 20% faster

chan for OAl. as expected. However, for the cases where the overshoot

ekceeded the érror band thé setﬁling wa§ seriously degrad;d (chié #3
. ) ' ) 4

shows 'a 10X increasel) Some .of the mismatch can‘be explained by the

fact that the output stage drives a-different capacitive load than the

compensation .scage; ?he\ oﬁtput,vscage driQes;both the OA‘inverting

input and a puffer input which regfeseﬁt about 1 pF. .This is already

58 of the .total 1load capacitance. From (3.32) and (3.385) then it EQ

- seen that the pole will be at about 5% lower‘freQQency‘than tﬁé éérq..

.

W0
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As explained in 3.4.5 the overshoot can-thus be expected cé be about on
the “same '1Fvel as éhe error band, ihe'spread in the overshopt‘for the
4 chips is aﬁtribuged to process tole:ances. |
» The improﬁement.‘in‘ the higher'freQuencyv-PSRR of 0A2 oQér‘dAl'is
“observed in ;ﬂe results of figure 4:12, As expéccad Eheﬁ-PéRR of 042
begins to level off near 35 dB 'for f;equeneies above about 20 kHz '
Qhereas 0OAl continués to failf | |

In the ;ther performance areas, the cws OAs arevroughiy egual.

Both ofn the OA gains are higher than the expected gain of aboﬁt 6906.
The 8verage;géin for 0Al {is éboutv7000 while that of 0A2 is 5800. Both
gains éhow agdut ‘t 10% variation over the 5 chips although how much
;f tﬁﬁs variation may be due to the Lnacéurac& of ;he meésuremenc is
not kﬁown. Power dissipation is about aé expected with roughly 6%
variation. The +ICMR on all the Asamplés is about 108 less than
expectedl and the output swing on several of the chips does not meet the
spgcificat;on; This suggggfs ‘thét the OAs‘should beéesigne@ withfg
10§‘ margin on the +ICMR and 9& much as a‘AO% margin on chg;unput swing
to account for the process vafia§ions. Slew rates a;gAwithin 15%.of
the - ;xpecCed 2 V/us. . gfsihg slew ratgg can‘bé expected to be 1es§
thén>‘desigﬁ‘ va1ués due ﬁ; ghg'parééitic_pqpacic§ncelac the‘snurce§ of-
- the input p;ir,(sée [13]): - | | »
offset voltages,_ dMRR(pc) and ,+Png(D¢)“ all show wide variation
over .thev'S - chips. - Tﬁé wo;sc'dffset~was 15 mV while tﬁe‘best 6ffsets
- were legs ‘tﬁah” ¢is mVﬂ‘ - The ‘be;f;‘CMRR and.x¥PSRR éeasufémen;s
vvﬁorrespond;d_ Qipﬁl‘tﬁe expected resuits frpmH_the :SPICE‘siﬁulatiqns.
xialtﬁough‘.the y6r§c~vaiues were as lowf;s Sé dB. The_reason for‘tﬁis 13 

- that the SPICE simulations assu@éd perfectly matched devices in.the
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A

first staée whereas mismatches in the‘iﬁpiemencad cirguit have a stréng
”'effect.éﬁkn the CMRR. A 'misﬁaCCh of as 1itc}é as 1% in cthe
ﬁranscénductance ‘of the input transistors' can 'res§lc'vin .the CMRR
dropping to 60 dB cypiéaiiy‘ [13]. From (2.19) and (2.20) 1c'cag be

"seen that the rejection of the first stage will also influence the

4+PSRR. - To  the first stage, a signal on Vpp 1is equivalent to a common

’

mode signal. If the common mode rejectién is poor the signal component
due to the first stage will dominate at the output as seen in equation
(2.19). In this case +PSRR = CMRR. Note from the measurement

results - of both 0OAl and 0A2 that for the worst values of +PSRR and CMRR
: L v - v
this 1s indeed the case. Note also that these cases correspond with
. ' : . v
'tqij;ghst observed offsets suggesting large first stage mismatches..

-



'5.0 CONCLUSTONS AND DISCUSSION

-
IS.l ‘General design of two—stage amplifiers

N

Chapter‘ 2 discussed 'design ‘of‘two-stage op amps and a‘systematic
design method was “presented The method aimed at meeting the primary
design specifications of . phase ma;gin, slew rate, gain—bandwidth Lnput
common ‘mode range and output Swing Although the discussion was based
on ‘the simple capacitor compensation the, techniques carry over easily
to the other types of compensation ’A‘table showing the relationships_
' between the circuit Pparameters . and performance areas was also given,
‘'The table allowed evaluating all the side- effects of making a circuit
\ehange aimed at improving some.particular performance area. .

Several p01nts arising out of ' the general discussion'on design

should be mentioned.

. i { .
1) It is'important to choose the transconductance of 'the input pair as

low as noise specifications would allow This results in area and
power savings due to a reduced compensation capacitor size '‘as well
as improved phase margin by moving ‘the" RHP zeroe out' to higher

s

frequency. ",Also the ratio of -the transconductances of - the mirror
loads and the 'input pair should be made as large as possible (noise;
requirements 'setan’ upper limit of 1/2 on the ratio). This results
‘in .the_ minimum second stage current requirement of about 3 times
the slew rate limit for simple capacitor compensation )
Z)Q'Both input common mode range and output swing are determined by the

first stage design The input and output range ‘in the direction of -

b the‘ supply to which the ‘current mirror load is attacheg;_is‘

114 -



3)

4)

- -

determined. by the VDSAT value Jof these transistors. _The output

"
-

. swing usually sets. ‘the maximum 1imit on this VDSAT value because.

body effect on .the input pair (assuming the body 1s not connected

to ‘the sources) allows the . input range to easily extend to the

subpl&. . The" range' toward' the 'éupply to which the differential

oair‘s ‘current source 1s * attached is the more difficult
specificetion> to 'meett fhe predominant‘fector limitingnthis range
1s‘vthe‘ VGS‘Iof“the' inpnt pairt ‘“‘A' large ~aspect ratiogdn-the.
current source »trensistor is required to minimize‘the contribution

of 1ies VDSA'T dn 1imiting the range*"Hence a small improvement in

the renge can be achieved only at the expense of increased area and

capacit@ve'paraéitics.

~

Gain-bandwidth and sleﬁ‘rate requirements,for‘a'giﬁen settling time

were estimated under ‘the simplifying assumption of an integrator

| freouency response. For a given step siie}the minimum GBW and SR

requirements are obtained at a particular value of VDSAT for the

input pair. For a 1 volt step the optimum value of VDSATl wasb

‘

162 mV.

Power‘lsuppiy rejectién is normally hetterhfor one supply than-the

- other. - The _compensation capacitor across the second stage driver
causes - it‘ looﬁ like a diode connected tranSLStor .28 frequency
increases. ' The result is that ,the gain tojthe output from,the

_supply ;to';;which ‘the diode connected traneistor 'is attached .
ihcreaees while the gain from the other supply decreases Hence.
‘ the PSRR of this other supply is normally superior However 'this -

,PSRR also depends on the common mode rejection of the first stage
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If chis is pocr‘due.to'fixst‘stage mismatches the‘normaily superfor

PSRR will also be severely degraded.

e,

. .
i

The results of meesufements on the sample of five chips'generally

v
'

. confirmed . the correctness of the .design methods presented., The results

-

suggegt‘ however that the circuits should be overdesigned by a factor of

\abqut 108 for the ‘positive ;ﬁput co@ﬁon méde range and 40% for  the

- output swing in order to account for process tolerances, For a full
discussion of the measurement results see section 4.9,

'
N

5.2 Realization in different technologies

\ ) ' i
The advantages anq disadvantages 'of the. NMOS vefsusxPMOS inpuc‘
configutetions were discussed. T;;. NMOS device being in a c;weil f‘
“permits the remcval of body effect on' the inbut pair.e Although §cdy
effect has the adﬁantage of improving the iﬁputlrange it also resuits
. in ,degtadatibn‘cf power scpply rejection at high frequeccies'due to>the.
’supp}y capacitaﬁce' effect. A disad?antagec~df ﬁabingu the ihput
‘devices in a well is the . highet capacitive parasitics on tﬁe sources of
the input pair resulting in a higher degradationlof.the slew rate.
PMOS inputs generally display less l/f noise than NMOS. Also for PMOS
tinputs the -+PSRR is normally better than the -PSRR while the oppositec

~ is true for the NMOS case. | . j . -
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5.3 Effects of compensation{techniques on OA performance . )

0
,

Linear .control systems‘analysis”with s-transforms ?ﬁlows predicting
the ustep\ response of the op amp from the open loop nondominant pole
”location.fl The optimum O0.1% settling was seen to occur for a system

- which. was only slightly‘underdemped such that ‘the overshoot was equel

[ . ) o ! . .
_to the error band of 0.1%. The open-loop nondominant pole location

which resulted fn this‘.cofreSPOnded with a phase margin of about 74

degrees. - | ’ S DO 2

With conventional compensation using . only a Miller capacitor the

phase margin 1is usuallf not ‘chosen to ‘exceed 60 degpees due - to

‘excessive power . dissipation. Here the nondominant pole location is
directly proportional "to second- stage transcégductanceand iﬁverseiy

proportional to load eapacitance. Hence, high second stage current is
o, .

required to ' counteract large load: capacitance to give - a .desired

nohdominant‘ pole'hlocetion. In addition, the parallel path to the
ke o , . R
output through the compensation capacitor results in a right hand plane

‘(RHP) zero which degrades the phase margin resulting in the need to
push the nondomiﬁant pole out to higher,frequency. 'Because’ of this it ’

»Qa; ,shown that this _ type of compensation became increasingly power
: : S

inefficient if the ratio of the second to first stage transconductances .

was 'not kept greater' than about a factor of 6.' Noise specifications_

\'y‘

set; a. lower limit on first stage transconductance and so in some cases
it#may‘be difficult‘to maintain this ratio.” o ‘-" R
‘ 'The series buffer and.series resistor compensatiou‘methods are more

‘power efficient and . ‘can'. also result in area saving! as well Both T

‘methodsi allow the elimiqation of the RHP zero " An additlonal high-

Ca



N : | ‘ e 118

. frequency ‘pole and a LHP zero are introduced, Their locations are

| dependenc on the buffer output resistance value and the‘serieé resistor
value, " The most power efficient chofce for this value ie'such'thét the
LHP zero {is made to .cancel the pole dependent on the load capacitor

leaving onlyﬁﬂtnef higher frequency‘pole. Tnis new nondominant pole is
independenc‘ of the secondlstage'(nnder the linear:operetion_aesumption};_
band ‘inetead is dependent on the fr of the‘first etage mirror load .
transistors. - Thué ‘second.stage bias cnrrent can then be‘reduced‘to a.
iower“limit eet by slew rate requirements; ‘The"resolt is a total bias
fcur:ent about 3'Itimee less than the design‘ with‘simple capacitor
compensation. "The oompensationlfczgeoitor value is‘used to set thel
desired nondominant pole‘location relefive to the unity gain freouencyn
It was-Oeeen that a much smeller compens;tion‘capacitor coolé;sféll
result. in a euperior phese margin: ‘The eimnlation'resolts showedme 16
degree improvement Lin the phase‘margin with ; comoensation caoacitor.
less-than half‘the”size. ‘ |
However, seconc stage nonlinear operation’prevents achieving the
.‘sxpected"optimum settling;at a phase natéin of 74 degrees.and‘makesothe
reeponsev'oifficult to predict accnretely. Initne‘course of theﬂstep
response‘ the' second stage dtiver s current 1eve1 changes and hence ies =
‘ttansconductence ‘changes © The resuit \15 a deviation of .the pole‘
1ocatione causing the normally cancelling pole zero pair to split and
the nonoominant pole location to change ‘The*low second stage current"
results 1n the pole zero pair being positioned close to the unity gain'
“frequency and it was shown that a mismatch in this pair could strongly
: affect the ‘stepz.response ‘VHence the pole deviation makes the 11near

analysis ‘ineccutete.’ Although this same’ effect is observed to a degree'
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{n the simple capacitor compensation, the percentage deviation of the
:}poles is'SCIongest at the lower second stage bias current levels.
The nonlinearity ‘was evident 4in che results of the ‘SPICE

similations as Vthe‘ stepﬁresponse was seen>7o be dependent on the step

(For larger steps the first

'

size fori steps dp to about 2 x VDéATl'
'stage , saturates resulting in the second stage'reaching(a 1imit‘in‘its
devietion from ‘bias conditions). Instead of resulting inlthe‘optimdm
'setcling exPected according to the iinear analysis, the‘Series buffer
and"resistor_ designs with‘a phasewnargin of 74 degrees showed settling
| times for a rising step only slightly better than che simple capacitor
tompensation design with 60 degree phdse margin. Still the required

‘compensation, capacitor was' about half the size and the bfias current

three times less. Increasing the value.of the compensation capacitor

A

1 -~ A -

SO .as to push the nondominant pole out to higher frequencies showed
only a. limited\ improvement in the settling time as then the splitting
of the pgle-zero pair hecame the predominant factor-affecting'the step
response: tihe best, results were observed when the seeond stage‘bian
~ current ‘wasialSo‘inereased from‘its slew rate limit. For‘the é%he size
compensation‘ capacitor and hias»eurrent as the eonVentional'design, the .
series buffer and resistOr designs showed ‘an approxlmately 20 degree

!

‘improvement in phase margin and a 30% lower settling time. Co

S.A’Jseparate stage compensation '
Separate stage ‘conpensation’vis a different approach presented by
.this author As‘ in fthe' previous techniques the. dominant pole is

'obtained by a Shunt Capaeitancej atf_the. output of the first stage



cat . ,‘izo’
Houeveru ‘increasiné ~the ‘value of this capacitance through‘the Miller -
', } a " o : ! ‘ 4‘ ! ' B
multiplication effect 1s here' achjeved by connecting the capacitor,

”

across a**separate-*stage matched to - the output} stage, Another
requirement {is that the compensation capacitor must also be ‘matched-to

the 1load capacitor. Because . the .output node {s Lsolated‘from the
. ' . ' P ! ! ' i ) ' B ‘ )
" compensation capacxtor, the frequency response shows no RHP zero and

- the nondominant -pole is 4independent of the second stagefon the load
t
capacitence As in the series buffer and resistor designs it 1is

dependent instead on the fT of the first stage mirror load transistors

and henee can be at much‘higher frequency, It is then also possible‘to
. ’ A ' ) . ,
. : [T \’ . .

reduce the  second stage bias ‘current down to the slew rate limit.

'

However because of the'additional stage and also becaQSe of" the larger'

‘compensatlon capacitor the separate stage design example has about the

same power dissiﬁqtion as ' the de%ign wich simple capecitor
compensation. - ' : v S Lo

Another .result of the {isolated output node in. the sepatate stage’
. ‘ . ' ) E " L :
design 1is- increased attenuation at high frequencies for negative power
supply noise - seen at the output. Hence there°is‘an.imptovement in ‘the

”negative powef supply rejection which is usuaily"poorf at high
frequencies fgr a PMOS input configuratlon |

- " ' . : N

"As in the- series buffer and resistor deslgns the separate stage’

. design ehas Ja cancelling pole-zero‘ pair (a doublet) inlits‘freQuéncy'
= - . ' Vo ot
:'response" However in this case’ the doublet occurs at a lower frequencye‘.

(apProxfmately 0.1 w'; 1nstead of at w,) and 1ts matching depends on

‘:the matching of the output and compensation stages as well as the load"b

N [ \

‘ and,.compensation capecitors. Because of the lower frequency of the

" doublet, there :isfhgreater‘ potential_ for.degradetionref the settling |



Tox

121

0
.

time, 16  was shown that the pole and zero négd to be matched within
' about 5% to iprevent degradation for 0.1%l settling. How this
requirement translates {into process tolerances remains to be shown.
However, for E£3£ small éaméle of five «chips cEe settliég times
ihdiqated quite a variation }n the m%?match which suggests that the

vréquired' degree of matching may not be possible, The results also

- Ly

{dicated thac’ the total output loading should be accounted for in the

L4

compensation capacitor to preQent additional pole/zero mismatchﬁ

As opposed to the serles buffer and resistor case, the doublet in

»

the separate stage case does not split when the second stage current

LN

changes during the step response, In addition, although the current

L

change also results in deviation of the.high frequency pole,_éhis‘has;

little effect on the response because first stage phase shift becomes

the _.dominant factor in setting the ‘equivalent’ nondomizgnZ@ pole

location, The result is that even if the second stage has the low&ias ‘

current, 1its nonlinearity has less effect on the step response than in

the series resistor and buffer cases,
: s

 Measurem§nt results confirmed an approximaggly‘ 20 degree
—4mprov?@ent in phasg margin resulting in the’;tep response having no
ringih§E énd .a 20% rédhqcioﬁ in  sétt1ing time wheﬁwﬁmatching was
suff}cien;. Also, E; approximately ZO‘dB 1mpr6vement in the negative

power supply rejection was observed for frequencies above\iOO kHz. -

' .
t ‘ ;

5.5 Cq:tlddin& remarks and future research
w ' } '

s

" ‘ . _y
Compared to the separate stage design the . series resistor and

buffer. designs showed better area efficiency for the same ~ power
' i .

A
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. dissipation as well as improved settling by abouc‘IO%. However, some'
of this' advantage would be negated if meeting noise speciflcgtions
requires the series bdffer and mesf{tor designs to have a large first
stage cr;nfconductance as in the separate stage design, Of the series
buffer and resistor compensation methods, the 1attef would be preferred

-t

since: it does not reduce the output swing gid resulgs in less power
dissipation, N An area for future research in series resistor
_ compensation would be to investigate circultry aimed at having the zero
of the doublet ctrack the pole in the course of the step response,
Hencé cheieffect of the second stage nonlinearity at low current levels
would ge reduced resulting in a better step response and better power
efficizncy. I is felt tkat the class AB circuit configuration of
figure 2.30.TP3] shduld display this type of behaviour: The devices of
the output stage operate in a push-pull arrangement resulting in a poie
location dependent on the sum of the transconductances of the two
devices, During .Che course of the step response one transconductance
increases while the otger decreases and hence the overall pole

deviation shoul be s. The class AB nature of the cfrcduit has the

added advantage of  improving the slew rate.
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APPENDIX 1: Estimation of SR and GBW for a given tg

Using thel simnle model of figure Al.1l, the step response of the OA’
with 1005 feedback can be shown (12, p. 279] to be as given in figure

Al.2. From (12, eqn. 9.8] we have:

// tg - lﬁi- r 4+ <f 1n [ég T ]) C ; ' - (Al.1)
SR € Vs : . . .

where Vg - step size and ¢ - error éactbr (i.e.e =.001 for
0.1% ‘settiing) the first bracketed term of (Al.1) represents the time
spent .sleeing, SR and GBW for the OA of figure 2.1 can be shewn [21]
to be related: | |

SR = Ig/Cc = (is/gml)gaq -‘2(11(gml)é§w

= (Vgsy - Ve)CBW S @)

t

N : - VDSAT1/’ ;
For minimizing offset vDSATl should be chosen less than about 200 mV

(see seqtion 2.2.9). Substituting (Al.2) into (Al.l) and assuming 0.1%

-
t

settling gives:

tg = ((Vg/Vpsapy)-1]7 + [7-10(Vg/Vpgardlr oo (AL3)
- (6+(Vs/Vpgar)-In(Vs/Vpsipy) ) (/GBI . G (AL6)
Hence | ‘ | o ‘
- GBW[MHz] = _1 [6+(Vg/Vpgary)- 1“(Vs/VDSAT1)1 '  (AL.S)
. ‘ 2= ' CS[pS]

and‘f;om (A1.2)
SR[V/ps) -kzn_cnwkmné] VpsaTl - . O aLe
These equations are used to genenate the.curves of figure 2 8. Thea
curves give the SR and GBW requirements for 0.1% settling of a'l V step |

%
for. different values of vDSATl

\
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x'Note »ch§c at . a larger Vpgary, the required GBW is less but the

required SR is more. The reason is. that ‘the portion of the sgttling.

time ‘in’ whiph‘slewing accurs becomes léss. .Ffom (Al.S)';nd1(A1,6) the
pfoduct | | X SR caﬁ‘ be shoprCO be a,@inimum‘fdr'VS/VDSATl ;'6.18
(Vpsat1 = ‘162 mQ ’wheﬁ Vg - 1 V) which correqunds‘tb4éa;al fimek
Ispené in slewiﬁg as in'exbdnentIal settling. Note from figurg 2:8 that

_for this case GBW[MHz] ~ SR(V/us].
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APPENDIX 2: ICMR and OS Requirements

The. following refers ‘to theé PMOS input configuration of figure
2.1. For ~ICMR, M1 and M2- leave pinchoff when the gate voltage drops
Vepl 'beioﬁ the drain voltage whiehl is“set by the current‘mirror
loan; ‘Hence rhe requirement:

(Vigga - Vss) - Vos3 2 Vel

Ves3 S (Vigp -

Vss) - Vel o (A2.1)"
Vpsar3 S (Vigig - Vss) - 1Vl - |Yc3|

‘Here V. is calculated using (1]:

Ve = Vo + 1 (V285 + Vgl - V26p) L (A2.2).
The -0S sets the requirement: |

VpsaTé = VO(min) - Vss

end ‘since the gate voltagee of M3 and M6 are the seme we have Vpgar3

= Vpsare and
VDSATB = Vo(min) - Vss (A2.3)
.

(A2.1) and (A2.3) set the upper limit on VDSAT3 and sihce the MOSFET

current is given by:

I-K/W (VDSAT) O R Y RN
2L . . o

we have B T L,
LYy z Y R ¢ V.8 )

- Ky' (VDSAT3(max)) . : n o
\ For| +ICMR“ M5 will leave pinchoff when its’ VDS‘beeomes less.chan»

VDSATS' Hence the requirement to prevent this is

VDsaTs = (YDDr;;Vimax IvGS| o ‘p‘ R o (A2'§)4'

cot
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‘Using (A2.4) this gives R .

. Vpsars = (Ypp - Vigax) - I 4 vyl , - (a2.7)
. - Ky (W/L)y -

For +40S, pfévencing M7 from leaving pinchoff requires - {
Vpsats =.Yop - VOonax- - (a2.8)
and since M5 and M7 have a common gate this-gives o
VpsaTs 5 VDD - VOmax (A2.9)

From (A2.7) and (A2.9) vDSATS(m;x> is found. Then from (A2.4) we

have:

]
W/L) s = 2 1s | R ] .

KP'(VDSATSmak>4 ,'.. - o 3



Appéndix 3: Spice file for design example

ptwo- stage 0A,C1=20pf .

.OPTIONS OPTS NUMDGT-6 RELTOL~0.000001 LIMPTS=-700
.WIDTH IN=80 OUT=-80 .

* . o o ‘
*VIii+ 8 O'PWL(O O 10N O 20N .1 3U) -

VIN+ 8 0 DC 0 AC O
VIN- 9 0 DC 0 AC 1.0
. VDD 1 0 DC 5
.VSS 0 2 DC 5

IBIAS 3 2 DC 8.6UA

* ' - } ' .
ML 5 9 4 1 PMOSS W=78U L=10U AD=936P AS=936P PD-102U PS=102U
M2 68 41 PMOSS5 W=78U L~10U AD=936P AS=936P PD-102U PS=-102U

M3 5 5 2°2 NMOS5 W=10U L-10U AD=120P AS=120P PD=34U PS=34U

M4 6 5 2 2 NMOSS W=10U L-10U AD=120P AS=120P PD=34U PS=34U

M5 4 3 1 1 PMOSS5 W=64U L~10U 768P AS—768P PD=88U PS=-88U

M6 7 6 2 2 NMOS5 W=240U L~-10U AD=2880P AS P~ PD=264U PS=264U
M7 7 3.1'1 PMOSS W=768U L~10U AD=9216P AS~9216P PD-792U PS=-792U
M8 3 3 1 1 PMOS5 W=64U L=10U AD=768P AS—768P PD~88U PS-88U

* compensation ' S { . '

CCOMP 7 6 4.4PF SR ‘ h

* output load , ' ' : A

CLOAD 7 0 20PF..

* . .

% nmos, 5 micron, w mob deg, w vel satn

* . ‘ .
.MODEL NMOSS5S NMOS (LEVEL—Z

+VTO=0.9 PB=0.7

- %%IS=1E-14

+J8=1.37E-5 -

+TOX=8 .5E- 8 NSUB=9..92E15 XJ=1E- 6

" +LD=7.0E-7 U0—750

+UCRIT-6 ‘44E4 UEXP=0.139 VMAX=4, 92E5 )

| +CSGO=2.84E-10 CGDO=2'84E-10 CGBO=2.0E-10

*+CBD=4E-14 CBS=4E-14 ’

4CJ=3_.44E-4 MJ=0.5 Csz-1'09E 9 MISU=0.5 SN
+xqc-o 4 ‘ . o S
-k pmos 5 micron w méB deg, w vel satn . e

*
"_MODEL PMOSS PMOS (LEVEL—Z
+VIO=-0.9-PB=0.7 -

*+1S=1E-14 . L _
- 4JS=4.19E-10" - ‘ ' S

.+TOX=8 .5E-8 NSUB=1.98E15 XJ-9E 7 \. RN o
4LD=6E-7 U0O=240 - . ' ST
" +UCRIT=1,23E4 UEXP=0:022 vqu-7 336 1

+CSGO=2 . 44E-10. CGDO=2 . 44E- 10 CGBO—Z OOE 10
*+CBD=1.8E-14 CBS=1. 8E-14- ' E
_+CJ=1, S4E-4 HJ-O 5 CJSW—4 37E 10 MJSW-O 5 ,A"‘
+XQC-0 4 : : h

130,
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* N -
*measure freq response
.AC DEC 10 10HZ 10GHZ
.,PRINT AC VDB(7) VE(7)
*measure step response
* TRAN 0.005U 3U ‘
*, PLOT TRAN V(7) V(8) (. 0997 .1001) 5%
 *.0P | e
.END o .

iM
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