EE 435

Lecture 15

Compensation of Feedback Amplifiers



Analysis of Internal Node Compensated

Two-Stage Op Amps
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Consider single-ended input-output (differential analysis only slightly different)

Can’t get everything but can get most of the small-signal results

Since internal node compensated, must have p;<<p,



Analysis of Internal-Node Compensated
Two-Stage Op Amps
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Analysis of Internal-Node Compensated
Two-Stage Op Amps
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Analysis of Load Compensated Two-Stage

Op Amps
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Can'’t get everything but can get most of the small-signal results



Analysis of Externally Compensated Two-
Stage Op Amps
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Miller Capacitance - Review
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If V,=-AV, then for Alarge
1
Cieo =C(1+A)~CA Coeo = C(1+ Kj ~C

Thus, a large effective capacitance can be created with a much smaller
capacitor if a capacitor bridges two nodes with a large inverting gain !!

Note: The symbol “A” used in the Miller Capacitance should not be confused with the gain of the op amp



Miller Capacitance - Review
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If V,=-AV, then for Alarge
Cieo =C(1+A)~CA Coeo = C(1+ %) ~C

* If Achanges with frequency, C,zo and C,eq are no longer pure capacitors
« More useful for giving a concept than for accurate actual analysis because of
frequency dependence of A



Miller Capacitance - Review

The Basic Concept — from capacitance multiplication
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Miller Capacitance - Review
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Does not behave as a capacitor for w > p



Internal-Node Miller-Compensated Two-Stage Op Amp
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Standard Internal Node Compensation Miller Compensation

The second stage amplifier can be used to create a Miller
capacitance at its input with no circuit overhead!

Compensation capacitance reduced by approximately the gain of the
second stage! (the value of the two C¢'s are not the same)

Since the gain of the second stage is not constant, however, a new
analysis is needed

If Cc is small enough, this can become an internally compensated op
amp with internal-node compensation



Intuitive Pole Analysis of Internally Miller-Compensated Two-Stage Op Amps
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Intuitive Pole Analysis of Internally Miller-Compensated Two-Stage Op Amps
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(Intuitive Analysis based upon C.gr Capacitance assumption)



Intuitive Pole Analysis of Internally Miller-Compensated Two-Stage Op Amps
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« To find the high-frequency pole p,, the circuit has changed
« At high frequencies C. looks like a short circuit
« Define G, to be conductance facing C, for pole analysis
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Note the F2 block is now “diode connected” at high frequencies

Gz :Gom +GOF1 +GOP2 +GOF2 +GMF2 :GMFZ



Intuitive Pole Analysis of Internally Miller-Compensated Two-Stage Op Amps
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Will be shown later that C. introduces a zero in the gain function
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Intuitive Pole Analysis of Internally Miller-Compensated Two-Stage Op Amps
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C C
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Has the GB decreased with the Miller compensation?
No, because the C. decreased by the same factor!



Basic Two-Stage Op Amp
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Vss The 7T Op Amp
Essentially just a cascade of two common-source stages

Same gain and pole expressions as developed for the cascade
Compensation Capacitor C- used to get wide pole separation
Two poles in amplifier

No universally accepted strategy for designing this seemingly
simple amplifier

© O O O O

Pole spread =38A , A, makes C. unacceptably large



Basic Two-Stage Op Amp (with Miller Compensation)
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Vss  The 7T Miller-Compensated Op Amp

0 Reduces C. by approximately A,
o0 Pole spread =3BA,A,; makes size of C. manageable
o One of the most widely used op amp architectures



Basic Two-Stage Miller Compensated Op Amp
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ss The 7T Miller-Compensated Op Amp

By inspection  (Notaton: p,=-p, p,=-p,)

SEE S
’ goz +go4 g05 +g06 ? C
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CC ( ng ] G B — ml
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Will also get these results from a more complete (and time consuming) analysis

This analysis was based only upon finding the poles and will miss zeros if they exist




Small Signal Analysis of Basic Two-Stage Op Amp

(Will now obtain the actual gain which will show zeros if they exist )

|VDD
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Norton Equivalent One-Port Two-Port



Small Signal Analysis of Basic Two-Stage Op Amp

(with Miller compensation)

Differential Small Signal Equivalent
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Small Signal Analysis of Basic Two-Stage Op Amp

(with Miller compensation)

Differential Small Signal Equivalent

V
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|X = VX(902+904)+gm2Vd

Ix = Vx(goz + go4)+ ngVd




Small Signal Analysis of Basic Two-Stage Op Amp

(with Miller compensation)

Differential Small Signal Equivalent
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Small Signal Analysis of Basic Two-Stage Op Amp

(with Miller compensation)

Differential Small Signal Equivalent
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Small Signal Analysis of Basic Two-Stage Op Amp

(with Miller compensation)

Differential Small Signal Equivalent




Small Signal Analysis of Basic Two-Stage Op Amp

(with Miller compensation)
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(This happens to be the general form for a two-stage structure with a
guarter circuit and counterpart circuit !)



Small Signal Analysis of Basic Two-Stage Op Amp

(with Miller compensation)
Differential Small Signal Equivalent ?
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VOUT(SCC + SCL +goo)+ gmoV2: SCCVZ }
V, (SCC + gool)+ Oima Va =SCcVour

Solving we obtain:
VOUT _ Vd gmd(gmo _SCC)
SZCCCL + S[gmoCC + (Cc(goo + god)+ C:Lgod )]+ googod

This simplifies to:

\V ~\ gmd(gmo_SCC)
ouT — "d _2
S CCCL+ngoCC+googod
(This happens to be the general form for a two-stage structure with a
guarter circuit and counterpart circuit !)



Small Signal Analysis of Basic Two-Stage Op Amp

(with Miller compensation)

Differential Small Signal Equivalent

Summary:

OUmd (gmo o SCC)

— 2
S CCCL + ngoCC + googod
where for the 7T implementation

A(s)

Y00 = Y05 T Y06
Note presence of single RHP zero!

How does this compare to the intuitive approximate analysis that obtained only the
poles?



Small Signal Analysis of Basic Two-Stage Op Amp

(with Miller compensation)

Detailed analysis Inspection Analysis
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S C:CC:L + ngoCC + googod (S) SZCCCL +SCCng2 +(gOF1 + gopl)(gm:2 + gopz)
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C + +
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Same denominator so same poles and also same dc gain !



Small Signal Analysis of Two-Stage Miller-
Compensated Op Amp

(with Miller compensation)

Omd (gmo o SCC)

A(S)=
( ) SZ(:C(:L + ngOCC + googod

Note this is of the form: (Notation: P, =, P,=-P, z,--2,)

A(s)=Ag ’L
[~S +1j(~s+1)
P1 P2

This has two negative real-axis poles and one positive real-axis zero

A .
jw

P2 P1 Z;




Small Signal Analysis of Basic Two-Stage Op Amp

(with Internal node compensation .... i.e. not Miller compensation)
Differential Small Signal Equivalent

Vour




Small Signal Analysis of Basic Two-Stage Op Amp
(with Internal node compensation)
Differential Small Signal Equivalent

' |
| |
' |
: OmaVd dod : —
' |
' |

VOUT

|

|
+ |
Vs OmoV2 doo : 7~ CL
— |

Q)
(@]
N\
/|

Solving we obtain:

gmogmd
V =V
T (SCL 4040 )(SCe +Ygq )

This can be approximated by :

gmogmd
V. =V
o ’ SZCCCL + Schoo + googOd

Can show this is the same as was obtained by inspection !



How does the Gain of the Two-Stage Miller-Compensated
Op Amp Compare with Internal Compensated Op Amp?

ouT

A(S): . gmd(ng'SCC) A(S) ~ Imd9mo
S"CcCL+SImoCc*90090d 82CCCL"'S(:Cgoo"'googod
S
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A(S)_AO S S S +1 S +1
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P1 P2

A jw jw
Re
Re >
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Compensation criteria:

must be developed 43 Ag > 2—2 >2B Ag
1



Simple pole calculations for 2-stage op amp

Since the poles of the 2-stage op amp must be widely
separated, a simple calculation of the poles from the
characteristic polynomial is possible.

Assume p, and p, are the poles and |p,| << |p,]

D(s)=s?+a,s+a, determines p,
but /

D(S)=(5-p1)(S-P,)=S2-S(P1+P,)+P1P2 ~ S/ - p,s i+ pip,!

thus /

determines p,

P,=-a; and p;=-ala



Example

A feedback amplifier has a characteristic polynomial of

D(s)=s” +9000s+1.8E3

Without using the quadratic equation, determine the poles by inspection and
determine the ratio of the two poles.




solution

A feedback amplifier has a characteristic polynomial of

D(s)=s” +9000s+1.8E3

D(s) = s? +9000s+1.8E3

P, =-9000

D(s) =s” +{9000s +1.8E3 |

P =-2
Ratio = 4500



Can now use these results to calculate poles of
Basic Two-stage Miller Compensated Op Amp

From small signal analysis:

A(S): gmd(ng _Scc) OUnd = Y9m1 = Ym2
|SZCCCL + ng5CC "’googod 0.y =0, +0,4
= - Ims Yoo = Y05 T Y06
P2 C _ _ Y00Y%ud
L P1=
ngCC
AO: Im59md
YooY0d
GB= gm59md ® ‘p ‘ _ gm5gmd o googOd _ ng

1
Yo0Y0d YooY0d ngCC CC



From Previous Inspection

_gml

A, [
goz +go4

goz + go4

j[ gm5 ]
goS + g06

pl -
CC [ gm5
g05 + goG

GB = 9m

C

Note the simple results obtained from inspection agree with the

]pz

more time consuming results obtained from a small signal

analysis



Feedback applications of the two-
stage Op Amp

XIN _|_: X1 A ouT

B SR

How does the amplifier perform with feedback ?

How should the amplifier be compensated?



Feedback applications of the two-
stage Op Amp

Open-loop Gain

A(s) = NS)
D(s)
Standard Feedback Gain
A =26 NG " Nep(S)
1+A(s)B(s) D(s)+N(s)B(s) D (S)

NFB(S): N(S)
Dy (8) =D (s)+ B(s)N(s)

» Open-loop and closed-loop zeros identical (for standard feedback gain)

» Closed-loop poles different than open-loop poles

» Often B(s) is not dependent upon frequency

« Open-loop zeros, gain, and B play a key role in determining closed-loop poles



Feedback applications of the two-
stage Op Amp

Open-loop Gain Standard Feedback Gain +
1
N(s 1

A(S) = —D((S)) Ars(S) =1 ';?\((SS))B(s) _ - [3(5}
A(s) B(s)

Alternate Feedback Gain (often FB is not of “standard” form)

L B(S) o)
A(e)=— P& _ B0
T . 1 T DE)+NE) Bs)
A(s) B(s)

In either case, denominators are the same and characteristic equation defined by

D g (8) =D (s)+ BlsIN(s)

Often B(s) and B,(s) are not dependent upon frequency and in this case

NFB(S) - N(S)



Basic Two-Stage Op Amp with Feedback

(with Miller compensation)

|VDD

Open-loop gain

W e A)=, 9md(9moSCo)
SCcCL+sCcOmo 900904

ouT

Vi, 4[:'\/'1 M2’:]}7VIN Ce

Lo
;|\ L o Xour . A
Ve LE:F " 1+AB

sz—EM? VBHK Mg Standard feedback gain with constant 3
Vss A (S) _ Omd (gmo B SCC)
" SZCCCL + SCC (gmo _ Bgmd)+ Jo0Y0d T B OmaYmo
A (S)E gmd(gmo_scc)
” SZCCCL-I_SCC(gmo_[3 gmd)-l_[3 gmdgmo
where Omd = 9m1 Omo = 9ms

God = Y02 T Y04 Joo = Yos T Y06



How does the Gain of the Two-Stage Miller-Compensated Op Amp

Compare with Internal Compensated Op Amp with feedback A - ﬁ ?
- s P P
L i CCJ i i Py i P,
~—1¢ — Vour Vv
il By IR | L TR IR L

J7 CEFF J7 i L IN J71 iCC Jj iCL

A(s)= gmd(ng'SCC) Imd9mo
2
S"CcCL+s9moCct%0%d SZCCCL"'SCCgoo"'googod

AFB(S); gmd(gmo SCC) gmogmd

S)=
SZCCCL + SCC(gmo _B gmd)+B gmdgmo AFB( ) SZCCCL+SCCgoo+lBgmogmd

Zero in open-loop gain introduces the —3g,,,4 term in FB configuration



How was compensation done before the work of Fullagar ?

- P P
P P
L A T I
~_¢ ~ Vour Vour
Vi1 Fy C\ F, l v | FR E I

J7 o J7 i L ; Jj iCC Jj lCL

A(s)= 5 9md (9mo-SCc) A(s)= ImdImo
$“CcCL*SIm0Cc*t900%0d 82CCCL"'S(:Cgoo"'googod
0ns (9o - SC.) e
A (S) ~ s)~ mo0Imd
" SZCCCL-I_SCC(gmo_B gmd)+B gmdgmo AFB( ) SZCCCL+SCCgoo+lBgmogmd

Internal node capacitor C- or Miller C- added externally

Or “load compensation” before output buffer added externally

Termed “externally compensated”



Basic Two-§tage Op Amp

(with Miller compensation) A “TiAp

AFB(S)N gmd(ng_SCc)

) SZCCCL +SCC(ng _B gmd)+B gmdgmo
Pole Q=7




Review of Basic Concepts

Consider a second-order factor of a denominator polynomial, P(s),
expressed in integer-monic form

P(s)=s*+a;s+a,
Then P(s) can be expressed in several alternative but equivalent ways
2 W, 2
S°+S—+ W

S? + 520w, + W

(S—pl)(s—pz)

and if complex conjugate poles,
(s+a+jB)(s+a—jB)
(s—re”)(s—re™)

and if negative real —axis poles
(s—p,)(s—kp,)

These are 7 different 2-paramater characterizations of the second-order factor
and it is easy to map from any one characterization to any other !

{8 ag} {wg Q} {wg G} {Py P2} {a B} {r O} {py K}



Review of Basic Concepts

S°+S—2 4w’

SinB = i
2Q

Re

w, = magnitude of pole
Q determines the angle of the pole

Observe: Q=0.5 corresponds to two identical real-axis poles
Q=.707 corresponds to poles making 45° angle with Im axis



What closed-loop pole Q is typically required when
compensating an op amp?

A Im

/\
\
\

Maximally Flat
Magnitude Response \
N\

Maximally fast time-domain

response w/o ringing
\
\
\
4
/

Q=.707
\

/\
\
\

Maximally Flat
Magnitude Response \
\

Maximally fast time-domain

response w/o ringing
4
\
\
\
— 5 [}
4
/

Typical Preferred
Pole Locations 38

Recall:

Typically compensate so closed-loop poles make

Re :
- Q—- .‘
Typical Preferred NOX sl
Pole Locations . //
\‘s/ /
7
/
/
/
/
/
/
/
/
/
Equivalently:

0.5<0Q<.707

angle between 45° and 90° from imaginary axis



Basic Two-Stage Op Amp

Standard Feedback Gain
(with Miller compensation) n C )
A (S)Z gmd ng—S C
FB

- SZCCCL + SCC(ng B U +B Una9mo

It can be shown that

ng [jvu [i Me \/7\7(7
Vi [ Mz’jylﬁ 2. 1 . B O~ PO
I CC LB gmogmd
I < O (g BT

where gmd — gml\ gmo — ng
\

VDD

goo — go5 + go6 and bod = goZ + 904

\
But what pole Q is desired? .707< Q <0.5 \
\
Right Half-Plane Zero in OL Gain (from Miller Compensation) Limits Performance
(because it increases the pole Q and thus requires a larger C.!)
Closed-form expression for C.!



Basic Two-Stage Op Amp

(with Miller compensation)

Standard Feedback Gain o]

gmd(gmo B SCC)
SZCCCL + SCC(ng _B gmd)+B gmdgmo

\/( CC — CLB gmogmd
\/7 o ~ Bgmj QZ (gmo _Bgmd)2

Question: Can we express C. in terms of the pole spread k instead of in terms of Q?

[

Arg(S)

Recall when criteria 2BA, <k<4BA,was derived (Lect 13), started with expression:

A
\/Bi OTOT k = B 0TOT
1+k oToT klarge klarge Q2

No ! Relationship between k and Q was developed for 2"d-order lowpass
open-loop gain (i.e. no zeros present!)




Basic Two-Stage Op Amp with Feedback

(with Internal Node compensation)

VDD

Open-loop gain

A(S) — gmogmd
Ma 4 5 2
j}——HiM -”i M S°CcCL +5C:0g0 + 900T0q
Vour A
_ v, LCc TP TIA
Vin 4@\41 Mng ™ I c. Standard feedback gain with cgnstant B
Y Im0Ymd
P AFB( )
VBZ—H_?Mg VB3_|[: Me 2C C, +5C.000 + 900904 T P90
~ ImoIm
AFB (S) — 2 o=
Vss S CCCL +Schoo + ﬁgmogmd
where goo — 905 + go6 gmo — gm5
god:goz+g04 g d:g 1
4BA0>p—2>2[3A0 k ;BAﬂ ) " "
P1 Q?
900 _Y%d _9m09md
Prp="" P1=—~— Aop=
2 CL CC 90090d >~  OR C CLB gmogmd _ CLB . s Im1 2
c, 4pIm09md gmogmd >Cc > C 2p Im0Imd gmogmd 00 Q (905 " 906)
900 goo ]




Status on Compensation

Generally not needed for single-stage op amps

. : : A
Analytical expressions were developed with A== for
Two-stage with internal node compensation (no OL zeros)
Two-stage with load compensation (no OL zeros)

Two-stage with basic Miller compensation (OL zero, single series comp cap)

B

Will now develop a more general compensation strategy
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Stay Safe and Stay Healthy !






