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General Consideration

e Consider the negative feedback system, where B is assumed constant

* If BH(s= jm)=-1, the gain goes to infinity, and the circuit can amplify its own
noise until it eventually begins to oscillate.

* Barkhausen’s Criteria : The circuit may oscillate at frequency o, if
Mia)=1  2p(ia)=-160

* The total phase shift around the loop at w, is 360°. (180° from negative feedback)
* The feedback signal add in phase to the original noise to allow oscillation buildup.
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Bode Plot for Stability Analysis

e Assume that B is less than or equal to unity and does not depend on the
frequency.

* The worst case stability corresponds to = 1.

* We often analyze the magnitude and phase plots for BH=H .
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Time Response vs. the Position of Poles
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Stability and Pole Location

http://en.wikipedia.org/wiki/Laplace _transform
1

He) = a6 o)

h(t) = L7{H(s)}.

Consider an amplifier with a complex-conjugate pole pair : s=0,* jw,
v(t) =e™'[e!™" +e7 "] = 2e™ cos(m,t)
A sinusoidal signal with an envelope e

Jo A

s plane 7\\\ﬁ
> 7\\!7\\\7'\*7* >

Stable system

Left-plane pole o, <0 : Oscillation decays exponentially to zero.
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Stability and Pole Location

Right-plane pole o,>0 : Oscillation grows exponentially to nonlinear.

Jo A
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jw axis pole c,=0 : Oscillation sustained.
Jjok Oscillation system
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The existence of any righ-half-plane poles results in instability

N

Analog IC Analysis and Design - Chih-Cheng Hsieh



Bode Plots of Loop Gain

e Consider an one pole amplifier
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* Asingle pole cannot contribute a phase shift greater than 90°, and the system is
unconditionally stable for all non-negative values of B.
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Two-pole Systems

e Consider a two-pole system \
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 Maximum phase shift = 180°
* As the feedback becomes weaker, the gain crossover point moves toward the

origin.
* The stability is obtained at the cost of weaker feedback.
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Multipole Systems

Consider a 3-pole system

Maximum phase shift = 270°

The phase begins to change at 0.1 of pole
frequency whereas the magnitude begins to
drop only near the pole frequency.

Additional poles(and zeros) impact the phase to
a much greater extent than magnitude.

The stability is obtained at the cost of weaker
feedback.
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Phase Margin
If £BH(jw,)=-175°, BH(jm,)=1xexp(-j175")

1 -
Y, . H(je) _ﬂeXp(_mS)_l ~0.9962— j0.0872
L jw)= 2

1+ H(jo;) 1+exp(-j175°) S 0.0038- j0.0872

‘_ )( 1 115
“ B 00872 §

‘ ~ },/3 , the closed-loop frequency response
exhibits a sharp peakin the vicinity of o=,

The closed loop system is near oscillation and its step response exhibits a very
underdamped behavior.
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Closed-Loop Freq. and Time Response
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* The greater the phase margin, the more stable the feedback system.

=t
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CL Freq. Response with 45° PM

e For PM=45°, ZpfH(®)=-135" |AH(w)=1 log| BH( o)
GX
Y AGa) _ HGe) A
X 1+1><exp(—j135°) 0.29-0.71] S
- N
Jo.29- 0711\ "35"} _______ \
— The feedback system suffers from a 30% peak at o=@, /sna
* For PM =60°, the peaking is negligible ‘%F; I
A [

* The concept of phase margin is well-suited to the ] JP
design of circuits that process small signals, not large 1/ J\
signals. : -
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Frequency Compensation

* Frequency compensation : their open loop transfer function must be modified such that
the closed-loop circuit is stable and the time response is well behaved.

* Frequency compensation can be achieved by
— Minimizing the overall phase shift, thus pushing the phase crossover out.
— Dropping the gain, thereby pushing the gain crossover in.

20log| fH( m))| Modify Design

20log| BH( o)|
A

Modify Design
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Single-Ended Telescopic OP Amp.

* Frequency compensation : their open loop transfer function must be modified
such that the closed-loop circuit is stable and the time response is well behaved.
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Path 1 : a high-frequency pole at the source of M;, a mirror pole at node A,

another high-frequency pole at the source of M, and a pole at the output.

Analog IC Analysis and Design

Path2 : a high-frequency pole at the source of M,, and a pole at the output.

Dominant pole (d.p.) : @, ., usually sets the open loop 3-dB bandwidth.

Non-dominant pole : the closet pole to the origin after the d.p. is at node A.
Ca =Cess +Cqs6 +Cpas +2Cap6 + Cpaz +Copa
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Bode Plots of Telescopic OP Amp
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The mirror pole typically limits the phase margin.

The circuit contains a zero at 2w, ,. (ignore it now for simplicity)

Force the loop gain to drop = the gain crossover point moves toward the origin.
The dominant pole can be pushed to a lower freq. by increasing the load cap.

The unity-gain bandwidth of the compensated op amp is equal to the frequency
of the 15t non-dominant pole.
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Bode Plots of Loop Gain for Higher R,
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Translating the dominant pole toward the origin for 45° phase margin, the unity
gain frequency is equal to the frequency of the first non-dominant pole.

Increasing R

-+ does not compensate the op amp.

To achieve a wideband in a feedback system, the 15t nondominant pole must be
as far as possible = The mirror pole is undesirable.
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Fully Differential Telescopic Op Amp

Voo * This topology avoids the mirror pole, thereby
exhibiting stable behavior for a greater bandwidth.

* One dominant pole at the output node and only
one nondominant pole arising from node X (orY).

* Capacitance at node N, C = C5eg + Cogs + Cpy +
Cpg7, Shunts the output resistance of M, at high
frequencies, thereby dropping the output
impedance of the cascode.

 The pole in the PMOS cascode is merged with the
output pole, thus creating no additional pole.

Voo
VDD v Zout = (1+ gm5r05)ZN + r-05 !
Vos e[ M vl My -
N 1 N.__!j——lll Zy =15 I1(Cys)
Cn P 7 Z  ~(1 _lor
y 5 ~(1+g..r
b2 M5 ou = (14 O 05)1+ sr,,Cy
Zout I C,_ﬁ ] 7 “ 1 _ (1+ Omslos )ro7
T Zoyll T “7sC,. [0+ g, gl Fo,CL +15,Cy s +1
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Compensation of Two Stage Op Amps
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 We identify three poles : a pole at X (or Y), another at E (or F), and a third at A

(or B).

* Since the poles at E and A are relatively close to the origin, the phase
approaches -180° well below the third pole.

* If the magnitude of w, is to be reduced, the available bandwidth is limited to
approximately w,,, a low value. A very large compensation capacitor is

required.
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Miller Comp. of a Two-Stage Op Amp

Ce
Avi Av2 Re
Avi Av2 N A [ M,
g | ;L SR
L~

H fvuut
outl RL% cL
L

Create a large capacitance at node E, equal to (1+A ,) C..
The corresponding pole is moved to 1/ Routl[CE +(1+ 'A\/Z)Cc:l
Miller compensation
— Lowering the required capacitor value.
— Moves the output pole away from the origin.
If R; denotes the output resistance of the first stage, R, =ryq || rpq;-

1

..~

‘a) ‘ <<‘0) ‘ . Ry [(1"' OmoRe )(Cc +CGD9)+CE]+ RL(CC +Copg +CL)
" " ., ~ Rs [(1"' Omo R0 )(CC +CGD9)+CE]+ RL(CC +Cops "‘CL)
Ref: p.174 b2 RR_[(C. +Cqp JCr +(C +Cyp ICL. +C.C, |
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Pole Splitting

jo
& &
Before After
Compensation Compensation
% * % - M 5 -
J_ Vbp .
L e * Before compensation, w,; and w,, are
RS 1
N—t oM, of the same order of magnitude.
Vin ? C.=0, @,~1/RC,
—Cc
= * After compensation,

C.+C,

vnut
L % JL__cL If Co+Capo >>Cpr 0, ¥ —" =~ %"9
— — L

* Miller compensation increases the magnitude of the output pole by roughly a
factor of g,oR, .
* At high frequencies, C. provides a low impedance between the gate and drain of
M, . The resistance seen by C, becomes R, || g5 || R, * g 5.
Chih-Cheng Hsieh
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Effect of Right Half Plane Zero

20l0g| 8 H{ )
| 0| <o, <|e

A right-half plane zero at @, = g,,,/(C. +Cgps)
e Numeratoris (1-s/w,)

|

* The phase shift is —tan™(w/w,) = negative

=0 {log scale) e Zero slow down the drop of magnitude.

* The stability degrades considerably.
- o {log scale)  The right half-plane zero in a two-stage

CMOS op amps is a serious issue because
UL gm is relatively small and C. is usually large.
i I « Aseries resistor to eliminate the right-half
lane zero.
£ B H() P o~
J_ Voo Cc(gmg o Rz)
e T oCh * The output stage now exhibits three poles.
Vin gw c. * To cancel the first non-dominant pole
= Rz
— Wl [ J_ Vout 1 _ " 9mo R =CL+CE +Ce ~ C +C.
R_ CL 1 ’ 7
j l: Cc (gmg - Rz ) CL + CE ngCC ngCC
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Resistor for Miller Compensation

* Typically the feedback R, is realized by a MOS transistor in the triode region.

* R, changes substantially as output voltage excursions are coupled through C. to
node X, thereby degrading the large-signal settling response.

* Let VGSlB :Vng ==> VGSlS :Vesw Omis = /upCox(VV / I—)14 (\/0314 - TH14)'
L W/L)
Ronts = |::upC0x(VV I'L)1s (Vosis — TH15):| = s W/ L)i:

* For pole zero cancellation to occur

W/L), 9 C, s Cc
i EW/LL—, o L“C_]’ (W/L)s = W/L), (W/L), lose Cc +Co

C
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Defining g, with respect to Rq

J—CE Vpp

Rs T
Mpa ] My, 1 d[ My
T .
Rz
Wy ||
I H= |[LMy =
| Mp1  Mp | |

Use a simple resistor for R, and define g, 4 as a resistor that closely match R,.

Incorporating M, ;-M,, along with R to generate (p.379)

-2 -1
IbOCRS Omo €~/ lpg /1511 € Rg

Proper ratio-ing of R, and R, with temperature and process variations.

Short channel effects may deviate from the square low regime and create errors.
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Increased Load Cap. on Step Response

Cc
||
11

* In a two-stage op-amp, a higher load capacitance presented to the second stage
moves the second pole toward the origin, degrading the phase margin.

— The response approaches an oscillatory behavior if the load capacitance
seen by the two-stage op amp increases.

* In one-stage op amps, a higher load capacitance brings the dominant pole closer
to the origin, improving the phase margin.

— Making the feedback system more overdamped.
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Slewing in Two-Stage Op Amps

Cc
|
|

| Vutzlss'[/CC,SRzlss/CC —— VoD
|

Voo V,
0||£L Iss Mg Ms | |
A |': M sg+ 14
> —— Vout 3 Tolx I: xl q[
Cc

—l_—o—vnut Vin ‘ T o Voaut

Voo M 4
——d [ m = = =
_T_ 5
E‘I T Ce v » C_is charged by a constant /. if parasitic cap.
Vil‘l —| M-' lej p— " out L.
at node X are negligible.
@ | gs @ p » The gain of the output stage makes node X a

virtual ground.

* Forthe positive slew rate, M5 must provide two currents : /s + 1,

— If M5 not wide enough to sustain I, +/, in saturation, then V, drops
significantly, possibly driving M, into triode region.

* Forthe negative slew rate, |, must support both I, and | .
— Ifl; =, V, rises so as to turn off M5.
— Ifl; < I, M; enters the triode region and the slew rate is given by I,,/C..
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Other Compensation Techniques

Vo e The feedforward path formed by the comp.
5 | capacitor causes a right-half plane zero.
]

Co e If C. could conduct current from the output
| ——V oyt node to node X but not vice versa, then the
zero would move to a very high frequency.

[ M, — Inserting a source follower in series with
the capacitor.

~OnVs =Vou (R +CS), V= i(1+ sR.C,)
gmlRL

8) Yoo Vout _Vl +] = i
IR 1/g,,)+@/sC.) " Ry
1
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Compensation Using Source Follower

* We have
Vout _ B gmlRL RS (ng + SCC)
L, RLCCCL(1+ Om2Rs )32 + [(1+ Im9m2RLRs )Cc + ngRLCL]S + 0
If  1+9,,Rs>>1 (1"‘ OmImRLRs )CC >> 0, R.CL
..~ gm2 ~ 1 o .~ gmlngRLRSCC ~ gml
pL =~ ~ p2 ~ ~
OmImRLRsCe 9 RRsCe RCC.0..Rs C,

* Thus, the circuit contains a zero in the left half plane, which can be chosen to
cancel one of the poles.

e The new values of @y, ®,, are similar to those obtained by simple Miller
approximation.

* The source follower limits the lower end of the output voltage to Vg, +V,, .

* Itis desirable to utilize the compensation capacitor to isolate the DC levels in the
active feedback stage from that at the output.
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Compensation Using a CG Stage

‘I-':Ic - 11 T Vout
X 11 g Vout v,
] < 9 mV o M
First Stage Ve, o[ M, — 1
S — :E ICL

¢ C.and the common gate stage M, converts the output voltage swing to a
current, returning the result to the gate of M,.

* If V, changesby AV , V,, changes by AAV

* The current flows through the capacitor is nearly equal to A AVC.s because
1/g,.,, can be relatively small.
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Compensation Using a CG Stage

Cc
oY sC
- : I I * *— Vnut VOUt + == - _VZ’ V2 = _Vout —
sC. sC. +0,,,
V2 (%g m2V 2
_+ M4
= | R —C
V1 * I—E ) ) gmlvl +Vout i_'_SCL = gmzvz' Iin :i_k gm2V2
lin Rg — — —3 RL Rs
_ _ 1
“m~ 3 RRC
Vout _ _gmlRSRL(ng +SCC) Im Rsbc
I, R.C.Cs®+[ (1+9uRs ) 9:R Ce +Cc +9,,R.C |5+, .~ Im2RsOm
p2 ~
C,

e Contains a left-plane zero

The second pole has considerably risen in magnitude — by a factor of g ,R..

— At very high frequencies, the feedback loop consisting of M, and R¢ lowers
the output resistance by the same factor.

— If the capacitance at the gate of M1 is taken into account, pole splitting is
less pronounced.

— This technique can potentially provide a high bandwidth in 2-stage op-amp.
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Slew Rate Analysis

Vb Vb
|3d') é)H AL My I3d) d)H
Ce Ce
X ‘ H Vout X H & Vnut
Vod [ | M, Ve[ M,
Isg l
P
l IC M, P IC
- S? L = é M
Mo T ss b =
| |2=|3=| IIZISS+ID1 = IZZISS+ID2
ss Is = I3 =14

* For positive slewing, M2 and hence /, must support /¢, requiring that
— IfI; <lIss+ 1y, then V, drops, turning M, off.

— If I, <ls, M, and its tail current source must enter the triode region,
yielding a slew rate equal to /,/C.

* For negative slewing, I, must support both /. and /,,.
— As /i flows into P> V.o, 2 15, >V, - Pisavirtual ground node.
— I3 and [, must be as large as I, raising the power dissipation.
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Alternative Comp. of 2-Stage Op-Amp

Via leM? MB#H ; =
]
Mg Mg
V2 4|_1 9L X ¢ o[ Mg
2P x vy f——dl
Mg J Mo '||_||:

v | | M, Ce
V -T_ ?;1 '—ll'dla M 4 C=c I ; ¢ | | ¢ l Vo
nung% v, 1M, m, ?—‘ 0 _|:_c._ " S+B|in R, 3 lCL

* The zero appears at (g,,,Re, Guo /Cc)

 The dominant pole is located at approximately
RqumQRLCC

gm4gm9 Req

L

* The first non-dominant pole is given by
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