The simplest CMOS two-stage op-amp
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Use of a single M8 device to bias multiple op-amp

,J T
| I
Vdd T
F_I M6 o " e
M8 :h 1 5 I 8
M7 I—ll l ll1 |—"_”: [:
V. V.
besy! "M M2 a  Co o -+
K H{Ys R, |~ " M8 can be shared among different
ws R wae —— amplifiers and is not part of the op-
+ M5 amp architecture

For this reason, we do not consider
M8 in the amplifier topology
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Degrees Of Freedom (DOFs)

— Possible DOFs:
}"J IVIBI[ |
W'—lllo I YV Il_of all devices (14 DOFs)
v, Vi >
oEm w2 g Ce —DV Ce, R
kY PR M " First estimate: Total number of DOFS: 18
s [, ma IR
- E i But ...
" * Not all DOFs are independent.

« It is necessary to choose a set
of independent DOFs
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Constraints

Constraints are relationships
among DOFs

Two types of constraints:

« Equality constraints:
E.Q. d = Ps
I, B

* Inequality constraints:

E.g. GBW(DOFs)>GBW_.
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Constraints

« Every equality constraint reduces the dimension of the DOF
space. Equality constraints represent exact conditions that has
to be fulfilled in order to guarantee correct operation of the
circuit. Some equality constraints derive from simple
considerations, such as symmetry: M1=M2, M3=M4. With a few
exceptions, equality constraints are specific of the topology and
does not depend on the specifications

 Inequality constraints are derived from the circuit specifications.
They do not reduce the dimension of the DOF space but select
regions of the DOF space where the specs are met.
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The sizing process: role of multiple inequality constraints

A very simple case with only two independent DOFs and two
iInequality constraints

Region where DOF2 cRcfl?;Ec)paivr::elries respected Qombiqing the various :
constraint 2 is respected inequality constraints, we find a
domain (the intersection of all
regions) where all points satisfy
all constraints. All points in the
domain are valid solutions.

If such region does not exist

Region where i ] .
both constraints are respected (nu|| mtersectlon), the s|z|ng

problem is: "unfeasible".
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The sizing process: automatic algorithms

Computer programs that perform
automatic sizing, are not
Region where compatible with an infinite number
constraint 1 is respected . . .
of feasible solutions. To find a
single solution, an optimization
condition is often added.

Region where DOE?2
constraint 2 is respected 4

P

If the design is performed
DOF1 manually, any point (set of DOFs
values) in the intersection domain

Region where

both constraints are respected IS a good solution. Also in this
case, optimization or arbitrary
techniques can be used to operate
the choice
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1.

Sizing of a new topology: steps

Find equality constraints to reduce the number of independent DOFs.
These constraints will be of two types:
(a) Strictly necessary constraints (if not respected the circuit does not

work properly)
(b) Arbitrary constraints: they are added to further reduce the DOF set
and simplify the design. These constraints should be motivated.

Choose a set of DOFs that have the following properties:

(a) the remaining dependent DOFs can be easily derived from this set;
(b) the specifications (inequality constraints) can be written easily and
in a simple form as a function of the selected DOFs

Write the specifications in terms of the selected DOFs and try to find
general design rules.
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Equality constraints for the simple 2-stage op-amp

Symmetry (necessary to obtain low offset

and high CMRR
N. of equality
constraints
M1=M2 (W1=W2, L1=L2) """ 2
M3=M4 (W3=W4, L3=L4) """ 2

Current ratios
Il — ﬂ6 W6 /L6

— — 1
I, B W, IL

Initial DOF number: 18 , Resulting DOFs after reduction: 18-5=13
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M3

Necessary constraint: null systematic offset

\./dd-l— Vout
Iﬁj MGII: Isc CD % R,

M7l—lllo 1,1 E .

) ISC
M M2 a3 +—D V_’ v, = Vag

vV o=Zldd 2
K H V1 out 2 + v
M4 IR % 2 ltis not possible to exactly
- M5 predict V, ,, but it will be far from

V4! 2 If I Is consistently
different from zero
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Necessary constraint: null systematic offset

\

'Since only a common mode
voltage is applied to the input:

Ve =V = Vigs =Visa

—
i
11)3:11)4:30 P
Y
D5
2 p,

\-/ddT ISC:ID6_ID5:O :> ID6:ID5
o
M;l_lllo
VC ) VC
oM w2 Ca
K H V1
M3:l|—"—| M4
e
I, =1, = LB _ O& 15 _ b
2 65 5 25 B

J
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i1

Vi2
Mt M2 Ce —E\?

M3

More constraints

15 _ 5
25 B

Arbitrary constraints
Good matching M5-M3: L.=L, <

Null (small) systematic offset <=

V ) out
£||~—|H : ‘ Re !E Good matching M6-M7: L=L, <=
E‘Nm

Let's now consider the
output characteristic

A
e : Vs =V, Symmetric output swing
1 (same margins to Vdd
/ and gnd)
_ l(VGs -V,), (Vos =V,), =|Vis = V|, -
gnd=0 T »V,-,q
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Residual number of DOFs

13-4=9 Of these residual DOFs we can separate two ones (C. and R) that
do not affect the dc performances and the operating point. We will
come back to them later. Then we will focus on 7 DOFs (bias
current |, and device size) that affect the operating point and we will
call them "static" DOFs).

We could select 7 DOFs within the original set (16 DOFs, R; and C are
not included) and then try to derive the remaining ones using the
equations that tie them (equality constraints).

It is more useful to choose a set of DOFs that may not necessarily
iInclude the original 18, in a way that the other ones can be easily
derived.
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Selection of the 7 DOFs

Rationale: the most important MOSFETs of the
MG'[ circuits are M1 (=M2) and M5, since these are the
| I devices that are at the heart of the two stages,

’ where they perform the V-to-1 conversion.

a
! Yo We include all possible DOFs of M1 and M5 into
Re the selected set

L MI: W, L, |Vg =V,
M5: W;, Ly, (Vg =V))s
To complete the set, let us include also L into the DOFs
Final set of static DOFs: {Wl, L, \VGS —Vil,» Wss Ls, (Vg =V))s, L6}

6 DOFs
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Derivation of all the op-amp parameters from the 7 DOFs
All conditions will refer to the operating point (V,;=0)

M2 is dentical to M1, then M1 DOFs specify also
M2 parameters

Vooor=21, 1 =1, -
U W, 2
- :IDI :fp(VVl’Ll’VGS _Vz|1): pzoxz (VGS _Vt)l

v

ou

C, W.
Ins =1, |:VVS’L5’(VGS _Vz)5] = ﬂn20X f(VGS _‘/t)i
—
M3=M4: L, =L,
I3 =1, HCox Ws 1), W,
_ ) B 2 =T
(Vos =V,), = (Ves =V, Lo(Ve-v)l L P (wan |
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Derivation of all the op-amp parameters from the 7 DOFs

i6: Ipg =1
L
|VGS _Vz|6 = (VGS _Vz)s —
ﬂpCOX VV6 = ID6 3% W67 L6
2 L (V-v), L
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Small-signal equivalent circuit

T
M6 C
{I‘J Il<—_ _ h V1 ‘/56/\ |c|; 0 Vouz‘E>
(_) M7l—ll IO (+) l[1 i2 D_+ ||
) v l — —
i1 V12 0O id < G R G R C
D wm M2 a3 CcrDo—0m v o= miVia [T |G mVs [z | ©2
,7;7 &

G, =8m R =1, Hrdz =Ty Hrd3

M5
o G2 = 8 R, =715 Hrd6
Note: the equivalent circuit can C,=Cp, +C,p, +C
be used to represent the ,
C,=C,+C, All these values

behavior of most two-stage
topologies, not just the simple C,'=Cpps+Cppe
amplifier of the figure.

are functions of
the DOFs
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C
h V1 RC IC 0} vout
Vi2 D—+ ! VWA | g D
Vid <l>G L 1 ::C 5 R2 — C2
Vi‘,‘ D_— m1~id 1 m2-1 |
h v, 0 Vou
Viz O— T ! R
Vv, =— V.,
v, <l>G . < 2 . I mVia "4
— m1Vid 1 m2Y1 2
Vis D—

) Vou =G0V - R,

out

Vour =G (_Gmlvid 'Rl)Rz =G, RG,,R,v,, :> Ao — GmlRlesz
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dc gain as a function of the DOFs

- h 4 0 VYo
[ - M6 [~ o B T ©
| |
V.
W”—llo | llf V., D—_Id <l>Gm1vid %RT <l>Gm2V1 R-?
u M1 M2 & Co D> ” '
O —a C|_0 V. —G RG R G . = g
< ulv, [Ri;j Ay =G, RG,,R, Gml "
M3 [H—[ w4 l__, 1 1 m2 = 8ns
R =1, Hrdz =T Hrd3

M5 AO:gml 1 1 ng 1 1

R, =1, Hrd6

,7;7 s 4
+ +
_ 1y i Tz Yas e

Em I, =1,,

TE _ 1 1 1 1
1 ID5 _ID6 AO —
r_:gd = A1), Vier Vies (7‘1 +7"3) (7"5 +7‘6)
d
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Frequency response of a two-stage op-amp

vV
a3
K H V1 RC |_‘ VOU!
M3 [ ma ﬁl:

Vie D_-I-
V.

Viy O—

id ——

’ ? D
& 3=
C,-d Y (S, R1 C1 G,V | Rz C2

- Cfc

thcCC v

1 | 0 VYout
) ¢ -/ \V\ | ) ¢ D
l p— —
<>Gm Vid RT C1 Gm2V1 R2 CZ

1

This circuit does not include all
components that affect the frequency
response:

ic h v RC
* —/V\

7
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First stage

c = Cul Frequency response -
id — A
2
The short circuit output current ::Ctaf/
| | of the first stage also depends o | Tail pole

itc on frequency
— "ic h V1 V,-2
Vio [>—+ ' ! _ﬁV out |:> M2 H_G

L =
Vis O C"d Ym1 (S) Vij% i C1 M3

;]”_C,.C The tail pole and Mirror pole
mirror pole (and a Cmirror

zero created by

These capacitances determine the load
presented by the amplifier to the signal . .
source. We will suppose that v,; and v, are their combination) affect

i 1
produced by ideal voltage sources, thus no ::]m(s).dFreqfuenmes areof »  _ Sm
loading effect will be considered eorderot — ———> 2w C
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Frequency response, simplified small-signal circuit

C
h v, RC |(|: 0 Vout
V,,-2 D: ) ¢ VAVAVA | * * D
RN T S
vV, O— Gm1vrdiR1 C1 N2 R, CZ

If the compensation group C--R. is not present:
P JIOHR B We still have C s

hoy  Cos o V.. parasitic capacitance,
Vo D - —ir- D which is not sufficient to
v, D= m1 ,d”% 1Y m2”1 compensation effec
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Uncompensated frequency response

m_

f y R.R, =1, f

C,C,,C,s=C, (parasitic cap.)

Without compensation, we have two poles at

frequencies f,;, f,,, which are of the same

order of magnitude and none of them is
dominant.

The result is a very small or even negative
(= instability) phase margin.

-180° -
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Miller compensation = Pole splitting

h v. R Ce 0 V., . _
V) o —r— b ’ N It is convenient to
[f <l> L d> 1 divide the bridge
id my T : :
_ G vy, [R |C G.,v, [R | C impedance R;-C into
Vi1 D— mi-i 1 m

two impedances by

To do this, we need to calculate the Miller means of the Miller

factor K=v,,/v,. We force voltage v, and use theorem
the Norton equivalent model
of the output port. P __ sC
out—sc m2"1 1 1 m?2 1+SCCRC
Vout'_\ ‘ SCC

(‘) # % - T o {sz +5C.R.G,, _SCC]
o =
2 ourse 1+sC.R,

P. Bruschi — Microelectronic System Design 24




Miller factor

Cc
¢ Vout
w— ! = T D (szJrSCcRchz—SCC]
+ 1 . out—sc 1 1
T I +sC.R
(—) v, ?szvf % R2 C2 out-sc c e
e |
1+5C.R, —s5 <€ 1+SCC(RC_]
iout—sc — lemZ m2_ | = VleZ m2
1+SCCRC 1+SCCRC
1
1+sC.| R, ———
R, Ce Vo Voo=—Z(s)i.  =—Z(s)vG G,,
VWA H * * ’ D out out—sc 1Y - SCCRC
—1 4+—
’ 1 - %
CP 1 %Psz"f % R, | C Z(s)  Miller factor: K(s)=—2
77 ) ’ v,
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v

K=-=-7G,,

Vi

The low frequency limit of the K factor:

™

Transformation of the bridge impedance Z- by the Miller Theorem

v

1+sC.R.

I ut D
——
Gm2V1 RZ C2 Z

1 AN
1+ sC, (RC - j
GmZ V1
s

Z(f%O)=R2

1
1-K  joC.(1-K) Zc

K(f — O) =—G,,R,

Zc(f<<

RC
1

2w

27C.R, ] jac,
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Miller transformations: shifting the input pole to very low frequencies

Ly = Z = : Z Kz _ S
I-K jwC.(1-K) My _ _
JW ¢ I1-K joC.(1-K) { Using J
2

K=K(0)=-G ,R

1 1 1
Ly = =" Loy E——— D)
joC.(1+G, ,R,) joC.G, ,R, joC,. |&
h V1 0] Vout
V."2 C— 1 G RC ? =
v, O e - L This sets the
v o= |G [R |G s TGmt [Re | @ |G dominant pole:
fas (Ve
First effect of Miller compensation: a very large capacitor o = 1
GnoR.Cc is brought back to the input mesh, shifting the input | * RG R,C.
pole back to low frequencies:
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Second effect of Pole Splitting:
shifting the output pole to high frequencies

C NO
h | Fe ||C’§&O You o We cannot use the Miller theorem
ie D 1 T in, b th ti |
v <l> nl again, because the resulting pole
“ Ye v. TR, |c G v SR ]cJc, would fallatfrequencies where K
v., D— m1Yid 1 1 m2" 1 2 217 2m ,
i e : is very different from K(0).
1 :
At frequencies such that: o~ <<, —~<<f and sl >> R
2 1 C
The equivalent circuit
reduces to:
h v, (’;C V., Current source Gm?v, is controlled by
T | the voltage across it:
__C1 Gm2V1__C2 CC

v, =V
1 out
C, +C,
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Second effect of Miller Compensation:
shifting the output pole to high frequencies

out

h v, - v, Then, it is equivalent to a resistance: R, = i
[=
C
— l T 1= Vout CC l= Gm2vl = vO”tsz -
o Gn2vs | ©2 C +Ce ¢ +C¢
1 C+C . . . CC
R, = V"f“ = L_~¢ This resistance "sees" a capacitance: C, =C, +——=
i G, C. <= G +Cc
This sets a pole at: @ =— \
sselsapoied. =% e Note: R, is actually the op-amp output
1 resistance at medium and high
@, = frequencies. It is of the order of 1/G,,
1 C+C, CC. . m
C,+———— and is much smaller than the value in dc
G, C. C +C.

(order of ry).
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Second effect of Miller Compensation:
shifting the output pole to high frequencies

1 1 - G,
wz—RVCV— I C+C. (C . CC. j - CC,+C.C,+C,C.
G, C. \* C+C. Ce
W, = G = S C. = C,C,
Corcre] arefinl 9G] STase
CC C'C CIU
fw2: G ™
(C1+C2){1+S]
- ),

Series of G,

and C,
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Miller Factor and overall transfer function
C

| ]
1+5Ce| Ro——— B
. Vv t Gm2
Miller factor: K(s)=—2-=-ZG, G
v 1+ sC R, mz
C
h V1 RC |C|2 0 Vout
Vi D_-I- ! VWA 1T ] &
vy < — T
v, D= G,V R £1 2%%‘@ %R2 C,
% Vv, V %
Factorizing A: A =—24 =—L 00 =L k()

Vie Ve Vi Via
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The zero introduced by R--C,

[ [ 1 h
1+sC.| R, —]
G — Vou _ vl vou — vl
K(S) _ Vout — _ZGm2 ? m?2 A — I — [ K(S)
V| 1+sC.R, Via  Via Vi Vi
\ J
. . 1_ ~ ~1 G
There is a zero in K(s): It R=0 s = = _m2 5 ()
1 (no R,) c| 1] Ce
SZ = C G
1 m?2
(k) _ _
G,, This zero occurs also in the overall transfer-

function of the amplifier (A). It cannot be
cancelled by an equal zero, since an unstable
pole (>0) would be required
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Al

Effects of the zero in the transfer function

Thanks to Rg:

-1
S =

’ 1
c., [RC _GJ
m?2

1

Rc:G_ Szﬁoo

m?2

NN With this choice for R, we can
3\ » eliminate the zero and cancel its bad

\ ________ -------- effect on the phase delay.

[0
-90°-f------4 A Other choices are possible:
480° 4N forR>1/Gp,itis possible to change
' "N the positive zero into a negative one

phase margin

and use it to compensate f,,.
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Summary of pole splitting

C
h V,’, RC ¢ O Vout
Vio O— ! W ! 1 —0
v, <l> p— —
V., D—= G, iVig iR1 C ¢Gm2v1 % k3 I

Capacitor G introduces a feedback across the second stage that:

1.

Puts an equivalent large capacitor (C-G,,R.>>C,) across the output
resistance of the first stage (R,) shifting the first pole back to very low
frequencies

Reduces the output resistance (R,) at medium/high frequencies from
R, to a value close to 1/G,,,. This shifts the output pole to much higher
frequencies.

Resistor R is significant only at high frequencies and "shapes" the
zero, either cancelling it or turning it into a negative zero
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Pole splitting, graphical view

O

s

T
|
|
|

-180°

Al

-180° -t

After compensation

Before compensation
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Summary of singularities

= : 1

" RG,,RC, L Ce (RC G 2)

o, = G,, __ G, {1 G ] c - GG
S
(cl+cz)(1+cs] G+ G C,+C,
C

_ 1 5> This third pole (s;= —03), can be guessed considering
N 1 1) > that at very high frequencies the whole network

Rc c ' C * C reduces to the three capacitors and resistor R.

1 2 C
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