Design of analog

Integrated circuits

part 1. Operational
Amplifiers

1.- B. Razavi, Design of Analog CMOS Integrated Circuits, Mc Graw-Hill, 2001
2.- R. J. Baker et al., CMOS Circuit Design, Layout and Simulation, Wiley Interscience, 1°' Edition, 1998.
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General purpose operational amplifiers
High voltage gain

High input impedance

Low output impedance

Tradeoffs of Opamps for Specific Application
Voltage gain
Input impedance
Output impedance
Speed
Noise
Output swing

Power dissipation
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Used to lower the gain at ugh frequencies (compensation).

Provides current gain

I
| /
Diff-amp Gain stage Buffer \

High swing

V gy Vour

Fig.1: Block diagram of two stage Opamp

If the opamp is intended to drive small capacitive loads the
output buffer is not used.

If the opamp is used to drive resistive or large capacitive loads
then the output buffer is used.
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Differential amplifier Common Cutput
source buffer

Fig.2: Example of Operational Amplifier with output buffer
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Av_dm - gm],z[(”oﬂ//(’”m)]

Vin_CM_min = Vesi2+ Vpss

= Vesio T Viss — Viny

Vin_CM_max =Vop—Vscza+ Vinn

M5

SR =dV,/dt = 1,,/C,

F55

Fig.3 Differential amplifier

S =1/ [27(r 5, /77 0) Cr,))]

Av_cm =-1 /(2gm4r06)

with Cr, =Cp + Cppy + Copy T Cypy + Cop

CMRR =20log| g, 705 /0028, o6 |
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= suffers of low output
Ms Mg swing. Difficulty in
s I me i = = shorting input and output,
; — o ¥y o—t e.g. to implement a unity-
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Advantage: higher gain

Vo= Vrne

A, =g (€ ot op)] The ¥, range can be maximized
minimizing ¥, but always less than V.

Output Swing: Vo = 2[Vpp—Vopr TVops YVop cs T Vops T Vo]

Input Common Mode Range V., cas min = Viasi TVas o
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I
Advantages: it Vou Vi d[®
allows to short input Vool M, o>
and output with
negligible swing Yin ol M,

limitation.

ET

Disadvantages:

Generally folded
cascode consumes
higher power.

(b}
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Folded cascode diff. amp topology
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Output swing at each side: V,,, , = Vyp— (Vops + Vops + | V0D7| + | Vobo |)

Voltage Gain: A, = 8ill(&ns T &b 03V 01V o)1/ (€7 + & 07" 0]}
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Design procedure consist in:

» Device sizes and biasing conditions,

» Compensation the opamp for stability,

» Simulating and characterizing the opamp:
Open-Loop gain; Ay,
input common mode range; Vi, cy

common mode rejection ratio; CMRR
output voltage swing; V,
power supply rejection ratio; PSRR

current source/sinking capability; I

power dissipation; Py
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15t step: Device Sizes

(a) selection of I of first stage; this is an iterative
process, we select a value of /¢ and verify that the
characteristics of “4,,, V., -, CMRR, power
dissipation, noise, matching considerations, and SR “
are met.

(b): selection of Vg; in general, the larger (increasing
W while holding L constant) we make the MOSFET in
the differential stage at a given I, the lower V:

Advantages: V., ., Is increased, the noise is lowered,
and matching is better (i.e. offset is reduced),

Disadvantages: layout area is increased, and parasitic
capacitances, and thus lower speed.
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Exercise 1: design a fully m; m, IZJ Yoo
differential cascode diff. amplifier M2 = =1

(see figure at side) with the

following specifications: V,, = 3V, e
differential output swing = 3V, power

dissipation = 10mW, and Voltage

gain = 2000. Assume L = 0.5 um,

w,C = 60mA/V?, ypcox = 30mA/V? Viq = —]
A, =01V ip =02V, y=0, Vo ; 3 4
=0.7V, Vyp = - 0.7V REF1 » .:._||:_I M, M, r:"_
hr_'- T.
M I
To be solved in the classroom . 'I{ £
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(c): selection the size devices of the 2nd stage and output stage;

The same considerations that applied to selection of diff. amp /¢
apply to the selection of /¢ for the 29 stage.

Notice that with both inputs of the opamp (i.e. Gates of M1 and
M2 in Fig. 3) at the same potential, the same current flows in M3
and M4.The result is that the Drain of M4 is at the same potential
as its Gate. Therefore, if we want to set /,,, = I,,,, we must use
the same size for M7 and M4. But if we wanttoset /,,,= %2 1,
then size of M7 is 2 of size of M4.

On the other hand, 7, = I,,,, then we size M8 to drive this
current.

Note: the following steps of design procedure are based on basic two stage opamp
(Fig.2)
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Voltage Gain of 2nd stage (C-S Amplifier):

.-:4': . Ay =-g,7r07 /7 ps)

| e Voltage Gain of the opamp:

Vo AIAZ =[gm1(l’02 //1”04)][-gm7(7'07 //FOS)]

vloMio1 a4 M0

d 4{ The output stage is a Class AB amplifier:

— MB
M91 and M101 are used to bias the source-followers
buffers M9 and M10 (see Fig.4).
Notice that for a given V¢, ;, the maximum and

Commmon Outont minimum current we can source will be respectively:
SOuCe I:rug:r B [310
4. — = — 2
Etlggt g? Spa;rgpompm 1 O max 2—9 (VGS9 o VTHZ\) ? IO_min 2 (VGS] 0 VTHP)

The size of M9 and M10 are definedby /., . andl , . respectively.
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The output swing is given by:
{:”: M7 Vout_max — Vpp— VGSQ
i _ V. . =Vt
MO out min SS GS10 —
MOI— ]
Vour ' | M9
Mi101_ |t Mio The dissipated power at i1
output stage is : R
‘{ ME . Vaur
PD o VDD [O R
M12
The P, in the opamp is the i
product of the sum of the
Common Outpnt currents flowing in the VsS
souree buffer current sources with the Fig.6 Short-circuit protection circuit,
Fig.5: output stage of opamp power Supply voltages with R= Vo /1,

If dissipated power is large enough, the runaway drawback will be present and a short-
circuit protection must be added (see Fig.6) to the output stage in order to reduce ¥V,

variations.
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2"d step, Compensating the opamp:
|AB| dB A

_gﬂﬂ

—180°

Phase angle of A8

—270°

—360°

Gain margin

wign

-
w (log scale)

I’UI

— -
w (log scale)

For a feedback amplifier:
Acp = —AOL
1+ Ay B

unstable _when: Ay f=-1
| 4o | =1, for£A4,, B =+180°

To ensure stability

| 40,8 =1
Must drop to unity
before
Ay B = - 180°

Phase margin

Fig.7: stability criterion

The 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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The circuit exhibits two dominant
poles at nodes E and A.

Note that, since the poles at E and A are
relatively close to the origin, the phase angle
approaches -180° well below the pole at X.
“the PM my be quite close to zero even
before the pole at X contributes significant
phase shift”.

i

0 =

T | R

:IJMI..--- == =

ipX| -

[
i (l0g scale)

180 2heiiceinenn

LaHw) y

-
 (log scale)
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Notice that the 1st stage exhibits a high R, and the 2nd stage provides
moderate gain, thereby providing a suitable environment for Miller
multiplication of capacitors:

“the idea is to create a large capacitance at node £ = (1 + 4,,)C.”
moving the corresponding pole at lower frequency w,. = 1/{R,[Cy +
C-(1+4,,)]}, where C, denotes the capacitance before C. is added.
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...frequency response of two stage Opamp __

+¥op
* J
Qsjj—«—-l 0Os i o Gm] — 8mi — m2
_ ‘I’f GmZ — 8me
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;REFGD —|i—< Ry =105/ To7
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.""rr.l' Gu.l] v.l'{:' l.l;"}l —_ Fl Vi.'-_' GJJJZ ll"'ll.r"' RE — Cﬁ \
O———=0C — — E— ) — — —
G = = _ _ —
Cr = Coar T Capy + Coay T Capy T Cos C, = Cyst Capy T Copy + €,

Jo1 = 1/C2aR,G,,R,Co) || f,,=G,,/(27C))

fT:GmI/(27TC() fZ:Gm2/(27ZCd
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drawback
my The zero is moved at
: lower frequency.: w_ =
¥ A | v z
it ‘—l—“ ol
':L‘_l' M—I o (Cce + ng9)
" and the pole w,, = g,
/C+C))
R, denotes the output ) W I—y

resistance of the 1st stage

and, R, =r,y//¥p;; T Van
Cg
As

FIHCAEM E‘; S V.. 0—

DY il DR

»
HLT I l::l._ 270, e 3
i LBH ) y
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One SOlution consist in place a
resistor R, in series with C_.

1
w, =
Ced/gne—R.)
sl Voo Notice that we can make R_ = I/g,,
Rg ©
w " e = In practice we cancel the
Vi) i v nondominant pole by making:

HL% If-"u. 1 _ —8mo

; Co(gmo—R.) CL+Cg
C;, +Cp+Cp

then: R, =
ngCC
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...Example of compensated two stage opamp

All device lengths are 5 um

except output buffer, which DD =213V
uses L =2 um since the .
oufput resistance 1s less
important. M3 e
10 ‘:' ‘ c’| 70 8.75p
LY
14.5k 150,72
DD =25V —
= M'E * r - Vour
+ \ 15 13 ‘ +
M v = v "
b I M6 13
a0
T
PS8 =—25V
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vo(t) =1t /C¢ ‘ SR=1/C,
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Due to large positive
step M2,3,4 turn off,
then C, is charged
by a constant
current I if parasitic
capacitances at X
are negligible, then:

SR=1/C,

¥ino—]

Vour

From:

Jr =G /(27C¢)
or

SR =271,V op,

A higher SR can be
obtained if M1 and
M2 are at larger V.

Voo

1 _1Ems
Ce
Vigo—i M ”EEIL"_”VM
¥) i
lgq 9 !
{a)
¥
Mg oo q
leg+1y M
Ce 3
2 Vout

ik

Similar
situation for
Ya  negative SR.
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