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Operational Amplifier

Need for high gain stage:

Vout = AVin
problem is that with V;, having even small DC component
A— o
V,,. Will be saturated to either V, or ground.
Vpp =3V

Assume A =100,000

V. = AV, =100v + 0.1v.Cos(2ft)
V,, =1mvDC +1;n.Cos(27ft)

We don’t have 100v bias on the amplifier

= V,: ®Vpp =3V = 5o the gain stage will not work if DC signal is present.

How about noise?

V., =1Lwv.Cos(24t) +10v noise — V_, = 0.1v.Cos(2xft) +1v noise

T

Signal
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Therefore the noise masks the output performance because it is amplified with the same
gain as signal being amplified.

Solution

—> use high gain differential amplifier.

_________________

:I Vin * ‘: VDD

= ~ (O

| NS

: : A VOUI

i Voe — |

i Mf,ise é \?\‘ If your input signal has DC component or common
:\ ,: mode noise component it will not be amplified by

the differential amplifier.

Assume: AW‘““ e =100,000

=0.01

AWcommon mod e

Vi“\diﬁ :l’UVCOS(Zﬂﬁ) - VOUt - A‘diff mode'\/i”\diff + A‘common mode(VDC +[Vn0i59 |)

— = 0.vCos(27ft) + 0.01v +1v, .
noise| = looluv ac

+ added noise of the diff —amp

Voo =1v
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High gain differential-stage are called OPAMPS

VDD
(+v, input) +
output
(-v, input) -
Usually they are built as following: L
_VDD
Ccmp
| |
[
— |+
Vin A1 Vout
N ~ J N\ ~ J N\ v J
Diff-input ~ High gain  Buffer for driving high
stage stage output current
C.mp 1S Used to stabilize the system when if is need with feedback.
Example of such OPAMP
VDD VDD VDD
|
25 300 Q
16 Qs J 16 5 1« 300
S| = h_‘ (A
S Q. Voo
[1_— 3001.6 3001.{] Ccmp Q,
Lo s t L e
out
> ”__. s ”: 500/,
10(y 25 :
16 JF——, 6 Q Q
:] [: 06 :“___”__, 15%.6 T L
Rb§ o 1 Qa Q4 1
_/ — A _/ U J
~ ~ ~ Y

Biasing Diff-amplifier Gain stage buffer
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Let’s simplify it:

Biasing: 2 PMOS current mirror

4 NMOS -> cascode current source with source degeneration

Voo
|
I |
101 j [:_ l ; I | | |
10 = 111 = li5 = I3
C W
13 lun2|c: - X(VGSB tn)z
3
e T s
| l EVGSB_ s T lis xRy 1
15 < )
I
:] [: l |15 — /Un(z:oleS X (VGS15 —
QlS Ql3 L15
R =8KQ
% i lis =113 — Wls(VGs15 _th)z :Wla(ves13 _th)z

W, =100m
W, = 25m } 7 2o )=, )

—> N, Vs, =V, -

- 2\/6815 _VGS15 —135R, :th - Vc—;s15 =V, =1;R,

n

ILlrICOXW ﬂnCOXW
s :TSBX(VGS15 _th)z :Tslsx(llst)z

Current
independent
of Vp -

2L1
—> I :—5 = I = I = 8.3!1A
' 1, C Wi x sz 0o

= i —
R, =6.2KQ, 1.C,, =100MV2, Ls =1.62m, W, =100.m




Differential Amplifier: Voo Voo
B —
25 300
[ - |
Qu 11
8.3
B g Q.
Vin Vin

__”4_— 300/ 3001.{“__

L . Touy

e :“___”__, 15016
1Q Q]

w 300
l.=—x1,="—"-x83uA~1000/A — I, =1, =50uA
5 W, u= o H H D, D, H

The diff-stage is differential input- single stage output.

Therefore the gain is:

Voutl
+

A, =
Vi

- = gm1 (rds2 || rds4)

n in

w
gm1 = \/ZﬂpCOX(le'I D,

1
'uPCox =§:uncox =33ﬂ%2

- O, :\/2><33><10_6 ><%><50><10_6

9, =0.78MY g,

Assume 4 =0.1:

6
fas, = Tos, = 1 = - = 10" _ 200KQ2
? ¢ Al 0.1x50x10 5

— A, =0.78x(200] 200)=78

102
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Gain-stage
VDD
[
- Qs ol 300
16 4|[ 16
l8.3,uA
|
A/Z = _gm7 (rds7 ” rdse)
T = 300 W 300
Vin ,A‘V1 IE 1.6 |6 :\N—6X|11 :2—5><8BIUA::LOOIUA:ID7
11
+— " Q |
A, =178 N W Y,
A,
W 300
= 20C | =] 1, = [2x100x107° x == x100x10°® =1.9MA
gm7 \/ /un ox( L j7 7 \/ 16 A
1
M =l = =200KQ
7 6 ix D7
— A, =-1.9x(200]| 200) = ~193
Source-follower
Voo 1=Wo oy 2900 100=1670A=1
9 m 77300 HA=1g
W
500 _ w _ mA
1.6 - gm3 _\/Zluncox( L jBIDS =3.23 A
IRL
'—'VOUI
ls R, =10KQ
RL
0 g. = OnY
7 Qs 15996 * T 2N + 20,

3.23

A O, N _
PR b v fy 18

0.97
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A=A xA, xA, =T78x(-193)x0.97 =14.605

A, =14.605

What other parameter are important:

*

Frequency response

*

Slew-rate

*

Systematic offset voltage

*

Output impedance

Frequency response

Is usually dominated by the compensation capacitor. We will take advantage of miller

effect in calculating the frequency response:

For this calculation we ignore the NMOS transistor biased in triode that provides the lead

compensation.



out

J=—
19

Since A, is negative high gain, C_, can be represented by its miller equivalent:

CmiIIer = Ccmp (1+ A\/Z) ~ 'A\/2 Ccmp

At high frequencies the gain of the first stage is:

Vout
A/l ( f) = V_l = _gml 'Zout1

in

at high enough
frequencies

!

1 1

~

Where Zout1 = IFdsz ” rd54 ” JCOC ~ ja)C
Miller Miller

Overall gain:

On,

Vout _ — — . —
A =5 = ALA A = ALAA () = ALK B, < 10Coy

n
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I,
AV(f):a)C— o, =2r.1,

cmp

Unity gain frequency is when |A, (f)|=1 S5MHz

-3
o, = gm1 _ 0.78x10 N fta _ Wiy ~ 25MHz

C 5x107* 27

assume 5pF

Slew Rate

Shows how the output of amplifier changes in response to large signal.

Slew rate = rate of change of output voltage
\. In this case only one branch of differential
amplifier has current (1004A) and the other

one is off.
100 LA

100 LA
| |
— e (I

; l l 100 LA _ .
0} lo 0
e I
4 4 Or
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100 LA
100s
l 0 100uA
100 zA l — Vout
| 100 0
e I

So in both cases, the capacitor C_,

current of 1004A .

dVout | _ IC

cmp

= SR=

no _ 1004A _

dt |

max cmp

If the biasis 0 > 25 =

t . :E:125 nsec
20

min

Systematic Offset VVoltage

When v;, =v,, then the output voltage v

reasons:

C 5pF

out

is either charged or discharged with a maximum

has to be zero volts. If it is not, there are two

1- Mistake in sizing the transistors of the two stages.

2- Mistake between the two transistors in the buffer stage.



Consider the first two stages:

- +
If v, =v,

To have V,, =

108

Q, Q.
__”:— 300/ '

n

3001'{“__

300

”: 1.6

o —_
1Q Q1

because of symmetry in the differential amplifier:

VDs3 :VDs4 =VG84

g VGS4 :VGS7

- th - th

Assuming identical
threshold voltages

but Vos, =Ves,

Voo +GNd  Vip

> : lp, = I, =1004A
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o, =lp, =215, = 1, =21, =100zA

= (ﬂj :%(WTJ which is what has been done in general to have 0V systematic
4 7

offset voltage.

Vl\_/ because % current of transistor #5 goes to transistor #4.
9!

Input/Output resistances

R,, = : Since we are using MOSFET.

Ry =1y, zi=%m;31og

I, I,

Note that: when you put feedback on the OPAMP you actually reduce R, to 1ROL¥A ~0.
+

feedback  Opamp gain

N-channel or P-channel input stage

Same amplifier can be designed with NMOS input stage. The gain part will look like the

following:
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VDD
[
VDD VDD
T
I [
Cog ) V
—fhe  Jd— | r

| l 1
& [

S~ _ N Y N 5
T Y Y
NMOS input PMOS High- PMOS Buffer
Diff-stage gain stage

We calculated the slew-rate for this type of OPAMP:

SR = dvout| _ IC””P max_ _ 2|D1 _ 2|D1a)ta Q)
dt |max Ccmp Ccmp gm1
C _Om
“™® @, — unity gain frequency

21

g L= (VGs1 _th)

HCoV ™
D, p2L (VGS1 - tn)2

For the same power consumption, since x, < u, P-channel input has a
factor of +/3 higher slew-rate.
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If first stage is PMOS > 2% stage is NMOS

The dominant pole of the opamp without compensation is set by 2"-stage. Higher
transconductance of second stage means higher BW for the opamp without

compensation. That means smaller C_  can be chosen, therefore increasing the unity

p

gain frequency of the opamp.

= P-channel input stage >  higher BW - lower C_, 2> higher unity

gain frequency.

If first stage is PMOS = third stage (buffer) is NMOS

NMOS buffers are better than PMOS, since they have less voltage drop (higherg,,)

-> P-channel input > higher g,, for buffer transistor = less voltage drop at the

buffer stage.

Noise consideration

% noise: PMOS input is better since PMOS transistor has less }/f noise compared

to NMOS.

Thermal noise: NMOS input is better since large transconductance (g,,) of the first

stage minimizes the equivalent noise at the input.



To suppress thermal noise, one can use a folded cascode.

Linearity

PMOS input is better (lower distortion) due to higher (Vs —V,, ).

I D

Higher (VGS _th) by
using PMOS increases
the linear region of

L —

N\

increase for PMOS

P-channel input:

Higher SR
- Higher unity gain frequency

- Larger }/f noise

- Better linearity

use folded cascode if

- Worse thermal noise = this is an importa
consideration

Feedback and OPAMP compensation

OPAMPs are usually designed to have one dominant pole.
A (0)] @ +— Gain of 14000

(log)

f ) /Gain of 1

v
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