Analog IC Design : 2022-23
Lecture 11
Operational Amplifiers

By Dr. Sanjay Vidhyadharan
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Operational Amplifiers

Op-amps (amplifiers/buffers in general) are drawn as a
triangle in a circuit schematic
There are two inputs
Inverting and non-inverting
And one output
Also power connections (note no explicit ground)

inverting input
output

non-inverting input
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The lIdeal Operational Amplifiers

Infinite voltage gain

— a voltage difference at the two inputsis-magnified
Infinitely

— 1In truth, something like 200,000

— means difference between + terminal and — terminal is
amplified by 200,000!

Infinite input impedance

— no current flows intosRputs

— in truth, about 102 Q for FET input op-amps

Zero output impedance

— rock-solid independent of load

— roughly true up to current maximum (usually 5-25 mA)
Infinitelyfast (infinite bandwidth)

— 1In truth, limited to few MHz range

— slew rate limited to 0.5-20 V/us
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Op-amp without feedback

The internal op-amp formula is:

V. = gainx(V, = V)
So if V, is greater than V_, the output goes positive
If V_is greater than V,, the output goes negative

out

A gain of 200,000 makes this device (as illustrated
here) practically useless
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Negative feedback

* Infinite gain would be useless except in the self-regulated
negative feedback regime

— negative feedback seems bad, and positive good—but in
electronics positive feedback means runaway or oscillation, and
negative feedback leads to stability

* Imagine hooking the output to the inverting terminal:

e If the output is less than V., it shoots positive

in’
* If the output is greaterthan V., it shoots negative

— result is that output quickly forces itself to be exactly V;,

negative feedback loop
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Negative feedback

* Even if we load the output (which as pictured wants to
drag the output to ground)...

— the op-amp will do everything it can within its current limitations
to drive the output until the inverting input reaches V;

— negative feedback makes it self-correcting
— in this case, the op-amp drives (or pulls, if V;  is negative) a
current through the load until the output equals V,,

— so what we have here'is a buffer: can apply V,, to a load without
burdening the source of V., with any current!

Important note: op-amp output terminal
sources/sinks current at will: not like
inputs that have no current flow
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Op-Amp “Golden Rules”

* When an op-amp is configured in any negative-
feedback arrangement, it will obey the following
two rules:

— The inputs to the op-amp draw or source no current
(true whether negative feedback or not)

— The op-amp output will do whatever it can (within its
limitations) to make the voltage difference between
the two.inputs zero
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Inverting amplifier

e ______________________________________________
RZ

_\/VV\_

out

* Applying the rules: — terminal at “virtual ground”
— socurrent through R, is ;. =V, /R,
e Current does not flow into op-amp (one of our rules)
— so the current through R, must go through R,
— voltage drop across R, is then IR, = V. x(R,/R,)
* SoV,,.=0-V x(R,/R,) =V, x(R,/R,)
* Thus we amplify V;, by factor —R,/R,
— negative sign earns title “inverting” amplifier
* Currentis drawn into op-amp output terminal
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Non-inverting Amplifier

R,

_\/VV\_

out

* Now neg. terminal held at V.
— so current through R, is I =V, /R, (to left, into ground)

e This current cannot come from op-amp input
— so comes through R, (delivered from op-amp output)
— voltage drop-across R, is I{R, = V, x(R,/R,)
— so that output is higher than neg. input terminal by V, x(R,/R,)
= Vou = Vit Vix(Ry/Ry) = Vi x(1 + R, /R,)
— thus gainiis (1 + R,/R,), and is positive

e Currentis sourced from op-amp output in this example
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Summing Amplifier

R

R, _\A/V\_

out

* Much like the inverting amplifier, but with two input
voltages
— inverting input still held at virtual ground
— I, and [, are added together to run through R;
— so we get the (inverted) sum: V_ . = —Rx(V,/R, + V,/R,)
* if R, =R,, we get a sum proportional to (V, + V,)
* Can have any number of summing inputs

— we’ll make our D/A converter this way
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Differencing Amplifier

 The non-inverting input is a simple voltage divider:
— V. oge = V'R,/(R{ +R,)

node
* So lf =(V" - Vnode)/Rl
— V=V oge— iRy = VH(1 + R,/R)(R,/(R, + R,)) — V(R,/R,)

=(R,/R) (V" = V)
— therefore we difference V" and V-

— soV

out
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Differentiator (high-pass)

R

_\/VV\_

out

* For acapacitor, Q=¢€V,so /= dQ/dt = C-dV/dt
— Thus V, ,=—I,,R=—RC-dV/dt
* So we have a differentiator, or high-pass filter

— if signal’is Vsinat, V,_,, = =V ,RCaxoswt

cap

— the w-dependence means higher frequencies amplified more

10/22/2022 12

ELECTRICAL ELECTRONICS COMMUNICATION INSTRUMENTATION



L_ow-pass filter (integrator)

C
|
|

Vin \AA/L

out

e If - Vln/R’ SO C'dvcap/dt - Vln/R
— and since left side of capacitor is at virtual ground:
—dV,/dt =V, /RC
1

— SO N~
1Vout \ RC

Vindt

— and therefore we have an integrator (low pass)
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Op-Amp Specifications

DC differential gain:

It is the open-loop voltage gain measured at DC with a small differential input
signal. Typically Ad = 80 - 100 dB.

let

Analog Design for CMOS VLSI Systems
Franco Maloberti
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Op-Amp Specifications

Common mode gain:

It is the open-loop voltage gain measured at DC with a small differential input
signal. Typically Ad = 20 - 40 dB.

Common mode Rejection Ratio:

It is defined as the ratio between the differential gain and the common mode gain.
Typically CMRR =40 - 80 dB.
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Op-Amp Specifications

Power supply rejection ratio:

If a small signal is applied in series with the positive (or negative) power supply, it is
transferred to the output with a given gain A ps+ (or A ps- ).

The ratios between differential gain and power supply gains furnish the two PSRRSs.

Typically: PSRR =90 dB (DC)
PSRR =60 dB (1 kHz)
PSRR = 30 dB (100 kHz)
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Op-Amp Specifications

Input offset voltage:

In real circuits if the two input terminals are set at the same voltage the output
saturates close to VDD or to VSS

- Vout
o+

Typically |V | =4 + 6 mV.

Vos

0s

Input common mode range:

It is the maximum range of the common-mode input voltage which do not produce
a significant variation of the differential gain.
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Op-Amp Specifications

Output voltage swing:

It is the swing of the output node without generating a defined amount of harmonic
distortion.

Equivalent input noise:

The noise performances can be described in terms of an
equivalent voltage source at the input of the op-amp.

Typically v, = 40 - 50.nV/\Hz at 1 kHz,
in a wide band (1 MHz) it results 10 -50 pyV RMS.

v
n v 12
n
O—@— = [dB| 1/
corner
O—sL 14 g white
out -
log(f)
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Op-Amp Specifications

Unity gain frequency:

It is the frequency where the open-loop gain is zero. It is.also the -3 dB bandwidth
in unity-gain closed loop conditions. Typically, f; = 200 MHz.

Vin ff
O b fo S

Phase margin:

It is the phase shift of the small-signal differential gain measured at the unity
gain frequency. A phase margin smaller than 60° causes ringing in the output
response.
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Op-Amp Specifications

Slew rate:

It is the maximum slope of the output voltage. Usually it is measured in the buffer
configuration. The nositive slew rate can be different from the negative slew rate.
Typically SR =50 - 200 V/us (lower values for micropower operation).

Yout
[ o, }ﬁ
-

Settling time:

The settling time is the time required to settle the output within a given range
(usually = 0.1%) of the final value.

Power dissipation:

It depends on speed and bandwidth requirements.
Typically, for 1.8 V supply, it is around 600 pW.
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Single Stage Op-Amp

oV

out

C gmN(roN”roP)-

L -

in
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Single Stage Cascoded Amplifier

. DC gain AO = (gnr:rrds)2

= low power consumption

=.only one high impedance
node: compensated with a

capacitance load (if
necessary)

<T Telescopic cascode
M7 %8

M5 M6

M3 |

* low output swing

= reference of the input close
to the negative supply

Vi o—{ et = two bias lines (Vg4, Vgy)
= 5 transistors in series
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Single Stage Cascoded Amplifier

Mirrored cascode ;—
: : N:JE| MIT MI2 MI13
= optimum input common

mode range
= only 4 transistors in series O_{ ” .\-12] }_O
= improved output swing s N . Vs o
= speed of the mirror =
= higher power consumption "]

O
Voutmax = VB1max + VGS4 - Vsat

—

Veimax = Vop = Vsat - Vss

outmax sat

Voutmax = VGS? T Vsat
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Single Stage Cascoded Amplifier

Conventional folded cascode

R
Vgy O M
B3 H._Mm | 11

ol

M3

AT |
I
3
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Two-stage op-amp

M3 M4

GND
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Two-stage op-amp

Open-loop differential gain:

The gain is obtained by multiplying the gains of the two
stages.

gm1 gm5
A =AA = =
(9us2 + Gusa) (Guss + 9uss)

AR

220,14, Cox \\ L W\ LJNL ) 1

) (A, + A, ) w) 714 Igias
J(L/GJ(L)Y

At low frequency the gain is inversely proportional to the
bias current.
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1 1 1
— = — 4 —

— = Jds1 T Gds2

B 1
Yds1 + Yds2

/4
Em ~ Jzuncox(f)ID
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Two-stage op-amp

Applying the same signal to both inputs the circuit
becomes symmetrical and can be studied considering

half circuit. | g g
A = A1 A = m1 mS5
| | ’<I | (Gus2 + Gusa) (Fuss + Guss)
MB | | 112 M7 | M6
IBias Out — —
o—{ MI O ACM = ACM1ACM2 = ( 2%137 )(g im; )
m3 asb ds6
I
| IES CMRR = 2 29m9ms
M3 Acy  Qusr(Guso + Guca)
GND o
10/22/2022 27

ELECTRICAL ELECTRONICS COMMUNICATION INSTRUMENTATION



Example of Two-stage op-amp

¥ Vou Q1 Q2 Q3 Q4
WIL

ﬁ'*‘:ltﬁj—i[[@ e in um

20/0.8| 20/0.8 | 5/0.8 |5/0.8

Q5 Q6 Q7 Q8

| WiIL

‘;—ltﬂ: G:ji—é L o NifMim 40/0.8 | 10/0.8 [4/0.8 |4/0.8

Irer = 90 pA, V,, = 0.7V, V,, =-0.8V
E’-th—*—lt[ih =L o H.Cox = 160 HAIVZ, 1 C,, = 40 PA/V?

V.| = 10V for all devices
Y Voo = Vs = 2.5V

Find Iy, [Voul, [Vasl: 9 T, for all Q's,
voltage gain,

input common mode range,

output voltage range.
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Example of Two-stage op-amp

Solution: DC Parameters

T :.',.l.

A

e

10/22/2022

e =90UA
_ Wi
WD),
(W/L),
Ipy=-
(W/L),

D5

= 90uA

1
Im =1, ="m =1, =%= 45uA

1 W 2
Iy = EM'CM (E][Vm’|

VGFI =|Vm'2|=‘vﬂv3l=|vﬂv4‘=0-3
VD'I—’5| Sk |meﬁ - 1"’2’}1’?| = |vﬂv:-;| =0.3
Vos| = [Vov|+ [V

NMOS :|V;|=0.3+0.7=1.0V

PMOS :[V,;|=0.340.8=1.1V
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Example of Two-stage op-amp

Solution: AC Parameters

o 22
. e " Vil
I:l [r [l g, =2%x45uA/03V =03mA/V
=1 9 2 g 0=2x90uA 03V =0.6mA/V
i V
— r;=|l,—”|
: ' n
—i[To 0 . |- W
wr(}) o " 4504
&FE——I%@ -«—HEF. :;Ji_f%ﬂnm
I
¥

Vi A=-g., (f:;: I rr:--t)
=-03%x222/2=-333V/V
A, = _gum(ﬁm I7,,)
=-06x111/2=-333V/V
A =AA, =1109V [V
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Example of Two-stage op-amp

Solution: Input Common-Mode Ranges

Input common-mode voltage range:
{in_,TEL 1 EL' Maximum: Q. near edge of saturation

_ Vol 2 [V, =03V
' | Xiommax — 25- ‘v:i.‘l".‘il = |Vf_l‘b'ﬁ|
i e 2 RN =25-03-11=11V
e (L ——5th Minimum: Q, near edge of saturation
= LL_.@-- Vor ==Vis + Vs ==2.5+1==1.5V
| ‘VD.E'I ‘ - [VGS'J|_|F.',!||
B —Vpsi = —Vgs —0.8
—Vp ==V — 0.8
Viemmin = Va1 = Vo -0.8=-2.3V
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Example of Two-stage op-amp

Solution: Output Ranges

+Von

g,lj; 4El(,. i:L Output voltage range:

Maximum: Q. near edge of saturation
Y Vipy| = 0.3V
- V+ \
—i[Te 0 o REMN v, =25-|Vp,|=22V
IR.;CD o — 3w Minimum: Q. near edge of saturation

QFH—'E:LQ‘ _,_d'%)ﬁ Vomin = =Vss +|[Voye| =-2.5+403=-22V
Y
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A Four-Stage Bipolar Op-Amp

R, = 20 k(2 Ri=12.3kN
37 Gain Stage
Common Source

with Degeneration

AA
¥y L
=
2
|
&8
<%
.-
—
yvw -

First
Differential
Pair

‘ Second )
Différential 4 Stage:
Paij with Emitter Follower
Single-ended Output Stage
Output Iy
Current 4
Mirrors 8
R, = 15.7 k(2 :E Ry = 3k}
E
Y
ISV
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CMOS Implementation of 741 Op-Amp

Ik 21#Th Ik It Ib*iscale
vdd
Mlﬂ —'iE:ME M45|:| H M4 ’—{E MAT7
.
vinn > A M A M85 7 [ me6 r{[:l‘-.ﬂﬁ?
T
vinp T s (Y mz_J— L =2
M50 REG§ R52
M3 J———C M4 c1 4 | —vout
R51 -
— T T
Ib=0> M53
Ib<1= —T T T | T | T T [_ T | T | T T )
e [ ]-IE mat HOmaz M ma22 [, w34 L mas I m3s AL M37
R | jp? = . T T R | R |
- Mzt—l[lmz1 -Iq"-“l‘"--’*l M23 ;I———II% M24 -|g M25 -|g M26 4@-"3?
gnd
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Thankyou
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