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Ideal Opamp

0 The ideal opamp characterized by seven properties

= Knowledge of these properties is sufficient to design and
analyze a large number of useful circuits

0 Basic opamp properties

Infinite open-loop voltage gain Vs

Infinite input impedance
- input

Zero output impedance
Output

Zero noise contribution

+input

Zero DC output offset
Infinite bandwidth e

Differential inputs that stick together

= Zero input differential voltage
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Opamp Practical Circuits

a Voltage comparator

*Vee V,

out|

= Vout time
Vin Vy
Vee

0 Voltage follower

V,

out - Vou =Vin
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Opamp Practical Circuits
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o Integrating amplifier
c

R
Vi :
Vo Vou =g [ Vadt
o Differentiating amplifier
R
c
Vin __1 av.
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Ideal Opamp
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Steps in Designing a CMOS Opamp

a 1) Choosing or creating the basic structure of the
opamp
= This step results in a schematic showing the transistors
and their interconnections

= This diagram does not change throughout the remainder
of the design unless the specifications cannot be met,
then a new or modified structure must be developed

a 2) Selection of the dc currents and transistor sizes
= ak.a Biasing and sizing
= Most of the effort of design is in this category

= Simulators are used to aid the designer in this phase
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Steps in Designing a CMOS Opamp

0 3) Physical implementation of the design
= Layout of the transistors

= Floorplanning the connections, pin-outs, power supply
buses and grounds

= Extraction of the physical parasitics and re-simulation
= Verification that the layout is a physical representation of
the circuit
0 4) Fabrication
0 5) Measurement
= Verification of the specifications
= Modification of the design as necessary
= Make sure it’s not necessary!
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Design Variables

o Boundary conditions (constraints):

= 1. Process specification (V., &, C_, etc.)

= 2. Supply voltage and range
= 3. Supply current and range

= 4. Operating temperature and range
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Design Variables
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0 Specifications:
= 1. Open-loop Gain
= 2. Gain bandwidth
= 3. Settling time
= 4. Slew rate
= 5. Input common-mode range, ICMR
= 6. Common-mode rejection ratio, CMRR
= 7. Power-supply rejection ratio, PSRR
= 8. Output-voltage swing
= 9. Output resistance

= 10. Offset
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Specifications
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a 1. Open-loop Gain
= Typically an op-amp may have a maximal open-loop gain

of around 10°
vV,

out
V-V,

in in

OL
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Specifications

o 1. Open-loop Gain
= Typically an op-amp may have a maximal open-loop gain
of around 10°

0 2. Gain bandwidth

GAN BANDWIDTH PRODUCT
=Gm UV) Kfam

(OPEN LOOP VOLTAGE GAN (08)

b im0 [

W
Penn ESE 568 Fall 2018 - Khanna FREQUENCY (12)
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Specifications

0 3. Settling time

0 4. Slew rate

seseees

Specifications

0 5. Input common-mode range, ICMR

= The input common-mode range is the range of common-
mode voltages over which the differential amplifier
continues to sense and amplify the difference signal with
the same gain.

Typically, the ICMR is defined by the common-mode
voltage range over which all MOSFETs remain in the

saturation region. i o
Y CUH e v
i 2

o
[y s

dv,, (t
SR= max[i“’;’l( ) ) e
Input
signal SLEW
e
SLEW i Recovery
Propagation Delay K Linear Setting
Settling Time = t5
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: Specifications
:

a 6. Common-mode rejection ratio, CMRR

= CMRR is a measure of how well the differential amplifier
rejects the common-mode input voltage in favor of the
differential-input voltage.

CMRR = %4

a,

0 7. Power-supply rejection ratio, PSRR

a,
PSRR, =%
a,
a,
PSRR. =2
a.
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¢ Specifications
o 8. Output-voltage swing
= Expected output swing
0 9. Output resistance
= Resistance seen into the output
o 10. Offset
= Output offset voltage (Vg(out))
= The output offset voltage is the voltage which appears at the
output of the differential amplifier when the input terminals are
connected together.
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Specifications
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a 8. Output-voltage swing
= Expected output swing
0 9. Output resistance
= Resistance seen into the output

a 10. Offset
= Output offset voltage (Vg(out))

= The output offset voltage is the voltage which appears at the
output of the differential amplifier when the input terminals are
connected together.

= Input referred offset voltage (V4(in) = Vo)

= The input referred offset voltage is equal to the output
offset voltage divided by the differential voltage gain.

= Vos = Vos(ou)/Ayp
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Opamp Design Output
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1) The topology
2) The dc cutrents
3) The W and L values of transistors

[ R S

4) The values of components

o Le Schematic and biasing Topolagy r

DC Currents
Op amp circuit q)sou/\
or systems n
specifications O

L

Component ¢
values

<14
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Opamp Design Practical Advice

0 1) Decide upon a suitable topology
= The topology should be the one capable of meeting most of the
specifications
= Try to avoid “inventing” a new topology but start with an existing
topology
0 2) Determine the type of compensation needed to meet the specifications
= Consider the load and stability requirements
= Use some form of Miller compensation or a self-compensated approach
o 3) Design dc currents and device sizes for proper dc, ac, and transient
performance
= This begins with hand calculations based upon approximate design
equations.
= Compensation components are also sized in this step of the procedure.
= After each device is sized by hand, a circuit simulator is used to fine tune
the design
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Opamp Design Practical Advice
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0 Two basic steps of design:
= 1) “First-cut” - this step is to use hand calculations to
propose a design that has potential of satisfying the
specifications. Design robustness is developed in this
step.
= 2) Optimization - this step uses the computer to refine
and optimize the design.
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Basic 2-stage Opamp
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2-Stage Opamp
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Qg
3 2t
Vﬁul
20 uA
—
Bias circuitry Differential-input Common-source

first stage second stage
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2-Stage Opamp

Qg
3 2t
vl)ul
20 uA
—
Bias circuitry Differential-input Common-source
first stage second stage
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Design Variables
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0 Specifications:

= 1. Open-loop Gain

= 2. Gain bandwidth

= 3. Settling time

= 4. Slew rate

= 5. Input common-mode range, ICMR
6. Common-mode rejection ratio, CMRR
= 7. Power-supply rejection ratio, PSRR
8. Output-voltage swing
9. Output resistance
= 10. Offset
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Basic 2-stage Opamp

2-Stage Opamp
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Differential DC Gain

.
.
.
.

Vi

a Inputs are equal in magnitude but opposite in sign
to each other
a By linearity and symmetry, i; must equal -iy,

= This implies iy is zero, so that voltage drop across ro4 is zero

» The sources of M, and M, are therefore at incremental ground and
decoupled from each other!

Vou
—
Bias circuitry Differential-input Common-source
first stage second stage
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.
: 2-Stage Opamp
a 1. Open-loop Gain
Lo
s
20 A
S~— S’ S’
Bias circuitry Differential-input ‘Common-source
first stage 'second stage
A = ~gmi(Fos2 [l Tass)
A = ~Gmi(Fosell Tas7)
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: 2-Stage Opamp
0 2. Frequency Response
— — [
sy oI Commme 7
Ll
—7F
+ = + %
v = p— =
id =| C Vip! =
3 | e RS | ST % ey RE
=
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2-Stage Opamp

0 2a. Frequency Response — no com}gensation C=0
c
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2-Stage Opamp

0 2a. Frequency Response — no compensation C-=0

loglAGw)|

Y |

+ B I + < +
— 3 —c
s | Govis Rﬂ% C*T ol ooV RE| YT 2
= L
= Two poles:
L !
p] RMCI p2 R EC'Z
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i 2-Stage Opamp Transfer Functions
Open Loop Bode Plots
E“L —— T T
ol s ]
ZOT
~ 9
)
2
i
al
0]
10" 10 10 10° 10
Freq. (rad/sec)
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: Phase Margin
0 Find phase at unity-gain e— s
frequency (0) .
o Add 180° for phase margin [N
0 Red o
= Phase at 0, = —81.3° ’ T w7
= PM=98.7° |
o Blue o
= Phase at 0, = -231° «
= PM=-50° .
Penn ESE 568 Fall 2018 - Khanna 3
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¢ 2-Stage Opamp Transfer Functions
.
Crntocs s
wl
af
e
] rl M1$mm W w0
i
3
i
H
° “ e s " M
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¢ Stability
.
@ Oscillatory stable
® @ Non-oscillatory statle
® Non-osciftatory unstable
(@ Oscillatory unstable
t—
Fig. 6.11(a)  Typical mansient responses of systems
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Stability vs. Phase Margin

2nd Order Transient Curves

1l t=01

Lol B Overshoot | Phase Margin
6) (deg)
4 10 575
15 e
0 25
LT a0
0 35
o8| o 3 25
20 30
04 3 25
%o 50 %
04
ozt ff
00l L L L T
B 0 3 o T
* Phase Margin: ot

1) Measure closed loop transientovershoot (%)
2) b

3) ratio, ¢, or O

%) to find

using Slide 75 graph

From Dorf RichardC_Modem Control Systems Addison Wesley.
Fublishing Company Reading, Massachusets Third Ecition, 1981
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Phase Margin

0 Find phase at unity-gain “
frequency (0,)
0 Add 180° for phase margin

0 Want phase margin >45° i
(~60°) °
= Problem: Hard to do

rentoop s s

with 2-stage opamp with
high gain
= Solution: Split the poles
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Impact of Pole Splitting with Compensation Cap

20l0g |Vout/Vig|
w (rad/s)
—)

0 Pole splitting allows the dominant pole frequency to be
dramatically decreased and the main parasitic pole to be
dramatically increased

= We can achieve higher unity gain frequency with improved phase margin
Penn ESE 568 Fall 2018 - Khanna 39
2-Stage Opamp

0 2b. Frequency Response — with compensation C->0

Alo)| N 1
R P
> ~ L Ru@RAC)
after
Py 8n Ce 8w
206 +CC+CC, G
SN
ol EpN g =bm
22N with RHP zero Ce
o) Wio RHP zer0
— afios
ot wlo REP zer0 2z
< Als)=
-180 s
before compensation \ [1_7)(1_7)
e h P>
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: 2-Stage Opamp
a 2b. Frequency Response — with compensation C->0
c
It
1T
—F
* z = L
v 2 b3 v
" | Guva RS GrayRE| VT
=
= Two poles:
1 c _
pu—— 1 e 8uCe 8w
R,1(8,7R2Cc) CC,+CC +CC, G,
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¢ Nulling Resistor
:
Voo
o ot ot
Vour
20a
— > =
Bles creuity g Commensouce , zero moves to left half-plane
=
Rz Cc = improving phase margin
T 1
Gt Rot T ] Cn2 Roz —I_ Cz
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Transistor for R,
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2-Stage Opamp — Unity Gain Freq
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a Equivalent capacitance at node v,
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2-Stage Opamp — Unity Gain Freq
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o Equivalent capacitance at node v, C, =C.(1+4,)~C.A,

e

v, 1
=== Zor =8 | Va2 W | ——
) sC,

Vi o[£ Qs A 1 1
W =8 T =
' 'sC, 'SCA,,
Vout
Q - -
s A =Yoo g A e A, S B
- - Vin sCA,  sCe
; &
Av(jw")‘ =1 for o, :C—‘
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: 2-Stage Opamp — Unity Gain Freq
o Equivalent capacitance at node v;: C, =C.(1+A,,)=~CcA,
o
Penn ESE 568 Fall 2018 - Khanna 45
: 2-Stage Opamp
a 3/4. Settling Time/Slew Rate
Voo
QB
3 2t
20 pA
N
Bias circuitry Differential-input Common-source
first stage second stage
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2-Stage Opamp — Slew Rate
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the step response that would be
expected from a linear system
- ==
the actual response to large steps is at first slew-rate
limited, with linear settling observed only at the end

Step
response

a small step response exhibits
“ ial (linear) settling
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2-Stage Opamp

a 3/4. Settling Time/Slew Rate

[ — —_—
Bias circuitry Differential-input Common-source
first stage second stage
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2-Stage Opamp

o 3/4. Settling Time/Slew Rate

Voo

1o of.

" SR = You
dr e
20 uA
— — —
Bias arcuitry Differentiakinput  Common-source
st stage ‘second stage
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Finite Slew Rate Effect
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0 Ex. Unity-gain Follower

Vo
d N
v
2 =Aw
dt |yax t
If slew rate < wA : large signal distortion results
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2-Stage Opamp

o 3/4. Settling Time/Slew Rate

stﬁ Ips
Ce
v, Vou
20uA
Em
[ [——) w, =
Bias circuitry Differential-input Common-source C
first stage cond siage c
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Unity Gain Freq and Slew Rate

0 Relationship between unity gain frequency and slew
rate:

I 1
SR=% — SR=7D5w0
C c

gml
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Unity Gain Freq and Slew Rate

0 Relationship between unity gain frequency and slew

rate:
1
(u0=@ sk=1os - SR="D5qp
C, C. g 0
ml
o For 45° phase margin: @, =|p,|
1
SR = A‘ Pz‘
8m
8.:1Cc _ T8

TG +CC 400, G
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Design Variables
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0 Specifications:
.
.

= 5. Input common-mode range, ICMR

= 6. Common-mode rejection ratio, CMRR
= 7. Power-supply rejection ratio, PSRR

= 8. Output-voltage swing

= 9. Output resistance

10. Offset

11. Noise

12. Layout area
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o HW 2 and 3 due Su

= Want to make sure every has Cadence set up and running
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