EE 435

Lecture 3

Design Space Exploration
with applications to single-stage amplifier design

Systematic Strategies for Designing and
Analyzing Op Amps



Single-ended Op Amp Inverting Amplifier

R
WV Vo = (-A)(V1-Vxq)+Vvq
Vin N Vout R R
—NVW\— - — 1 2
v, A Vi = Vo+ VIN
VOUT
Summary:
R2 R2
va Vo =-55Visst Vxa + 55(Vxaq-Vi
v — R, Viss* Vxa * p(Vxa-Vina)
Slope = -A
Vg \ "Vin What type of circuits have the
transfer characteristic shown?




Single-stage single-input low-gain op amp
(unilateral with infinite input impedance and one capacitor)

v G
. ouT A, = M
L G sC| +G
Vin©® Vi GV >~ C
-G
_ AVO — G|\/|
il
BW = S
CL

+>- (e )

GB and A, are two of the most important parameters in an op amp
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How do we design an amplifier with a given architecture
in general or this architecture in particular?

What is the design space?

Generallnd possibly Vo rq )Will be

fixed
Vb

Must determine @1 Ipa a@
é) Ibq

Thus there are 4 design variables
Vour

T But W, and L, appear as a ratio in almost
l CL all performance characteristics of interest

and |pq Is related to Vo, W, and L,
(this is a constraint)

Vss Thus the design space generally has only two
independent variables or two degrees of
freedom

Thus design or esis” with this architecture
involves exploring the two-dimensional design

space {ﬁ, } 7
Ll »'DQ



Review from last lecture: - _ _
How do we design an amplifier with a given

architecture ?

1. Determine the design space

2. ldentify the constraints

3. Determine the entire set of unknown variables
and the Degrees of Freedom

4. Determine an appropriate parameter domain

5. Explore the resultant design space with the identified
number of Degrees of Freedom



Parameter Domains for Characterizing
Amplifier Performance

Degrees of Freedom: 2

Small signal parameter domain : {9+,90}
Ay = Im GB = gc—m
do L W
Natural design parameter domain: {TJDQ}
W
_| v2HCox \/p:
Avo { A \/R { ZUCOX“:\/i [ Q:|
Alternate parameter domain: {P,Ves }
271 1 2 [P
2] —— GB
Avo [)\} VEB} {VDDCL[VEB}

Process Dependent



Parameter Domains for Characterizing
Amplifier Performance

Degrees of Freedom: 2

Small signal parameter domain : {990}
Ao = “Im GB = Im
do CL
Natural design parameter domain: {%,IDQ}
w
. J24Cox \/T GB = 2uCox \/W\/ﬁ
VO — 1 \/E C|_ L DQ
Alternate parameter domain: {P \V/ }
I » "EB
271 1 2 P
=< — GB
AVO I:)\:| VEB :| :I{VDDCL M VEB }

AR
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Parameter Domains for Characterizing
Amplifier Performance

Degrees of Freedom: 2

Small signal parameter domain : {91,90}
AVO - _g—m GB = g_m
do C|_ W
Natural design parameter domain: {TJDQ}
Avo =| Y2 Cox I 6B = | 240X \/W\F
VO — 1 \/E C|_ L DQ
Alternate parameter domain: {P’VEB }
27 1 2 P
= | — || ———— GB=
Avo [)\}{VEB} {VDDCLHVEB}

» Alternate parameter domain gives considerable insight into design
- Easy to map from alternate parameter domain to natural parameter domain

« Alternate parameter domain provides modest parameter decoupling
T 1 and GB[VDDCL} figures of merit for comparing architectures

A
.A o
VO 2 5
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Design With the Basic Amplifier Structure

Consider basic op amp structure  Alternate parameter domain: {P’VEB }
Degrees of Freedom: 2

Vbp
2 1
WHLER
é Vour Al VeB
Lo
C
w17 % Vorcr s
Vin VopCL || VEB
P W P
Vss bho=— T T V=Vt Vot o2 b
VDD L VpoHCoxVes INQ~ Vss T V7 DQ 1Co W

But what if the design requirement dictates that V=07

Question: How can one meet two or more performance requirements with
one design degree of freedom with this circuit?

Degrees of Freedom: 1
Luck or Can't 12



Key Observation about Analog Circuit Design

« Matching of R’s, C’s and MOSFETs and BJTs can be very good
1%, .01%, or even better

Good layout is critical for good matching
Large area often need for good ratio accuracy

Good matching can be maintained over wide temperature range

« Absolute value of R’s, C’s, and MOS and BJT parameters very bad

+/- 30% or worse
Termed Process/Voltage/Temperature (PVT) effects

Values can be highly temperature dependent
Several % variation over 100°C range or worse

« Trimming/Calibration at production test can compensate parameter variations
Adds some cost for test

: . 13

Trim elements consume considerable area

Temperature dependence still a challenge



How do we design an amplifier with a given
architecture ?

1. Determine the design space

2. ldentify the constraints

3. Determine the entire set of unknown variables
and the Degrees of Freedom

4. Determine an appropriate parameter domain

me=) 5. Explore the resultant design space with the identified
number of Degrees of Freedom

14



Design Space Exploration

Question: How does the GB of the single-stage amplifier
common-source amplifier change with bias current?

CL C|_ VEB

GB increases linearly with 154

GB {




Design Space Exploration

Question:  How does the GB of the single-stage

amplifier change with bias current?

o ]

GB increases with the square root of Iyq
GB t

———__
”—
-




Design Space Exploration

Question:  How does the GB of the single-stage
amplifier change with bias current?

5| oo, | Voo
VbpCL || VEB

GB independent of Ipq

GB {




Design Space Exploration

Question:  How does the GB of the single-stage
amplifier change with bias current?

P \/2pcoxw

1
Jba CL L

GB decreases with the reciprocal of the square root of |,

GB=

GB 1

l\.
N.

Cp—
.~l—-_




Design Space Exploration

Question: How does the GB of the single-stage
amplifier change with bias current?

\/ZHCOXWP3
GB =

LVoo
IDQCL
GB decreases with the reciprocal of Ipq
GB t
\o
.
‘.
\.

-
.\..'
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Design Space Exploration

Question: How does the GB of the single-stage
amplifier change with bias current?

GB = L:z }{ o } ===)» Increases Linearly
2 C .

GB = |: H-OX M / / |D_Q} Increases Quadratically
GB= —> Ind dent of |
{VDDCLMVEB} NCPEnEE 9% fea

\/ 2uCoxW ===  Decreases Inverse Quadradicly

3
2uCox WP > Decreases Inverse Linearly
GB LVpp

[poCrL | |
It depends upon how the design space is explored !!!




Design Space Exploration

s
/

Different trajectories through a design space 21




Design Space Exploration

Issue becomes more involved for amplifiers or circuits with more than one
transistor

Choice of design parameters can have major impact on insight into design
Size of parameter domain should agree with the number of degrees of freedom

Affects of any parameter on performance whether it be in the identified parameter
domain or not is strongly dependent on how design space is explored

Small signal and natural parameter domains give little insight into design or
Performance of operational amplifiers

22



Parameter Domains for Characterizing
Amplifier Performance

Degrees of Freedom: 2
Small signal parameter domain : {gm,go}

Alternate parameter domain:

o= (3] v

23



Design Space Exploration

Question:  How does the A/, of the single-stage
amplifier change with Vg?

_[27 1
S
A, decreases with the reciprocal of Vg

Even though there are 2 degrees of freedom, the dependence of Vg on A, is
unambiguous

Question:  How does the A, of the single-stage
amplifier change with P?

A, is independent of P if Vg is fixed

Even though there are 2 degrees of freedom, the dependence of P on

A, is unambiguous provided Vg is fixed 24



Design Space Exploration

Question:  How does the GB of the single-stage
amplifier change with P?

sy v
VbpCL || VEB

GB increases linearly with P ?

This is essentially the same question of how GB varies with |yq
Answer depends on how Vg changes

GB increases linearly with P provided the A, is fixed ?

This answer is unambiguous since fixing A, fixes Vg

Often in situations where the dc gain requirements are fixed and this
necessitates a very unfavorable tradeoff between GB and power in this
structure since P is a critical “resource” in most applications !



Single-Stage Low-Gain Op Amps

. . VDD
« Single-ended input
6 Iba

Vour

}V viré " 1 )
VXXI Vss

Basic single-stage op amp

26



Single-Stage Low-Gain Op Amps

« Single-ended input

Ay
Observations:

 This circuit often known as a common source amplifier

* Gain in the 30dB to 45dB range

* Inherently a transconductance amplifier since output impedance is high
» Voltage gain is ratio of transconductance gain to output conductance
 Critical to know degrees of freedom in design and know how to
systematically explore design space

» Alternative parameter domain much more useful for design than small-
signal domain or natural domain

 Performance of differential circuits will be obtained by inspection from
those of the single-ended structures 27



« Design space is often a high-
dimensional system with many local
extrema (minimums or maximums)

« Be careful about drawing
conclusions about how any
parameter individually affects
system performance because its
affect will depend upon how the
design space is explored

28



Design Space for Single-Stage Op Amp

sl
VooCL | | Ves

Can we say that GB increases linearly with P ?

29



Multiple parameter domains can be used to
characterize and explore a design space

Performance characteristics of interest take on
many different forms depending upon how design
space is characterized

Critical to identify the real number of degrees of
freedom in design space (mathematical degrees of
freedom minus the number of constraints)

Performance characteristics often can be
expressed as product of a process dependent
term and an architecture dependent term

— Facilitates comparison of different architectures
Choice of characterization parameters can make a

major difference on how hard it is to explore a
design space

30



Design Space for Single-Stage Op Amp

sl
VooCL | | Ves

5B
fm S R O
;

Can we say that GB increases linearly with P ?

Can we say that GB increases linearly with P if A, is fixed?

31



Noise

DAC > <ADC

Noise in electronic devices and components introduce noise in electronic systems

Noise is of major concern in amplifiers, ADCs, and DACs

Devices that contribute noise : 4[1 % ﬁ

Capacitors and Inductors are noiseless: /|\ %



Noise Iin Electronic Circuits

Resistors and transistors contribute device noise

Typically interested in RMS value of the noise voltage on Output of a Circuit
and how this compares to the RMS signal on Output

Vin Electronic | Vosic+ Voum
—— . . >
Circuit

Dynamic Range (which will be defined later) is the ratio of the signal voltage

to the noise voltage
Dynamic Range is a Key Property of most systems though often is given

little attention on most design textbooks

Vn
t

e
>

:(\/‘AINW\ In MAI\/” a
W‘WVWWWW WA VI y\/ /%

T
v = \fim L[ v (e
T 20

RMS

Noise be in mV range but could be much smaller or much larger !
Ratio of RMS signal to RMS noise might be in 1000:1 range but could be

much smaller or much larger



Noise in Electronic Circuits

Resistors and transistors contribute device noise

Noise can be characterized in either the time domain or
the spectral (frequency) domain

Vnt) > S

Time domain:

T
V = Iiml J Q) (t)dt Difficult to analytically
e =T ' obtain directly !

Frequency domain:
~ o0 Often much easier to
v, = f_fo S (f) df obtain analytically !

~

It can be shown that: Q) =9)

RMS RMS



Noise In Resistors

Resistors and transistors contribute device noise but
what about charge redistribution DACs ?

Noise In resistors:
U(t) R

Noise spectral density of V,(t) at all frequencies for a resistor S = 4kTR

k: Boltzmann’s Constant
T. Temperature in Kelvin

k=1.38064852 x 102 m? kg s K™
At 300K, kT=4.14 x10-?

This is termed white noise because S is independent of f!



Noise In Resistors

Resistors and transistors contribute device noise

Noise in MOS transistors

G— D
q)gs ¢> 80
— S

Noise in saturation region dominated by two noise sources, one thermal noise and
other flicker noise (sometimes termed 1/f noise)

S _SKT
T 3 Im

k: Boltzmann’s Constant

Noise spectral density of J¢, (t), Sr,, proportional to 1/f T- Temperaure in Kelvin

Noise spectral density of J,+(t) at all frequencies

Thermal noise is also white noise because S is independent of f !

Flicker noise termed “colored” or sometimes “pink”



Noise in Electronic Circuits

‘Un(t)@ T(s) _‘UotT

Due to any noise voltage source:

S. =8 T(jo)

T(s) is the transfer function from a noise source (current or voltage) to the output

VY, =[S o= \/ Of S, T (jo) df

f=0

Thus:



Example: First-Order RC Network

R Vour

ViN C 1~

S -—4TR 1
v 1+(RCw)
V = ooSwdf= ‘ kTR df
1+ wRC



Example: First-Order RC Network

From a standard change of variable with a trig identity, it follows that

V = ,/T S df = ,/kT
puss 20 our C

« The continuous-time noise voltage has an RMS value that is independent of R
» Noise contributed by the resistor is dependent only upon the capacitor value C

« This is often referred to at kT/C noise and it can be decreased at a given T
only by increasing C



Single-Stage Common-Source Op Amp

VDD

lba
é Vour

@ Vout_sig+ (vout_n
_I_ gm‘v s inT EnfL
Vin %} Vg g<# 80% #} #} ~ CL
V4
1 2
S = S +S
out sC, +g, S:jm( ! FL) 41




Where we are at:

Basic Op Amp Design
* Fundamental Amplifier Design Issues
mm) . Single-Stage Low Gain Op Amps
« Single-Stage High Gain Op Amps
« Two-Stage Op Amp

« Other Basic Gain Enhancement Approaches

42



Where we are at:

Single-Stage Low-Gain Op Amps

« Single-ended input

£

mmm) ° Differential Input

D

(Symbol does not distinguish between different amplifier types)

43



Differential Input Low Gain Op Amps

Will Next Show That :

 Differential input op amps can be readily
obtained from single-ended op amps

» Performance characteristics of differential
op amps can be directly determined from
those of the single-ended counterparts

44



Systematic strategies for designing
and analyzing op amps

« Analytical expressions for even simple op amps
can become very complicated if brute force
analysis techniques are used

« Considerable insight into both performance and
design can be obtained from a systematic
strategy for design and analysis of op amps

* Most authors present operational amplifiers from
an “appear and analyze” approach

A systematic strategy for designing and
analyzing op amps will now be developed

45



Symmetric Networks

Theorem: If a linear network is symmetric, then for
all differential symmetric excitations, the small signal
voltage is zero at all points on the axis of symmetry.

Vg
2 —

V4

2

Axis of
Symmetry

‘UX=O

T

46



Counterpart Networks

Definition: The counterpart network of a
network is obtained by replacing all n-
channel devices with p- channel devices,
replacing all p-channel devices with n-
channel devices, replacing Vg biases
with Vp biases, and replacing all Vg
biases with Vg biases.

48



Counterpart Networks

Example:

Vb

£ T %

s

49



Counterpart Networks
VDD

M,

the counterpart network is unique

ﬁ the counterpart of the counterpart is
the original network

50



Counterpart Networks

Theorem: The parametric expressions for all
small-signal characteristics', such as
voltage gain, output impedance, and
transconductance of a network and its
counterpart network are the same.

'when expressed in the small-signal parameter domain 51



Terminology and Notation

|
—F
|

Quarter
Circuit

—
P

—]
—F

L
Half Circuit

|
- P
|

Counterpart
Circuit

]
q —

9 —
—

“Reflected Image”
Half Circuit

Axis of
Symmetry

Symmetric
Circuit

Reflected Image Half-circuit is identical
to half-circuit, just drawn differently



Synthesis of fully-differential op amps from
symmetric networks and counterpart

networks

Theorem: If F is any network with a single input and P is its
counterpart network, then the following circuits are fully

differential circuits --- “op amps”.
V VDD
DD |
| | |
Vas | | Van Vis P Cl Vis
P CI VouT Vout
Vout Vout \ |
Vg4 Vg
2— F —
Vg Vg 27y v
V,4 F q V, 2 | |




Synthesis of fully-differential op amps from
symmetric networks and counterpart networks

Vbp | F
|
Y/ | | Vgs |
P CI Quarter
Vour \ ‘ Vout Circuit
Vg Y4
—F 3 _p
| | I
% IBIAS F
L
7/0’ — V1 'V2 Half Circuit

|
- P
|

Counterpart
Circuit

]
q —
I_
9J —
N

Reflected Image
Half Circuit



Synthesis of fully-differential op amps from
symmetric networks and counterpart networks

What do we do with the extra output ?

95



What do we do with the extra output ?

Use it or ignore it !

N

VDD
|
VBB VBB
_ +
VouT Vout
Vg Vyg

56



Synthesis of fully-differential op amps from
symmetric networks and counterpart networks

A fully differential op amp can be derived from any quarter circuit by
combining it with its counterpart to obtain a half-circuit, combining
two half-circuits to form a differential symmetric circuit and then
biasing the symmetric differential circuit with a current source on the

axis of symmetry.

|
—F
|

Quarter
Circuit

e

Vgs Vss
P 9
VouT ! Vout
V v
Td— F — 2OI

IBIAS

Further, most of the properties of the operational amplifier can be
obtained by inspection, from those of the quarter circuit. 57



Synthesis of fully-differential op amps from
symmetric networks and counterpart networks

A fully differential op amp can be derived from any quarter circuit by
combining it with its counterpart to obtain a half-circuit, combining
two half-circuits to form a differential symmetric circuit and then

biasing the symmetric differential circuit with a current source on the
axis of symmetry.

Further, most of the properties of the operational amplifier can be
obtained by inspection, from those of the quarter circuit.

|
Implications: Much Op Amp design can be reduced

to designing much simpler quarter-circuits where it — F
is much easier to get insight into circuit performance
|

Quarter
Circuit

58
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Stay Safe and Stay Healthy !







 Fully Differential Single-Stage Amplifier
mm) - General Differential Analysis
— 5T Op Amp from simple quarter circuit
— Biasing with CMFB circuit
— Common-mode and differential-mode analysis
— Common Mode Gain
— Overall Transfer Characteristics

* Design of 5T Op Amp
« Slew Rate

61



Characterization of Quarter Circuit

If the input impedance is infinite and circuit is unilateral, the two-port
network only has two characterizing parameters : Gy, and G

| IS L
XX o Vour
Vourt T

& :

! vV | 1

Vin F J_ c N @ : Vi GyV, <> |::| G : V, —~C.
! I I

| VSS Qu_arter Circuit
V,,(G+sC, )+G,V, = o} — Ay (s)- sc_;G+MG
VlN = V1 }

G G G
A cac = GM BW = c GB = CIZI
L

62



Characterization of Quarter Circuit (or Counterpart Circuit)
with input port terminated in small-signal short circuit

I G) + +

Vour Vi GuV; G V,
V|N— F
v
> If the input port of a two-port has an ac
short, then the two-port reduces to a one-
port characterized by the conductance G
3
I +
F & "




Determination of op amp characteristics
from quarter circuit characteristics

-- The “differential” gain -- Ayac(s) = .
] 9 vac(9) sC, +G
> Small signal differential half-circuit
VBB
P, 9 ]
Vout
ok I I Te |::| e
lw tf| Ay Vo
27 1 —
+ 1 e
| ui G $
~ Q0 v e [,
Derivation: v
from KCL and KVL: G
__—M
V-
Vy(Gy+Gy +sCL)+ Gyl =0| 2> A, =—2= 2
2 V, sC +G,+G,
d
Vvi=-4d
2
Note: Factor of 2 reduction of differential gain since _ : o
only half of the differential input is applied to the half- Note: More reduction of gain since 64

A denominator increases
circuit




Determination of op amp characteristics
from quarter circuit characteristics

-- The “differential” gain --

Small signal differential half-circuit
Ves j
P2 _LZCI [] e
Vout - I I - 0-
“T e, Vg “ )iTO
l 2 F1 1 —>2 l - + C.
7d v Gmi¥s [] G $
; i ) lBiAS —
J7 or Vss 47
B len
_ _Gwm 0 2(G,+G,)
A B ‘vO B 2 1 2
VI, sCL 161G, T pw-8*%
Ayo=? CL
BW=?
GB=? GB = Gy
2C,

65



Determination of op amp characteristics
from quarter circuit characteristics

-- The “differential” gain --

Small signal Quarter Circuit

Vin @

AV:E: 2
‘vd SC|_ +G1+G2

________ 1|H Vour
+
| -G
GV, Gl Vv, =RC Avqc(s) = M
o sC, +G
________ ol
T Guarior Grouit
G _Gwm1
2
G= G1 + G2
= e e Lli (I)—
—— — but
) | |
3@ Ve 6, ¢l Vv, o
I
| — | —
! |
T TwoPoModelof J7
Differential Op Amp
-G
AS)=35G
sL, + 66

G,, and G different between QC and Op Amp



Determination of op amp characteristics
from quarter circuit characteristics

-- The “differential” gain --

Small signal Quarter Circuit Small signal di\}/‘ferential amplifier
Ves

Iyx * PZ _qu
_|_ Vour Vour | |

CLL | | LCL

in_ | E 1o Lo Ayl

;E;IBAS

VSS J7 or V

Gm1

Q)d :SCL +G1+Gz

67



Determination of op amp characteristics
from quarter circuit characteristics

-- The “differential” gain --

Small signal Quarter Circuit Small signal differential amplifier
Vpp
IXX + Ves
J_ Vour P, -9
Vour | |
V|N CLL ! ! J;CL
F l C. low ml @yl
| IBias
VSS J7 or Vss
A _ G M _ _Gwm1
voQc — G Ay = Vo _ 2
‘vd SCL +G1 +G2
G G Yy G
_ A = - it
BW—C— GB = " <) © = T2(G,+G,)
L e s GG
Note: Factor of 4 reduction of gain if G,=G, (this often occurs) C,
Note: Factor of 2 increase of BW if G;=G, (this often occurs) B - G
Note: Factor of 2 reduction of GB if G;=G, (this often occurs) 2C,

Remember this is applicable to ANY quarter circuit ! %



Comparison of Tail Voltage and
Tail Current Source Structures

-- The “differential” gain --

Small signal half-circuits are identical so differential voltage gains,
BW, and GB are all the same

69



Biasing Issues for Differential Amplifier

 Talil voltage bias not suitable for large
common-mode (CM) input range but does
offer good output swing

 Tail current bias provides good CM input
range but at the expense of a modest
reduction in output signal swing

70



Differential Output Amplifiers

-- The “differential” gain --

Vgs

Vas [ 1 |
VouT Vour -
. I I — . - I Voot I LC
l Vg VU l ) Vg Vyg )
2 2 22— F —
Igias
J, or Vss lBias
J7 or Vss
Single-Ended Outputs Differential Output

Theorem: For a symmetric circuit with symmetric outputs and differential
excitations:

 Differential Voltage Gain Double that of Single-Ended Structure
« BW is the same
» GB Doubles for the Differential Output Structure



 Fully Differential Single-Stage Amplifier
— General Differential Analysis
mm) — 5T Op Amp from simple quarter circuit
— Biasing with CMFB circuit
— Common-mode and differential-mode analysis
— Common Mode Gain
— Overall Transfer Characteristics

* Design of 5T Op Amp
« Slew Rate

72



Applications of Quarter-Circuit
Concept to Op Amp Design

consider Initially the basic Voo

single-ended amplifier <]>
Iba *
Vourt

Quarter Circuit \ *

ViN®

N4 VSS

73



Single-stage single-input low-
gain op amp

o pinh

Basic Structure  quarter circuit  Practical Implementation
74



Small signal model of half-circuit

Yoo [T .T
i, q; !
e T -
- Vour " Two-port model of half-cirui
— M
Vi 41[‘ | G=G, +G,
‘ Gy =Gy

75



Single-stage low-gain differential op amp
-- The “differential” gain --

Single-Ended Output : Differential Input Gain
\4DD

I 1

R

VN —#[:M1 |\/|2:“—— Vin 1.

—. —

Quarter Circuit Ve, _{E "
A4

Have synthesized fully differential op amp from quarter circuit !

Termed the 5T Op Amp

76
Will determine small-signal properties of 5T op amp by inspection (next time)
How many design variables? How many Degrees of Freedom?
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