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Lecture 4

Fully Differential Single-Stage Amplifier Design

» General Differential Analysis

5T Op Amp from simple quarter circuit

« Biasing with CMFB circuit
—e+ Common-mode and differential-mode analysis
—>+ Common Mode Gain
—s OQverall Transfer Characteristics

Design of 5T Op Amp



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



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)
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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



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.



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.



Terminology and Notation

|
—F
|

Quarter
Circuit

—
P

—]
—F

L
Half Circuit

|
- P
|

Counterpart
Circuit

]
q —

q4 —

|

“Reflectedl 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”.
Voo V|DD
| | |
Ves | | Ves Vgg P Cl Vss
P CI VouT Vout
Vout Vout \ |
Vg Vg
vy vy 2 F :l . 2
2 V1 F :I V— 2 | |




 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
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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 Quarter Circuit
Vour(G+8C, )+GyV, = 0} ) A o (s)= s(_iGrG
Vin =V, ]

Ayoee = — 2 BW = 2> GB = Cw
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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 13

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,
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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, + 15

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
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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 ! K



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

18



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

19



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
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— Common-mode and differential-mode analysis
— Common Mode Gain
— Overall Transfer Characteristics

* Design of 5T Op Amp
« Slew Rate
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Applications of Quarter-Circuit
Concept to Op Amp Design

consider Initially the basic Voo

single-ended amplifier <]>
Iba *
Vourt

Quarter Circuit \ *

ViN®

N4 VSS
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Single-stage single-input low-
gain op amp

o pinh

Basic Structure  quarter circuit  Practical Implementation
23



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
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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

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

25



Single-stage low-gain differential op amp

-- The “differential” gain --
VDD

!

——||: M3j+ Ver %E "

Vas Vourt

Quarter Circuit
Vin —{[:M1 sz_“—— Vin

Single-Ended Output : Differential Input Gain 7 G
A(S) — %UT — 7
(lt)j SCL +go1 +go:3
— —Im V A\
AVO 2(go1 +g03) 5 *{K M5
BW = go1ngos il
GB :g_g Circuit is Very Sensitive to Vg, and Vg, !!

« Have obtained analysis of fully differential op amp directly from quarter circuit !
» Still need to determine what happens if input is not differential !

 Have almost obtained op amp small-signal characteristics by 26
inspection from quarter circuit !!



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

* Design of 5T Op Amp
« Slew Rate
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Single-stage low-gain differential op amp

-- The “differential” gain -- Voo

1 o
M3::]|~ VB1 ~||;|M4
| Vour Ms :l }‘ VTB1 _{ l: M,
Vi ——|EM1 Mz:“—— Vin ;E . - j Vour

AY
/

, \ :
Vv
A —|%M5 v V|N —*{ [:'\/l1 Voaoes M2 :] }‘_ IN
L CL

Need CMFB circuit to establish Vg, or Vg, !!

« CMEB circuit determines average value of the drain voltages

« Compares the average to the desired quiescent drain voltages
« Established a feedback signal Vg, to set the right Q-point

« Shown for Vg, but could alternately be applied to Vg,

Details about CMFB circuits will be discussed later 28



Single-stage low-gain differential op amp

Summary

Need CMFB circuit

IBIAS
tail withJ7 or lgias

_Cu
A(S)z Yur _ 2
VY sC, +G,+G,
.= _G/\/m
v
2(G,+G,)
Bw -Gt
C,
6B - o
2C,

-- The “differential” gain --

Vbp
1

ng}

V1

VIN —

I

.

Vour

V2 _{ Ms

A(s) =

_ Y
2

sC +49,, +9,,

GB= I

2C,
gm1
2

gO1 + gO3

o

29

Have obtained differential gain of 5T Op Amp by inspection from quarter circuit



 Fully Differential Single-Stage Amplifier
— 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
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Common-Mode and Differential-Mode Analysis

Consider an output voltage for any linear circuit with two inputs
(i.e. need not be symmetric)

Linear —— VouT
Circuit
Vi— A B—%;
N

By superposition
VouT=A1U1+A2V>

where A, and A, are the gains (transfer functions) from inputs 1 and 2 to the output
respectively

Define the common-mode and difference-mode inputs by

0=U1: %2 Vg=V; - V;
These two equations can be solved for V, and v, to obtain
V4 V
V4=V.+-9 Vo= .- —d 31
1= %Yc 2 2= Y% 2



Common-Mode and Differential-Mode Analysis

Consider an output voltage for any linear circuit with two inputs

Linear —— VouT
Circuit
‘1)1— A B —‘vz (UOUT=A1‘U1+A2‘v2
N

Substituting into the expression for V1, we obtain

V v
Vout=A1 (‘Uc +7dj +A2( c ——dj

2
Rearranging terms we obtain A
_ 1-A2
VouT=Uc (A1+A2)+Vyq ( 5 )
If we define A_ and A, by
_A1-Ag

Ac=Aq+A Ad
Can express Vg1 as
VouT=VcAc+VdAd %2

2



Common-Mode and Differential-Mode Analysis

Depiction of singe-ended inputs and common/difference mode inputs

Linear
Circuit

B

Vout

A
%f

VouT=A1V11tA2V,

Alternate Equivalent Represntations

A

Linear
Circuit

B

— Vour

!

%
2

%f

VouT=VcAc+VgA¢

» Applicable to any linear circuit with two inputs and a single output

« Op amps often have symmetry and this symmetry further simplifies analysis

33



Common-Mode and Differential-Mode Analysis

Consider any output voltage for any linear circuit with two inputs

Linear —— VouT
Circuit
Vi— A B—;
NS
Implication:

theorem:

VouT=A1V11tA2V,

AC =A1 +A2

Ad

VouT=VcAc+VgA¢

_Aq-Ag
2
Vout=Vc (A1+A2)+Vy

Aq-Ag

Can solve any linear two-input circuit by applying superposition with U,
and v, as inputs or with U, and UV, as inputs. This can be summarized in the following

Theorem 1: The output for any linear network can be expressed equivalently
as VouT=A1V1+A2V5 oras VouT=VcAc+tV4A¢
Superposition can be applied to either ¥V, and v, to obtain A, and A, or to U,
and V4 to obtain A, and A,

Observation:

Analysis of op amps up to this point have assumed differential excitation

In a circuit with A,=-A,, Ac=0 we obtain

Vout=VgAqg

34
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Common-Mode and Differential-Mode Analysis

Extension to differential outputs and symmetric circuits+

| Vout T

Li T i
Inear :
Circuit | ‘UEUT |
‘1)1—‘ A B ‘—‘v2 ‘1)1—‘ A i B (v2
Symmetric Circuit with
Differential Output Symmetric Differential Output

Note that this defined output is differential, not single-ended !

Observation: In a symmetric circuit with a symmetric differential output,
A-=0 so can be shown that VouT=VgAq This is summarized in the
theorem:

Theorem 2: The symmetric differential output voltage for any symmetric
linear network excited at symmetric nodes can be expressed as

VouT=AdVqd
where A, is the differential voltage gain and the voltage V,=v,- v,



Symmetric Circuit with
Symmetric Differential Output

T Vout T

‘v1— A

JL

Theorem 2: The symmetric differential output voltage for any symmetric
linear network excited at symmetric nodes can be expressed as

Vout=AdUd
where A, is the differential voltage gain and the voltage V4=, -,



Common-Mode and Differential-Mode Analysis

+ Vour —

‘UOUT+| | Vour-
Proof of Theorem 2 for Symmetric Circuit with i
Symmetric Differential Output: i
By superposition, the single-ended outputs can be expressed as v A i 2|
Vout* = Topa¥1 + Topa?2 1 :
Vout- = TonaV1 + Tons? 2 J7

where Typa, Tops, Tona @nd Tong are the transfer functions from the A and B inputs
to the single-ended + and - outputs

taking the difference of these two equations we obtain
Vout = Vout+ - Vout- =(Tora-Tona) V1 +(Topa-Tong ) V2
by symmetry, we have
Topa=Tong @nd Tona=Tops
thus can express Vg7 as
Vout = (Tora-Tona)(V1-V2 )

or as

VouT=Aq¥q




Common-Mode and Differential-Mode Analysis

Consider any output voltage for any linear circuit with two inputs

Li B ) —
Cirout o Vour=AUrAzl2
N
Linear _ Vout1 Linear Vout
Circuit Circuit
Vi— A B Vg — A B— Y4
I 2 I
Linear A (UOUTZ Linear (vOUT
Circuit Circuit
J A B V2 V. A B——U;
Difference-Mode/Common-Mode Superposition

Single-Ended Superposition

38



Common-Mode and Differential-Mode Analysis

Consider an output voltage for any linear circuit with two inputs

Linear |— Vo
Circuit o VouT=VcActVgA¢
Vi—A B—%,
N

« Difference-Mode/Common-Mode Superposition is almost exclusively used for characterizing
Amplifiers that are designed to have a large differential gain and a small common-mode gain

« Analysis to this point has been focused only on the circuit on the left

Linear _ Vout Linear — Vout
Circuit Circuit
Vg — A B— Y4 Vq A B—.
2 2
N N

Note: Previous analysis was correct, just did not address
whether the circuit had any common mode gain.

39
Will now get the total output of an amplifier circuit !



Common-Mode and Differential-Mode Analysis

Consider an output voltage for any linear circuit with two inputs

(U1— A

Linear ——Vout
Circuit
B V,
N

VouT=VcAc+VgA¢

Does Conventional Wisdom Address the Common Mode Gain Issue?




Does Conventional Wisdom Address the
Common Mode Gain Issue?

R
66 :5_*-,‘: CHAPTER 2 OPERATIONAL AMPLIFIERS

‘ Inverting input

Output

Power- '
| G ™ eI mpp:]}
[ common terminal)

—0— 0+
=10

Noninverting input

FIGURE 2.3 Equivalent circuit of the ideal op amp.

Yes — Common-Mode Gain was Addressed



Does Conventional Wisdom Address the
Common Mode Gain Issue?

||"H
66 ‘ng CHAPTER 2 OPERATIONAL AMPLIFIERS

‘ Inverting input

Output

(Power-supply
common terminal)

— Noninverting input

FIGURE 2.3 Equivalent circuit of the ideal op amp.

TABLE 2.1 Characteristics of the Ideal Op Amp

Infinite input impedance

Zero output impedance

Zero common-mode gain or, equivalently, infinite common-mode rejection
Infinite open-loop gain A

Infinite bandwidth

o T . et

Yes — Common-Mode Gain was Addressed



How is Common-Mode Gain Modeled?

If Op Amp is a Voltage Amplifier with infinite input impedance, zero output impedance, and one
terminal of the output is grounded

—+
V
V —l VOUT V1 e OUT
T N ApV
o v
V4 D>ARV d
DVd B ACVC
Ideal Differential Voltage Amplifier |deal Voltage Ampliﬁerv v
+
V,=V,-V, Ve=V;-V, Vv, = 12 :

43



 Fully Differential Single-Stage Amplifier

— General Differential Analysis

— 5T Op Amp from simple quarter circuit

— Biasing with CMFB circuit

— Common-mode and differential-mode analysis
mm) Common Mode Gain

— Overall Transfer Characteristics

* Design of 5T Op Amp
« Slew Rate
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Performance with Common-Mode Input

Ves
P9

Voutc | | v

T
CL ! ! C.

o 1| [3l—s.]

i IBIAS

Single-Ended Outputs
Tail-Current Bias

+
ouTC

H

1 IBIAS

Differential Output
Tail Current Bias

Vop

Single-Ended Outputs
Tail-Voltage Bias

Differential Output 45
Tail Voltage Bias



Performance with Common-Mode Input

Consider tail-current bias amplifier

T o
P V| q (b lBIAS/2
%Uz I I ‘:oLUTc <
l “— F 1—" l Common-Mode Half-Circuit

v
IX
'BI;\S% () s Can we assume V4=0 since it is on axis of symmetry?
46

No! Excitation is not differential !




Performance with Common-Mode Input

Consider tail-current bias amplifier with i.=0

Vo [] G

| + + — otzo
P — Ve o) v ewn(]) [le, ¥

Voutc | _
T v
CL | Common-Mode Half-Circuit
l V, F (small-signal linear)
i—>
° VouTc(SC*+G1+G2)+Gu U1 = Gi¥x
(UC = (U1+(U X
G s/ VxG1 - Gm1¥4 = Voutc G
~

Solving, we obtain

Common-Mode Half-Circuit
(large signal: nonlinear)
(Note: Have assumed an ideal tail current source in this analysis. A will be small but may

not vanish if tail current source is not ideal. Analysis with nonideal current source is simple 47
and will be discussed later)

Voure=0 thus Ac=0



Performance with Common-Mode Input

Consider tail-voltage bias amplifier with j.=0

VDD
Vbp
Ves |
P9
VouTC | | Voute P — Vpg
T | | L
C. C
TR e e
CL
Vs ;L Ve F
|
\Y
DD VSS
P q
[ 11
Vo Ve
OU;CL I | LCO“TC Common-Mode Half-Circuit
L F A

‘L\ 49



Performance with Common-Mode Input

Consider tail-voltage bias amplifier with i.=0

D G

VDD v

| — e
Plve v @ [Je ¥

V y
OUTi_ I Common-Mode Half-Circuit
CL (small signal: linear)
l Ve — F VouTc(sC+G1+G2)+Gy1¥1 =0
e | Ve =94

Vss Solving, we obtain
. Voutc _p - -Gwm1

Common-Mode Half-Circuit —=— =Ac=

V C C SC+G1+G2
This circuit has a rather large common-mode
gain and will not reject common-mode signals

(large signal: nonlinear)

* Not a very good differential amplifier
« But of no concern in applications where V=0

50



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

* Design of 5T Op Amp
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Overall Small-Signal Analysis

As stated earlier, with common-mode gain and difference-mode gains available

Linear Vout
Circuit
Vi— A B V,
N

VouT=VcActUgA4

52



 Fully Differential Single-Stage Amplifier
— 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

mm) Design of 5T Op Amp
« Slew Rate
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Design of 5T op amp

Vbp
i

s

i th| gt |

54



Recall

Single-stage low-gain differential op amp

!

o =

Vour

_{

VI-II\-I —{l:% M,

Vss

i

Quarter Circuit

Single-Ended Output : Differential Input Gain Vo _{[: Ms
9.

A(s) = 2
sC, +49,, +9.,

gm1

A, =—2
o+ 9

GB=Im
2C,

Need a CMFB circuit to establish Vg,

VIN

95



Design of Basic
Single-stage low-gain differential op amp

, !
_ 9
V
A(s) = 2 B1
( ) SCL + go1 + 903 M3;’“‘ ‘{[i M4 V
ouT
Gt .
A, = 2 . )
9o T 90s Vin —~H:|\/|1 M2:]}>_ ViN
~ C_
GB= I
2C,
What are the number of degrees of freedom? Ve, ~{ Ms v

(assume Vpp, C, fixed, Symmetry)

Natural Parameters (assuming symmetry): o _
Need a CMFB circuit to establish Vg,

ﬁ,%,%,\/m\/I32 Constraints: [p5~2Ip; Net Degrees of Freedom: 4
L Iy Ls
« Expressions for A, and GB were obtained from quarter-circuit

« Expressions for A; and GB in terms of natural parameters for quarter circuit were messy
« Can show that expressions for A, and GB in terms of natural parameters for 5T amplifier are also messy

Can a set of practical design parameters be identified? >0



Design of Basic
Single-stage low-gain differential op amp
i

_ 9 |

V
A(s) = 2 i] B1 li
( ) SCL I go1 I go3 M3 }‘ ‘{ M4

Gt

A =—2 . )
S NE N Vi —{l:% M2:]}>_ Vin

GB =
2C,

Vour

A4
Va2 _{[: Ms
What are the number of degrees of freedom?
(assume Vpp, C, fixed, Symmetry) <

Natural Parameters: Need a CMFB circuit to establish Vg,

ﬁ,%,%,vm,vgz Constraints: |p5~2lp; Net Degrees of Freedom: 4
Ly I3 Ls
Will now express small-signal performance

characteristics in terms of Practical Parameters
{VEB1.VEB3:VEBS5P} 57

Practical Parameters:



Design of Basic
Single-stage low-gain differential op amp

5

1

@ ﬁw

vitn e |

Vss —~ C_
Quarter Circuit
Single-Ended Ouéplut . Differential Input Gain Ves % v, <
A(s) = 2 . .
sC +g, +0.. Need a CMFB circuit to establish Vg,
G [,.=1I _
A= 2 PIQ - P3Q o1 = 7‘*1ID1Q
o g01 +903 _ 2ID1Q . 7\' I
g Smi Ve, 803 = Mlpsg
GB ="
2C,
Practical Parameters: 0 — GB =
)\1 + )\3 VEB1 (VDDCL j ) |:2VEB1 :| 58

{VEB1,VEB3.VEBS5.P}



Design of Basic
Single-stage low-gain differential op amp

5

1

@ ﬁw

| (e e ]

Vss —~ CL
Quarter Circuit
Single-Ended Ouéput . Differential Input Gain Vs <
A(s) = 2 . .
sC +g. +9.. Need a CMFB circuit to establish Vg,
e
Jor T Fos )\1 T )\3 VEB1 VDDCL 2VEB1
GB = Y Have 4 degrees of freedom but only two practical variables
2C, impact Ay, and GB so still have 2 DOF after meet A, and GB
requirements !

Practical Parameters: _ _
Is this an attractive feature? 59

{VEB1’VEB3’VEB5’P} How should the remaining 2 DOF be used?



\
5/'-/.. S
Nj)(((( L

Stay Safe and Stay Healthy !
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