Feedback Amplifiers

® Feedback : a portion of the output is returned to the input to
form part of the system excitation.

® Feedback was used to make the operating point of a
transistor insensitive to both manufacturing variations and
environmental changes ( e.g. temperature and humidity)

¢ Example R
> Feedback factor P = = +1R
>Open-loop gain A ' ¢
» Close-loop gain A, .
» Derivation Wﬁ

Afzﬁz A Rl ‘
V. 1+BA +

When [I3A >> 1 \/:o—| —
A ~L_RitRe_ '

B R R,
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Feedback Amplifiers (Cont.)

® Advantages

¢ Gain desensitivity
Gain is less sensitive to component variations.

¢ Smaller nonlinear distortion

¢ Noise reduction/shaping

¢ Increased (decreased) input resistance for voltage (current) input
Increased (decreased) output resistance for current (voltage) output

¢ Wider bandwidth

® Disadvantages
¢ Reduced gain
¢ Negative feedback - frequency /> phase shift /
Positive feedback -> may oscillate (depends on phase/gain margin)

® Classification of amplifiers (Four basic amplifier topologies)
¢ Voltage amplifier
¢ Current amplifier
¢ Transconductance amplifier
¢ Transimpedance amplifier
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Classification of Amplifiers

® \/oltage amplifier
Voltage-controlled voltage-source
¢ Equivalent circuit

® Current amplifier
Current-controlled current-source
o Equivalent circuit ~ §reseses
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Classification of Amplifiers (Cont.)

® Transconductance Amplifier (or voltage-current converter)
Voltage-controlled current-source
¢ Equivalent circuit

® Transimpedance Amplifier ( or current-voltage converter )
Current-controlled voltage-source

¢ Equivalent circuit = Ro
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Classification of Amplifiers (Cont.)

® Basic Amplifier Characteristics

Amplifier type

Voltage Current
Parameter |deal Practical ldeal Practical
Z 00 High;|Z|>>R, 0 Low; |Z|<<R,
ZO @) Low;‘Zo‘<< R, Q0 High;‘Zo‘>> R,
Gafln or ] Vo:Ast Vo:'A‘v\/i Io:'A‘ils Io :Aili
transfer ratio
~ A, V, ~ Al
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Classification of Amplifiers (Cont.)

® Basic Amplifier Characteristics

Amplifier type

Transconductance Transimpedance

Parameter |deal Practical ldeal Practical
Z o0 High; |Z;| >> R, 0 Low;|Z|<<R,
Z o0 High; |Z,| >> R, 0 Low;|Z,|<<R,

0]

Gain or ,=G,V, |I,=G,.V. V,=Z.I, V, =Z_1.

0 m-™S
transfer ratio
~ GV, ~Z |
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Single-Loop Feedback Amplifiers

® Basic structure
¢ 4 basic building blocks
1. sampling network

2. comparison or summing network

3. feedback network
4. basic amplifier

Feedback amplifier

| l,

|

I C . — -—
source| Vs, 91 Vi amplifier| | network | 1V-

: network :

| n |

e |

| F|Feedback !

: Vi :

: —{ network !

L e e e e e Y e e e L oo |
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Single-Loop Feedback Amplifiers (Cont.)

® Sampling network
¢ For voltage output

— Basic H———

V-|-

—{ amplifier .| Load Voltage sampler
— Feedback |

— network

¢ For current output

— Basic
— amplifier

— Feedback
— network

Load

Current sampler
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Single-Loop Feedback Amplifiers (Cont.)

® Comparison or summing network

¢ For voltage input  .ceveceevesaennnes
Rs
: : +| Basic |
Voltage ?VsC’iSM = Vi_| amplifier
comparison i = amP
Signal source Vhi Feedback|
| '_| network
¢ For current INPUt  woeevvvnrrreneennns I T
RS X
| Basic |
Current e 5 amplifier
comparison L T
Signal source Feedback—
I 1 network |
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Single-Loop Feedback Amplifiers (Cont.)

® Feedback network

¢ Usually, it's a passive network which may contain
resistors, capacitors, and inductors.

® Basic amplifier
¢ 4 types
VCVS, CCCS, VCCS, CCVS
® 4 basic topologies
¢ Series-shunt : for voltage amplifiers
¢ Shunt-series : for current amplifiers
¢ Series-series: for transconductance amplifiers
¢ Shunt-shunt : for transimpedance amplifiers
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ldeal Feedback Amplifier

® Block diagram

Xcs + (Z\Xi = Xg — X1:‘,\Xi — Xi: Basic Xg f Az(i =AX,
=4 - Amplifier A -
Ry
Xe = BXO Feedback |,
feedback signal network f3 L

X;: difference signal, X;: amplifier input
¢ Assumptions
1. Feedback network is unilateral (i.e. output to input)
2. Amplifier A is unilateral (i.e. input to output)
3. Feedback factor (or transfer ratio) 3 is independent
of the source and load resistance Rg and R,
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ldeal Feedback Amplifier (Cont.)

® Feedback factor (or transfer ratio)
X
B==_t

X

® Open-loop gain
A= >fo ~ %0 \where X =X —X,
X X

® Close—loop gain

WX A
=X, " 1+pA

¢ If |[A¢] < |A| = negative feedback
¢ If |[A¢| > |A| = positive (or regenerative) feedback
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ldeal Feedback Amplifier (Cont.)

® Return ratio ( or Loop gain)

T=BA

® Signals in feedback amplifier

Signal

Feedback topology

or Ratio | Shunt-shunt Shunt-series Series-series Series-shunt

X, Voltage
X X X, Current
Vo/
p AL

Current
Current

IO//h
I /1

Current Voltage
Voltage Voltage
b/ V, Vo/V,
Vf / | 0 Vf / Vo
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Properties of Negative-Feedback Amplifiers

® Sensitivity Sx
G AG/G
Sx = AX/X

If 7<<1 then S, ~

where G Is performance and X is component value

X dG
G dX

S?f T dA and SAf - A dA
¢ For a feedback amplifier A, dT A~ A, dA

A B A _1_BA T
"T14BA B 1+BA B 1+BA 1+ T
where K= x

B
If T changes by AT
A KT+AT) KT _ KAT
YUl THAT 14T (A+T+ADA+T)

At 1 .

= St T Tear 1er T[T
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Properties of Negative-Feedback Amplifiers (Cont.)

» Example: T=49 & AT =+25

AAf:ATS 25 1—00068
A T > 49 75
>Example: T=49&AT=-25
AA; 25 1~002
A “49 25
1

~1 ~

>»For T>1 = 1T — A

—> A:ls essentially independent of the gain of the
basic amplifier and depends only on the ratio of
passive components
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Properties of Negative-Feedback Amplifiers (Cont.)

® Noise reduction
Vd

v V. +
V, o ‘h? —— 00— A ‘-I-@B I oV,
B |

A VS+i
1+BA

V, =
1+BA

Vi

where V, is generated due to the nonlinearity of A
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Properties of Negative-Feedback Amplifiers (Cont.)

® Bandwidth extension

¢ Open loop
AO
A(s) =
1+s/o,
¢ Close loop A, Ao
A (s) = AS)  1+s/o, = 1+PA, A
TOL+BAG) 4, BAG S 1+S/,,
1+s/m, o, (1+PBA,)
A A
Close-loop gain Ay =——— aB 20:log(1+BAo)
1+PA Aol f—t—n~ 1A
3-dB frequency o =0, (1+pA,) Aol — i A
: : E i | |
Unity-gain frequency w, 0 L ww(fg scale)
H Hf t
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Properties of Negative-Feedback Amplifiers (Cont.)

® Nonlinear distortion
¢ Without feedback

voltage amplifier
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Properties of Negative-Feedback Amplifiers (Cont.)

V,| =100V ; 0<V, <40mV
Vo|=100[V|-2500(|V|-0.04)*;  40<V, <60mV
Vo|=5, 60mvV <V,

V.| (V) 1.0 2.0 40 444 475 494 50

V=V (MV) 10 20 40 45 50 55 60

e With feedback B =0.09
V.=V.-V, =V, =V, +V, =V, +0.09V,

V|, (V) 1.0 20 4.0 444 475 494 50
V.|, (MV) 100 200 400 444 478 500 510
Vi, (mV) 10 20 40 45 50 55 60
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Properties of Negative-Feedback Amplifiers (Cont.)

Vo (V) Voltage Voltage Voltage
L - comparison Amplication sampling
F r—-———"r————— 1l
- F | NN H—o o B
’L I Rs ot + I
. . 1 |C1>VS I I Vi <>AVVI I I I §
-400 -200 0,200 400 ’ i(mv) — Vit || = o | | IR
- | T s L= o] ot
_3 (R I N B o =
= -4
-7 ks Feedback
Network
- = = = Without feedback V=0.09V,
—— With feedback
¢e.g. p=0.09 91
O MN
Vo= + Vo
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Properties of Negative-Feedback Amplifiers (Cont.)

® Input resistance R (ideal situation)
¢ Series connection (i.e. voltage input)

4+ o +
Vsc) Vi
_ — O —

R, VT —Vi

Vi =V -V, |V, =BX, =BAY, ;

A Vsjl V,
A

(1+BA A 1+BA

where X, Is either voltage output V, or current output |,
and A=A, or G,

V,

= R :TS:Ri(1+BA): Ri(1+T)

» For negative feedback, T > O, input resistance Is increased.
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Properties of Negative-Feedback Amplifiers (Cont.)

¢ Shunt connection (i.e. current input)

4
~

—+ |i IiZIS_If :
Dls v I, 2R, I =pX, &X, =Al,

ﬁ

V
RIF:_

IS
where X, IS either voltage output V, or current output |,
and A=A, or Z,

—R, :Ixz R./(1+BA) =R /(1+T)

» For negative feedback, T > 0, input resistance is reduced.

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 10-22 §% % %, Electronics(3), 2025



Properties of Negative — Feedback Amplifiers (Cont.)

® OQutput resistance (ideal situation)
Thevenin’s theorem:

Output resistance equals the ratio of open-circuit voltage
to short-circuit current

¢ Shunt connection (i.e. voltage output)
> open-circuit voltage V,

A 2"A"A% @ (1)
+ R +
V. = X ©
° 1+BA > #AXI VO—‘

» short-circuit current Isc °
R
L UAX _AX, p i

R. R, \Vo

=0=X; =0= X, =X,
VO RO RO

jROF:I :1 =
« I1+pA 14T
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Properties of Negative — Feedback Amplifiers (Cont.)

¢ Series connection (i.e. current output) .
> short-circuit current || qg <|°—
A AX. R, °
[ =—l,.=—""X '
0 SC 1+B A S |- —‘
> open-circuit voltage V, B Ror
. . . O
sincel, =0 (open-circuit), X; =0 )
= X, =X,

—V,. =—AX.R, = -AXR,
= Ror =R (1+BA) =R (1+T)
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Characterization of Linear Two-Port Network

® 4 ways to characterize two-port networks
¢ Yy parameters

|L> <'z (v, and v, are independent variables
Two-Port : @ (excitation)
Vlclp:: Network V2 < |
L=y V. +y V |, and |, are dependent variables
(response)
I2 - yZlvl +y22V2 \
l, |]>
V@f . : oV,
_ s
y11 B \/1 V,=0 y12 o V2 V=0
| B
<2 o <€
Vlé: o o : DVZ
L |,
y21 o V1 Vv, =0 y22 — V2 V, =0

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan 10-25 % % %, Electronics(3), 2025



Characterization of Linear Two-Port Network (Cont.)

& z parameters

(1, and |, are independent variables

| v, Two-Port v, DI (excitation)
1 - Network — 2 <
v, and v, are dependent variables
Vi =2yl +2,,l, (response)
\
V, =2,l,+7,l,
dé + — S o : ;
Il _V1 Vl_ I2
—C) [ S—
\A Vi
211 =7 |1,-0 215 = |1,-0
I, l
> M ?
|1(:§ 'V, v, DI,
—C) Oy o
— V2 V2
Ly = . 1= Zyp =7 |1,-0
1 |2
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Characterization of Linear Two-Port Network (Cont.)

¢ h parameters

(1, and v, are independent variables

d‘z:+ Two-Port :EJ (excitation)
L Vi Network V2 <

V1 = h11|1 + h12V2
|2 = h21|1 + h22V2

i +
Il _Vl

_ 1
h11 | V,=0
. |
. <
LD .
I
_ 2
h21 _|_ V,=0
1

v, and |, are dependent variables
\(response)

h, _i =
V, |
L — < :
— OV,
I
h, =—%| _
22 V, 1,=0
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Characterization of Linear Two-Port Network (Cont.)

& g parameters

v, and |, are independent variables

Ly
éé Two-Port [, + (excitation)
V1 Network Vo | 2

_ |, and v, are dependent variables
L, =9, Vi +05,l, 1 2 P

_ (response)
V, =0,V +0,l,

z—_Lll o —=
Vl . @ I2

. ==l g = V, =0
11 Vl 2 12 |2 1
_°+ O °
vlé v, ) v, @ l,
g = V2 g = ﬁ
N/ |1,=0 B V;=0
21 V1 2 22 |2 1
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Equivalent Circuits for y, z, h, and g Parameters

o ol By v b ] o
S Ly : l

T w6
L, hy o

a0 Qme rad e

9 |

l, =9, V; +05,l, ‘T' | V
V, =0,V +0,l, ¥1@ 91 91212 921 Vi °

|I\J

@1‘
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Voltage Amplifier with Feedback

@® Series-shunt type

® Basic amp
& Input voltage: V. iIn series with R
¢ Output voltage: V, in parallel with R,

—> Feedback network characterize using h-parameters

/N 5 _ @ +
asic %
VS ©, | amplifier . R L \10

Feedback
<:> network <:>
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Voltage Amplifier with Feedback (Cont.)

¢ Unilateral basic amp
Unilateral feedback network

are assumed

[> ‘th‘feedback_network can be neglected

RS
V @ " Basic R ! °\-|/—
SN amplifier L 0
4

h

Y, AT
DG bl

Feedback network
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Voltage Amplifier with Feedback (Cont.)

V.
& B=h,=—2 _
B 12 V, 1,=0
A circuit
I R |
VY :. °
- .
VO Uy | [FRGM 1
= amplifier L . o

B circuit
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A and (3 Circuit of a Voltage Amplifier with Feedback

® Summary of the rules for finding A and 3

¢ “A’ Circuit
4 RS
V [} . 0 _I_ /
A 0 Basic
V. Vi dé :R:;l Amplifier %RZZ %R'— _Vo
(1) R, Is obtained from
e O
Feedback
Rll_) Network
[, S O
(2) R,, IS obtained from
Feedback
eedbac
Network N R22
O —C)
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A and B Circuit of a Voltage Amplifier with Feedback (Cont.)

~0
Q

_l_
B=—+ Feedback /
Vo 1,0 Vf Network Vo
— 0

@

® Current Amplifier

Transconductance Amplifier ~ can be similarly obtained
Transimpedance Amplifier _
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A and B Circuit of a Transimpedance Amplifier with Feedback

(a) The Acircuit is

N Basic ot
Ii @: RS% Rl‘% Amplifier §R22§RL V,

where R, is obtain from and R,,is obtain from
Feedback ° ° Feedback
eeapac eeapac
Rll @ Network @ @ Network @ R22
L —— o o . )

and the gain Ais defined A = V—°

l.
(b) B is obtained from

|
/ Feedback §> "R l;
I T Vi =0 @ Network @ Vo B V '

o + 0
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A and B Circuit of a Transconductance Amplifier with Feedback

(a) The A circuit Is

I
o Bvﬁ —
' Basic
\ @- ,5&1 Amplifier 5@; ;RL
where R, is obtained from and R,,is obtained from
Feedback Feedback
eedbac eedbac
Rll_) @ Network @ @ Network @ Rz
(. SE— —0 [ SE— —0

and the gain Ais defined A= |—°

\/i
(b) B is obtained from
,=0 /

— Feedback @ B Vi
eedbac ' =
Vi @ Network @ . |0’
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A and 3 Circuit of a Current Amplifier with Feedback

(a) The Acircuit is
o <~
’ Basic
| @: RS% Rll% Amplifier 5\2,3 ;R'—

where R;;is obtain from

and R,, is obtain from

"~ | Feedback [~ ° Feedback | .
eedbac eedbac
Ryy—> @ Network @ ~ @ Network @<_ R2
L — —0 o ——
. l,
and the gain Ais defined A= |—°
i
(b) B is obtained from
/
NS Feedback ED Coal e
I T °_V1:O @ Network @o l, B '
0 |v,=0
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Summary of Relationship for the Four Feedback-
Amplifier Topologies

Loading of Feedback To Flln(: B
network is obtained apply to
Feedback Source f[;oercthZagL
Amplifier X; Xo X¢ Xs A B Ar porm  Atinput At output network Zif Zof
Series-shunt ;s V. V ﬁiﬁThevenin B_ysht_)rt- By open- Avqltage
(voltage amplifier) o V¢ Vs V. V.V circuiting circuiting and find the Z.(1+AB) Z,
oS port2 of portl of  open-circuit 1+ AB
feedback feedback  voltage at
network network port 1
Shunt-series L lo It 1o Norton BYOPEN- Byshort-  Acurrent .
(current amplifier) ' o 'f 'S T circuiting  circuiting  and find the i
oo port2 of  portl of short-circuit 1+A Z,(1+AB)
feedback feedback voltage at
network  network port 1
Series-series VI, V, Vg lo V% 1o thevenin BY OPen- By open- ﬁ\dc;Jrr‘rde?rt]
(transconductance V. 1, Vq circuiting  circuiting  @nd find the Z,(1+AB)  Z,(1+AB)
ampllfler) port2 of portl of open-circult
feedback feedback Voltage at
network  npetwork port 1
Shunt-shunt LVl Vo It V5 nNorton BYShort- Byshort-  Avoltage ~ .
(ransresistance  © | TRV circuiting  circuiting and find the ﬁ 0
amplifier) oS port2 of  portl of short-circuit 1tAP 1+AB
feedback feedback voltage at
network  network port 1
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Determining the Loop Gain

® Loop gain A determines whether an feedback amplifier is
stable or oscillatory

® Determination of loop gain
¢ Break a connection line in the loop and disconnect input

Xs Xo

+
Source > —> A > Load
N J
B

XS + Xo
* —> —> A e—>| Load
Source
X X
—BA—% f B je—e
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Determining the Loop Gain (Cont.)

¢ Conditions that existed prior to breaking the loop do not
change.

By terminating the loop where it is opened with an
Impedance equal to that seen before the loop was

broken.
X
é—
X' Zt _BA — Vr/Vt
\2 . . .
—PA = VR —BA = I—r if current is applied

t t
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Determining the Loop Gain (Cont.)

® An alternative method for determining BA
(See Rosenstark, 1986)
¢ Find the open-circuit function T, and the short-

circuit function T¢- and combine them
» Open-circuit » Short-circuit

Vt Voc™

TOC TSC
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Determining the Loop Gain (Cont.)

® OPAMP with negative feedback
V 1as
” O—Ig Poth

%ﬂﬁ 1

— GND
. A= ImRo
Vn Ry =Tgsn I Tasp | (Ry + Ry)
R,
B =
R{ + R,
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Determining the Loop Gain (Cont.)

® (3A analysis
¢ Method 1 (break at point X) ¢ Method 2 (break at point Y)

Vin

o--|-> <-|—-—oxo—
s foxor | B s Bt
5 ||| i R3Bl ||| REl REB[ ||| | REP
T < : s - | v < '
5 i R E R:2! R; : ¢ Ry
Tow T ideo I = iTow

Wrong Correct Correct

Wrong : A = gm(rdsn | rdsp) Correct : A = gm|Tasn |l Tdsp I (Ry + Rz)]
IB =

R,
Ri + R,
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Determining the Loop Gain (Cont.)

® Example for both inverting and noninverting

& Schematic R
_TL_/W\_>T
i

L

J__ -
¢ Equivalent model
X A
R ?"_dg —*
. Ri Yl P“é?w %RL
= X =
/N =
R, R,

=
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Determining the Loop Gain (Cont.)

¢ Loop gain

R/MR, +RM Ry +R)}  [RAMR,+R)] R,
R/[R,+RJ/I R, +R)|}+r, [R/(R,+R)]+R, R, +R

V.V,
_BA = =_r_—_
p v,~V, u{
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Stability and Response of Feedback Amplifiers

® Effect of feedback on bandwidth
¢ One-pole amplifier

_ Ao _ _ BAo
1. A(s) = T s/ooH&T(S) = BA(s) = T+s/on

where A, Is the midband values of A(s) and wy Is the
angular frequency of the dominant pole

Ao Ao
A(s) 1+ s/wy 1+ BAo Aof
2_ Af(S) = = = =
1+ BA PAo > 1+s/w
1-|_1+s/u)H 1+®H(1+BA0) i
where the midband closed-loop gain Ay = Ro  ang

the 3-dB angular frequency wy; = (1+ BAO)(U:-_I_ PAo

— Negative feedback has increased the bandwidth

by a factor (1+BAy)
= A,o, =A 0, ; Gain-Bandwidth products are equal.
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Stability and Response of Feedback Amplifiers (Cont.)

» Pole location » Freguency response
| dB
JW A A 3dB bandwidth
200862(1+ Ro) Ry
S-plane ’
w f - wH O
e - - » O
<«
W
< >
Wy =Wy(1+BAG)

For one-pole system, unity-gain bandwidth (w,)
w; = Agwy = Aprwyr =gain-bandwidth product
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Stability and Response of Feedback Amplifiers (Cont.)

® Two-pole function
Poless; =-w; &S, = -w,

A(S) = Ao -—— Ai :
(1+ Sj[l-l— Sj 1+s(—+—)+ >
W, W5 Ww; W,  WW;
A A
1(s)= 1 : 1O s° :1+aBsfa s°
1+s(— + )+ =
W; W, W,
1 a, . |
where w,; = o & w, = . if w, & w, are widely separated.
1 2
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Stability and Response of Feedback Amplifiers (Cont.)

Ag
As) = A(s) 1+ BAg
f 1+BAG) 4, alg N aZEZ
1+ BA; " 1+ BAg
Aor

14 S (1 N 1)+ 2
1+ BAp\w; W, (1+ BAp)wiw,

B Aof
B 1
1+ (35) @) + @1
Wy = Jwiwy(1+BA) & Q= wloj-omz
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Stability and Response of Feedback Amplifiers (Cont.)

¢ Poles s; & s, of A(S)

Closed-loop S
ole s - = \/ Q
PO 51 jo ®, 2Q 20
(D +® ®, +O®
g = 1 2 1 2 \/1 4Q
2
¢ For 3=0
Closed-loop R W5
pole s, = Qmin = whenf3 =0
W, + W,
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Stability and Response of Feedback Amplifiers (Cont.)

¢ Definition of oy and Q

JWA
X,
P \Wo S-plane
: - )
| 0
—>
1 o
v Do
2
v 2Q

¢ Normalized gain (20log| AX(S) )
of
for various Q
A¢(s)
Aof
A Q=1
Q =0.707
0 (maximally

Normalized gain (dB)

flat response)

Q=05 -12dB/octave

>
w(log scale)

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan

10-51

gm% %., Electronics(3), 2025



Stability and Response of Feedback Amplifiers (Cont.)

® Three-pole function

A
A (s) = Of
* AGS) s ,1 1 1 52 1 1 1 s°
- +—+ + - -+ -
1+BA; W, W, w3 1+PA; WWw, W,w; WWw; (1+pBAL)WW,W,
AOf

2 3
1. @S | @ST  ags
1+BA; 1+BAs; 1+PBAg

¢ Root locus A
/
—>
S, unstable
—
Sz -W3 -W2 -1 0
S2
AN
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Stability

® Stability definition
¢ A system is stable if and only if all bounded input X(t)
signals produce bounded output signals Y(t)
¢ A signal Y(t) is bounded if |Y(t)| < constant for all t
For examples :
1. left-plane pole results in output containing ert
P < 0=Dbounded output
2. Right-plane pole results in output containing et
p > 0 =unbounded output
® Stability in feedback amplifiers

A(S
A (S) = )
1+ BA(S)
& The zeros of (1+BA(s)) are the poles of A«(s)
¢ If the amplifier without feedback is stable, all the poles
of A(s) lie the left half plane.
If the feedback amplifier is stable, all the poles of A(s),
l.e. all of zeros of (1+BA(s)), lie in the left half plane.
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Stability and Pole Location
Jw 4
X S-plane

.o r\hh?\?\%>
. sz Time

jwa S-plane

>0 —-ﬁﬁﬂﬂ[\
\J\J\jTlme

(b)

N AWAWAWAWAWA
I IVAVAVAVAVAS

()

jw
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Stablility Study Using Bode Plots

® Gain and phase margins

IBA(s)[ (dB) 4

Phase angle of 3 A(S)

-90°
-180°
-270°
-360°

Gain margin

>
w(log scale)

>
w(log scale)

. Phase margin
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Stability vs. Loop Delay

® Assume B is a constant, |A(jwy)| =1 and 2A(jwy) = 180° > delay% ,
¢ |[BA(jwg)| =1forf=1 where T is period

0T

P + ) C
Ni—a

* |B-A(wy)| = 2 for B=2 & |B-A(jw,)| = 0.5for B=0.5

o ° {)
+

T 0T
"iAGw) T V - _ Alw) — I >V,
J B=2 "'W 3=0.5

0OT 0
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Bode Plot of Loop Gain

20l0g|BAo| + 20log|

|
|
|
20l0g|BA|;
|
|

BAS)  1x% --—*———:-

|
+ 20log|-L|

B

>w 1
\

-20 dB/dec

1
3

| = 20log| BAG X

\>w 1 l \>w

-20 dB/dec -20 dB/dec

1

5 | = 20log|Ao|
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Stability Analysis Using Bode Plot of |A]

® Gain and phase margins
100l 4B jA®)

90
80
70
60
50
40
30

T 20-log(1/B) = 85dB (stable)
25dB gain margin
! 20-log(1/B) for zero margins
20-log(1/B) = 50dB (unstable)

-60dB/dec

7 \1:38 f(;z)

-135°
-180°
-225°
-270°

-90°

>
7108 f(Hz)

72" phase margin
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Compensation

® Additional components are inserted in the circuit, which alter
the location of one or more poles of T(s) without changing T,

® Dominant-pole compensation

£A(s) |A(s)|, dB
A

®,/10 o, @ A dBb—=-=-=====
0 | - |2>(D >

Y. Uncompensated
N 20 dB/decade

N\
N\

I
I
I
I \

\—40 dB/decade

—90°
| Compensated
D —45°/decade —20dB/ decade
M
—-180°|= == -
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Miller Compensation and Pole Splitting

® A gain stage in a ® Small-signal equivalent
multistage amplifier with circuit
Miller compensation

| cC_ ! Ii
--li( I (D R1§\Z, ——c, ngﬂ§Rz m— o

(@) (b)
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Phase Margin of the Two-pole Feedback Amplifier

® Recall that

Wy
(.1.)1 + U)Z

_wl+w2+wl+w2\/1_4Q2
2 B 2

Wy = \/w1w2(1+ BAG) & Q=

S =

0
¢ Pole-separation factor N = —%

04

Jn(1+BAL)

n+1

Wy = WyN(L+PAL) & Q =

S=-— ‘”1(1; ") (14 J1-4Q?)
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Phase Margin of the Two-pole Feedback Amplifier (Cont.)

f n>1 = nz1+Bf\ < PAo (if BAg >>1)
1 Q o, Q° . "
r . 2 _Ar W =W o
Let n 14 1BA, Q , then (’0—1 N :>OJ— N (gain-barlldwidth product)
t
f
Q= % = n'=2 (fast response) Phase margin=63’
1 /
5 Q= N = n'=3 Phase margin=71’
1 , . . :
_ Q= 5 — M= 4 (critically damped) Phase margin=76

Step response
Input

> Output

Forn'=2

> .
% n'=2 is usually an optimal choice for fast response when w, is fixed
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Appendix(l)

® Signal processing system

® Digital-to-Analog converter (DAC)
® R-2R ladder-type DAC

® Current-Mode DAC

® Analog-to-Digital converter (ADC)
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® Example : Telephone system

Signal Processing System

Antialiasing
@— ] -
filter
From ° A/D PCM
° Multiplexer H circuit —
T(_elephone ° P S/H circu converter encoder - modulator
Line
Antialiasing
@ . —
filter
Reconstruction
: p—
PCM filter
signal Demodulator - D/A Semultiolexer ® ° °
decoder converter P ° ° o« —>
[ J [ ) [ )
Reconstruction
—0

filter

PCM
signal

To
Telephone
Line
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Signal Processing System (Cont.)

® |llustration of aliasing

f. (Sampling frequency) =1k Hz
f.. (Input frequency) =900 Hz

f 2% f, = Aliasing f'=|f, — f,| =100 Hz

Nyquist theorem: f_ > 2f, to avoid aliasing effect

Amplitude

time (mMs)
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Sample and Hold System
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Digital-to-Analog Converter (DAC)

® Digital input, by, b,, ..., by; Analog output, V,

For a N-bit DAC, V. = (2" b, +2"%b, +...+2'b, + b )V, s
R L .
where V;¢p = ﬁVREF ( LSB: least significant bit )

® 4-bit resistor DAC example

VrertVcevo
2R 4R 8R2 16R
b /b Sbs S g
==,

Veum

(0]

by by bz by

V, = —RgV, +—=+ =+
° FREF(ZR 4R " 8R ' 16R

where by, =b;271 +b,27%2 + b3273 + b, 274

) + Vem = (T VREF) bin + Vem
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Reduced-Resistance-Ratio Ladders

® Reduce the large resistor ratios in a binary-weighted array

® Introduce a series resistor to scale signals in portions of the array V,=

1/4 V o+ Vey R
* 3R L Va= % Vrer+Vewm

VrertVemo
2R 4R 2R3 4R 4R5;
A\ v
b, b, bs by Re

V
® An additional 4R was added such that resistancéMseen to the right of the

3R equals R.
® One-fourth the resistance ratio compared to the binary-weighted case
® Current ratio has remained unchanged
¢ Switches must be scaled in size
® Repeating this procedure recursively, one can obtain an R-2R ladder

Vo
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R-2R Ladder-Type DAC

® To reduce the spread of resistor values

! gain= 1+%
Node N R N-1 R y
o
2R =
b2 VREF
: : - 3
O VRer _
: . Equivalent circuit IoRe :
® MSB is 1 & all other bits are 0 L =§2R‘» ZR% 2R2
2 V=Vge/3, Vo = VREF/ (1 + RZ/R ) = y =
® Bit2is 1 & all other bits are 0 S AT

> V,;=Veer/3 & Vi =Vieel6, Vo = 15 - REF/5 - (14 K2/
® Bit3is 1 & all other bits are 0
> V3=Vrer/3 & Vo=Viee/6 & Vi=Vegg/12, Vo = 1/, - REF/ (14 R2/p
Output resistance at nodes from 1 to N are all the same, i.e. ( /3)R
Multiplying DAC
- Use varying analog signal V, instead of fixed reference voltage Vg,
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R-2R Ladder-Type DAC (Cont.)

® R-2R ladder DAC with equal currents through switches

¢ Slower since the internal nodes exhibit some voltage swings(as
opposed to the previous configuration where internal nodes all
remain at fixed voltage)

Ry
R 2R 2R =

R | R R
oo Lp L Lo o

1 (D1 )1 (1 °

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP10(1)-8 3% % %, Electronics(3), 2025



R-2R Ladder-Type DAC (Cont.)

® Assumeonlyb; =1, the current drawn through R¢is
Assume only b, =1, the current drawn through R¢is I/2

Assume only b; =1, the equivalent circuitto find the current
through Rg is:

2 5
Rx=R+2R =2R ng» .
2R||2R) 3
Ix= — =1 2R R R
(2R||2R)+2R 8 "—wW\—e AN AN
2R 1 ; .

if= JR+R IX = ZI I @ RXIX If -

® With similar analysis, it can be shown that the current through
b,&R¢is1/8. Therefore,

Vout=2Rf X 1(2_1b1 + 2_2b2 + 2_3b3 + 2_4b4)
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Current-Mode DAC

® High-speed
® Switch current to output or to V),
The output current is converted to a voltage through Rg
® The upper portion of current source always remains at V,, potential.

S R

|
<¢ LSB & 8 I ® — Vout

b, §VCM b, ii Vem bs Vewm +
Biasl | | | | ~ |
_i voltage

<
(@)
<

Vout = (2°by+2'b,+2%b3) - IsgRr + Veu
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Analog-to-Digital Converters (ADC)

1. Counting ADC

2. Dual-slope (ratiometric) ADC

3. Flash (parallel-comparator) ADC
4. Successive-approximation ADC

Speed : 3>4>1>2

® Counting ADC

Clear I

Clock—\ Binary
— counter

MSB

H o0
Comparator
V

V
< : D/A
a

Analog input

. - .
e Digital
o output

LSB

V, _

I Counter stops
[ 1/

012345678910
pulses
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Flash (Parallel-Comparator) ADC

® Block diagram

® Truth table of encoder

Analog Vgge
|nput Comparator
l ~_ W, Inputs Outputs
_VRE% _ Thermometer code Binary code
R
& + W2 Wl W2 W3 W4 W5 W6 W7 bl b2 b3
_VRE%R- ololo|lo|o|lo|lo|o]|o|oO
1 N —ob,[ofofloloflofof21|o|o0]1
—VRE - Thermal
%R t oJoJoJo|Jo|1f1fof1]foO
c + W4 _O
4 Verp—]- binary —ob, | olo|oflo|l1|l21|1]0]1]1
R w,| Eneoder olololalalal2l2lo]o
¢ + 5
—VReéR— —bs oo [s]a|aa]af1]o]1
t NWe| olal2]2lalal2]2]la]o
_v _
RE%R 1 e lalalalalalala]a
+ W7
1
§VREF R P

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP10(D-12

%% %, Electronics(3), 2025




Dual-Slope (Ratiometric) ADC

® A popular approach for realizing high-accuracy data conversion on very
slow-moving signals

® Very low offset error N
I _Vin
V§ry |O\{V gain error @ —— 32
Highly linear j0gic. [ leounterF© .
Small amount of circuitry
o b,
. . : Clock l t
® Conversion is performed in two phases . _lo
clk Tc]k B
® Phase |

¢ It’s a fixed time interval of length T,
T,=2NT_, where T, is the period for one clock cycle

¢ S, Is connected to -V, such that V, ramps up proportional to the
magnitude of V,,

¢ At the beginning, V, is reset to zero by S,
nV., 1
¢ At the end of phase I, V, (T,) :j 2

_dt — VinTl
0 Rl Cl RlCl
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Dual-Slope (Ratiometric) ADC (Cont.)

V,
y Phase (1) Phase (II)
' (Constant slope)

»

> Time

\ 4

A A A

»

»

T2 (Three values for three inputs)

® Phase ll
¢ A variable amount of time, T,

¢ At the beginning, counter is reset and S, is connected to V
resulting in a constant slope for the decaying voltage at V,

¢ The counter simply counts until V, is less than zero

ref »
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Dual-Slope (Ratiometric) ADC (Cont.)

® Assuming the digital output count is normalized so that the largest count
IS unity, the counter output B, can be defined to be

B, = b2+ b,22+ .. +Db2N Ve
and we have APhasem,;‘ Phase (2)
T2 = 2|\IBoutTcIk = (blzN-l + b22N'2 + .. +bN ) Tclk Vpp | 1 \-\‘
V, (1) = —jt hdr+vx (T = —A(t—Tl)+—V‘”Tl |
" R,C, R.C, R,C,
Since V,(t) =0, whent=T,+ T,
— . V
Vresz + \/'nT1 =0 :>T2 :T1( = )
R1C1 R1C1 Vref
V. T
= Boy = b12_1 +b22_2 +*~—|—bN =_n 2
ref T1

® From the above equations, the digital output does not depend on the
time constant, R,C,. R, and C; should be chosen such that a reasonable
large peak value of V, is obtained without clipping to reduce noise
effects.
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Reading Assignment: Dual-Slope (Ratiometric) ADC (Cont.)

® From the above equations, the digital output does not depend on the
time constant, R,C,;.

R, and C; should be chosen such that a reasonable large peak value of
V, Is obtained without clipping to reduce noise effects.

® [or a single-slope conversion, gain error occurs and is a function of

RaCa 1
|

\“/X R C1
vV 1 Comparator
Vref ....................................... — V¢
VX
+
Slope depends on R,C, S —
> o
vV clk

® To increase resolution and speed, multi-slope conversion can be used.
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Reading Assignment: Dual-Slope (Ratiometric) ADC (Cont.)

® Offset error and gain error can be calibrated
(very important mostly in DC measurement)
¢ Measure zero input first , then memorize its digital output, B,
+ Measure full-scale DC signal, then memorize its digital output, B,
Gain error = (B, - B,) — (2N - 1) N1
& Final calibrated output B, =(B,,—B,)x
® Quite slow B, -B,
2-2N clocks are required (worse case), e.g. for a 16-bit converter with a
clock frequency equal tolMHz, the worst-case conversion time is
around 7.6Hz.
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Reading Assignment: Dual-Slope (Ratiometric) ADC (Cont.)

® Effective input filter with sinc function

& By a careful choice for T,, certain frequency components
superimposed on the input signal can be significantly attenuated

& If V;,(t) = Vi,cos(2mft + 0), where V., are arbitrary magnitude

V.(T)) = jTl Vi, cos(2Tft) ‘o Vi, sin(2mtft) T1 _ VipT; sin(27fTy)
S A R;Cy ~2mfRiC; |, RyC;p  2mfTy
o T
V. (T;) = H(f) % Rmcl when fT; approaches 1,2, 3, ...
101
: : sin(mtfT,) .
& Filter transfer function |H(f)| = T[lel = |sinc(mfTy)|

® An example to filter out power line noise, especially 60Hz
¢ T, is chosen to be an integer multiples of 16.67ms.
¢ 60Hz, 120Hz, 180Hz, ...... are suppressed.

[H(D[ (dB)

O -
-104

-204

/\/\/\/\/“ , Frequency (Hz)

10 60 100120 180 240300 (Log scale)

-30 -
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Successive-Approximation (SA) ADC

® Basic of successive-approximation ADC

Clock e
Up - Down Control

Binary
counter

MSB

=

. Digital
Output

Comparator 4 V4
D/A LSB
Va [ -
(Analog input)
JVolts
compare 100 110t
| —b,=0 1014 re?et
010 100r 4 vy [
_>b2=1 o1+ |
011 010f Va
| —bs=0 001
Stop 000 >t
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Charge-Redistribution Successive-Approximation (SA) ADC

® Example : A 5-bit ADC
¢ 3 operational modes
» Sample mode
Comparator is reset though S,. All capacitors are charged to V,,,
which performs S/H

S,

e
O
A

V=0 l
1i6cL scLacl 2cL cL cL A SAR
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Charge-Redistribution SA ADC (Cont.)

» Hold mode
Comparator is taken out of reset.
All capacitors are switched to ground.
Vx : 'Vin

V,, is held on the capacitor array

0

V, ==V,

16c[ scl 4C_L 2C_T_ cl

=
Lo LG hT

A >— SAR

7Ts

) 1
V. o \T—o V.,
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Charge-Redistribution SA ADC (Cont.)

» Bit cycling
The largest capacitor is switched to V.
Vy = =V,
X in Q = 16C - (_Vin) + 16C - (_Vin)
16(:_|_-|_: —l—]_‘16C = —32C- Vi,
= = Q = 16C - (Vx — Vyef) + 16C - Vx
VX =7?
| = 16C - (ZVX - Vref) = —32C - Vip
16C 16C
I :I—_ Vref
Vref ) ’ - 2
Vref S%

Vg = ~Vin + 2
8l 4Ql_ >l ¢l q}_ ;A SAR 4

16¢[
bﬁ b_z b??_ b??_ —?—-I I‘ If Vx > 0, bl is determined to be 0

If Vy <0, bl is determined to be 1

Here we assume b1=1 to explain
the following operation

Sy
Vin°—T Vref
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Charge-Redistribution SA ADC (Cont.)

> Assume bl =1

The second largest capacitor is switched to V
Vx = —Vin

_I__l__l_ Q=16C- (Vi) + 16C- (—Vi,)

16C=  T16C = —32C-Vj,
\T/X=?T Q = 24C - (Vx — Vrer) +8C - Vx
_I__l__l_ — 32CVX - 24CVref — —32C . Vin

24C 8C 3V V V
I :lT__ N VX Vin n ref _vm n ref n ref
Veef 4 2 4

ref Vref —A

Vx = ~Vin + =
16C_ scj_ 4C_T_ 2C_I_ cl l —1.A SAR v

b317_ bég_ _{ I _{ I If V, > 0, b2 is determined to be 0

If V, <0, b2 is determined to be 1
Similarly, b3~b5 can be obtained

S1
Vin O—T Vref
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Charge-Redistribution SA ADC (Cont.)

» Bit-cycling (3-bit example)

Sampling
V=0
acl2c| c| C
!
Vin Vin Vin Vin blzl
V= Vin+ 12V,
acl2c| c| C
Hold Vet 77T
V>0
v b1=0
Start
Vi = -Viy bit-cycling
awlocl el ¢ operation

IR

I

Vx = ‘Vin + 3/ 4Vref

4Cl2C| C| C

bl

Vref Vref -

VX = 'Vin + 1/4Vref

VX = 'Vin + 7/8Vref

V<0

——) Code=111
4C| 2C| C C bs=1
V<O V.>0
b,=1 l l l J_ e CoCle=110
/ Vref Vref Vref = b3:O

\ Vx = 'Vin + 5/8\/ref VX <0
V>0 ——) C0de=101
_ 4C| 2C| C C bs=1
b,=0
V>0
—— C0de=100
Vref = Vref = b3:O
Vx = 'Vin + 3/8Vref Vx <0
e Code=011
4C|1 2C|] C| C bs=1
Vy f 0 V,> 0
b,=1 el COCl€=010
/ = Vit Vier T bs=0
\ Vy=-Vin+ 1/ 8V/et V<0
V>0 gy C00e=001
b,=0 4C| 2C| C C bs=1

V>0
W Code=000
— 3:

Vref
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Appendix(ll)

® Approximate analysis of feedback amplifier

® General analysis of feedback amplifier

® Multi-stage and multi-loop feedback amplifiers

® Stability using Nyquist diagram

® Frequency response of feedback amplifiers-two-pole system
® Multi-pole Feedback Amplifiers

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP10(I)-1 3% % 2, Electronics(3), 2025



Approximate Analysis of Feedback Amplifiers

® Assumptions
1. Basic amplifier

» Unilateral ( input — output )

» Includes loading due to
a. feedback network
b. source resistance
c. load resistance

> A, gain without feedback

2. Feedback network
» Unilateral ( output — input)
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Approximate Analysis of Feedback Amplifiers(Cont.)

® Approximation steps

1. Identify the topology

~ series-series
one of < series-shunt

shunt-shunt
_ shunt-series

» Input connection
a. voltage series
If V.=V,;+V, and V. =X
b. current shunt
Ifl. =1+l and I. =X
» Output connection
a. voltage sampling

setV. =0 (.e.set R =0) =

If X, =0 = voltage samplmg — shunt output
b. current sampling

setl, =0 (i.e.setR =w) =

If X. =0= current sampling = series output

Prof. Tai-Haur Kuo, EE, NCKU, Tainan City, Taiwan APP10(I1)-3 3% % 2, Electronics(3), 2025



Approximate Analysis of A Feedback Amplifiers(Cont.)

2. The basic amplifier configuration without feedback but
taking the loading of the feedback network into account
» Input circuit
a. Set V=0 for a shunt output connection
b. Set |,=0 for a series output connection
» Output circuit
a. Set V=0 for shunt input connection
b. Set 1=0 for series input connection
3. Replace each active device by its proper model
4. Identify X; and X, on the circuit obtained
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Approximate Analysis of A Feedback Amplifiers(Cont.)

X
5. Evaluate B=—-
X

@)

6. Evaluate A, by applying KVL and KCL to the equivalent
circuit obtained

7. From Ajand B, find T, and A
8. From the equivalent circuit find R and R,
Apply Blackman's impedance formula to obtain R- and R,
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General Analysis of Feedback Amplifiers

® Approximate analysis
¢ Approximate results
¢ Usually accurate enough for hand calculation
¢ Results deviate from actual values due to
assumptions of unilateral circuits
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General Analysis of Feedback Amplifiers (Cont.)

® General analysis
¢ Actual results
¢ No approximations for amplifier and feedback circuits

. X =AX =AX.+ AX
% o EANX =X+ X X=X, |Basic Amplifier| ! ° f
S

5| o
>0 A
X, =pX, Basic Amplifier
%

feedback signal B

External load
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General Analysis of Feedback Amplifiers (Cont.)

Xo — t11Xs + tlZXi X| — t21XS + tzzxo
X
ti=1" t, = >SO
XS X. =0 ><i Xs=0
X. X.
Uy =3+ ty, =3
XS Xo=0 XO Xs=0
t22
X t 1 t
G GRS 1z 5 Xo
Q\ X, X,
4>
tll
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General Analysis of Feedback Amplifiers (Cont.)

® Gain with feedback, A,
><O — t11 +t12t21

& A =20-
XS 1_t12t22
X
® A :02—0 =A, =1,
tio XS o
where Ag is the dead-system gain
X.
® T=—~L1=-t.t
X. 12422
Xo
¢ Ao — X— =1, +l,t,, = AD +1,0
S lty,=0

® Impedance is feedback amplifiers

¢ The Blackman’s impedance formula can be derived
using the general analysis
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Multi-Stage and Multi-Loop Feedback Amplifiers

® Examples of multistage
¢ Shunt-feedback triple : 3-stage
¢ Shunt-series pair : 2-stage
¢ Series-shunt pair : 2-stage
¢ Series-triple : 3-stage

—> Based on the single-stage analysis (approximate &
general), multistage amplifiers can be similarly
analyzed.
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Multi-Stage and Multi-Loop Feedback Amplifiers (Cont.)

® Examples of multiloop

¢ Positive-negative-feedback amplifier two potential
drawbacks

» Sensitive to component variations

> Potential to cause oscillation due to the use of
positive feedback

¢ McMillan structure
¢ Follow-the-leader feedback
¢ Leap-frog feedback
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Stability Study Using Nyquist Diagram

® Nyquist diagram to determine whether a feedback

amplifier had any right-half-plane poles
® The Nyquist diagram is a plot of T(jw) =|T(je)|£6(je) in
polar coordinates, i.e. at each angular frequency

—o<m<+4wo, T(jo) and 0(jo) are evaluated.
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Stability (Cont.)

® Plots of T(jo)=|T(jw)£0(jw)

(b)
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Stability (Cont.)

® Nyquist Criterion

The Nyquist criterion states that the number of
clockwise encirclements of the point —1 +j0 equals
the difference between the number of zeros and
the number of poles of F(s)=1+T(s) in the right half
planes. For stability, we must ascertain that F(s)
has no right-half-plane zero, that is, stability in
feedback amplifiers A-(s) has no poles of T, and if
the amplifier without feedback is stable, F(s) has
no poles in the right half plane. Thus, for these
conditions, the number of encirclements of —1+|0
must be zero for the feedback amplifier to be
stable.
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Stability (Cont.)

® Phase margin

— Galn-crossover angular frequency ©g
‘T(ja))‘ >1 for o< o,
‘T(ja))‘ <1 for o>,

— Phase margin o,
®,, = /T (jog)+180°

— The closed-loop system is stable when the phase
margin is positive (i.e. ®,,>0) Hence, Z£T(jog)
must be less negative than —-180°
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Example
Ex : The return ratio of a two-pole amplifier is
T - 100
 (1+5/10°)(1+5/107)
(a) Determine the phase margin.

() Is the amplifier stable ?

Sol : (a) Asymptotic Bode plot is displayed in the next page,
from which o, =10"° =3.16x10" rad/s . On the phase curve,
we see that £T =157.5° and
®,, =-157.5°+180° = 22.5°

as indicated on the figure at the next page.
(b) As @, >0° , the amplifier is stable.

Calculation using the actual Bode diagram, and verified by
SPICE tool, gives o, =3.09x10" rad/s and @,, =20.2°.

These are in good agreement with the values obtained
from the asymptotic Bode diagram.
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Example (Cont.)

® Asymptoic Bode diagram

40
30 =g 0
S
\\
20 N —60
Magnitude Phase
10 N ~120
T(jo)|.dB T degree
0 S~ 180
) AN
10 \ 240
—20 \

10° 10> 10° 10°° 10" 10" 10°
Angular frequency, rad/s
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Example (Cont.)

® Note that in the example we cannot identify the phase-
crossover frequency and, consequently, the gain margin.
This results from the fact that for a two-pole system, the
angle is never —180° but approaches it asymptotically
as w—>o .Thus we conclude that a two-pole feedback
amplifier is always stable. This is also verified by the
root locus in the pervious page.
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Stability (Cont.)

® Gain margin
¢ phase-crossover angular frequency o,
ZT <-180° forw>w,

ZT >-180° forw<w
¢ gain margin GM
GM =—20log T(jo, )= ~T(jo, )dB

¢
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Nyquist diagram V.S. Bode diagram

® Nyquist diagram

¢ Aplotof T(jo)=|T(jw)£0(jo)

Imaginary
. . A
Gain margin
GM | =
WOy Unlt C|rcle
>Real

. /J
Phase margin

Imaginary

Phase margin

A

=

o0
nlt C|rcle

> Real

. _GM .
Gain margin

/
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Nyquist diagram V.S. Bode diagram (Cont.)

® Bode diagram

| T|,dB phase, deg rees
|T|, dB phase, deg rees A A
A A
—200dB/ decade
0° 0°
—45°/ decade —45°/decade [ —90° ¢ rad /s _ 45°/ decade —90° wrad/s

—180° (log scale) O
-270°

—180° (log scale)
-270°

l —90°/ décade
—45°/decade

\ - 60dB/ decade — 600/ decade

—40dB/decade —'
—90°/ decade

® For astable system @®,,>0&GM>0
® For a unstable system ®, <0&GM<0
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Frequency Response of Feedback Amplifiers-two-pole system

AO _ AO
1 1 s> 1+aS+a.s
1+s(—+—)+ =
®, O, 0,0,

® Ao (S) —

T()=. o
1+a,s+a,s
AO
o As)- LA, A, 2
a,s a,Ss S 1 1 S
1+ —F—+ 2 1+ (—+ +
1+BA, 1+BA, 1+BA, W, w, (1+BA,))wWWw,
_ Ao
S, 1 S
1+ () Q)+ ()
@, Q Wy
o))
* W,=JWWw,(1+pA,) &Q= 2
o=, (LPA) & Q= T -
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Frequency Response of Feedback Amplifiers-two-
pole system (Cont.)

¢ Pole s, &s, of A(S)

S__ 1.1 hag

@, 2Q 20
0,+0, o +o0, >
S=-— + J1-4
2 2 ?
Closed-loop >05a i
pole S, _>;t“Q plo
=0.5
N o B o
—® — . O
2 1
\l/< y O+, O
Closed-loop 1 2 2Q
pole S,

BA, =0= o, = Joo, &Q_ = V%

W, + 0,
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Frequency Response of Feedback Amplifiers-two-

pole system (Cont.)

® Poles of A¢ are

1. real, negative, and unequal for Q<05

2. real, negative, and equal to ———2 for Q =0.5
3. complex conjugate for Q>0.5
® RLC circuit model .
_|_X_KYW\ '1‘ +
Vs RS —C Y
ML)
Vo(s) _ 1

V,(s) 1+ (L/R)s+LCs?

1 C R
° JLC Q L oLl

Vols) _ 1
Vs®) 14 (S (02
@, Q" o
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Freguency Response of Feedback Amplifiers-two-
pole system (Cont.)

where o, = undamped ( R — o0) resonant angular
frequency of oscillation
Q = quality factor at the resonant frequency

® The response of networks containing resistors, capacitors,
and inductors ( RLC networks ) can be obtained by the
use of feedback with circuits that contain only resistors,
capacitors, and controlled sources ( transistor amplifiers ).
This is extremely important as inductors cannot be
fabricated on an IC.
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Frequency Response

& damping factor k= - 0
2Q 2.0
‘AF } = 1.on<‘¢
Aro|  JIL—(0/0,) 2P +4K* (@/)?  °° =
0.5 :
— Ac _ _tan™® 2I(((J‘)/O‘)o)2 g:
Aro 1- ((0/ Do ) 0.2

2
® k<0.707 or Q>0-707=g,

0.1

01 02 0304 060810 20 304050

peak occurs

® |- 0.707 Or Q<0.707, peak disappear

® Peak occurs at o= wo,v1-2k?

® The magnitude of peak

Ac

1
e 2ka1-K?

FO
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Step Response

® step response with k =0.3

Error load
T+ P

The step response of a two-pole
feedback amplifier for a damping
factor k = 0.3

0-f<b! Rise time |
=~ Delay time . Setting time

>t

(" Rise time= time for waveform to rise from 0.1 to 0.9 of its steady-state value
Delay time = time for waveform to rise from O to 0.5 of its steady-state value

< Overshoot = peak excursion above the steady-state value

Damped period = time interval for one cycle of oscillation

Settling time = time for response to settle to withinZP percent of the

\_ Steady-state value ( P specified for a particular application, say P = 0.1)
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Normalized Step Response

T —— input feedback amplifier | output
Y > ”
- —— \L Vo(s)
y S AF (S)

0O 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 X

o Sip =Koy tapVk® -1 VO(S)=%AF(S)=\: s (1+s/§F)O(1+s/s)

Vo (s) _ 1
VA, (1+5/5)(1+5/s,)
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Normalized Step Response (Cont.)

® |f k=1, the two poles coincide,
corresponding to critically damped case

Vol _ 1] Vol®)
VAL VAL

® |f k>1, both poles are real and negative,
corresponding to an overdamped circuit

=1- 1+ o t)e ™

VO (t) —1— 1 1 e—klcoot _ie—kza)ot)

(
VA 2\/k2 -1 ki K,
where Kk, =k —vk?>-1&k, =k++k? -1
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Normalized Step Response (Cont.)

® |f k<1, the poles are complex conjugates,
corresponding to an underdamped condition

V, (1 Ko, .
o(t) :1—( 20 5in oodt+cosmdtjek‘”ot

VA, Wy

where o, =v/1-k’w,
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Phase Margin of the Two-pole Feedback Amplifier

® Recall that
®
0y =/ @,0,(1+BA;) &Q = %
1 2
S:_cx)1+0) W, +(D2Jl 407

2
& Pole-separation factor

0, = o, N+ PA,) & Q = L+ PA,)

n+1

S=-— (”1(1; N 1+ 1-4Q%)
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Phase Margin of the Two-pole Feedback Amplifier (Cont.)

1 N 1+ .
If n>>1=n~—73 ~ n' =2 (fast) Phase margin=63’
SO LN o-1 < (critically
= = =—, n=4 Phase margin=76"
PA Q 2 damped) )
) a ’ . o
—2_pn 2=p . N'=3 Phase margin=71
0y @,
A A
Forn'=2 ﬁorn’:4
> >
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Phase Margin of the Two-pole Feedback Amplifier (Cont.)

® Phase margin @,

_ BA
)= 15 s/ml)(lo+ SN, )

¢ Let T(Jog)=1
_ o :\/n2+1N4n2((ﬁAO)Z -0 .4,

o 2 (n? +1)

V2

Where ®gis the angular gain crossover frequency

> For n®>>1,(BAs)° >>1,and n= 1+ Bf‘o
Q
— Y6 _ BZAO (\4Q% +1-12 = 1 (\/4Q? +1-1)*2
o, Q2 2
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Phase Margin of the Two-pole Feedback Amplifier (Cont.)

® phase margin @,, = £T(jwg)+180°

= ¢, =—tan” 1% _tan 26 1180°
), N,

n
—190—tan e |+ 90—tant Y | —tant A ytant A
o, na)]_ (O O

¢ Since @, << w, = tan* L is very small

1 N 1 W
®D, ~tan" —L=tan" 2

@, ~tant/2(/4Q? +1-1) Y
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Phase Margin of the Two-pole Feedback Amplifier (Cont.)

® Closed-loop bandwidth M,

. A
¢ AF(JO)H)\/%)
2 4 V2
rQ)H:(DOW/ZQ -1 1+\/1+ 4Q ~| Q°>05 )
Q\V 2 (2Q%-1f |
2 4 Tv2
—> < =% \/1_2Q \/1+ 9 1| @?<o0s5 ’
QV 2 L-207f
L =, Q=05 |
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Multi-pole Feedback Amplifiers

® [t can be approximated as a two-pole system.

® The accuracy of this approximation is usually sufficient for
pencil-and-paper calculations needed to obtain initial design
values. As is almost always true, final design values are
based on computer analysis.
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