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Bode Plot

real zeros
zeros with complex conjugates
real poles
poles with complex conjugates
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Term Magnitude Phase
K=0: 0°
: 2000 K
Constant: K oK) K<D: +180°
Pole at Origin

1 -20 dB/decade passing through O dB at w=1 -00°
(Integrator) —
g

Zero at Origin +20 dB/decade passing through 0 dB at w=1 +30°

(Differentiator) =

(Mirror image of Integrator about 0 dB)

(Mirror image of Integrator about 07)

Real Pole
1. Draw low frequency asymptote at 0 dB 1. Draw low frequency asymptote at 0°
1 2. Draw high frequency asymptote at -20 dB/decade 2. Draw high frequency asymptote at -90°
i+ i 3. Connect lines at wy. 3. Connect with a straight line from 0.1t to 10wy
g
Real Zero 1. Draw low frequency asymptote at 0 dB 1. Draw low frequency asymptote at 0°
2. Draw high frequency asymptote at +20 dB/decade 2. Draw high frequency asymptote at +90°
i+ 1 3. Connect lines at wy. 3. Connect with a straight line from 0.1ty to 10wy
iy

{Mirror image of Real Pole about 0 dB)

(Mirrar image of Real Pole about 0°)

Underdamped Poles

(Complex conjugate poles)

]
[i] +2t;[i]+1
My 0y

0=t <l

2

L D =

. Draw low frequency asymptote at 0 dB
. Draw high frequency asymptote at -40 dB/decade
. If £<0.5, then draw peak at wg with amplitude

|H{juog)|=-20-l0Q1g(20). else don't draw peak

. Connect lines

1. Draw low frequency asymptote at 0°
2. Draw high frequency asymptote at -180°

3] -
3. Connect with straight line from o = —2 to @, -10°
10°

You can also look in a textbook for exampies

Underdamped Zeros

(Complex conjugate zeros)

4,

. Draw low frequency asymptote at 0 dB
. Draw high frequency asymptote at +40 dB/decade
. If £=0.5, then draw peak at wq with amplitude

H(jurg)|=+20-10g15(20), else don't draw peak
Connect lines

{Mirror image of Underdamped Pole about 0 dB)

1. Draw low frequency asymptote at 0°
2. Draw high frequency asymptote at +180°

[k} -
3. Connect with straight line from o = —2 to wy-10=
10°

You can also look in a textbook for examples.

(Mirror image of Underdamped Pole about 0°)




Bode Plot — example

Magnitude Plot
0-
=
3
E 20 F
1 1
H(jw)| = —| =
76 = |5 ——
)
\ o il FE. S
100 1000
. 1
H ()] 1 = 20 logyy | ———
v1+(%) ot
0 b
g
T
N
-90 |
-135 : : : .
0.1 01wy 1 wo 10 10-, 100 1000

w, rad/S
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Real Poles:
1
S
g +1
Amplitude

* Draw low frequency asymptoteat 0 dB

* Draw high frequency asymptote at-20 dB/decade
* Connect lines at w,.

Phase

* Draw low frequency asymptote at0°

* Draw high frequency asymptote at -90°

e Connect with a straightline from 0.1-w,to 10-w,

Second Order Real Poles :

Amplitude

* Draw low frequency asymptoteat O dB

* Draw high frequency asymptote at -40 dB/decade
* Connectlines at break frequency.

Phase

* Drawlow frequency asymptote at 0°

* Draw high frequency asymptote at-180°

* Connect with a straightline from 0.1-w,to 10-w,

4



40

-20%
0.1

135

90 -

45 -

2 H(jw), ©

45t
0.1

Bode Plot — example

Real Negative Zeros :

Magnitude Plot

10 100 1000

“o
Phase Plot
SR B . -
......... =
i | T i | BT i T
0.1-w 10 wy 100 10w, 1000
w, rad/S
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Amplitude

* Draw low frequency asymptote at O dB
* Draw high frequency asymptote at +20
dB/decade

S

—+1

Wy

e Connect lines at w,,.

Phase

* Draw low frequency asymptote at 0°
* Draw high frequency asymptote at +90°
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* Connect with a straight line from 0.1-w, to 10-w,

2 Hjw), ®

Phase Plot

45

45 f

=90

Real Positve Zeros :

-135
0.1

10
w, rad/S

10-4;0 100

1000
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H(s) = 0

52 + 2(wos + w?

Amplitude: |H(jw)| =




|K|, dB

Bode Plot — example
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Complex Conjugate Poles :

Amplitude 40

* Draw low frequency asymptote at 0 dB ZZ =03

* Draw high frequency asymptote at -40 dB/decade o

* 1f{<0.5, then draw peak at w0 with amplitude g O [———R

| H(jw,) | =-20-10g10(27), else don't draw peak £

* Connect lines 30

Phase 10

« Draw low frequency asymptote at 0° . (20100

* Draw high frequency asymptote at -180° oot o4 ! = 100

* Connect with straight line from wy/ 10% to wy* 10°¢ Phase

Magnitude 45 N2 Py

- e

22 Phase )

. o o

e wo=1.00
z= 0.7 -180 0.1 1 10 100
0=0.99 w, radfsec
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Bode Plot — example

Magnitude Plot

........................
------
"y
",
e,

wy 10 100

Phase Plot

———rr—ry B . -
10
wy10

. 108

wgl10

! | I | Fe | i i " ! i PR |

Wy 10 100 1000

w, rad/s
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Complex Conjugate Zeros :

Amplitude

Draw low frequency asymptote at 0 dB

Draw high frequency asymptote at +40 dB/decade

If (<0.5, then draw peak at w0 with amplitude
|H(jw0)|=+20-log10(27), else don't draw peak

Connect lines

Phase

Draw low frequency asymptote at 0°
Draw high frequency asymptote at +180°
Connect with straight line from wy/ 10¢ to wy* 10°¢



Bode Plot — example

Azymptotic Bode Plot

hWagnitude - dB

Phase - degrees

40

Wagnitude Plot

N
3

)
—

s+ 10

His)=10——
5% +3s

alll '

Exact Bode Plot

Zero Value (for reference anly
Constant = 33 (30 dB)

------ Pale at origin
Real Pole &t -3

Real Zeroat 10

10 10

135

10"
Phasze Plot

a0

451
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Bode Plot — example

=
=

S
s* +125° +21s+10

Aszymptotic Bode Plot  H(s) =-100

hagnitude Plot
100 . . : .

—— Exact Bode Plot
Zero Walue (for reference only)
Constart = -10 (20 48]

---  Real Pole gt -10

Magnitude - dB

Real Pole st -1, mutt=2

---  Zero st origin

-135

Phasze - degrees

270
-318
g0 |
_405 L L L L

10° 10" 10° 10° 10° 10°
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Aowg Ao A
H(s) = — 5 ;= ; Transfer Function : =2
5° + 2Qwps + wj (m_g,[) 42 (f) 11 A,
Root Locus M
4 jw
20 -
% X > o
0 4
Magnitudé A(jwlwy, )|
" A dB
30
20 90 -
10 )
m R PN ST L
; 10
-20
° 40
f’ 0.1
= @o=1.00
-60
0.01 0.1 1 10 100
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Stability of 2 Pole System
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Unit Step Responsein the time domain

I

1.6 +
14 %

12 ¢

08 1
06 1
04 1

02 1

2 pole N v, (1) = Ag llleiwnfsin J1-2 wt+ }
how to calculate? N ( )
02 with —y
(f)—tanl[ 1=¢ J
0.3 g’
> As T-> 0, the unit step
s response oscillate
Usually, Cis setto 0.7 — 0.8 to
5 enhance response speed
Peak value — Final value —T
Overshoot = _ =exp T
Final value 1-¢2
oo o s s What about a impulse response ?2?2?2??

©: Wei:SHEN;: Universitat Heidelbérg 12
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Stability of 2 Pole System

What about a impulse response ??????

i(ﬂ‘ jo
'I'(Dp ------ x "‘(ﬁp
: -
eV t 55 t
~wplxk ‘ o
(a) (b)
jol
* -------- +(l)p
-
K- -emee -Wp

©: Wei:SHEN;: Universitat Heidelbérg 13



Stability of Feedback Systems
SEIT 1386
Forward Path
Summing ' v
FPoint 0
. = | 1"*"r:-u
ei Vin - B-Vout - Gé];: :iDGc;p . t.- .
Subfraction Feedback Network Y H(s)
— S _— N
(B-Vou) Attenuator 3 -Ivmt X( ) 1 -+ ﬁH(S)
<: ]
Feedback Path B<=1

If BH(s)=-1, then the transfer function goes to infinity

which means:
@ certain frequency, |BH(jw,)l =1 & £BH(jw,) =-180"

In total, 360° phase shift, as negative feedback is used
Oscillation buildsup with 360° feedback and positive amplitude
the amplitude feedbacked should be more than unity

©: Wei:SHEN;: Universitat Heidelbérg 14
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Y H(s) the frequency response of BH(s) is always used to
—{(5) = , . . .op-
X( ) I+ BH(5) indicate the stability of the system
by knowing the BH(s), already able to tell the stability
Unstable Stable
20log|p H (w)] 4 Excessive 20log|p H{w)] }
0 Y - 0 -
; ; o (log scale) \ o (log scale)
0— - 0 : -
o (log scale) ® (log scale)
-180° =180° }-----nmeeeeenee o
M(m) ' Excessive M({n) '
Phase

©: Wei:SHEN;: Universitat Heidelbérg 15
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3"': L
! [ o fe ( 5 | i °‘!Ni’|° 9:“"" )
. . y . =] A i || SR UNIVERSITAT
.dDIllItY O reedpac Stems L el L) veLsER
2 2 s
\ E\"?H J ;:”{
dibehinidan

e Definition : Gain-crossover (GX), Phase-crossover (PX)

Unstable Stable
20l0g|p H ()| ! Excessive 20log | H ()] !
Gain
; l GX GX
0 0 /
\ (:ilog scale) \ .(:;{log scale)
0 — : - 0 PX o
: :PX @ (log scale) : / o (log scale)
—180° |--------oremen : -180° :
H
& )y Ex:\essive M({nl Y
Phase

Stability = GX earlier than PX (phase margin) , or
@ GX, phase shift less than -180, or @PX Gain less than unity

©: Wei:SHEN;: :‘Universitat Heidelberg 16



Stability of Feedback Systems

20log|B H ()| &
20log Ay

/BH(®) Y

UNIVERSITAT
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SEIT 1386
A
20log (g H ()|
Gain
Crossover
-~ 0 r
o (log scale) Wp1  Wp2  (log scale)
- 0— -
 (log scale) 20° o (log scale)
-180°
/BH(®) Y

Single Pole will not create phase shift greater than 90, hence alwaysstable

2 Pole system will also be stable but with phase margin concern, Multiple Pole system

will start to be instable

B =1 isthe worst condition, because, for B < 1, the GX moves leftwards, GX stays

©: Wei:SHEN,: :Universitat Heidelberg
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Stability of Feedback Systems

phase margin: how far away are GX ahead of PX
IBH(w)| &

[BH ()] A
GX
1 —— 1
i )
e
0 / - 0
' 0
-180 \ -180
u(m)' M(m)'
Y A Y A
|x(a))‘ |—(w)|
1
B \
> >
) !
ym‘/\/\/\/\" y(nl
! T

-y

UNIVERSITAT
HEIDELBERG
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SEIT 1386

unit step response
of 2 pole systems

18
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Stability of Feedback Systems

phase margin: how far away are GX ahead of PX

Y . H(jw)
s (w) = .
lpH (o) A Y 1+BH(jw)
o @ GX, BH(jw) =
1-exp[-j(180° - PMargin) ]

©: Wei:SHEN;: Universitat Heidelbérg 19
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SEIT 1386
Summing Rl iaiN unit step response of feedback system,
6, o Vo -BVoe O e Ve with different phase margin
SN N
Subfacton Feedback Network ) usually set @ 60° for no over&undershoot
(Vo) | pvenuator B | same as the 2 pole system transfer function
Feedback Path C'f' page 12
o {s] o
= M = PM =90
y(t) PM = 45 y(t) PM =60 y(t)
. - —
! t t t

even though the 2 pole system is stable, it has the phase margin problem, the relative
location of the first and second poles determines the phase margin ... c.f. the example
on next page

©: Wei:SHEN;: Universitat Heidelbérg 20



Stability of Feedback Systems
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even though the 2 pole system is stable, it has the phase margin problem, the relative
location of the first and second poles determines the phase margin

20log !B H ()|

A

Gain
Crossover

0 >
Wp1  Wp2 o (log scale)
0 -
0 w (log scale)
. ) )
_.,1 800 ..........................

©: Wei:SHEN,: :Universitat Heidelberg

input |

i
1: —_\_output
" O T

source follower is used to drive a large capacitive
load, then the phase margin needs to be considered

however, all the analysis is based on small-signal

large signal will also ring even if small signal has
enough phase margin!!!

21
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Compensation of 1 stage Amp

2 ways of compensating 1 stage Amp :
v reducing the amount of poles (less phase shift)
v' moving dominant pole towards origin

20log|p H ()| | 20log|B H (w)| !
Modified .
Design
0 - 0 2 '\ -
AN log® b log®
log ® - log ®
- ; : -

Modified
Design

©: Wei:SHEN;: Universitat Heidelbérg 22



Compensation of 1 stage Amp
SEIT 1386
Voo jol
Pole locations in Telescope single ended Amp
6
% L2 % 3 -
7 Ims  Im7 Ims __1 ©
B - - R
l o Vout c}{ CN CA nutCL
o~ A
: T CL 20log|p H ()| .
1] - ]
B - E
i ol i
° 3 = 2 . (log scale)
@ I'ss &8 8
3
- 0— o
0 (log scale)
stabilityis a concern as for the non-dominant poles ‘1800
-270
~360°
©: Wei:SHEN;: Universitat Heidelbérg M(m) ‘ _ 23



Compensation of 1 stage Amp

o

20log|B H (®)|

-
o (log scale)

A

-
o (log scale)

20i0g|p H (®)]

/BH(w) 4’

Compensation not valid with larger R,

Compensating with larger C,__4

T
£ AR
%\"2 5! i Iy
5 |l|m| R i Il
S/ AN \ h
ey a
|2 70N o =1
N m
3
I AR (12451

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

0
non-dominant poles need to be pushed above GBW 0
depending on the phase margin required
© Wei:SHEN;: Universitat Heidelberg M((ﬂ')
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Vv,
DD
g7 Mo
Vbae = l Voze—] M,

’Nd M K .—‘I:I—"' , N._Iclﬂ_lh
Voo = 4 Vozo[E M5 o2 M5
—o V, 1 0—1 Z out Ic:—l 1
Vpi0 hl: ", M4= - zwt“c_LS
X Y Yo7 |
] r .
V-O_II:IM1 MzFll—l - 1 (1 + gms 05)r97CN3+1 oo
|“¢ * Out CLS - (l N . ) Yo7 n 1
?’SS SmsT 05 rO?CNS + 1 CLS

(I + gmsros)roz

similar for fully-differential telescope structure
but the poles at N and K are invisible or merged

into the output pole
©: Wei:SHEN;: Universitat Heidelbérg 25
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Compensation of 2 stage Amp
SEIT 1386
Voo
Pole locations in 2 stage Amps
Mo
! I © Vout2
C|_ ‘
I 20log |B H (®)]
0 -
o (log scale)
r—_ Mo 0 ° —p-
o (log scale)
O—-II: 1 j O Vout —;:g: --------------
- M1 M2 - C =&fU frommmmmesmeronrenneooet
Vin :—I: )_‘ 1 T /BH(®) y
i T
VBIAS }|—>| M5 a7

Vss 26
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AN
|| AR

$
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Voo

the effect of Miller Capacitor:
remember the Miller Effects from single CS stage

jok jol
Before
: After
Compensation Compensation
—% % »® > —X-—He Y -~
O
©: Wei:SHEN;: Universitat Heidelbérg 27



Compensation of 2 stage Amp
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' e dtdeead

= ! ! - B/decade

2 : <]

) | /N )

3 Compgnsated” | I

= [ 1 (Y

= | | Y what we want to achieve with
| | | . .

0dB | | :  log10(®) Miller Compensation
| 1 [ |
Phase Shift | : T —40 dB/decade _ _
4 . Uncompensated | | Ideal Case but with side effects
= 180° - 1 : :
3 AN

2 | N —45°fdeca|1de |

3 PTTTTN W

= R —e— - —45°/decade

1 b |

B s Compensated” ., MO Phase

| No pﬁase 1'1'131“gir1L:'_‘_:-L “ I;'IarglF )
o ' ' » lo
0 Ip1l Ip1' Ip2'1" Ip2l B101

©: Wei:SHEN,: :Universitat Heidelberg
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Compensation of 2 stage Amp

20log|p H ()] )

|
 (log scale)

-
o (log scale)

©: Wei:SHEN,: :Universitat Heidelberg
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Effects of the RHP Zero,
killsthe phase margin, even

though extends the
bandwidth

Or it has be placed carefully
away from GBW

e.g. If RHP Zero placed at
10 times GBW, in order to
achieve 60° phase margin

the second pole must be

placed at least 2.2 times
higher than GBW

29
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i IRV
M3 M4 C
@) | Vi
& C /1
F=1 =3 0 Vout
A,(0) dB Ce=0 oL I M| ==c
: — V3 — Cz
6 dB/octave in =
: % to IJ - I
I -
L C,#0 s Wy
L Ce# VBIAS I"l
| -
: GB Vss
|
0dB | » logio(w)
Phase shift Maigmmde influence of C3 | | —12 dB/octave
|
0° i il the effects of the Mirror Poles
. '
45° ' e and zeros , marked at p; and z;
0
9()° —45°/decade
Phase margin
135° ignoring C3
Phase margin due to C3 N IA"’/
180° ' = » logjp(w)

©: Wei:SHEN,: :Universitat Heidelberg
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how to remove the RHP zero,
feedback amplifier withR, =0
VOUT
- - —0
Vo(s) B (&m1) (G mu) (R (Ryp)
Vin(s) I + s[R,C; + RyCyy + RIC. + gRIRyC.] + EZ[R!RHCH( C;+ Cpl
—1 —1
P = =
: RCr + RpyCy + RiC. + gpuRIRnC.  gmnRiRyC,
D, = —&uCe —1
2 =
Cn(C; + Co) Pa R [C,C.I(C; + C] if R, present
_ —1
2=k

© Wei:SHEN;: Universitat Heidelberg 31
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Compensation of 2 stage Amp

B —
: : . Ce—
using nulling Resistance Rg
WM—s (7R
+ R C
V z “C
L —W— ° Vout
Vﬂut(ﬁ) _ H{l o T[(C{,fgnlff) o chc]} - R . C
Vin(s) 1 + bs + cs* + ds” Lf I L

ith
a™ Emi&mm iRy

b — (CH + CC)RH' + (CI + CC)RI + gHJIRIRHCC + RZCL*
¢ = [RR(CCy + C.C; + C.Cyy) + R,CARC; + RyCyp)]
d = RiRyR.C;CyC,

©: Wei:SHEN;: Universitat Heidelbérg 32



Compensation of 2 stage Amp
SEIT 1386
—1 —1
p = =
C (0t guiRDRCe gurRuR(C,
Py = —8miCe . Smll using nulling Resistance to
. CCy+ C.C; + C.Cyy Cn cancel out the p, such that
1 only the p; and p, remains
Pa — R.C, the bandwidth can be extended
1
{1

 Co(1/gpy — R

©: Wei:SHEN;: Universitat Heidelbérg 33



Compensation of 2 stage Amp

—
Ce

Moo L

& UVETLL.JMLCIN, . ‘Ulltveldlld L ricrueivel g

m
7 |

ot 200

Sk iy
e | AR |

gainahti

UNIVERSITAT
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SEIT 1386
however problems:
_C+C,
2 gm9Cc
Dependingon CL , needs to be flexible
use the triode transistor to replaceR,,
but swing effect ...... for fixed CL,
Vb anti-affect the process variation
T Voo
Ce




Compensation of 2 stage Amp

M~ C,

Vi
Inverting * R

High-Gain Cp=~= R
Amplifier 1
P (a) 'l' = e

O

feedforward :

©: Wei:SHEN,: :Universitat Heidelberg

UNIVERSITAT
HEIDELBERG
ZUKUNFT
SEIT 1386

Vout V; Lgut
Inverting * v

-
-

High-Gain Crr=a~RyL 3+
Amplifier (b) 1.

moving the RHP zero to LHP zero
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Compensation of 2 stage Amp

phase margin with different C,,,4 and pole swapping!!!

Cc

in Vout Vout

Larger C;

—
t

what if the Loading Capacitor is extremely large,
then the poles are swapping
how does it look like ?

©: Wei:SHEN;: Universitat Heidelbérg 36



