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Impedance network transfer function

 Impedance network transfer function:

O

In

where H(w), V, (w) and V;,(w) are phasors

Vi g
( (g)_/\/\/ gDUT( (JJ)

€L 1/jecC

H(C()) Vout /C{)C — 1

V (w (/ j 1+jwRC
wC
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H(w) in polar coordinates

H(w) Is represented by its amplitude and phase
Amplitude |H(w)|

H(@) = VH(w)* H" (&)

Phase O

O(w) = arctan{ : m[H(w)]}

Re[H(w)

If H(w) = N(w) / D(w) then:
Re[H(w)] = Re[N(w)-D™(w)]
Im[H(w)] = IM[N(c)-D*(w)]
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H(w) for the RC circuit

« Amplitude

* 1 1
JH(w)* H' (w) :\/£1+j wR Cj. Ll—j wR C]

VH(@) H () = \/Ll + (a)lR C)Zj

» Amplitude in Decibels |H(c) =20« log|H(c)]

e For a -3dB reduction on the magnitude

-3=20-log|H(w,,)] == |Hlw,)=0.7079
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Bode Plot RC circuit - Amplitude

1 = L
‘H(%dBX:\/KH(w RC)2}:0.7079 = e X T o5

3dB

1
H(w) = t For w> sy H(w)= :
ER iz
1+
C%O’B a)?:dB
. -3dB H(w) = Cads
20dB/Decade w

6dB/Octave Amp drops by 2 when T doubles

o -» AmMp drops by 10 every decade

(ﬂp = 1/RC = W34B
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Bode Plot RC circuit - Phase

e H(w) phase O(w) = arctan{;arg[[:::((:))))]]}
. W 7
1 1 -] -] W
H(a)) — — , 3dB — 3dB2
1+] 1+ | - J “ 14 ( w j
Wsyg Wsyg Wsyg W,
(e,
Re{ H(w)} =— i H(e)} = B
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Bode Plot RC circuit - Phase
 And the Phase is given by:

6(w) = arctan{ ;;2[[3 53]]} = arctan{— i‘;} = —arctan{wﬂ}

3dB

log(®) —

Linear Approximation
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RC circult - sine wave

 The output wave has amplitude and phase altered by

the circuit
0 Phase 90 Phase difference
Magnitude Magnitude Change

= N N

ANaw .
\J DAY
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Bode Plots - 1 pole

e RC circuit log(®) —
O-ImEa‘B ;3,45 10(’)3::3
1 0 1 1
W = = — 0
3dB P R C
-4 T T T T T T T T
H(m
H(0).s N
0dB
20dB/Decade

O(w) = —arctan{i}

-10dB T W,
-20dB —+ o
H o) = 3dB
B H(e)| =
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SPICE SIM - RC circuit

e Run AC Sweep with 1V amplitude and freq: 10Hz to
100MHz

. Output DB[V2(C1)/V1(V1)] and P[V2(C1)]

E; PSpice Schematics - [ RC_AC.sch p.1 {current} ] ;|g|5|
@ File Edit Draw Mavigate Wiew Options Analysis Tools Markers  Window  Help ;lilil
D|=(a 8| £=e] o] s|aalala| IS0l [evo e @l Bl
N
all
g .................................. J
a9 P
E ........ w ...............
........ 100k C1 ::,m ..............
B N

| 481, 109 | [Crmd: Mark Yoltage/Level v
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SPICE SIM - RC circuit
* 0, =1/RC=10k - f =16kHz

188KHz

RC_AC.datl..
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RC circuits In series - 2 poles

e The combination of two RC circuits In series Is going

to result in 2 poles
1 1

H(w) = " = where: w, = 1/R,C; and
1+j— 1+)— = 1/R,C
a)pl a)p2 . oLo
Ideal Unity gain Buffer
R, i R,
\-"!N 4/\/\/ >_% VGUT
__ G G,
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RC circuits In series - 2 poles

* Overall transfer function  H(w)=Ha,(w)* Ha,(«)

H(w) :H le‘ . exp(j le)J- { sz‘ . exp(i sz)J

H(w) :‘ Hapl‘ * ‘ HapZ‘ * exp(j :‘9 1 + HMOZ])

H(@) =| H(a)|+ exp( ] 6())
0 [H(@) =| Hyp|* | Hyy,| and 8(w) =6, +6,,,
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Amplitude Bode Plot - 2 poles

e Second pole “accelerates” the amplitude reduction

20-Iog{

20 Iog{

ALP_Rotondaro

} =20 Iog{

} =20 Iog{

20dB/Dec

40dB/Dec

HQ@ﬂ}'“*&%ﬂ}}

H{w,) }+ 20« 1og{ H(w,, ) |

W,

—_—Tl

1
®’
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Phase Bode Plot - 2 poles

e Second pole adds to the phase shift
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2 poles circuit - 180° phase shift

e A phase shift of 180° can be a problem

R R,

VJN D—/\/\/ 1h"'iriii-'[:’l'"
ANA — A A
VARV, T -— N

N4 A4

4/\/\/_ e IT in a feedback loop, a 180° phase

shift will turn a negative feedback

Into a positive feedback
()

e This results in an unstable system
V. ) Vour  if the loop gainis > 1

1
_I_
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Bode Plots - 3 Superimposed Poles

e The phase shift ©, = O, = O, = O,
is quite “fast” ) 0lo, o, 100,
1 1] I I I
and “strong 5 |’ - log(m)
| |
e Whenusedina ™~ i :
feedback loop ) | I
will probably w2 : :
result in an NN | |
unstable circuit |
7 I
I
I
-S4 1 :
I
Y S '

e
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C R circuit - H(w)

e Circuit has: C
1Zeroatw=0 Vo I I Vour
1 Poleat w=1/RC
V, (@) K

R

H(w) = R _ JaRC _ JaRC
1_ 1+jC()RC 1_|_' W
R+(ch) V1/RC

1
1+ (wRCY

H(w) =wRCe \/
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C R circuit - Bode plot amplitude

« Atw=0 - |H(w)| =0 and since [H(«) , =20- IogUH(co)H I

‘ ‘dB_ZO IOQL 1+CURC))_)_OO

j——BdB
[H(w)]. 1

W, = RC ‘H(&)>> wp}

\Hw =20+ log

dB

-3dB log(®) =20- Iog(l)
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SPICE SIM - C R circult

+ @,=1/RC=10k - f =16kHz

SEL>>
_sﬂ L L L L !

1.8Hz . 188KHz
+ DB(UZ{R1}/U1(U1})

"BcRacds.
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Zero’'s phase response

 The phase response of a Zero depends on which
half plane the Zero is located

0  Left half plane zero

_ 10

o [H@) = (1+/2)
4
0

0- 2

Right half plane zero /4 —

—(1_;9
H(w) (1 Jm) i,
S : S

H(S)zl's— S, =-] &, H(s)=1+—
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Zero’s gain response

e« For Zero in either half plane the amplitude
response is the same

ol=io{2] = e ziomw 2]

Hlw>>a ),

=20 |og[ﬂ)
a,

| 20dB/dec
0.lo, O = log(®)
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Transfer function - Other circuits

R, e 1 Pole
Vm% Vour
R 1
1 Hw) = —2—+ —
C R, R, +R, 1+JC‘)(R1”R2)C
A4
C e 1Pole, 1 Zero
||
|| 1+iaRC
Vi Vo H(w) = B : Jar,
AN R +R, 1+jalR [IR,)C
R,
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1 Pole, 1 Zero response

 The response depends 14 w
on the relative location J@
of the Pole and the Zero H(a)) = Py
1+]—
),
| Pole, 1 Zero
".f’ (j)p >,
|H(®)| . o’
’f
.’ = ®
N @y Z
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MOSFET capacitances - circuit

e Specs: tox (Cox), CGSO, CGDO, CGBO, CJ, PB ()

e Typical Values
Cox =104 F/m?
CGSO = 5x101° F/m
CGDO = 5x101° F/m
CGBO = 4x1010 F/m
CJ =10% F/m?

PB=08V
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*
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MOSFET capacitances - eguations

Saturation Linear
C. elLeW
CGS:E-COX-L-W+CGSO-W Cog =~ > +CGSO W
eLeW
Cs, =CGDO » W Cep = Cox > +CGDO » W

with: PS = Perimeter of Source, AS = Area of Source
MJ = % (default), MJISW = 3 (default)

__CJ-AS | CISW-:PS 3 similar equation is used

SB MJ MJISW
(1 . \Ffaéj (1 N \Ffsé) to calculate Cpg

Ces = CGBO - L
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MOSFET - classic layout

e Area of Source = AS = 4\-W
e Area of Drain = AD = AS = 4\-W
e Perimeter of Source = PS = 8A+W
e Perimeter of Drain = PD = 8A+W

ALP_Rotondaro

Source | Drain
A
w
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MOSFET - SPICE attributes

M1 12 3 4 NMOS L=2U W=2U
+ AS=4p AD=4p PS=6U PD=6U

e Overlap capacitances are calculated using W

e Capacitance to body have area and perimeter terms
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Miller approximation

e Capacitance between
Input and output appears
multiplied by the gain at
the input

. =Ce(1+A)e i

d _F —
ic =Ce dt (Vin - Vout) v Vin
1 = [ d [ |
. = C dt (Vin +A Vin) Vout - =
dVin
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Miller approximation - Common source

. = = |
L 9 3

; V4
v Vout —_ gm * Rout

Vin ) 1+ j C(iRmC(l T gm ° Rout) outC]

ﬁvm - 1
_/\/\/ — I i Rin.C.(l-l_gm.Rout)

C(l+g,- ) ~
~ Miller Capacitor

V
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Common Source

e C, can be ignored

sometimes R,
CGDl |
° Rout = RL “ rO Rm | | Vour
_ vin o
* Cg=Cep * Cos Tc.
CGB CG.S‘
Rﬁ'ﬁ’
CGD
Al
— d)
CG gm ) vin ROUt
A4

ALP_Rotondaro EE5321/EE7321 31



Common source - small signal

e Using impedances R, Lep

V., Vour
V1'Vin_|_V1 + 1'Vout: * é
Rln ZG ZGD \,'m T Rout
A4
1 - CGD
Vout — _g eR ° _ _gm
Vin ! o 1 + j (({ |.CGD (1 t gm ¢ Rout) + CGJ y Rin T+ RLCGD} -~ a)ZRoutRinCGCGD
1 - J wCGD 1 - J a)ﬂ
Vout — gm —_ gm
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Common source - Poles and Zeros

From the transfer function:

- 1 |
a)pl ) Rin * |.CGD (1 B gm * Rout) v CGJ v RLCGD

1 1
W, =- 1 ‘
P RoutCGD (Rout I I Rin I I glmkG
— n
“ C

P o

ALP_Rotondaro

1+J£ + 1+J£
C()pl C()pz
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Common source - Poles and Zeros

e Converting to s space:

S, = 'J(*)z Spl = 'j ('opl Sp2 = 'j ('op2

X X S
]
N R!N CMILLER C GD
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Diode connected and Pole Splitting
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Common source - Capacitance Cases

e Relative magnitude of
the capacitors result in R,
different scenarios C, ||

|

« Casel: Miller Cap small . I L

RinCn’ RoutCD e RinCMiIIer C“
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Common source - Small Miller capacitance

e Output Impedance, Z_;

1 1
Z =R ril—=R S Zour
out LIIOIIJ—C(L:D OUt”jaﬁD »
1oLt
e Stage gain, Av
ROUt
j&ﬁ ROU
A\/:_gm.zout:_gm. Dl :1+-CUF\;[ C
Rout + - J out ~D
Jak,
e Qutput pole 1
W, =
R,,:C
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Common source - Small Miller capacitance

e Input transfer function Ry
, v AN, y
Vi'n —_ Jaﬁﬂ —_ 1 1
= PR C
Vin R + . 1 1+JaRinCﬂ 1 i
g Jaﬁﬂ
v
e Input pole
1
A = ——
i I:QinCﬂ

-
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Common source - Other cases

 Case 2: Large C,
RoutCD > RinCMiIIer’ RinCn
1 1

W, = W, =
pl p2

out

» Case 3: Large C,
RinCMiIIer »2 I:aoutCD’ RinCn

. = 1 0. = 1 __ On
" Rin (\1 T ngout )C/Jj ” i (Cﬂ + CD) (C” + CD)
Y On
CMiIIer

-
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Poles and Zeros

e Usually the multiplying factor on the Miller
capacitor results in poles far apart from each other

than In other cases.

 The pole splitting is used to compensate the circuit.

1

pl
RinCM ILLER

X — XX ? S
C, large cC =0 C,=0
K o, K 1 K 1 ®, = g_,_ﬁ
C, large C,
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Common drain (source follower)

e Small circuit analysis

Vg - ( 1 J ° (Vin - Vout) T Vout

1 + j aRinCﬂ
Rm
H H vg
vin
A4
Cn :: gmﬁ(_vDUT)
gm(\",g T vuur) vaur
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Common drain - Small signal analysis

Vour Vg = Vout
Rst_ 1 +gm.vg_(1+)().gm.vout
oo

1 i ]
Vout ® [R+(1+/Y). On +Ja£ﬂj :(Jaﬁﬂ-l_gm).vg

S

[ - Cﬂj
1+ jwr=r
Vout — ngS gm

R, 1+(1+x)*g.R, L+iaR C+  THX*GR,

"L+ (14 X)) guR,
— g_m = 1 A= ngS
“Tc TR (-A) 1+ [+ x)a.R.
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Common drain (source follower)

 Effect of C

 The Body is Grounded

Ry o T

AL

15""!:3[."1'"

S8

=
a1

Y
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Common drain - small signal

Vin _Vg - -
R :Vg.JaJ:G +(Vg_vout).JaEGS

n

[V Ve )* 6 - G (Vg = V) = 222 + vy + ey

S

CG - CGD T CGB' Cos

gm('\"g T vaur)

v{]UT

Coo—— R,
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Common drain - Small signal analysis
SR (1010%)
VOUt —_ 1+ngS gm

Vin 1 +j R C + RinCGS + Rs (CGS + CSB) _ OJZR R CGSCG + CSB (CG + CGS)
"C 1+gR, 1+g R, s 1+g R,

e Having the denominator to be in the format:

W W | 1 W
1+ el 1+)]— =1+ + -
W Wh2 Wn W) Wy

 The poles are:

1 1
w. = p r =
pl
R CG + RinCGS + RS(CGS +CSB) inCG + RinCGS +R0(Ces +CSB)
" l+gR 1HgR 1+9,R,
R C
R.C,+ " +R,(C,s +C
- in G 1+ngs o( GS SB) Ro:i“Rs
” RORinl.CGSCG i CSBCG v CSBCGS I

e
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Common drain - Cases

C
e (Case 1: Rin[CG + 1+SSR ]>> RO(CGS +CSB)

R
a)pl = A: gm ; Miller

C
e (Case 2: R, (CGS + CSB) >>R, (CG + ﬁ]
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Common Gate

/\/\/ ' Vour

C_gg CG.S' CG n CDE

e Assuming r, — oo
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Common gate - small signal
e Using KCL @ v, and @ Vv, ;

V. -V )
——=>=V_ e JaC, + 0,V
RS S J S ng
gmvs :Vout ¢ jaCD +M
RL
ngL
VOUt — 1+ngS
V. ) ) R.C
" 1+ 1R C e |1+ Jw—32—
(L1+] LD)E j 1+ngJ
e No Zeros
W = 1 W = 1 _ 1
pl p2 —
RC R,
L™D C. R ||1 C
1+ngS ° gm ’
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