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" | Outlines

= Transfer function
= Filters
" Bode plot

" Circuit element models in s-domain
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" | Recall: voltage divider

VOLTAGE DIVIDER
According to KVL Vs =1iRy + IR,

5 1
Ry > =5
v 4 R{+R>
R, v R, Voltage divided
V, =iR, = Vs :
o - 2 2" R,+R,° -« over resistors
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2 | Transfer function

QUESTION: calculate the voltage transfers from input to output based on varying R,

VOLTAGE DIVIDER According to KVL

i . R,
Vour = iRy = ——V;
ou R +R, "
Ry
Vin + = Ratio between input & output voltages
R, Vout
|4 R
O — out 2
- G(R,) = =
(R2) Vin Ri+R;

5/13/21 Milin Zhang, Dept of EE, Tsinghua University



2 | Transfer function

QUESTION: calculate the voltage transfers from input to output based on varying L

VOLTAGE DIVIDER = According to KVL
, JwL
Vour =141

B/
=2 " vy,
R, +jwL ™
Ry
Vin + = The transfer function
L Vout
O — Wout _ ]O)L 1

G(w) = 24 = =
(@) =Y " =R il ;j)_lLJrl

This is a “frequency-dependent” variable voltage divider.

Transfer is dependent on the value of w

5/13/21 Milin Zhang, Dept of EE, Tsinghua University



2 | Transfer function

TRANSFER FUNCTION of a circuit or system describes the output
response to an input excitation as a function of the angular frequency w

G(w) = X;_ut((ww)) < Voltage gain
— M(a))ef‘l’(“))
where
o 3mIG(w)]
M(w) = |G(w)| ¢(w) =tan™* [me[((}(w)]]
PN o
Magnitude Phase
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2 | Transfer function

QUESTION: calculate the voltage transfers from input to output based on varying L

VOLTAGE DIVIDER

R 6] = ——;
' a1
Vin + \/1 + ((UL)
L Vout

The phase of H(w)

The magnitude of G(w)

G(w) =
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2 | Transfer function

QUESTION: calculate the voltage transfers from input to output based on varying L

VOLTAGE DIVIDER

— L
R4
Vin +
L Vout
0 —

4

Vv wL 1
G(Ry) =t = =L =
in 1 Hjwl f1 o4
JwL
w = 2nf

= |f frequency is very high
G(R,) » 1

= |f frequency is very low

fwL
GRR,) ~122 S0
Ry
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2 | Transfer function

Let’s try to plot the transfer function |G(w)| =

1
Ji+ (&)
|G(w)] |G(w)|
A A

| 1 > ‘ 1 ‘ 1 ‘ 1 |
10k 100k 102 104 106 108

> W

While plot the transfer function, the x-axis is usually plot in logarithmic scale
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2 | Transfer function

QUESTION: calculate the voltage transfers from input to output based on varying L

G(w)| A
VOLTAGE DIVIDER \
. | 100%
5 1 transfer
R4
Vin <t> +
L Vout
g —_
1 ‘ 1 ‘ 1 ‘ >
102 10* 10° 108 @
G —
|G(w) \/ R * Transfer is dependent on w
1+ (1)

= |f frequency is very high G(w) = 1

= |f frequency is very low G(w) — 0
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2 | Transfer function

QUESTION: calculate the voltage transfers from input to output based on varying L,

VOLTAGE DIVIDER

— L
R4
Vin +
L Vout
g —_

G(w)| =

5/13/21

|G(w)| A
100%
transfer
o - ottt I 1 ) (1)
100 10k 1M 100M
‘ T T | | > W
90°
45°=
\ 4 .. )
) Vout is in phase with V;,,

Milin Zhang, Dept of EE, Tsinghua University
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2 | High pass filter

This is a HIGH PASS FILTER
Which passes high frequencies

and block low frequencies

Win % Vout
~So

= |fV;, has high frequency, nearly all
of V;,, will transfer to output

= |If V;, has low frequency, little of
Vin will transfer to output

|G(w)| A
100 10k 1M 100M
BHEE T i T > W
90°[
45°F
b \ 4
12
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" | Different forms of the transfer function

TRANSFER FUNCTION of a circuit or system describes the output
response to an input excitation as a function of the angular frequency w

Wout(o’))
G,(w) = < Voltage gain
v( ) Vin(w) &8
I w
G;(w) = ]f_ut((w)) & Current gain
mn
V w
Z(w) = out () < Transimpedance
Hin(w)
Y(w) = Toue (w) € Transadmittance
Vin(a))
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2 | Recall: Impedance

Impedance, Z,
is defined as the ratio of the phasor voltage to the phasor current

[-v relation i=- i(t)y=cC dv(t) i(t) =i(ty) + 1jtv(x)dx
R dt L),
1t -
v-i relation v =R v(t) = v(te) + = | ilx)dx v(t) =L dit)
¢, dt
Imped R L
mpedance ot jol
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" | Transfer function of a resistor

+
v(_t) r

{

5/13/21

0

Zg(w) = R
|ZR| =R
LZR = Oo

Zal

R

27
RA

900 _____________________________________________________

—O0° |-
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™ | Transfer function of a capacitor

Zel
i
o
+
v(_t) T ¢
w
>
Te(@) = —
_ 1 T B
Te| = —
< | Cl wC 0° |-
LZC = —900 —9()°
> W
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B | Transfer function of an inductor

L i®
o
+
v(_t) % .
[o S—
Z,(w) = jwL
|Z¢| = oL
<
LZC = 900

5/13/21

Z.
.1,
\ Slope L
w
>
Y/
La
90°
00 _____________________________________________________
—900° |-
> W
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" | Outlines

= Transfer function
o Voltage gain

o Transimpedance

= Filters

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 18



" | Common ideal filters

High pass filter

Low pass filter

Band pass filter

Band stop filter

5/13/21

V.
I
~So
Vin ~_
— /'x_,
Y
V.
N
o
RN
—
Y,

Wout

Wout

Wout

Wout

|G(w)|
>
|G(w)| A
>
|G(w)|
‘ \ >
|G(w)| A

]

Milin Zhang, Dept of EE, Tsinghua University
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" | Common ideal filters

-40
-60
-80
-100
-120 £
-140 2
o

equency (dB/Hz)

e

0 5 10 15 20
Frequency (kHz)

|G(w)| A

Low pass filter \ Q D>>
1kHz
)
> f ﬂ >
|G(w)] A
Band pass filter ‘ \ Q §>>>
> f

1.5kHz 2.5kHz
5/13/21 Milin Zhang, Dept of EE, Tsinghua University 20
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¥ | Ideal v.s. actual filters

|G(w)]

PASSBAND
The range of
frequencies that are

Actual filter allowed to pass from

\ source to load

Ideal filter

CUTOFF FREQUENCY
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= | Example 1

QUESTION: design a stereo amplifier with two output channels to split the high and
low frequencies.

ﬁ Crossover
—_
4 network

high freq.

@)
L3 A [Q])» Tweeter 1 ‘

low freq.
>>—>|:<|] >> Woofer
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= | Example 1

QUESTION: design a stereo amplifier with two output channels to split the high and
low frequencies.

i = According to KVL
—
0 +
. y V. = iR R,
1 =1 =
" 1 - LT R +jwL ™
L 2 v 7 JjwL
=1 =
0 - 2 LR 4+ joL ™

= The transfer function

A R,
G = =
1(@) V,, Ry+ ol

Vv, JwL
G = =
2(@) V,, Ry +jol

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 23



= | Example 1

QUESTION: design a stereo amplifier with two output channels to split the high and
low frequencies.

. 1
— ! o |Gy (w)] =
2712
1 _1 Rl
Vin + 1
L V.
2 Wh =—
o — en |Gl(wC)| \/’i
> s
W = —
\V4 R cl L
G (w) = - -

Vi, Ry +jwl
Similar for the cutoff freq. of G, (w)
() - V,  joL
2=y T R+ jol R,

“ez =7
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= | Example 1

QUESTION: design a stereo amplifier with two output channels to split the high and

low frequencies.

i
O +
R, V1
Vin N
L V,
o

Vv, R4
(G'1((U) = v = R .
in 1+ jwlL
v, ol
G = p—
2(®) V,, Ry +jol
5/13/21

|G(w)| A \'A v,
/ N\
. 5. *
10 i 100k %
R
YT

Milin Zhang, Dept of EE, Tsinghua University
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= | Example 2

QUESTION: find the transfer function of the circuit below

Rs
WA

e WV o1t

How tovary Z, ?

= Not practical tovary C

= Much easier to vary w

According to KVL

Zc

Vour = iZ¢ = R.+Zo
S

Win

If Z. is very low

ZC Zc—0

G(w):RS+ZC >0

If Z is very high

ZC Zc—>00\ 1
Ry + Z, '

G(w) =

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 26



Example 2

QUESTION: find the transfer function of the circuit below

RS
W= = The transfer function
iy YA
—\V C
out G((l)) —
cl - Rs +Z
1
This is also a “frequency- — 1—1
. R.+-—=
dependent” variable 5 jwC
voltage divider. 1
Transfer is dependent on JwCRs +1

the value of w

5/13/21 Milin Zhang, Dept of EE, Tsinghua University
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= | Example 2

QUESTION: find the transfer function of the circuit below

Rs
WA

o Voult

5/13/21

= If frequency is very high, Z. is very low
Zr =——=—-0 shortcircuit
¢ jwC

G(w) » 0

= |f frequency is very low, Z is very high

1
Ze = ]a)_C — 00 open circuit
G(w) » 1

Milin Zhang, Dept of EE, Tsinghua University 28



= | Example 2

QUESTION: find the transfer function of the circuit below

. |G(w)]| A
+ " 100%
Vin == V,u transfer
C _ B
Gw) " jwCR, + 1 el sl el
100 10k 1M 100M
This is a LOW PASS FILTER = Transfer is dependent on w
Which passes low frequencies = |f frequency is very low G(w) = 1
and block high frequencies = [f frequency is very high G(w) — 0

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 29



= | Example 2

QUESTION: find the transfer function of the circuit below

|G(w)] A
R;
M-
+
Vin —— Vout
C _
] ] 1
> W
100 10k 1M 100M
1
(GJ w)=—"—"—""" 0° v i i >
(@) JwCRg + 1 : ' w
|G(w)]| = —45°T
J1+ w2R2(? ‘
¢ = —tan " (wCR,) _90°k
OB 4 out IS in phase with V;,,
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= | Example 2

1

|G(w)| =
J1+ w2R2C?

¢ = —tan 1 (wCR,)

S~

1
When |G(w,.)| = ﬁ
_ 1
9 wC - RSC

¢, = —tan 1 (w.CR,) = —45°

|G(w)| A :
1 H”E T L}
1 [iil il ) AR IR
7z | i
] ! I i
| >
100 10k 1M 100M
OO — VVI v[: y I T 'I| T I >
: w
450 -ssmmmsmm E— -------------------------
—90° | i
o Vv
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= | Example 2

QUESTION: find the transfer function of the circuit below

Ry
WA " If v;, (t) = Vs sin(wt)
+
Vin = Vour = According to KVL
C _
L) + == 0(t) = == v (0)
dt ' TR,V TR
1
_ 1 v(t) = K; cos(wt) + K, sin(wt) + ng_@t
G(w)
JwCRs + 1
(K _ —wR(C v
¢ = —tan" 1 (wCRy) 17 1+ w2r2c2 S

1
-V
1+ w2R%C2®
wRC
1+ w2R2C2 °

where g,

3:

\

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 32



= | Example 2

QUESTION: find the transfer function of the circuit below

" w=2300rad/s
R / Vin Vout
s
AAAn T T
\A A4
+ i
Vin — V¢ |
C —
0 0.62 0.64 0.66 0.08 0.1 0.12
! G(w) = - ! i " w=1krad/s Vin Vout
JwCRg + 1 / ou
¢ = —tan" 1 (wCRy) ]
0 0.005 0.61 o.c;15 0.82 0.625 0.03 0.035
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™| Example 3

QUESTION: find the transfer function of the circuit below

» w=2300rad/s

0 0.005 0.01 0.015

IH)| A :/ @ =300
::' =1k T N N
M N ] > 0 o 0.62 0.64
100 | 10k 1M 100M
Lo " w=1krad/s
0° e T >
"""" N @

—450 - -

—90° | :

¢ v |
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™| Example 3

QUESTION: a voltage divider usually does work well at high frequency due to the
parasitic capacitance. In order to remedy this capacitance issue, a small capacitor in
parallel with the series resistor is applied. This capacitor is called compensate

capacitor. Find the proper value of the

— L
Ry
+
Vin - >
o +
<
R, 5» C2== Vout
\\ o
parasitic cap
5/13/21 Milin Zhang,

compensate capacitor.

= |f there is no parasitic cap, according to KVL

. R,
Vour = IRy = mwin

= |f consider the parasitic cap, according to KVL

o RillZe,
V R

V,, Ry+R,+jwR.R,C,

Dept of EE, Tsinghua University 35



™| Example 3

QUESTION: a voltage divider usually does work well at high frequency due to the
parasitic capacitance. In order to remedy this capacitance issue, a small capacitor in
parallel with the series resistor is applied. This capacitor is called compensate
capacitor. Find the proper value of the compensate capacitor.

5 0

compensate cap

" O

= By applying the compensate cap, according to KVL

/ R,||Ze,

5/13/21

- V t = W
T M Ry Ze, + R Ze, T
o+ = The transfer function
= VOUI
AN \
- t
\ Gy (w) = “;u
parasitic cap in

_ R,(1+ jwR,(y)
"~ R(1+ jwR,C,) + Ry(1 + jwR,Cy)

Milin Zhang, Dept of EE, Tsinghua University 36



™| Example 3

QUESTION: a voltage divider usually does work well at high frequency due to the
parasitic capacitance. In order to remedy this capacitance issue, a small capacitor in
parallel with the series resistor is applied. This capacitor is called compensate
capacitor. Find the proper value of the compensate capacitor.

—_ l compensate cap .
/ G, (w) = R,(1+ jwR,Cy)
<+> Ry : 2 R;(1 +jwR,C,) + R,(1 + jwR,C;)
Vin - > 1° 1
o If R,C; = R,C G R
v 3 C2==\ v 16 = RG> Gy(w) = R, + R,
.

varasitic cap Independent of frequency

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 37



™| Example 3

QUESTION: a voltage divider usually does work well at high frequency due to the
parasitic capacitance. In order to remedy this capacitance issue, a small capacitor in
parallel with the series resistor is applied. This capacitor is called compensate
capacitor. Find the proper value of the compensate capacitor.

. |G(w)| A
— ! compensate cap

/ | Cy is large
R < - 1

o +
< . . [ 1 C, is small

R, & Cy—— Vout i 1

N o /]

\ — il

parasitic cap 7 l ]
> w
10 1k 100k

R,(1 + jwR;Cy)

G =
2(0) = T T ek, C) T Ry (L £ JoRC)

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 38



™| Example 3

QUESTION: a voltage divider usually does work well at high frequency due to the
parasitic capacitance. In order to remedy this capacitance issue, a small capacitor in

parallel with the series resistor is applied. This capacitor is called compensate
capacitor. Find the proper value of the compensate capacitor.

|G(w)]| A

— L compensate cap

parasitic cap

R,(1+ jwR,C
G, (w) = 2 ( jwR1Cy)

R,(1+jwR,C,) + R,(1+ jwR,Cy)

5/13/21 Milin Zhang, Dept of EE, Tsinghua University

jZ C; is/large

\ - Cyissmall

] ] > w
10 1k 100k

] ] > W

¢ Vv
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" | Outlines

* Transfer function - R
" Filters o e ]
o Common ideal filters Gl 4
o Actual filters -
[H(w)| A
* High pass filters / low pass filters " /5c| S«

* Band pass filters / band stop filters
* Quality factor

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 40



= | Example 4

QUESTION: calculate the voltage transfers from input to output based on varying R

_, i®

Ly C
= According to KVL
+
Vout Vo =IR=——
Vin R - out — _R+ZL+ZC in

= The transfer function

Vin RA+Z,+7Z,

R

_R+j(wL—%)

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 41



= | Example 4

QUESTION: calculate the voltage transfers from input to output based on varying R

_, i®

Ly C
= |f frequencyis verylow, w — 0
+
Yo G(w) = ! -0
o - _R+'( L—i)
J a)\‘ wC
o g
R . : .
G(w) = - If frequency is very high, w — o
R+j(wL—=7) .
G(w) = T~ —0
o R+j (el = 5)
\
> Y,
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= | Example 4

QUESTION: calculate the voltage transfers from input to output based on varying R

l(t)

.

R
R-I—j(a)L—&)

w = 2nf

G(w) =

= |f frequency is very low, G(w) = 0

= |f frequency is very high, G(w) = 0

1
= What if wl — E =0
1
- Wy = \/T_C RESONANCE FREQUENCY

G(wg) =1 thus, Vyur =V

The RESONANCE FREQUENCY, w(, at which the impedance of the

circuit is purely real. The circuit itself at w( is called IN RESONANCE.

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 43



= | Example 4

QUESTION: calculate the voltage transfers from input to output based on varying R

_, (D) = Find the cutoff frequency w,
|G(w)] 1 1
Vout w)| = -
1 1,y V2
1+ (— (wL - ))

R ( ?

G(w) = 1 = £ )

R+j(wl——7) Ca=Tat
- <
\ \/

Glw)| = VZ Note: w.; and w., are not symmetric around w,

R 2
ot

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 44



= | Example 4

QUESTION: calculate the voltage transfers from input to output based on varying R

() |G(w)| A wCl;
_, it |

L C
+
Vout
vin R —

» The bandwidth

R ‘ ‘ > 0
BW = we — e = 7 100 10k 1M 100M

This is a BAND PASS FILTER
which passes some particular band of frequencies and reject all
frequencies outside the range

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 45



2| Quality factor

QUESTION: calculate the voltage transfers from input to output based on varying R

l(t)

R
{"“\—“_% G(w) = - +](a)L—LC)
out _ 1

R
G(w) = 1

R+j(w L—%) -

1 [L
1 Define QUALITY FACTOR Q =— |-
|G(wc)| - \/_E R\/;

5/13/21 Milin Zhang, Dept of EE, Tsinghua University



2| Quality factor

QUESTION: calculate the voltage transfers from input to output based on varying R

|G(w)]| A

. 0 = 0.01
B 1 R -
+
Wout
vin R —_
G(w) ! |
w) =
0 (L. _ %o . L
1+JQ(wO w) 100 10k 1M  100M ¢
1
Wy = —
0" JIC
1L
Q_R C
5/13/21
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2| Quality factor

QUESTION: calculate the voltage transfers from input to output based on varying R

SO Let’s recalculate the bandwidth BW with Q
1
T * The magnitude |G(w)|= 5
Vou 2 (@ _ %o
Vin R _t \/1+Q (CUO a))
According to  |G(wp)] = —
= According to we)| =—=
g c V2
() 1 ( E / L
G(w) =
0w = wg [—=—=
1+]Q(w—O—UO) Wer = @0 1750 T 207+ 1
- < - -
1
o= T = wp |+ — + !
We2 = Wo 20 402 + 1
L | A
_1 L wo  Arelationship b
Q=% 7 B — @0 relationship between

Q BW, Q and w,
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2| Quality factor

QUESTION: calculate the voltage transfers from input to output based on varying R

l(t)

Let’s go back to time domain @ resonant freq w,
Vour ® Assume v;,(t) =V, cos(wyt)

* The equivalent impedance @wy, Z¢q = R

= According to KVL, the current of the circuit i(t) = %’cos(a)ot)

1 VoL
= EnergystoredinL, w,(t) = Ele(t) = ﬁcos (wpt)
" Energy storedin C, w,(t) —lez(t)—lC ljidt = —Ozsinz(a) t)
&Y A A Vs 202R?C 0

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 49



2| Quality factor

QUESTION: calculate the voltage transfers from input to output based on varying R

l(t)

Let’s go back to time domain @ resonant freq w,
Vour = Total stored energy
VEL

ws = wi(t) + we(t) =555

2R?

wi(t) = V—ZLcosz(wot)

2R* = Total dissipated energy per cycle

LQ% 2 T 2
we(t) = 2ngZCsm (wot) Wy :f i2()Rdt — T
0

1 1 |L

“=Te YTRr{c

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 50



2| Quality factor

QUESTION: calculate the voltage transfers from input to output based on varying R

_, i®

L ¢ Let’s go back to time domain @ resonant freq w,
+
v . Vour = The ratio of wy and wp
VEL

Ws  2RZ _ L woL

VoL wp, V2T RT — 2nR
wg = wi(t) + we(t) = T T8
1
VET " RecallQ@ = E‘/L/C
wp = wg(t) = OR
W Q is the ratio of energy
Q= 27tw— stored to energy lost at
D

the resonant frequency

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 51



" | Outlines

® Transfer function Vo

» Filters

(&

o Common ideal filters

&

o Actual filters
* High pass filters / low pass filters "=
* Band pass filters / band stop filters
WS

e Quality factor Q = 2m—
Wp

5/13/21 Milin Zhang, Dept of EE, Tsinghua University

&

(&

[H(w)| 4

rd

|H(w)]| 4

rd

|H(w)] 4

rd

[H(w)] 4

rd
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" | Outlines

» Transfer function >
" Filters =

o Common ideal filters

o Actual filters
* High pass filters / low pass filters "=

* Band pass filters / band stop filters
WS

* Quality factor Q = 2m—
Wp

e Cascading filters

5/13/21 Milin Zhang, Dept of EE, Tsinghua University

&

(&

[H(w)| 4

rd

|H(w)]| 4

rd

|H(w)] 4

rd

[H(w)] 4

rd
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2| Example 5: Cascading filters

QUESTION: find the transfer function of the circuit below

|G(w)| A

: Ry R
Vin <t> — —1 Vour B

=  According to KVL

10 1k
Zc, Ze \|(Ry + Z¢,)

Vour = in

Ry +Z¢, Ry +Zc1||(R2 + ZCZ)

Zc, Zc1||(R2 + ZCZ)

= The transfer function G(w) = .
Ry +Zc, R+ ch||(R2 + ZCZ)

5/13/21 Milin Zhang, Dept of EE, Tsinghua University
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2| Example 6

QUESTION: find the transfer function of the circuit below

|G(w)| A
Ry I C;
W 1l 7
C) 1+ L e
Win t —_ $ Wout == 2
C, R,[ _ ; of
=  According to KVL
1 ‘ 1
10 1k 100k
V. = R, . ch||(R2 +ZCZ) |
" Ry Ze, R+ ZelI(R+2c,)
R, ch||(R2 + ZCZ)

* The transfer function  G(w) =

Ry+Zc, Ry+Zc ||(Ry+Z¢,)

5/13/21 Milin Zhang, Dept of EE, Tsinghua University 55



" | Outlines

» Transfer function >
" Filters =

o Common ideal filters

o Actual filters
* High pass filters / low pass filters "=
* Band pass filters / band stop filters
WS

e Quality factor Q = 2m—
Wp

e Cascading filters

= Bode plot
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" | Recall: logarithmic scale

Let’s try to plot the transfer function |G(w)| =

1
Ji+ ()
|G(w)] |G(w)]

A A

> ‘ ‘ ‘ ‘ >
10k 100k 100 10k 1M 100M

While plot the transfer function, the x-axis is usually plot in logarithmic scale
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| Logarithms v.s. Decibels

" Linear scale

=  Powers of ten scale

102 = 10° 101 103

100 100.1 100.2 100.3 100.4— 100.5 100.6 100.7 100.8 100.9 101

1 2 3 4 5 6 7 8910

Logarithms scale is a non-linear scale
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" | Recall: Power in dB

Decibel (dB) is a unitless measurement for expressing ratios

= For power

= For voltage

5/13/21

P

P
10log, ¢ T =>dBm
1%
ZOlogloﬁ edBV

v
2010g10W adBmV
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" | Power gain in dB

. . Pout
= Define power gain as
Pin
.. PO‘LLt
= Power gainin dB 10log40
Pin
= Special cases
. Pout
If Pyt = Pip, Power Gain (dB) = 10log,, b= 0dB
in
1 . Pout
If Poye = 5 Pin Power Gain (dB) = 10log,, . —3dB
in
. Pout
If P,,,; = 2P;, Power Gain (dB) = 10log,, b 3dB
in

5/13/21 Milin Zhang, Dept of EE, Tsinghua University
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" | Voltage gain in dB

P
Power Gain (dB) = 10log4,

A% R;
= 10l0g10 <_> + 10l0910 (_>
R,
| ¥R =R,
Y
== ZOlOglO (7) + 10l0910(1)
l

v,
= 20log (V ) Voltage Gain

in l

P,,
Power Gain (dB) = 10log,

5/13/21 Milin Zhang, Dept of EE, Tsinghua University
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W | Transfer function with logs & dB plot

Ry
WA=
4 / —3dB
N v et mave s A
o b R B
1 | | : |
|G(w)| = : j :
\/1 + (wCRy)? —20 oo Y - I
|G(10w,)| . | i A
W, = ! 1 I
J1+ (10w,CR;)? —30 = Slope ! : 1
—20dB/decade” ! ]
= ol L LN
~ J(0w,CR)?  10/(w,CR,)? ¥ o, |
) . . 1G(w)]/dB
U101+ (@.CR)? 10 6@l
|G(wc)|
|G(w,)|(dB) — |G(10w,)|(dB) = 20lo ( ~ 20dB
‘ ‘ T\ |G(10w)]
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" | Bode plot

BODE PLOT generates a “straight-line” approximation of the transfer function
—3dB

10 /102 103 10*  10°
0 7 T T —> w

-10 ~10 |~ i 1
-20 20 P (ISR ,i
—30 —30 = Slope E
—20dB/decade ]

—40 ~40 :__
v |

|G(w)|/dB |G(w)|/dB

The slope of the dB plot is called the “roll-off” rate
The amplitude of the output signal is attenuated faster with higher roll-off
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" | Bode plot

Transfer function in general form

(1+255) (4 52) - (14 22)

jw jw jw
1+ )(1 + ) .(1 +—)
( a)pl (Upz a)pn

A214¢zl ’ AzZL(pzZ AzmA(pzm
0 Ap14¢p1 ) Ap24¢p2 Apn4¢pn

H(w) = H,

_ Ay Ay Ay
[H(w)| = |Hol =
0 Apl'ApZ'"Apn
<
- £H(w) :¢zl+¢z2+”'+¢zm_¢p1_¢l92_
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" | Bode plot

w-0 E
= When is w very low H(w) — H,
E Slope
. ! 20dB /decade
. jw . b
= Consider H,(w)=1+"— : :
zi | :
—~ WL Wy Wy | 10wy
]H[Zl(w) VA 1 ¢ i Zl i Zl
< A : |
W=Wgzj . | |
H,;(w) — 1+ : :
(1)=10le i 90° i i
]H[Zi(w) 5 10] ~ 10Hzi(a)zi) i
. i Slope
0w T 45° b--- 45°/decad
() 2225 o
~ (‘)zi
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" | Bode plot

: 1
= Consider H,;(w) = T i}
ope
1+ w_pl —20dB/decade
a WLWpj
Hy;(w) — 1
<<
W=Wpi 1 ; 10(1)pl'
]H[pi(w) > 1+
w=10wy; 1 1
]H[pl(w) ? 1OJ =~ 10 ]H[pl(wpl) 450 clope
W Wp; wpi —45°/decade
]H:[pl(w) > ja) —90°

v ¢
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= | Example 7

(143
(4 0+ F5)

H(w) = 2

|H(w = 0)| = 20log,,2 = 6dB

5/13/21

A“HI((U)'
Slope
6dB | —20dB/dec" !
1 1
60dB i i ! Slope !
_____________________ b —40dB/dec:
! | |
1 1
120dB E ! ' Slope
_____________________ Ao 2N —20dB/dec
! | |
1 1 1
! I I
L1 1 1 ! I I T N N >
! | |
110° ! 109 11012 w
: 1 1
1 1
: - - >
1 1 1
! I I
450 | ! :
Slope I ! |
—45°dB/dec ! !
—90° frmm m e m e e PR [
1 1
1 1
1 1
1 1
_1350 ___________________________________________
Slope
21800 e ___AS°dB/dec . N__/ i _ 45°dB /dec
] | :
v ¢
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" | Outlines

® Transfer function

= Filters

o Common ideal filters

(&

&

o Actual filters

* High pass filters / low pass filters

* Band pass filters / band stop filters .
WS

e Quality factor Q = 2m—
Wp

e Cascading filters

" Bode plot

&

(&

" Circuit element models in s-domain
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9| The Laplace transform

YOU WILL LEARN IT LATER IN SIGNAL & SYSTEM

The Laplace transform of a function is defined as

LIf(t)]=F(s) = joof(t)e"“dt wheres =0 + jw
0

The inverse Laplace transform is defined as
1 g1+joo
LUFE) = fO =52 Fl)etde
2TJ J g, joo

The useful Laplace transform pairs

1

6(t) « 1 u(t) o — e~ o
S

5/13/21 Milin Zhang, Dept of EE, Tsinghua University

69



2 | Circuit element models

-

- 4
. e . _ v _ dv(t) N 1 (¢t p
i-v characteristic =R i) =C— i(t) = i(to) +7 | v(xdx
to
1t :
v-i characteristic v =IR v(t) = v(ty) + Ej i(x)dx v(t) = Ld;(tt)
to
I d R !
mpedance 7oC jol
s—domain model R 1 Sl
sC
s—domain 1(s) = V(s) s) V(s)
i-v characteristic Y =R I(s) = sCV(s) =L

5/13/21

Milin Zhang, Dept of EE, Tsinghua University

70



" | Outlines

[H(w)| A
Vin_> % __v;)ut
" Transfer function >
[H(w)| A
Vin Lo 2 Vout
. —)%—»
= Filters o
[H(w)| A
o Common ideal filters v o] S T
o Actual filters H@)| A
. . . —z—
* High pass filters / low pass filters > w
* Band pass filters / band stop filters
. WS - 4|_ T~
° Quallty factor Q — ZTCW—D i1 relation =2 i) = c 20 i(t)=i(to)+%ft:v(x)dx
° Cascadlng fllters v-i relation =iR ”(t)zy(t"H%ftoi(x)dx y(t):L%
Impedance R ic jol
s—domain model R 1 sL
- BOde pIOt s—domain V(s) N )
i-v relation 9= Ts I(s) = sCV(s) I(s) = Vs_z

" Circuit element models in s-domain
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" | Reading tasks & learning goals

= Reading tasks

O

Basic Engineering Circuit Analysis, 10t edition
* Chapter 12.1-12.4, 12.5 before active filters

= Learning goals

O

O

O

5/13/21

Understand the variable-frequency performance of R, L and C
Be able to sketch and to understand a Bode plot

Know how to analyze series and parallel resonant circuits
Understand the concept of magnitude/frequency/Quality factor
Understand the characteristics of basic filters

Understand s—domain representations of basic circuit elements
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