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Euler’'s Identity

¢? = cosO + jsind

» real component
> imaginary component

> magnitude

%] = \/cos?0 + sin?0 = 1
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Sinusoidal Signal

x(t) = Acos(wt + ¢)

Periodic signals A .
A: amplitude i : /
w: radian frequency I L |

> ¢: phase

v

v

v

x1 (2)
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Time Domain

» Voltage gain against time

For sinusoidal signal:

v(t) = Acos(wt + ¢)

e ANAVANN
R AR

Time (second)
(usually linear scale)
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Frequency Domain

» Voltage gain against frequency

For sinusoidal signal:

V(jw) = Aé® = ALp = Acos¢ + jAsing

Power
Gain (dB)

Frequency (Hz)
(can use log scale)
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A complex resistance or frequency-dependent resistance. That is, as resistors whose
resistance is a function of the frequency of the sinusoidal excitation.

Z is the
‘ impedance
VsG) (2)1G0) | fof each
circuit
/. element

AC circuits in
phasor/impedance form
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Resistor Impedance

O
7
Assume source voltage v = A cos(wt), then \
» V(jw) =AZ0 )
) i (B) i) ZR
» I(jw) = =£0 <
R
¥
O
A4

Impedance of A Resistor

Zg(jw) = L—Rzo R

w)
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Capacitor ABC

Metal o Lead Dielectric
ea .
plates — (alr)’) I
L_; ¢
L Lead /[
(a) Basic construction (b) Symbol

Capacitance C
A measure of how much charge a capacitor can hold.
» Amountofcharge Q =C-V

) do dv
» current is the rate of movement of charge: I = o C- n
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Capacitor Impedance

e
A4

V(jw) =AZ0 + . 1
I(jw) = wCAZLT /2 VS(t) C:) l(t) T C

)
A4

Impedance of A Capacitor
V(jw)

7l = i)

11/21



. 1
Zelw) = 756 vs(?)

©

i) ==C

Capacitor Rule 1

LLow Frequency = Open circuit

Capacitor Rule 2

High Frequency = Short circuit

@aﬂfmiés
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Integrator

—O

Vout(_t)

?
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is(t) = VSR(;)
i (1) = Cr Ao (1)




Integrator

/
|
I\
: is(1) = —ip(1)
AL L o is(t) = VSR(;)
I )= p. D)
vs(?) _) Vout(_t) F\t) = CF ar

Therefore:

1 t
Vout(t) = = / Vs(f/)dt/

13/21



Differentiator

Rp
W
Cq ip(1)
I__‘ —O
—— +
(1)
s Vout(?)

%
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ls(t) _ CS dV;t(l)
ir(t) = VOIL:FU)




Differentiator

Rp
W
Cs ) dvs (1)
I__‘ ls(t) =Cg- 7
st '_O: i) = Lo
vs(0) Vit(_) ’
Therefore:

dVS(Z‘)
dt

Vout(t) = —RpCs -

14/21




Overview

Filters

15/21



Frequency Response of An Op-Amp

Inverting Noninverting

@aﬂfmiés
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Frequency Response of An Op-Amp

Inverting Noninverting

Vout
» |nverting amplifier: —(jw) = ——
g amp Vs (jw) Z

L;‘sﬂfm’—%@g
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Frequency Response of An Op-Amp

Inverting Noninverting

Vout
» |nverting amplifier: —(jw) = ——
g amp Vs (jw) Z

Zr

V,
» Non-Inverting amplifier: Lm(]w) =14+ =
VS ZS [==aa ua)

15/21



Low-Pass Filter

Rg

Vs

16/21

Zp
e
Ry A
i I\ :
| Rp |

——WW——
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Lo

—QO +

VOUt

Rp

. Zr
Zr = Rf||
Zs = Rg

]-WCF - 1 +jWCFRF
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Low-Pass Filter

Rg

Vs
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Zp
eV
A
e
| Rp :
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' |
- - - — =
—QO +
V()Ut

Zp
Rp
2 FH]'(.UCF - 1 +jWCFRF
Zs = Rg
Zr Rr/Rs
Afjw) = —=—=

Zg - 1+ jwCrRE
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Given:

Z Rr/R
AGw) = 2 _Re/Rs _

Zs 1+ jwCrRE
1

We = ReCr

Prove:
Rp 1
Al ==
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Low-Pass Filter

Zrp
N
: |
i Rp !

AAAA |
td'A'A A
: |

|

" L —
Vs :D_V?: RS 1 + WZ/W%

> w c =
dB amplitude response of low-pass active filter RF CF

20

0 A AR > 3-dB frequency
) - "‘M“\_ iHlH HH HH » or cutoff frequency
I

|

= 40 ”” ” 0|
-60 ”” ”” HH\\-.ﬂH
| s

107! 10° 10! 10 10 10* 105
Radian frequency (logarithmic scale)

R
BTW, lim,, o |A| = R{, limg, o0 |A| = 0
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High-Pass Filter

AGw) = —2F
() = -7
Zs = Rg + !
§T JwCs
-0 + Zr = Rp
Vout
o
Z jwCsR
= Afjw) = F JWCShE

_?S B _1 +jWCSRS
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High-Pass Filter

20 dB amplitude response of high-pass active filter
“
19 O A
0 v
: A A AT
=] /1
-20 /!
L
el A A
—40
1073 102 10 100 10! 1

Radian frequency (logarithmic scale

o B
™

A(jw) =

High freq. cutoff unintentionally created by Op-amp
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Zr  JwCsRp
ZS - 1 +jWCSRS

lim |A| =0
w—0
R
lim |A] = —
w—00 Rc¢



Band-Pass Filter
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