PHYS127AL Lecture 3

David Stuart, UC Santa Barbara
Complex impedance, filters, inductors
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Review

Review
Input and output impedance & rule for chaining circuit stages
Capacitors in time domain: qg=CV = 1= CdV/dt

¢ R
o ” ° o Vout /. | ° ° Vout
O Vo Vi VAV v
—C
R
L [=CdV/dt
[=CdV/dt (Vin-V)/R = C dV/dt
Vou/R =C d(Vin'Vout)/ dt V(t) = Vin (l-e_t/RC)
If dV(t)/dt<<dViy/dt then dV =V, (1) dt/RC, if V()<<Vin(t)
Vou(t) = RC dVin/dt — V(1) = I V. (1) dt /RC
Differentiator
Integrator
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QOutline

Generalize Ohm’s law with complex impedance
Frequency domain description

Filters

Inductors

Phase diagrams
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Ohm’s law for capacitors

We can find an IV relationship for a capacitor. Let’s assume that V(t) 1s
sinusoidal; we can then form any AC signal from a Fourier sum of these.

I’1l actually use a cosine for reasons that will become clear later.
Suppose the voltage across the capacitor 1s
V(t) = Vo cos ot
where o=2xnf. Then the current through 1t 1s
I(t) = C dV(t)/dt = -0CVy sin ot
So we have a relation between the magnitudes of V and 1
VI= I} (1/0C)

This 1s stmilar to Ohm’s law; we can 1dentify reactance of a capacitor as
Xc = 1/oC. But 1t 1s not the full story because the phase of the current
differs from the phase of the voltage.

Impedance 1s the general term for resistance or reactance

Note that Z 1s sometimes used
for impedance instead of X.
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Ohm’s law for capacitors

V| =|I| (I/oC)

This 1s similar to Ohm’s law, and we can 1dentify 1/wC as being like the
“resistance of a capacitor”. But it 1s not the full story because the phase
of the current differs from the phase of the voltage.

Ideal Capacitive Circuit Phase Angle

A .
Maximum energy Current leads

Current = storage (+) Voltage by 90°

~

Voltage

’
’
’
I
[}
L

V(t) = Vo cos ot
I(t) = C dV(t)/dt

= -wCVy sin ot

storage (-)
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Intuition for impedance of a capacitor = 1/wC

The 1/0C means that the impedance of a capacitor depends on the
frequency, o, of the signal.

Low mmpedance for high frequency AC and high impedance for DC.

R This simple rule helps us
Vie o—AAN—— - v... understand this circuit intuitively.

It 1s just a voltage divider.

B VOut — VIn — VIn — VIn
Rl +R2 Xl +X2 R+ 1/(Q)C)

Vou/V is large (=1) if X» is large

Vin R1
R Vin Vou compared to X and
Vou e Vou/Vin is small (=0) if X5 is
R —

small compared to X.
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Intuition for impedance of a capacitor = 1/wC

The 1/0C means that the impedance of a capacitor depends on the
frequency, o, of the signal.

Low mmpedance for high frequency AC and high impedance for DC.

R This simple rule helps us
Vie o—AAN—— - v... understand this circuit intuitively.

It 1s just a voltage divider.

L R, X, 1/(oC)
- VOut = Vln— = VIn = VIn
Rl +R2 Xl +X2 R+ 1/(Q)C)

First consider a DC signal at Vi, 1.e., ©=0. What 1s Vou?
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Intuition for impedance of a capacitor = 1/wC

The 1/0C means that the impedance of a capacitor depends on the
frequency, o, of the signal.

Low mmpedance for high frequency AC and high impedance for DC.

R This simple rule helps us
Vie o—AAN—— - v... understand this circuit intuitively.

It 1s just a voltage divider.

L Loy R % @O
out mR1+R2_ mX1+X2_ mR+1/(G)C)

First consider a DC signal at Vi, 1.€., ®=0. What 1s Vout?

Xc—0, SO Vout = Vin.
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Intuition for impedance of a capacitor = 1/wC

The 1/0C means that the impedance of a capacitor depends on the
frequency, o, of the signal.

Low mmpedance for high frequency AC and high impedance for DC.

R This simple rule helps us
Vie o—AAN—— - v... understand this circuit intuitively.

It 1s just a voltage divider.

L Loy R % @O
out mR1+R2_ mX1+X2_ mR+1/(G)C)

First consider a DC signal at Vi, 1.€., ®=0. What 1s Vout?

Xc—0, SO Vout = Vin.

Next consider a high frequency AC signal at Viy, 1.€., ®—00. What 1s Vout?
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Intuition for impedance of a capacitor = 1/wC

The 1/0C means that the impedance of a capacitor depends on the
frequency, o, of the signal.

Low mmpedance for high frequency AC and high impedance for DC.

This simple rule helps us
Vie o—AAN—— - v... understand this circuit intuitively.

It 1s just a voltage divider.

L Loy R % @O
out mR1+R2_ mX1+X2_ mR+1/(G)C)

First consider a DC signal at Vi, 1.€., ®=0. What 1s Vout?
XCZI/((DC)—)OO, SO Vout — Vin.

Next consider a high frequency AC signal at Viy, 1.€., ®—00. What 1s Vout?
Xc=1/(wC)—0, so Vour —0.
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mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

Intuition for impedance of a capacitor = 1/wC

The 1/0C means that the impedance of a capacitor depends on the
frequency, o, of the signal.

Low mmpedance for high frequency AC and high impedance for DC.

R This simple rule helps us
Vie o—AAN—— - v... understand this circuit intuitively.

It 1s just a voltage divider.

L Loy R % @O
out mR1+R2_ mX1+X2_ mR+1/(G)C)

|
Vvin Vou .
0 | o Yout How about this one?
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Intuition for impedance of a capacitor = 1/wC

The 1/0C means that the impedance of a capacitor depends on the

frequency, o, of the signal.

Low mmpedance for high frequency AC and high impedance for DC.

o Vout

V

out

Vvin © || © Vout

This simple rule helps us
understand this circuit intuitively.

It 1s just a voltage divider.

1/(@wC)
"R+ 1/(wC)

R, X5

"X+ X

"R+ R,

How about this one?

At high frequency, the capacitor
becomes low impedance, so it
shorts the mput to the output.

And 1t blocks low frequency.

DavidStuart@UCSB.edu
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Expressing AC signals in complex notation

It simplifies the handling of AC signals to treat them with complex notation,
which includes both amplitude and phase. We can do this with Euler’s formula.

el =cos@+isinb

So we can express V(t) = Vo cos ot as V(t) = Voe'™ well the real part is V(t).

We already use i for a small signal change in current, so in electronics we
instead use j2 =-1. (Textbook uses j=-i.) So we’ll represent the voltage as

V(t) = Voe/™
The tilde reminds us that this is the complex representation.
Now calculate the current from I = C dV/dt.

T=CdV/dt=CjoVie’ = joCV
So, we can write an Ohm’s law like relation between VandT:
V=T(1/joC)=T(/oC) = V=1Xc cf V=TXx

Where the impedance of the capacitor in complex representation 1s

Xc= —j/ oC cf Xgr=R (the -j carries information about the phase)
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Expressing AC signals in complex notation

This will simplify handling a mix of capacitors and resistors.
This makes the circuits below just complex voltage dividers.

Ry
A N
Ry Vout — IRZ — Vln — Vln ~
Ri+R2 X1+X2
R
l/i“ O—/\/\/\/ * 0 Vout ~ ~ ~ ~ r)\(./
A Vou =1 Xc = Vin—=%
C
R
Vvin © H © Vout VOU.t _ I XR Vln ~
Iy R+Xc

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 14



mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

Expressing AC signals in complex notation

This will simplify handling a mix of capacitors and resistors.
This makes the circuits below just complex voltage dividers.

%
‘/in o \/ \/ \/ © Vout
Ry Vout = IR2 = Vin = Vin—=
Ri+R> X1+X2
R
l/j“ O—/\/\/\/ * 0 Vout ~ ~ ~ ~ r)\(./
A Vour =1Xc = Vin—=2
C
R
Vvin © H © Vout Vout _ I XR Vln ~
Iy R+Xc
We can use this to calculate the output
voltage in terms of input voltage, Vou/Vin.
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Calculating Vou/Vin with complex impedance

- - S 7o o X
Vi =1Xo=—"2-X =V, —=C Ve —ANN—— ° Vou
out C R+X ¢ C n R+X ¢ A t

Let’s leave the voltages as arbitrary,
but put in the explicit form for X. =

VAR ¥ —7/wC
Vou = Vin | 755

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 16
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Calculating Vou/Vin with complex impedance

v Ve . _ 1 X
Vou = I Xo = —8-Xo = Vj—% Viw o—ANNVN—9 ° Vou

Let’s leave the voltages as arbitrary,
but put in the explicit form for X. =

> v | —iwC | v | —i/wC | | Ryj/wC | _ vr —jR/wC—j?/w?C?

ut —

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 17
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ICalculatmg Vout/Vin with complex impedance

X

Vour = I X = Xo = Vip—=¢ Vi o—ANN—1 ° Vou
out C — Rt XC C — mR—i—XC A t
Let’s leave the voltages as arbitrary, T ¢
but put in the explicit form for X¢. =

’ ~, —J/wC _ 1 | =i/wC R+j/wC| _ yr —jR/wC—j?/w*C?

> 7 1Jw?C*—jR/wC w2C? | _ Yr 1—jwRC
Vout — ‘/m R2+1/w2C2 X [wz(ﬂ:l — ‘/1n1_+_w2]?2(72

18
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ICalculatmg Vout/Vin with complex impedance

Xp =V, ¢ Vi o AAN—9 > Vi

Vou = [ X = e =

RXC

Let’s leave the voltages as arbitrary,
but put in the explicit form for X¢. =

¥ ~, —J/wC _ 7 | =i/eC R+j/wC | _ yr —jR/wC—j*/w*C?

‘"'/ _V 1/w?C?—jR/wC w22 _V 1—jwRC
out — ¥iIn R2+1/w?C? w202 | T Ym 4,2 R2(2

_ _]WRC
|Vout| ‘V;n| TT?R2C2
If/oml _ l—ZuJRC
Vol — |T+w?R2C?

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 19
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ICalculating Vout/Vin with complex impedance

R
% 7Y X
— IX _ X p ‘/in L 4 O ou
Let’s leave the voltages as arbitrary, —C

but put in the explicit form for X.
f/ —j/wC | _ ‘7 —j/wC R+j/wC | ‘7 —jR/wC—35%Jw?C?
R—j/wC| — "M | R—j/wC | | R+j/wC | — V1IN R2_j2/,2C2

202 _f/ 1—jwRC
T4 w2 R2C?

<z
||

¥ ~r 1/w?C?—jR/wC W
Vour = Vin RZ+1/w2C? * | 0202

¥ Y7 1—jwRC

|%ut| — l‘/;n| 1+w2R2C2

Vou| _ | 1=jwrC | _ 1—jwRC 1—jwRC " 1—jwRC 1+jwRC
Vil |1Hw?R2C?| 14+w?R2C? | | 14w?R2C? | 1+w?R2C? | | 1+w?R2C?
f/out| _ 1+w?2R2(C*? Y 14+w?2R2C? _ 1

|‘~/in| o (1+W2R2C2)2 o 1+w2R2C2 o ,/1+w2R26'2

This 1is the response function for the circuit,
and it is frequency dependent through w = 27 f.

Phys127AL Lecture 3: Complex impedance, filters, inductors

DavidStuart@UCSB.edu



mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

Calculating Vou/Vin with complex impedance

|‘/;)UI| —_— 1 ‘/in O—/\/\/\/  ( 0 Vout
7Y

Vil V1+w?R2C? ¢

Vour—Vin as ®—0 and Vou—0 as o—o. -+

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 21
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Calculating Vou/Vin with complex impedance

|‘~/gut| — 1 Vi
|‘/;n| \/1+w2R2C2

Vour— Vin as ®—0 and Vou—0 as o—oo0.

l\ﬁtl A
IVin I
1

— NVN— © Vour
7Y

—C

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors
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Calculating Vou/Vin with complex impedance

~ R

Vou| _ 1 Vi —AAA—+ o Vi
Vil V14+w?R2(C? —c

Vour—Vin as ®—0 and Vou—0 as o—o. -+

l\ﬁtl A
IVin I

1
0.7]-- === mmee

0 : >
O @

Can characterize the frequency scale with

w* =1/R*C* = w =1/RC Call this the 3dB frequency,

Voul 1 2 dB or the roll-off frequency, or

Val V2 the break point, or cut-off
frequency, or just wo.

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 23
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Calculating Vou/Vin with complex impedance

o R
Vou| _ 1 Vi o AAA—+ o Vi
| Vinl V14+w2R2C? I

Vour—Vin as ®—0 and Vou—0 as o—o. -+

10
IVoutI A 0
IViIlI 10
0% |
E 30 f
-40
0 i ; . -
-60 : : : . .
Can characterize the frequency scale with A N o 1
Angular frequency (rad/s)
2 __ 2,772 _ .
w*=1/R*C* = w =1/RC Call this the 3dB frequency,

~

|out|_L__
W — 5~ odB

or the roll-off frequency, or
the break point, or cut-off
frequency, or just wo.

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 24



mailto:DavidStuart@UCSB.edu
mailto:DavidStuart@UCSB.edu

Calculating Vou/Vin with complex impedance

~ R

Vou| __ 1 Vi oAy 0 Vi
~ — I
|‘/;n| \/1+w2R202 — )
Vour—Vinas ®—0 and Vou—0 as o—o0. =
10 T T T
IVoutI A 0
IViIlI 0 F
1 2 20
0.7 2
E a0t
-40
0 |
— o R [ B R e BN
-60 . ' L s .
Can characterize the frequency scale with 000t 001 ot b0 100 100
Angular frequency (rad/s)
2 27772 _ .
w*=1/R*C* = w =1/RC Call this the 3dB frequency,

~

|out|_L__
W — 5~ odB

or the roll-off frequency, or
the break point, or cut-off
frequency, or just wo.
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Calculating Vou/Vin with complex impedance

= R
Vou| _ 1 Vi oAy o Vi
| Vin| V1+w2R2C?2 i

Vour—Vin as ®—0 and Vou—0 as o—o. -+

10 : . :
V ¢ - L/Cutoff frequency
Iﬂl 4 These response function ’
[Vin| plots are called Bode plots | -} S
1 - Slope: -ZOEdB/dccudc
. _20 | I i __'____i -
0.7 % | |
& a0f |
_4() - -
O _50 T . é e PRI P —
(V)] )] Passband Stopband
-60 . i . :
Can characterize the frequency scale with 000t 001 o N 1001000
Angular frequency (rad/s)
2 __ 2,2 _ :
w*=1/R*C* = w =1/RC Call this the 3dB frequency,

or the roll-off frequency, or
the break point, or cut-off
frequency, or just wo.

|‘~/:>ut|_L__
W — v~ S4B
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Response function for a differentiator

C
Viu=IXp=IR= Yo R ="V, I |
— — — — < V.., o o V.
out R R"‘X(" n R+XC in || Iﬁ' out
DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 27
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Response function for a differentiator

- C
Vo = Xp=]R= Yo R—1V. L - | .
out R R+XC’ m R+XC Vin ” Iﬂ' Vout
VARV, R R, R R+j/wC
%ut o V;n [R—j/wC] o VI“ [R—j/wC’} [R+j/wC
‘7 _ Yr R*+jR/wC v 1+j/wRC
out — inR2+1/w202 — Vin 1+1/w?R2C? =
DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 28
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Response function for a differentiator

C
=[Xp=IR= "o R =V, Vi o——| oV,
out R R+XC n R+XC in ” Iﬂ' out
co_ [k ]y [k ] [RieC
out — ¥in | p_j/uC | T "M | R—j/wC | | R+j/wC
"7 _ vr R*+jR/wC _ "7 1475 /wRC
out — mR2+1/w202 — Vin 1+1/w?R2C? =
¥ LV, 1+jwRC
|V;)ut| — H/m| 1+w2R2(C2
DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 29
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Response function for a ditferentiator

— [ Xp=]R=_"Ya p_y. _R_ . | .

out R R+XC’R ‘/ln R+XC ‘/111 ” IW Vout
~ 7 R o ‘7 R R+j/wC R

out — Vin R—j/wC | — "M [ R—j/wC R+j/wC ’
‘7 R, R’+jR/wC 7 1+j/wRC L

out — IRy /,202 — Vi1 /w2 R2C? =

14+jwRC

|%ut| ‘V;n| 1+wj‘zR202

Voul | 1+j/wRC | _ 147 /wRC 1—j/wRC

|\7ln| | 14+1/w2R2C? | 1+1/w?R?C"? 1+1/w? R*C?

Voul [ 141/0?R2C?_ /14+1/w?R2C? | _ WRC

|\Zn] o (1+1/w?R2C?)2 1+1/w2R2C? \/1+1/sz202  V1+w?R2C2
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Response function for a differentiator

0 Vout

C
|V:)ut| 1 R CURC Vi, © H

| Vin| — \/1+1/w2R2C2 V1+w?R2C? Iy

Vour—0 as ®—0 and Vou— Vin as o—oo0.

I outI A =
IVin I 10'
0.7|l-==cccccececa= 10" L
: 3-dB point
I —
: wF 10t
T~
: E +6dB/octave
1 l:;-: p
O - > I 102 |

0 ®

Can characterize the frequency scale with
CUQ — 1/R2C2 :} W = I/RC 10_16"‘ 10° 1(‘)“ 10° 10*

(27RC)f
|‘2)ut| S L S _3 dB
|Via V2
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How would you make a band-pass filter?

IVoutI A
I Vin I

1
0.7

v

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 32
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How would you make a band-pass filter?

IVoutI A
I Vin I

1
0.7

Vi o—| ANN—+ © Vo
LI I
— C’2
Ry

Often called a CR-RC filter.

Remove DC offset and remove high frequency noise.

v
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IInductors

A capacitor stored energy in the electric field, in the voltage. I = C dV/dt
An inductor stores energy in the magnetic field, the current. V =L dI/dt
Any wire has inductance. A coil has more. An iron core coil even more.

Coil of Wire

Magnetic Field { I

Lines Current out Current in

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors 34
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IInductors

Unit of inductance 1s the Henry = 1 Vs/A = Qs (since V = L dlI/dt).

Symbol looks like a coil. Some special symbols, but simple one 1s fine.

Inductor Symbols

Typical values are pH to mH.

|| Parasitic inductance comes from any wire.
thinner and longer wires have higher L.

Air Core Iron Core A 1 mm diameter WiI’C has L= O(l) nH/mm
1
[
[
I
Ferrite Variable
Core Core

DavidStuart@UCSB.edu Phys127AL Lecture 3: Complex impedance, filters, inductors
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Inductive sparks

Since V = L dI/dt something that changes the current quickly will cause a
large voltage across the inductor. A vacuum cleaner motor 1s mostly an
inductor and will spark at the power cord if you unplug 1it.
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Impedance of an inductor

We can again use the complex representation of V and I to determine the
impedance (reactance) of an inductor from V = L dI/dt. Represent I as

1(t) = Tpe/®

So the voltage i1s

V=Ljole = oLl

So, we can write an Ohm’s law like relation between V and I:
V=T(joL) = V=IXv

where the impedance of the inductor 1s

Xr=joL c¢f Xg=R and Xc=-j/oC

Different frequency dependence from capacitor.
Sign difference corresponds to a different phase response
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Impedance of an inductor

XL =joL
Low impedance at DC; just the normal resistance that contributes.
Impedance goes to infinity at high frequency.

Keep wires short 1n high frequency circuits.

Can block high frequency noise with a simple inductor (ferrite
bead).
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Using an inductor 1n a filter

Let’s calculate the transfer function for an RL filter.
But first, 1s it high or low pass?

Hint: Think of the voltage divider equation.
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Using an inductor 1n a filter

Let’s calculate the transfer function for an RL filter.
But first, 1s it high or low pass?

Hint: Think of the voltage divider equation.
At low o, X1—0 so Vou—0

And X1 —o0 as ®—0 sO0 Vout— Vin
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Using an inductor 1n a filter

XL =joL

Let’s calculate the transfer function for an RL filter.
But first, 1s it high or low pass?

Hint: Think of the voltage divider equation.
At low o, X1—0 so Vou—0

And X1 —o0 as ®—0 sO0 Vout— Vin

Vour = 1X1 = TjwL = Vi 225

NR+jwL

R

—V/VVV
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Using an inductor 1n a filter

Let’s calculate the transfer function for an RL filter.

But first, 1s it high or low pass?
Hint: Think of the voltage divider equation.
At low o, X1—0 so Vou—0

And X1 —o0 as ®—0 sO0 Vout— Vin

~ ~ ~ ~ ol
|‘70ut| S wlL 1

Vil VR*+w?L? | /14 R?/w?L?

Compare to differentiator:

| out| — 1 - wRC
|Vial V1+1jw2R2C? V14w R?C?
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Combining inductors and capacitors

I C

Textbook does this one: Vie —— 000 H * Vout

R
R
I will do this one: Vin —"N\VV S o Vout
L
—C
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Combining inductors and capacitors

~ ~ ~ ~ XL C ‘/in Vout
Vour = IX(110) = Ving ™™ Iy

X (rir+0)
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Combining inductors and capacitors

R
~ ~ ~ -~ XL C) ‘/in Vout
Vour = I X = Vip=—&

out (L+C) Y o) 7Y
First we need to know how to combine impedances. L
They all add like resistance.
f/ _ Y7 JwL—j/wC v, JwL-1/wC) _ vr jz

out — YMPRyiyL—j/wC ~— "MR4j(wL-1/wC) ~— "MR4j 2 —C
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Combining inductors and capacitors

~

T v ¥ X(L—i—C) ‘/in
Vour = 1 X(110) = Vins

X(RtL+C)

First we need to know how to combine impedances.

They all add like resistance.

‘7 _ (/ jwLl—j/wC  vr jwL-1/wC) ‘7 jz
ut N R+jwl—j/wC mR-I—](wL l/wC) — "MR4jz

¥ Y5 Jz R—jz| __ 2z —I—ij - 2 +JR

%ut — VIn R+jz | R—jz in R2+z ‘/;nZR2+Z2

‘ out’ — > 22+ R2 — Z — 1
Vil (R?42%)? vV 22+ R? /1+R2/z2

%‘“ll — Owhen z = wlL — 1/wC — 0

:>CUO=1/\/LC

Vout
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Combining inductors and capacitors

~

Vou = IX(140) = Ving Bt

nX(R+L+C)

Vin

First we need to know how to combine impedances.
They all add like resistance.

l

Ty Jjwl—j/wC v, j(wLl—1/wC) _‘7 jz
MR+jwl—j/wC — "MR4j(wL—-1/wC) — "MR4j2

~ ~

) 2 R—19z ~r 224iR ¥ z+1R
out = Vi ’ { ]]:VE +jZ:V;nz—-+] =

NR+jz | R—j2 N R2422

l

~

)ul’ 22+R2 2 1
— = Z - — = —
| Vin| \/(R2+Zz)2 V 22+ R? J/1+R2/22

”“{;““’ — Owhen z =wlL — 1/wC — 0

:>(,<J0:1/\/LC

Vout
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Combining inductors and capacitors

We could have deduced this more simply. R

‘/in Vout
The Vout goes to zero when the impedance of the 7Y

LC leg goes to zero. That 1s when it shorts the
output to ground.
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Combining inductors and capacitors

We could have deduced this more simply. R

‘/in Vout
The Vout goes to zero when the impedance of the 7Y

LC leg goes to zero. That 1s when it shorts the
output to ground.

Vil
| Vin|

:>w0:1/\/LC T

— Owhen z =wlL — 1/wC — 0
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Combining inductors and capacitors

We could have deduced this more simply.

‘/iu Vout
The Vou goes to zero when the impedance of the R
LC leg goes to zero. That 1s when it shorts the
output to ground. .
[Voul

A — Owhen z =wlL — 1/wC — 0

:>(,<J0:1/\/LC

—C

Vin o

smaller R> makes Vout go to zero and smaller R;
makes Vout 20 to Vin.

O

R
I
.. .. o Ry
This 1s the same as a resistive voltage divider,
Ry
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Combining inductors and capacitors

What about this one?
‘/vill
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Combining inductors and capacitors

What about this one?
‘/vill
Maximized when C||L 1s largest.
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Combining inductors and capacitors

What about this one? R
‘/in Vout

Maximized when C||L 1s largest.

X — X Xe _ (wL)(=j/wC) _ L/C _ _—JL/C
LIC = X, +x. ~  JjwL—j/uC j(wL—1/wC) — wL—1/wC C

Maximized at wy = 1/v/ LC

Resonance at that frequency.
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IPhase

We saw that current was out of phase with R

voltage 1n a capacitor. Vio o —"NVV ~1 ° Vout
I

So we expect Vour and Vin to be out of phase. ——C

There 1s a phase version of the Bode plot.

Corner
. Vout Frequency
Gain =20 log fe
f | :
. PassBand | Stop Band
| } }
0dB
3B — — — — — +—-3dB (45%)
Frequenc
R g y Slope =
5 esponse -20dB/Decade
=
3 |
Bandwidth
. > ’
Ph fe(LP)  Freguency(Hz)
0° — ‘ (Logarithmic Scale)
-45°
-90°

Frequency (Hz)
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IPhase

We saw that current was out of phase with

voltage 1n a capacitor.

So we expect Vout and Vin to be out of phase.

There 1s a phase version of the Bode plot.

Corner
. Vout Frequency
Gain =20 log fe
P | :
Pass Band Stop Band
v ! }
0dB
3B b— — — — — +—-3dB (45%)
Frequenc
R g y Slope =
= SSEOLE -20dB/Decade
j= N
g | ¥
Bandwidth
- > ’
Ph fe(LP)  Freguency(Hz)
0° = ‘ (Logarithmic Scale)
_45:‘ e — c— —
Phase
-90°

Frequency (Hz)

DavidStuart@UCSB.edu

‘/}11 o—/\/\/\/ * ° Vout
7Y

How do we calculate that shift?

What about more complex circuits
like this?

R
‘/in O—/\/\/\/ * © Vout
7Y
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Phasor diagram

Since the impedance 1s complex we can R

draw them in the complex plane. Vi —"VV\V =1 © Vout
Im —C

A [ S
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Phasor diagram

Since the impedance 1s complex we can
draw them 1n the complex plane.

Im
A

Re

¥ -i/oC

Vvin © \/ \/ \/ * o Vout

The total impedance 1s the sum
of the R and C contributions,
and they add like vectors in the
complex plane.
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Phasor diagram

Since the impedance 1s complex we can
draw them 1n the complex plane.

Im
A

‘/ill © \/ \/ \/ * o Vout

The total impedance 1s the sum
of the R and C contributions,
and they add like vectors in the
complex plane.
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Phasor diagram

Since the impedance 1s complex we can

draw them 1n the complex plane.

Im
A

V dropped
across R

paddoip A =
(@)

O

—C

A current flowing through these
impedances will drop voltages
across them, so this also
represents the voltage across
these components.

out
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Phasor diagram

Since the impedance 1s complex we can R

draw them in the complex plane. Vi —"VVV =1 © Vour
Im —C

A [ S

The angle between the vectors 1s
their relative phase.

In Vo eiot the time dependence
corresponds to sweeping the
phase around.

V dropped
across R

Here we care about relative
phase between voltage dropped
across components.

paddoip A =
(@)
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Phasor diagram

Since the impedance 1s complex we can
draw them 1n the complex plane.

Im
A

‘/ill © \/ \/ \/ * o Vout

—C

Increasing ® makes | Xc|= 1/0C
smaller. V¢ o« 1/w.

Smaller voltage drop across C
has larger angle between the C
vector, which 1S Vou, and the
total vector, which 1S Vin.
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Phasor diagram

Since the impedance 1s complex we can
draw them 1n the complex plane.

Im
A

—C

Increasing ® makes | Xc|= 1/0C
smaller. V¢ o« 1/w.

Larger voltage drop across C
means Vin and Vout closer
together 1n angle, smaller phase
difference.

O

out
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Phasor diagram

Since the impedance 1s complex we can R
draw them 1n the complex plane. Vio o —"NVVV BN °
lm —C
Large ®

Phase shift approaches -90 deg =
Small voltage drop across C has

o RE larger angle between the C
| vector, which 1s Vout, and the total
vector, which 1S Vin.

m Larger voltage drop across C
Small © means Vin and Vout closer
Small phase shift together in angle, smaller phase
s difference.
¥ Re Fnase fe(p)
-45° —

Phase
Shift

-90°

out

Frequency (Hz)
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Phasor diagram

Since the impedance 1s complex we can y R )
draw them 1n the complex plane. VVVTS out
Im
L
A
| ™\ / slope = =20 — C

We can analyze an RLC circuit
by combining the X1 and Xc.

log w (log )
Phase of Series RLC Notch Filter
105
20
75 /
15

2
0 /
® V4
0
0

When X1 and Xc approach exact
cancellation, Vou — 0 and phase
difference — 90 degrees. When
they deviate 1n either direction,
the phase difference 1s positive or
negative.

argiVoutVin) ) (deg)

log w {log 57)

wL —1/wC — 0
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