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@ Transients: Basic Ideas

® Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
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® Sinewaves and Phasors

o Standing Waves

A steady-state output assumes the input frequency, phase and amplitude
are constant forever. You need to determine two yggs(t) steady state
outputs: one for before the transient (¢ < 0) and one after (¢t > 0).

Att = 0, yss(0—) means the first one and ys5(0+) means the second.

Method 1: Nodal analysis

6.

Input voltage is DC (w = 0)
= 71 = 0 (for capacitor: Zc = 00) §4'
So L acts as a short citcuit 2
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® Sinewaves and Phasors

o Standing Waves

A steady-state output assumes the input frequency, phase and amplitude
are constant forever. You need to determine two yggs(t) steady state
outputs: one for before the transient (¢ < 0) and one after (¢t > 0).

Att = 0, yss(0—) means the first one and ys5(0+) means the second.

Method 1: Nodal analysis
Input voltage is DC (w = 0)
= 71, = 0 (for capacitor: Zo = o0) <
So L acts as a short citcuit 2

Potential divider: ygg = %x 0t

ySS(O—) = 1, ySS(O—i—) =3 5 0 5t(ps)10 15 20

Method 2: Transfer function
Y (: _ R+jwL
x (Jw) = 2R+jwl

setw = 0: +(0) =1
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Sinusoidal input = Sinusoidal steady state = use phasors.
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Method 1: Thévenin
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(b) Set all sources to zero (including the input

voltage source). Leave output unconnected.
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between the capacitor/inductor terminals:
Rrn = 8R||4R||(6R + 2R) = 2R

(d) Time constant: = Ry, C' or
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Ry,
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@ Transients: Basic Ideas
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® Determining Time
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® Transmission Lines Basics
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o Standing Waves

Method 1: Thévenin 6R

(a) Remove the capacitor/inductor 4R ! R
(b) Set all sources to zero (including the input

voltage source). Leave output unconnected. 8R| | T°C

(c) Calculate the Thévenin resistance —
between the capacitor/inductor terminals:
Rrn = 8R||4R||(6R + 2R) = 2R
(d) Time constant: = Ry, C' or
T = RThC — QRC

L
Ry,

Method 2: Transfer function
(a) Calculate transfer function using nodal analysis
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o Method 1: Thévenin 6R

® Transients: Basic Ideas (a) Remove the capacitor/inductor 4R ! R

e Steady States ] ] ] x(?) V(t)’_|:|_0l(t)
o Determining Time (b) Set all sources to zero (including the input

Constant I

® Determining Transient voltage source). Leave output unconnected. 8R| | T €

Amplitude

® Transmission Lines Basics
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® Sinewaves and Phasors

o Standing Waves

(c) Calculate the Thévenin resistance
between the capacitor/inductor terminals:

Rrn = SR||4R||(6R + 2R) = 2R

(d) Time constant: = Ry, C' or
T = RThC — QRC

L
Ry,

Method 2: Transfer function
(a) Calculate transfer function using nodal analysis

KCL @ V RX+8R+]wCV+VY—O
KeL@ Y. Y =X =0

| ]
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Rrn = 8R||4R||(6R + 2R) = 2R
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(b) Set all sources to zero (including the input

voltage source). Leave output unconnected. 8R| | T°C
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

After an input change att = 0, y(t) = yss(t) + Ae .

t

w0 KK
| I
R
iL(t)l 1k
L
4m

5 0 5 10 15 20

t(us)
|
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Transients & Lines After an input change att = 0, y(t) = ygs(t) + Ae .

@ Transients: Basic Ideas

@ Steady States j y(o_'_) — ySS(O+) —1_ A j A — y(o_'_) o ySS (O_'_)

® Determining Time
Constant
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) Ry
L T

R

ol
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. _t
Transients & Lines After an input change att = 0, y(t) = yss(t) + Ae™ 7.
® Transients: Basic Ideas
N = y(0+) = yss(0+) + A= A = y(0+) — yss(0+)
 Determining Time Method: (a) calculate true output y(0+), (b) subtract yss(0+) to get A
ZmDpittirdn:mng Transient
@ Transmission Lines Basics x(?) ,R—lk|
® Reflections
® Sinewaves and Phasors
@ Standing Waves ;ﬂ

-5 0 5 10 1% 20

t(us)
| |
1
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

After an input change att = 0, y(t) =
= y(0+) = y55(0+) + A= A=
Method: (a) calculate true output (0

(i) Version 1: v or 17, continuity

ys
y(0
+). (

s(t) + Ae .

7

+) — yss(0+)
(b) subtract yss(0+) to get A
x() R

20

t(us)

20
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

After an input change att = 0, y(t) =
= y(0+) = y55(0+) + A= A=
Method: (a) calculate true output y(0+

(i) Version 1: v or 17, continuity

z(0—) =2

yss(t) + Ae~ 7.
)( +) — yss(0+)

(b) subtract yss(0+) to get A

7

-5 0 5 10 1% 20

t(us)
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude
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® Sinewaves and Phasors

@ Standing Waves

After an input change att = 0, y(t) =
= y(0+) = y55(0+) + A= A=
Method: (a) calculate true output (0

(i) Version 1: v or 17, continuity
2(0—) =2 =i, (0—) = 1mA

Yys
y(0
+), (

s(t) + Ae™~.
+) — yss(0+)

7

b) subtract yss(0+) to get A

20

t(us)
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

After an input change at ¢ = 0, y( )

s(t) + Ae .

Yys
= y(0+) = yss(0+) + A= A= )( +) — yss(0+)
(

Method: (a) calculate true output y(0+

(i) Version 1: v or 17, continuity

b) subtract yss(0+) to get A

R 1k R 1k

x(?) ] ) x(0+) ] »(0+)

2(0—) =2 =i, (0—) = 1mA
Continuity = 77,(0+) = i7,(0—)
Replace L with a 1 mA current source

R R
L

t(us)
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

After an input change att = 0, y(t) = y
= y(0+) = y55(0+) + A= A= y(
Method: (a) calculate true output y(0+),

(i) Version 1: v or 17, continuity
2(0—) =2 =i (0—) = 1mA
Continuity = 77,(0+) = i7,(0—)
Replace L with a 1 mA current source
y(0+) =2(0+) —tR=6—-1=5

S
(

1

S(t) + Ae™ 7.

0+) — yss(0+)

b) subtract yss(0+) to get A

w0 Ry xon BRI 0

| I L
R R
o ion)] LIk
L
4m 1m
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Determining Transient Amplitude

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

1

After an input change att = 0, y(t) = yss(t) + Ae™ 7.
= y(0+) = yss(0+) + A= A =y(0+) — yss(0+)
(

y(
Method: (a) calculate true output y(0+), (b) subtract ys5(0+) to get A

() Version 1: v or ¢, continuity o BIK o o RIK o

ZC(O—)ZQiiL(O—):lmA — []R — [R
Continuity = i7,(0+) = i1 (0—) ’Q lLk aa Tk
4m 'm

Replace L with a 1 mA current source
y(0+) =2(0+) —tR=6—-1=5

(i) Version 2: Transfer function

-5 0 5 10 1% 20

5 0 5 0 15 2
t(us)
|
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

1

After an input change att = 0, y(t) = yss(t) + Ae™ 7.
= y(0+) = yss(0+) + A= A =y(0+) — yss(0+)
(

y(
Method: (a) calculate true output y(0+), (b) subtract ys5(0+) to get A

() Version 1: v or ¢, continuity o BIK o o RIK o

ZC(O—)ZQiiL(O—):lmA — []R — [R
Continuity = i7,(0+) = i1 (0—) ’Q lLk aa Tk
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Replace L with a 1 mA current source
y(0+) =2(0+) —tR=6—-1=5

(i) Version 2: Transfer function

: : RtjwL =
H(jw) = %(JW) = 231% "2
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® Determining Time
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Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

= y(0+) = yss(0+) + A= A=

After an input change att = 0, y(t) = ysg
y(
Method: (a) calculate true output (0-+), (

(i) Version 1: v or 17, continuity
2(0—) =2 =i (0—) = 1mA
Continuity = 77,(0+) = i7,(0—)
Replace L with a 1 mA current source
y(0+) =2(0+) —tR=6—-1=5

(i) Version 2: Transfer function

. . R4+jwlL
H(jw) = ¥ (jw) = 5227

Input step, Az = z(0+) — z(0—) = +4

() ——

S(t) + Ae™
0+) — yss(0+)
b) subtract yss(0+) to get A

R 1k
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T -

w0 xon KK o
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@ Standing Waves

= y(0+) = yss(0+) + A= A=

After an input change att = 0, y(t) = ysg
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Method: (a) calculate true output (0-+), (

(i) Version 1: v or 17, continuity
2(0—) =2 =i (0—) = 1mA
Continuity = 77,(0+) = i7,(0—)
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® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
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® Sinewaves and Phasors

@ Standing Waves

= y(0+) = yss(0+) + A= A = y(
Method: (a) calculate true output y(0+),

After an input change att = 0, y(t) = yss(t) + Ae™ 7.
(

(i) Version 1: v or 17, continuity

1

0+) — yss(0+)
b) subtract yss(0+) to get A

R 1k R 1k

x() —— W) o x(0+) —= »(0+)

2(0—) =2 =i, (0—) = 1mA
Continuity = 77,(0+) = i7,(0—)
Replace L with a 1 mA current source
y(0+) =2(0+) —tR=6—-1=5

(i) Version 2: Transfer function
. Y /- _ R+jywlL e
H(jw) = % (jw) = m )
Input step, Az = z(0+) — z(0—) = +4
y(0+) = y(0—) + H(joo) x Ax
=1+Ay=14+1x4=5

| I L
R R
o ion)] LIk
L
4m 1m

0 5 10 1% 20

0 5 0 15 2
t (us)
|

: E1.1 Analysis of Circuits (2018-10454)

Revision Lecture 2 -5/9 '



-1

Revision Lecture 2:
Transients & Lines

Determining Transient Amplitude

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

= y(0+) = yss(0+) + A= A=

After an input change att = 0, y(t) = ysg
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Method: (a) calculate true output (0-+), (

(i) Version 1: v or 17, continuity
2(0—) =2 =i (0—) = 1mA
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0+) — yss(0+)
b) subtract yss(0+) to get A

1

w0 Ry xon BRI 0
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y(t)

6
o f
2
0

Ay
|\¥
5 0

Yss
yTr
5 10 15 20
t(us)
|

: E1.1 Analysis of Circuits (2018-10454)

Revision Lecture 2 -5/9 '



-1

Revision Lecture 2:
Transients & Lines

Determining Transient Amplitude

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors
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After an input change att = 0, y(t) = yss
= y(0+) = yss(0+) + A= A = y(0+
Method: (a) calculate true output (0-+), (

(i) Version 1: v or 17, continuity
2(0—) =2 =i (0—) = 1mA
Continuity = 77,(0+) = i7,(0—)
Replace L with a 1 mA current source
y(0+) =2(0+) —tR=6—-1=5

(i) Version 2: Transfer function

- - R+jwL
H(jw) = %UC") = 2R_|——f—jjcjuL

Input step, Az = z(0+) — z(0—) = +4
y(0+) = y(0—) + H(joo) x Az
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x(t)
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After an input change att = 0, y(t) = yss(t) + Ae™ 7.
= y(0+) = yss(0+) + A= A =y(0+) — yss(0+)
Method: (a) calculate true output (0-+), (

(i) Version 1: v or 17, continuity R 1k

() ——
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R 1k

v o x(0H) =  ¥0%)

2(0—) =2 =i, (0—) = 1mA
Continuity = 77,(0+) = i7,(0—)
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L L
R R
ix(0) 1k Z-L;ri 1k
L
4m 1m
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(i) Version 2: Transfer function ) ATX
. . R+jwL S
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Input step, Az = x(0+) — z(0—) = +4 :

y(0+) = y(0—) + H(joo) x Ax o
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
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® Sinewaves and Phasors

o Standing Waves

Transmission Line: constant Ly and C : inductance/capacitance per
metre.

Forward wave travels along the line: f,(t) = fo (t — £).

. o 1 ~ 1
Velocity u = /- &~ 3¢ = 15cm/ns

vs(?) )
d’_)v\x=0 e =90 vi(?)
<+ ———————— NVem—-———————— »>
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@ Transients: Basic Ideas

metre.

@ Steady States
® Determining Time

Constant
® Determining Transient 5 1
| Velocity u =
Amplitude y LO CO

® Transmission Lines Basics
® Reflections

f=(t) equals fo ()
but delayed by .

® Sinewaves and Phasors
o Standing Waves

Knowing f,(t) for
xr = xq fixes it for all
other x.

c = 15cm/ns

Transmission Line: constant Ly and C : inductance/capacitance per

Forward wave travels along the line: f,(t) = fo (t — £).

vs(?) )
d)‘k -0 e =90 vi(?)
<+ ———————— NVem—-———————— »>
f(t-0/u) /\ f(t-45/u) (t-90/u)
JAN JAN JAN
V V V
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

o Standing Waves

Transmission Line: constant Ly and C : inductance/capacitance per

metre.

Forward wave travels along the line: f,(t) = fo (t — £).

1
LoCy

f=(t) equals fo ()
but delayed by .

Y
Y

Velocity u =

Knowing f,(t) for
xr = xq fixes it for all
other x.

1

2

c = 15cm/ns

vs(?)

dDY\ x=0 e x=90 vr(?)
<+ ———————— NVem—-———————— »>
f(t-0/u) f(t-45/u) f(t-90/u)
fa\ faN fa\
0 2 4 6

8 Time (ns) 10

Backward wave: g, (t) is the same but travelling <—: g, (¢) = go (t + £).
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Constant

® Determining Transient
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® Sinewaves and Phasors

o Standing Waves

Transmission Line: constant Ly and C : inductance/capacitance per

metre.
Forward wave travels along the line: f,(t) = fo (t — £).
S P P
Velocity u = /- &~ 3¢ = 15cm/ns
f.(t) equals fo (¢ vs(?) i
() fg( ) IS =45 N
but delayed by . Y Tx=0 x=90 Vi(f)
<+ ———————— NVem—-———————— »>
Knowing f L (t) for f(t-0/u) f(t-45/u) f(t-90/u)
xr = xq fixes it for all
N\ TAN JAN
other x.
0 2 4 6

8 Time (ns) 10

Backward wave: g, (t) is the same but travelling <—: g, (¢) = go (t + £).

Voltage and current are: v, = f, + g, and 7, = Je—92 \yhere 1, 1S

g
Zo
positive in the 4z direction (—) and Zy = , /é—g
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® Determining Transient
Amplitude

® Transmission Lines Basics
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® Sinewaves and Phasors

o Standing Waves

Transmission Line: constant Ly and C : inductance/capacitance per

metre.
Forward wave travels along the line: f,(t) = fo (t — £).
S P P
Velocity u = /- &~ 3¢ = 15cm/ns
f.(t) equals fo (¢ vs(?) i
() fg( ) IS =45 N
but delayed by . Y Tx=0 x=90 Vi(f)
<+ ———————— NVem—-———————— »>
Knowing f L (t) for f(t-0/u) f(t-45/u) f(t-90/u)
xr = xq fixes it for all
N\ TAN JAN
other x.
0 2 4 6

8 Time (ns) 10

Backward wave: g, (t) is the same but travelling <—: g, (¢) = go (t + £).

Voltage and current are: v, = f + g, and i, = 292 where i, is

Zo
positive in the 4z direction (—) and Zy = , /é—g

Waveforms of f, and g, are determined by the connections at both ends.
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vs(?) io(?)

ir(1)

R&~20
> vo(?)

Zy=100

R;=300

vi(f)
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ir(1)

R=20 Zy=100
vo(?) R;=300
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= L, Ohm’s law = ZJ((t)) = R; = g1 (t)

vi(f)

Rp

-
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Vy = fac + 9z
. __ fz—0=

X fL (t)
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Reflection coefficient: py,

gr(t) _ Rp—Zo

— fu(t)  Rp+Zo

vi(f)
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: N _g.(t) _ RL—Z
Reflection coefficient: p;, = fL(t) — RrtZo
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At x = L, Ohm’s law =

Reflection coefficient: p;, =
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Reflection coefficient: p;, =

pr € [—1, +1] and increases with Ry,
Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT
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Zo
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(t) +
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T = T 7,
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Reflections

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

vs(?) io(?)

ir(1)

o Z=100
> Tvo(t)

R;=300

At x = L, Ohm’s law =

Reflection coefficient: py,

ir

UL((f)) — RL = JI. (t) —

gr(t) _ Rp—Zo

— fu(t)  Rp+Zo

pr € [—1, +1] and increases with Ry,
Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT

At x = 0: fo(t) —=

Zg
Rs+Zy

vs(t) +

Rs—Zg

rer7e90(t) = Tovs(t) + pogo(t)

vi(f)

Rp—Zg
Rp+Zo

Uy = fac + 9z
7: — fz—0g=
T T

X fL (t)
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Reflections
VS(t) iO(t) iL(t) Vy = ffac + gz
R=20 ZOZIOO Z = Jz—Js
= Joo rsoo] | 0
At x = L, Ohm’s law = UL(%) = Ry = g1 (t) = % x fr, (t).
_ gL(t) _ L—ZO

Reflection coefficient: p;, = fo(t) = Ro+Zo

pr € [—1, +1] and increases with Ry,
Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT

Atz = 0: fo(t) = zg-vs(t) + 25572 90(t) = Tovs(t) + pogo(t)

Wave bounces back and forth getting smaller with each reflection:
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Reflections
vs(?) io(?) (1) = }fx + Gz
- Z5=100 by = 29z
K720 Tw(t) R=300) | 2O %
At x = L, Ohm’s law = UL(%) = Ry = g1 (t) = % x fr, (t).
) o g () —Z
Reflection coefficient: p;, = fi(t) = Ri 7

pr € [—1, +1] and increases with Ry,
Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT

At x = 0: fo(t) —=

Wave bounces back and forth getting smaller with each reflection:

vs(t) =53 fo(t)

Zo
R3+Z

vs(t) + E2=22g0(t) = Tovs(t) + pogo(t)
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Reflections

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

vs(?) io(?) ir(?)
— Zo=100
R=20 TVO 0 0

R=300 | ["{?

At x = L, Ohm’s law = UL((f)) =R = g1 (t) =

Reflection coefficient: py, = ?jﬁﬁi — Rijrgg

pr € [—1, +1] and increases with Ry,

= fo + 9z

. __ fz—0=

Rrvzy % 1 ()

Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT

Atz =0: fo(t) = 72 vs(t) + B2 gy(t) =

Tovs (t) + pogo(?)

Wave bounces back and forth getting smaller with each reflection:

vs(t) =53 fo(t) =25 go(t + 21}
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Reflections

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

vs(?) io(?) ir(?)
— Zo=100
R=20 TVO 0 0

R=300 | ["{?

At x = L, Ohm’s law = UL((f)) =R = g1 (t) =

Reflection coefficient: py, = ?jﬁﬁi — Rijrgg

pr € [—1, +1] and increases with Ry,

= fo + 9z

. __ fz—0=

Rrvzy % 1 ()

Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT

Atz =0: fo(t) = 72 vs(t) + B2 gy(t) =

Tovs (t) + pogo(?)

Wave bounces back and forth getting smaller with each reflection:
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Reflections
VS(t) iO(t) iL(t) Vy = ffac + gz
R=20 ZOZIOO Z = Jz—Js
= Joo rsoo] | 0
At x = L, Ohm’s law = UL(%) = Ry = g1 (t) = % x fr, (t).
_ gL(t) _ L—ZO

Reflection coefficient: p;, =

fo(t)  RrL+Zo
pr € [—1, +1] and increases with Ry,

Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT

Atz = 0: fo(t) = zg-vs(t) + 25572 90(t) = Tovs(t) + pogo(t)

Wave bounces back and forth getting smaller with each reflection:

vs(t) =53 fo(t) =25 go(t + %)Xﬂ fo(t + %)X& go(t + %)
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Reflections
VS(t) iO(t) iL(t) Vy = ffac + gz
R=20 ZOZIOO Z = Jz—Js
= Joo rsoo] | 0
At x = L, Ohm’s law = UL(%) = Ry = g1 (t) = % x fr, (t).
_ gL(t) _ L—ZO

Reflection coefficient: p;, =

fo(t)  RrL+Zo
pr € [—1, +1] and increases with Ry,

Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT

Atz = 0: fo(t) = zg-vs(t) + 25572 90(t) = Tovs(t) + pogo(t)

Wave bounces back and forth getting smaller with each reflection:

vs(t) =3 fo(t)725 go(t + 2L) 728 fo(t 4 2L) 2% go(t+ L) 728 ...
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Reflections

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

vs(9) io(?) i1(1)

R=20 ZOZIOO
S TVO(t) R,=300 | ["2®

At x = L, Ohm’s law = UL((f)) =R = g1 (t) =

Reflection coefficient: py, — ?jﬁﬁi — Rijrgg

pr € [—1, +1] and increases with Ry,

= fo Tt 9z
_ Je—9z

Rrvzy % 1 ()

Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT

Atz =0: fo(t) = 72 vs(t) + B2 gy(t) =

Tovs (t) + pogo(?)

Wave bounces back and forth getting smaller with each reflection:

vs(t) =3 fo(t)725 go(t + 2L) 728 fo(t 4 2L) 2% go(t+ L) 728 ...

Infinite sum:
fO(t) — TO’US(t)“f’TO,OL,Oo’Us(t— %)—i— ..
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Reflections
Revision Lecture 2:
P - vs) o) ) Uz = jfw * 9e
® Steady States — Z()— 1 OO (} — 7
@ Determining Time RS_ZO Tvo(l‘) R _3 OO VL(t) ’ Zo
Constant L~
® Determining Transient
Amplitude
® Transmission Lines Basics —
® Reflections ) t Ry —Z
® Sinewaves and Phasors At L = L Ohm S |a~W — L((t)) — RL = gL (t) — ﬁ X fL (t)

@ Standing Waves

Reflection coefficient: py, — ?jﬁﬁi — Rijrgg

pr € [—1, +1] and increases with Ry,
Knowing f,(t) for x = x¢ now tells you f., gu, Vg, iz VT

Atz = 0: fo(t) = zg-vs(t) + 25572 90(t) = Tovs(t) + pogo(t)
Wave bounces back and forth getting smaller with each reflection:
vs(t) =3 fo(t)=25 go(t + %)Xﬂ fo(t+ %)X& go(t + %)Xﬂ o

Infinite sum: |
fo(t) = TOUS(t)ﬂLTo,OLPoUS(t—%)JF- Ce= Z;ﬁo T0PLPHVS < - QTLZ)
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Transients & Lines

Sinewaves and Phasors

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

o Standing Waves

Sinewaves are easier because:

1. Use phasors to eliminate ¢:

2. Time delays are just phase shifts:
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® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

o Standing Waves

Sinewaves are easier because:

1. Use phasors to eliminate t: fo(t) = A cos (wt + ¢) & Fy = Ael?

2. Time delays are just phase shifts:
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Sinewaves and Phasors

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

o Standing Waves

Sinewaves are easier because:

1. Use phasors to eliminate t: fo(t) = A cos (wt + ¢) & Fy = Ael?

2. Time delays are just phase shifts:
t) =Acos(w(t— %)+ 0) & F _ Aed(6—%2)_ @ o—ika
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Transients & Lines

Sinewaves and Phasors

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

o Standing Waves

Sinewaves are easier because:

1. Use phasors to eliminate t: fo(t) = A cos (wt + ¢) & Fy = Ael?

2. Time delays are just phase shifts:

fa
k

w

_ 27

A

(t) = Acos (w (t — Z) + ¢) & F, = A (= %%) = Fpe—ike

Is the wavenumber: radians per metre (c.f. w in rad/s)
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Sinewaves and Phasors

Revision Lecture 2: Slnewaves are eaS|er because

Transients & Lines

@ Transients: Basic Ideas

@ Steady States R . — _ J qb
o Steady sires 1. Use phasors to eliminate t: fo(t) = Acos (wt + ¢) < Fy = Ae
Constan

® Deierrtnining Transient

Amplitud . . .

o anemiecion Lines Baics 2. Time delays are just phase shifts:

@ Reflections L oz L ] ¢_%x L —jkx
® Sinewaves and Phasors faf (t) _ A COS (w (t u) + ¢) @ FZE - Ae ( )_ FOG

® Standing Waves k = % — 27” is the wavenumber: radians per metre (c.f. w in rad/s)

As before: V, = F, + G, and [, = F‘”Z;OG"”
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Sinewaves and Phasors

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

o Standing Waves

Sinewaves are easier because:

1. Use phasors to eliminate t: fo(t) = A cos (wt + ¢) & Fy = Ael?

2. Time delays are just phase shifts:

fo(t) = Acos (w (t — 3) + ¢) & Fyp = Aed($=%2) = [ o—ike
k —

Is the wavenumber: radians per metre (c.f. w in rad/s)

w _ 27
Y
As before: V,, = F, + G, and [, = e
]() IL
ZOZIOO
R;=300

Vi

As before:
G = pLFrL
Fo =10Vs + poGo
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Sinewaves and Phasors

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

o Standing Waves

Sinewaves are easier because:

1. Use phasors to eliminate t: fo(t) = A cos (wt + ¢) & Fy = Ael?

2. Time delays are just phase shifts:

w _ 27

fo(t) = Acos (w(t—¢) +¢) & Fr = Aed(¢—22) _ Fye—ike
k —

= o = = Is the wavenumber: radians per metre (c.f. w in rad/s)

As before: V,, = Fy, + Gy and [, = £=-C=

Zo
VS I() IL
RS:20 ZQ=1OO
Vo R;=300

But Gy = Fypre 27¥L : roundtrip delay o

f 2L
u

As before:
Grp=pLty

"
‘ Fo = 1Vs + poGo

+ reflection at z = L.
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Sinewaves and Phasors

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

o Standing Waves

Sinewaves are easier because:

1. Use phasors to eliminate t: fo(t) = A cos (wt + ¢) & Fy = Ael?

2. Time delays are just phase shifts:
t) =Acos(w(t— %)+ 0) & F _ Aed(6—%2)_ @ o—ika
k

= % = 27” Is the wavenumber: radians per metre (c.f. w in rad/s)
As before: Vi = Fy + G and [, = —+==
Vs 0 I As before:
= Z;=100 y, GL=pLiy
0 R;=300 L Fy = 19Vs + poGo

But Go = Fypre™2*L : roundtrip delay of 2 + reflection at = = L.
Substituting for G in source end equation: Fy = m9Vg + poFopre 2+
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Sinewaves

and Phasors

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

o Standing Waves

Sinewaves are easier because:

1. Use phasors to eliminate t: fo(t) = A cos (wt + ¢) & Fy = Ael?

2. Time delays are just phase shifts:

(t) = Acos (w (t — &) +¢) & F, = Npi(9=22) _ Fy o—ika
ol E
=92 = ZTW is the wavenumber: radians per metre (c.f. w in rad/s)
As before: Vi = Fy + G and [, = —+==
E & Iy As before:
RS:20 20:100 - GL _ IOLFL
VO RL:3OO L FO _ TOVS T pOGO

But Gy = Fypre 27¥L : roundtrip delay o

f % + reflection at z = L.

Substituting for G in source end equation: Fy = m9Vg + poFopre 2+

= Fy =

70

1—popr exp(—2jkL)

Vs so no infinite sums needed ©
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Standing Waves

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:
at positions where the two waves are in phase their amplitudes add
but where they are anti-phase their amplitudes subtract.

VS I 0 1 L
O Vo Ri=300| | |"
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Standing Waves

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:
at positions where the two waves are in phase their amplitudes add
but where they are anti-phase their amplitudes subtract.

At any point x, m
delay of > =

F, = Foe=ik e K
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Standing Waves

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:

at positions where the two waves are in phase their amplitudes add
but where they are anti-phase their amplitudes subtract.

At any point x,

delay of > =

F, = Foe_jkx

Backward wave: G, = prF.e

—___»
S R&=20 TV"

Z():l 00 %
R;=300 L

—2jk(L—x)
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Standing Waves

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:
at positions where the two waves are in phase their amplitudes add
but where they are anti-phase their amplitudes subtract.

delay of > =
F, = Foe 9% (- L

L Rs20 £,=100
O TV" r=300 | |V

L—=x
U

Backward wave: G, = pr Fe~27%(L=%): reflection + delay of 2
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Standing Waves

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:

at positions where the two waves are in phase their amplitudes add
but where they are anti-phase their amplitudes subtract.

At any point x,

delay of > =

F, = Foe_jkx

Backward wave: G, = pr Fe~27%(L=%): reflection + delay of 2
Voltage at x: V, = F, + G,

K

VS I 0 1 L
O Vo Ri=300| | |"

L—=x
U
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Standing Waves

pevison Leaue 2 Standing waves arise whenever a wave meets its reflection:

® Transients: Basic Ideas at positions where the two waves are in phase their amplitudes add

® Steady States . . .

e Determining Time but where they are anti-phase their amplitudes subtract.

Constant

® Determining Transient T

P, At any point x,

@ Transmission Lines Basics delay Of L =

® Reflections u it VS IO ]L

e Sinewaves and Phasors Fg; — FOG J D

@ Standing Waves 1 RS:20 ZOZIOO %
O Vo R;=300 | |"*

L—=x

Backward wave: G, = pr Fe~27%(L=%): reflection + delay of 2
Voltage at x: V, = F, + G, = Foe 7k (1 + pre=2k(L-2))
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Standing Waves

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:
at positions where the two waves are in phase their amplitudes add
but where they are anti-phase their amplitudes subtract.

At any point z, m

delay of > = y ) )
F.=F e—jkaz S 0 L
x 0 —___» 7=100
R=300 | |"*

S R&=20 TV"

Backward wave: G = pr Fe~27*(L=%): reflection + delay of 2L=2

Voltage at x: V, = F, + G, = Fye Ik <1 —+ pLe_zjk(L_x))
Voltage Magnitude : |V,.| = | Fp| {1 + PLG_ij(L_x)’
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Standing Waves

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:
at positions where the two waves are in phase their amplitudes add
but where they are anti-phase their amplitudes subtract.

At any point z, m

delay of > = y ) )
F.=F e—jkaz S 0 L
x 0 —___» 7=100
R=300 | |"*

S R&=20 TV"

Backward wave: G = pr Fe~27*(L=%): reflection + delay of 2L=2

Voltage at x: V, = F, + G, = Foe 7k (1 + pre=2k(L-2))
Voltage Magnitude : |V, | = |Fy| |1+ pre~**L=2)|: depends on x
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Standing Waves

@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:
at positions where the two waves are in phase their amplitudes add

but where they are anti-phase their amplitudes subtract.

K

gu—
O

At any point x,

delay of > =
F, = Foe_jkx

Backward wave: G, = pr Fe~27%(L=%): reflection + delay of 2

R&—20

I

th

Z():l 00

R,=300 TVL

L—=x

Voltage at x: V, = F, + G, = Foe 7k (1 + pre=2k(L-2))
Voltage Magnitude : |V, | = |Fy| |1+ pre~**L=2)|: depends on x

If pr, > 0, max magnitude is (1 + pr,) | Fp| whenever e ~2/#(L—) — 1]
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:
at positions where the two waves are in phase their amplitudes add

but where they are anti-phase their amplitudes subtract.

K

gu—
O

At any point x,

delay of > =
F, = Foe_jkx

Backward wave: G, = pr Fe~27%(L=%): reflection + delay of 2

R&—20

I

th

Z():l 00

R,=300 TVL

L—=x

Voltage at x: V, = F, + G, = Foe 7k (1 + pre=2k(L-2))
Voltage Magnitude : |V, | = |Fy| |1+ pre~**L=2)|: depends on x

If pr, > 0, max magnitude is (1 + pr,) | Fp| whenever e ~2/#(L—) — 1]

=x=Lorx=L—ZLorx=1L

27T
2 or...
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@ Transients: Basic Ideas

@ Steady States

® Determining Time
Constant

® Determining Transient
Amplitude

® Transmission Lines Basics
® Reflections

® Sinewaves and Phasors

@ Standing Waves

Standing waves arise whenever a wave meets its reflection:
at positions where the two waves are in phase their amplitudes add

but where they are anti-phase their amplitudes subtract.
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