Quiz 2

Find the time-domain sinusoidal functions corresponding to the

following phasors. (z 1s position. ¥,"and Y, are real and positive.)
Make sure you follow conventions adopted in this course.

?1(2) _ Yo+e—jﬂz
Y,(2) =Yy e”
Y (2)=-2,Y, sin(f)

Find the phasor for the following function of position z and time ¢.
(z 1s position. V," 1s real and positive)

v(z,t) =2V, cos(fz)cos(wr)



Quiz 2

Find the time-domain sinusoidal functions corresponding to the
following phasors. (z 1s position. ¥,"and Y, are real and positive.)
Make sure you follow conventions adopted in this course.

Yi(z2)=Y e = y(z.0 =Y, cos(wr - f)
Y,(2)=Y, e = y(2,0) =Yy cos(wr + ffz)

Y(z)= —2@)/0+ sin( z)



Quiz 2

Find the time-domain sinusoidal functions corresponding to the
following phasors. (z 1s position. ¥,"and Y, are real and positive.)
Make sure you follow conventions adopted in this course.

Yi(z2)=Y e = y(z.0 =Y, cos(wr - f)
Y,(2)=Y, e = y(2,0) =Yy cos(wr + ffz)

Y(z)= —2@)’O+ sin(z) = y(z,t) = Re[-2 Y, sin(Sz)e’™ | = 2Y," sin(Bz) sin(wrt)
This j means phase /2

Find the phasor for the following function of position z and time ¢.
(z 1s position. V," 1s real and positive)

v(z,t) =2V, cos(fz)cos(wr)



Quiz 2

Find the time-domain sinusoidal functions corresponding to the
following phasors. (z 1s position. ¥,"and Y, are real and positive.)
Make sure you follow conventions adopted in this course.

Yi(z2)=Y e = y(z.0 =Y, cos(wr - f)
Y,(2)=Y, e = y(2,0) =Yy cos(wr + ffz)

Y(z)= —2@)’O+ sin(z) = y(z,t) = Re[-2 Y, sin(Sz)e’™ | = 2Y," sin(Bz) sin(wrt)
This j means phase /2

Find the phasor for the following function of position z and time ¢.
(z 1s position. V," 1s real and positive)

v(z,t) =2V, cos(fz)cos(wr)
= V(z)=2V, cos(f)

Note: v(z,t) =2V, cos(fz)cos(wt) # 17(2) =2V, cos(fz)



Standing Wave

Interference between the incident & reflected waves — Standing wave

A string with one end fixed on a wall

/\ . Incident: ) (z,t) = YO+ cos(wt — fz)
N(2)=Y e
z=0 (Set the incident wave’s phase to be 0, 1.e., ¥,," real & positive.)

Reflected: V,(2,2) =| Yy | cos(awt + fz + P)
Y,(2) =Yy e, where Yy =Y, | € =Y, | £
The total displacement
Y(2)=Y(2)+ V() =Y, e " +Y, e

We must have )7(0) =0 = Y +Y, =0 ie. Y = =Y

V() =Y (e ~e)




Y(2)=Y; (7" —e)

jo _

Recall that e/’ —e ™/’ =2jsin@ = Y (z) =-2Y; sin(fz)

y(z,t) =Re[-2jY, sin(fz)]=2Y, sin(fz)sin(wt)  Why sin?




Y(2)=Y; (e —e™)
Recall that e/’ —e ™/’ =2jsin@ = Y(z)=-2/Y, sin(f)

y(z,t) =Re[-2jY, sin(fz)]=2Y, sin(fz)sin(wt)  Why sin?

See Wikipedia Standing Wave animation to get visual picture:
Harmonic oscillation at each z, with amplitude following sin(/z)

¥y =000 y@=0.00 m, yi+y2=0.00m T=100a =0008

This is Homework 1 Problem 4.

Here we just used the phasor tool to do it the easy way.

Review Homework 1 Problem 4 (and also Quiz 2), relate the physical quantities
to the phasors.


https://en.wikipedia.org/wiki/Standing_wave

Y(2) =Y, (e —e) = |V(2)=-2/¥, sin(fk)

y(z,t) =Re[-2Y, sin(fz)] =2Y, sin(fz)sin(wt)

Similarly, a shorted transmission line:
By definition of “short circuit”, 7 (0)=0 = V," +V, =0
Vi =y
V(z)=-2,V, sin(fz)
v(z,t) =Re[-2jV, sin(fz)] =2V, sin(fz)sin(wt)

Like a mirror. What property of a mirror makes it a mirror?




Y(2) =Y, (e —e) = |V(2)=-2/¥, sin(fk)

y(z,t) =Re[-2Y, sin(fz)] =2Y, sin(fz)sin(wt)

z=0
Z() ZL =0
° Similarly, shorted transmission line:
ZL — Zo . ~ + _
I = =-1 By definition of “short circuit”, V(0)=0 = V" +V, =0
Z, +Z,

Ve =7y r=-1
V(z) = -2V, sin(f)
v(z,t) =Re[-2jV, sin(fz)] =2V, sin(fz)sin(wt)

Like a mirror. What property of a mirror makes it a mirror?

] I
But, Iy =1; - =1

1y
Find I(z) and i(z, £) on your own.



What if the transmission line 1s terminated in open circuit?

Note: open ended # open circuit for high frequencies! ©
(You will see how to make an open circuit later.) Zy Zp =

ZL _Zo _
Z, +7Z,

Vo=V, [ = |

V(z)=V, (e +e)=2V" cos(f)
Find v(z, f) on your own.

I, =-1I; (since total current is 0, by definition of open circuit)

Find ﬁz) and i(z, f) on your own.

In all the above examples, /"= 1. Completely reflected.



At very high frequencies, we often are only able to measure the amplitude or
power (oc amplitude squared), but not the instantaneous values or the waveform.

The following example is for the short circuit. The open circuit is
similar (just with a shift of origin).

The amplitude of the voltage wave v(z, ¢) at position z is

||: \/ 17( Z)V* (2) “Local amplitude” — see the sanding wave animation again

The “complex amplitude” containing the phase

I '...H... I -. ....._...-l' -l..._..-. I i 51

N N S
l':'-. "I W .-'?I .i' 24
'.Il.'-.... ___a I. .'._....___.-'. 1 I.I %, _;"



At very high frequencies, we often can only measure the amplitude or power
(oc amplitude squared), but not the instantaneous values or the waveform.

The following example is for the short circuit. The open circuit is
similar (just with a shift of origin).

The amplitude of the voltage wave v(z, ¢) at position z is

||: \/ 17( Z)V* (2) “Local amplitude” — see the sanding wave animation again

The “complex amplitude” containing the phase

V(2)==2jVy sin(fz) 7R 176
= (T@I=-2)0sin(B)] e s S
=2|Vy ||sin(f)| 2 4 ’

V(z)[P=4|V, [ sin>(Bz) =2V, | [1-2cos(252)]

Question: What’s the spatial period of the standing wave?



At very high frequencies, we often can only measure the amplitude or power
(oc amplitude squared), but not the instantaneous values or the waveform.

The following example is for the short circuit. The open circuit is
similar (just with a shift of origin).

The amplitude of the voltage wave v(z, ¢) at position z is

| = \/ 17( Z)V* (2) “Local amplitude” — see the sanding wave animation again

The “complex amplitude” containing the phase

V(2)==2jVy sin(fz) 7R 176
= (T@I=-2)0sin(B)] e s S
=2|Vy ||sin(f)| 2 4 ’

V(z)[P=4|V, [ sin>(Bz) =2V, | [1-2cos(252)]

Question: What’s the spatial period of the standing wave?

The open circuit: Just a shift of the origin |I7(z)|2 |V(z)|
V(2) =21V, || cos(fe)|
P P=41Vy Feos’(f) - 0 '

=21V, P [1+2cos(23)]

z



For both the short circuit (SC) and open circuit (OC),

1V (2) =21V | 1V (2) =0

=1

Constructive Destructive
Complete reflection. Completely a standing wave.

There are cases where [/7| = 1 but /™ # *1.

Also complete reflection. We’ll talk about those cases later.

Whatif |/ |1 ?
Partially standing, partially traveling.

Now, let’s look at the maxima and minima of this combination of
a standing wave and a traveling wave.
Recall that, in general, 77 1s a complex number:

I =|Ie’™




V(z)= . Vie " + IV e =Vie "+ ||V e

Incident Reflected N 0



Incident Reﬂected

0}"
" S =\r\ef
[V{S}' ::,‘/1./{5) V .c’"fj,
- —'—'_"‘_"'_"—'H_-_':_ - -I,.-j'; ﬁﬂ‘ -.'Ij"
= j_i}’;_*('e‘“}_;flrle’ ") )Tl e )
o | - + 2 . )
Notice that },/;+ Ir_l/’p J'}]"L — “/p j V,"1s a complex amplitude




V(Z) . Ve —I—FVJre]ﬁZ V+e_fﬂz_|_ | I | 819 V+ejﬂz

Incident Reflected

~ =Fe’9’
Vil =/ 70 T "

= G”F({i_“"i-fflr]e’ ';a‘ &) Q/)ﬁh‘f +T{r3 e

Notice that L/;+ |EVD+J'}'¥F = {l/; j : V" 1s a complex amplitude
SV =T e > )
=Vt 1+ [F1® 4 2T eos (2pg +0)

Interference term




V(Z) . Ve —I—FVJre]ﬁZ V+e_fﬂz_|_ | I | 819 V+ejﬂz

Incident  Reflected

~ =\’
Vel =70 7o) o
- —'—'—"‘—"'_"—'H_-:_ % /A Ty
= j_r}g_*(’g‘”_;, irle’®e ™) 15T %l e
’ 3 . .
Notice that },/;+ Ir_l/’f j = [ ]/; j V,"1s a complex amplitude

Vel = vy )
- lv:flJ =PI 4 21T s (aps t00)

Interference term

Similarly, 'If’s)l - lIo \fbji-z\i ml\ﬁ+g}) 7(z)2

= x (1 1y> | VBt v
It’s more convenient to plot |V(2) 1 =24 | vi}:- ‘ 3 §
and |/(z)* than the amplitudes. (“’f (712 )]

L
2/5 T= >7 0 C-\T \gFy™
o=

1(z)P

«mL:
2 )




Ve | =106t [ > )

=1t 1 IP1E 4 20T s (opg +o)

Interference term

Constructive interference ( [

V
Destructive interference f V4 [ '

In this plot, we have assumed a special case 6, = 0.
Can you think of a kind of load that leads to 6. =0?
Question: In general, what’s the condition for 6. = 0?

Pay attention to the max,
min, and average values




Ve | =106t [ > )

=1t 1 IP1E 4 20T s (opg +o)

Interference term

VP . .
1 =l ey 1)
- (T2t
AN

> Z
0 “C-trf vy

Constructive interference ( [

V
Destructive interference f V4 [ '

Pay attention to the max,
min, and average values

In this plot, we have assumed a special case 6, = 0.
Can you think of a kind of load that leads to 6. =0?
Question: In general, what’s the condition for 6. = 0?

Vo_ _ ZL _Zo

)& —
I/O+ ZL_I_ZO




We stated that it’s more convenient to plot the amplitudes squared than the amplitudes
themselves. _
But how does the plot of |V(z)| look?

| short-circuited line

| Vi)

. : ! E I ;\iZ .
It looks like this: /\VM
'g )\ 34 4 i 0

4 2 4
(overlaying the curve for the short circuit case for comparison)

Vel = vl /(e > )
+

= | 111 + 21T Lo (a5 49

Interference term

Work out the max and min values of |I7(z)| : N
Notice the important difference between its shape and that of IV(Z)\z.



\_/ """" ) A N A N A
—2A
~ o -
V[lll mAy — JV@J—‘ N |72+ 2] l V {m;'ﬂ = [VC'E , A7 = 2]
= v C+lri) = [vs'| (i-(71)
Constructive, reflection added to incident. Destructive, reflection subtracted from incident.

Now we define the voltage standing wave ratio (VSWR), or simply standing wave ratio (SWR)

o Ve = T
‘S_— [If[](,m.h {'11—\

Special (extreme) cases:
. . . oo
7= | < =oco = Allstanding wave. V] min =0
' (Recall short & open. Other such cases to be discussed)

YREL S = | = Alltraveling wave. No reflection.
' (What’s the condition for this? How does the plot look?)



Slotted line

A tool to measure impedance. See in the textbook, Fig. 2-16 (pp. 71 in 8/E, pp. 74 in 7/E,
pp- 73 in 6/E, or pp. 60 in 5/E). Based on the one-to-one mapping between z, and /.

The detector measures the local field (proportional to voltage) as a function of longitudinal

position z.

Sliding probe

To deteCtor <— —1 / .
[Dge = N Slll
Probe tip
o/ / ]
[y \ I :;'
1

b Y
— b

)

#40cm 30cm  20cm  10cm ‘i

Figure 2-16 Slotted coaxial line (Example 2-6).

Sliding the detector, you find the
voltage (amplitude or ac voltage)
maxima and minima.

Review/preview textbook Section 2-6.

7,
— S
o Srrr'ﬂ:l I'!
.-r. |
2y N ¢ [j
% l L z & L l -a"'
|
Z "o
i ' ' : ? ! ? o
BVaVaVaVial
e i i | N
The distance between adjacent d..
minima is

We stopped here on Thu 9/15/2022



Slotted line

A tool to measure impedance. See in the textbook, Fig. 2-16 (pp. 71 in 8/E, pp. 74 in 7/E,
pp- 73 in 6/E, or pp. 60 in 5/E). Based on the one-to-one mapping between z, and /.

The detector measures the local field (proportional to voltage) as a function of longitudinal

position z. T
—_— e
. g —— 2.—--:::1 I-E
Sliding the detector, you find the 2, t + |
voltage maxima and minima. % l v, =. v, | [:|] Z,

The distance between adjacent
minima is A/2.

[\/(?))\:lVf\J Iﬁ[[‘ll + zﬂmﬂ)

Interference term corresponds to d

min



Slotted line

A tool to measure impedance. See in the textbook, Fig. 2-16 (pp. 71 in 8/E, pp. 74 in 7/E,
pp- 73 in 6/E, or pp. 60 in 5/E). Based on the one-to-one mapping between z, and /.

The detector measures the local field (proportional to voltage) as a function of longitudinal
position z. >

L ~
L — g1 4 1
Sliding the detector, you find the 2, t + |
voltage maxima and minima. % l v, =. v, | [; Z,
The distance between adjacent 3 '—a{vf—[
minima is /2. i | A2 V(2)|

You also get the max/min ratio

o= (Wheo _ 1HIT] B

llv(h.h {'l‘[—\

(You only care about the ratio, not the actual values.)

AN

SN

, + |77 -
Solving § = ALy , you get || But this 1s not /" yet!
/= 1T]

The hope is: If you know 7, you get z; using the one-to-one mapping between the two.
(Recall that.) You know Z,, thus you can find Z;.



The hope 1s: If you know 7, you get z; using the one-to-one mapping between the two.
(Recall that.) You know Z,, thus you can find Z, .

[ = ‘]—' ‘ej ° We already know |/”|. Just need to find 6.

l\/(”é)‘:lvo{-\,l/ f%[rll -+ Zﬂm.+gr}

?
QU

T: min
A LA z
We know 5 s amml fﬁ A

So you find 6.
F:‘F‘ejer — z; = Z,

Question:
In principle, we can also obtain the result by measuring positions of maxima.
But, in practice, we prefer minima. Why?



We have so far always dealt with
negative z, because we draw the

z

transmission line to the left of the 2
A

load. 7

We don’t like to always carry the
negative sign.

So we define d = —z, the distance

from the load.
)=l e

Incident  Reflected
V(z)= Vo+e@jﬂz + IV, e
= V(d)=V; ™+ IV e ™

o +

li}:; zu LJ’ [|jz"'
:EL-—-—[

If: ) -3 - —3"—1'3_

d 37

P ] o

< £

Pay attention to signs.

= I1(d)= Ite™ — 11 e™ This sign is the most asked about.

Let’s focus on the present discussion now.
| will give a better explanation later.



. "
Vd)=Ve™ + TV e ™ o g—1% 1
2, » +
~ v Z
T( ) ]+€jﬁd T+ 'y hr‘:? lbi; =, Ll Cf] L
~ -
V) _Vy . i
T (d (d) ]+ =Z, (always holds for a traveling | 4 3=0
wave in one direction) ] ;;j
Now let’s consider the equivalent impedance A
looking into the transmission line at a distance d
from the load'
‘ | Important concept:
Cd)= V (d ,J Lcif' : o 4 e ke ) equivalent impedance
2 (d)= ) \/’/6 - _J_ﬂcf) Zo at distance d
_2 r+fe‘%.1’3" = > 1414
= 8 | _re_?JJf!.cl — 9 f—z?-d»
-2, ,Bd
ZL 1+ 7 / Fd - e -

Compare to , thus the definition.

Z, 1-T

z(d)-I’; one-to-on correspondence exactly same as z; -I"




a'r'{_ F_.:;_.I'” _ _ —a .Gd
& (d)= > a ’]_ﬁ-—f'd < T + = e 2 (equivalent reflection coefficient at d)

How to interpret this (from a wave point of view)?

Say, the incident wave voltage is V(d) at d from Z; .

At the load, d away in the propagation direction, o
the incident wave is

-- just a phase shift.

7 -
‘_:_ . .i’J-ﬂ:l I,
E:? N _ + [j
Lfr;_ ll;; zu L J’ | -E-L
> “a

Question: What is the phase difference between v(z,t) and v(z + Az, t)?
What is the phase difference betweenv(d, t) and v(d — Az, t)?



! [£1 4

_ ‘- — L
z(d)= 2, =T, ]dd —
How to interpret this (from a wave point of view)?
Say, the incident wave voltage is V(d) at d from Z; .

At the load, d away in the propagation direction,
the incident wave is V (d)e /F¢.

-- just a phase shift.

Note: This means the phase difference at
any time is —fd.

(equivalent reflection coefficient at d)

Notice this sign. Phase shift always negative
when wave travels on in our convention.

ood
I —
_ L V(d)e P
V(d) —*
7 -
e e :52-{;1 T-C
E:? N _ + [j
Lfr;_ ll;; zu L J’ | -E.L
" o)

Question: What is the phase difference between v(d, t) and v(O, t—d/ vp)?



f+!rd -2 3d

z(d)= 2, - =T N < T, 4o = [e " (equivalent reflection coefficient at d)
How to interpret this (from a wave point of view)?

Say, the incident wave voltage is V (d) at d from Z; .
.L,

At the load, d away in the propagation direction, | O
the incident wave is V (d)e /P4, V(che —~jpa

. . & .
- Just d phase Shlft. :"J_"t V(d)]ﬂefjﬂd
~ . -—_ : l g
At the load, the reflected wave is  V (d)Ie * - b — : f*ﬂﬂj T2
4 ~ ' "
e =z, A
# —o—




f+!rd -2 3d

7 (d)= 2 o I=T N < T, 4o = [e " (equivalent reflection coefficient at d)
How to interpret this (from a wave point of view)?

Say, the incident wave voltage is V(d) at d from Z; .

At the load, d away in the propagation direction,
the incident wave is V (d)e ~/#¢.

-- just a phase shift. ~ V(d)re™™: 2 Z d) ik
At the load, the reflected wave is ¥ (d)le "™ e ; bﬂ-dn 7,
4 ~ : N
Back at the point d away from the load, in the V i <o | V. l EIJ 2.
propagation direction (of the reflection), the # ' T

reflected wave is Notice this sign.
V(d) e e = V(d

-- just another phase shift.



[+ F_d -2 /3 CJ
z(d)=»Z o ’]_ﬁ-—f'dﬂ < B + = e Z" " (equivalent reflection coefficient at d)

How to interpret this (from a wave point of view)?

Say, the incident wave voltage is V(d) at d from Z; .

.d
At the load, d away in the propagation direction, |
the incident wave is V (d)e ~/#¢. V(d)!
-- just a phase shift. = V(d) e
~ ) — i ! ~
At the load, the reflected wave is V (d) e " R 5 — F;l e
4 ~ .
Back at the point d away from the load, in the V t, <5 | L4 EIJ 2.
propagation direction (of the reflection), the # —o—
reflected wave is Notice this sign.
V(d) e Pe ™ = V(d % |
-- just another phase shift. 20 —]
~ 'l
: : : : 7 lV.: =, W Lld)
Thus the equivalent reflection coefficient at d is ¢ ~ N

Fa 2Tee~vF /

Just imagine the interface is at d. We have the equivalent circuit.

z(d) corresponds to /; in exactly the same manner as any z; to /'




Z(d) corresponds to /), in exactly the same manner as any Z; to /.
Therefore the equivalent circuit. Iy ’ A~
p-{:qj -I.d
+ + |
l V;ﬁ zu L l llj -a"'
You can have such an equivalent circuit # ~—!
at any d, all the way up to / for the entire ;
transmission line: .
E; R bt — S Y |
-— a4 E ~ 0l — .,
e - P A l 2 =, I'.f” Z1(d)
Zq g _ + [j - . |
ne =, AR "
O -3 S +3 At the input end of the transmission line
d | 3%
) |‘ . [+ / ¢
| - | o = 2 Pl ) S S,
k‘_ﬁ'___"_'_._ﬂ ’;}I. Iy “ L r'J ] =
i A 4=l 1=/,
This way, you turn the transmission line problem
g f) .35 J in to a simple circuit problem.
L N
.f:-t, =ih . . e ~
V& {J Question: Given ¥4 and &£ 4 how do you find V ?



(57

About That Negative Sign

\ ™
; 7.
(read offline) £y T _Y ~ fﬂdE]
- % lbi i zn L i | _Z.'L
V(2)= Tvie” — -~
Incident  Reflected E : z -3< 75
7o) {1je 0rm;e” | -
7 |

More generally, for a traveling wave going towards +z and another one going —z:

(not necessarily the incident and the reflected)
>~ (2)

~~
+
N\
N
\—/

We have learned

Vi) Ve P2 vt

<
+
N\
N
N/
- dLlI=——t
<
—~
N
\—’/

The traveling wave going towards —z must follow the same physics:

V=(z) V;elfz

[t(z) Ife Pz If

This negative sign is due to the way @f‘ (2) - _ I; elBz -

we define the polarity of [~ _ .
V=(z) Vo elh?

[-(z) Ijelbz

_IO_

=7,
Vo
=7
—1I5 0
V-
__0 — _ZO



Our convention for a traveling wave going towards +z and another one going —z:
(not necessarily the incident and the reflected)

I~+(Z) i i_(Z)

_}_?
> 7+ |~ <::
4 (Z)MV (z) 7+ (2) A e~ IBz A
z

. = =" =7
I+(z)  Ife~ipz — 15 70
V=(z) Vyelfz v5 V=(z) VyelBz v§
— = T = IR = ZO <:> — = — Bz = — = —ZO
—17(z) —lge —o I=(z) IjeJ I,

If we wanted to be fair with the two waves, we could use a different convention:

i_l_(Z): :i_(Z)

> VT (2)

vtz VieF2 v .
[*(z) Ife-iBz 1 70

N =y Y
<V
~
N
\—/

V=(z) VyeFz vy .
I-(z) Ijeipz 1y~ 7°

Both conventions give us the same Z(z)/Z, (or Z(d)/Z, with d = —2z).



Now, 1n the context of reflection F;n 7,
vl [:|] 2,
e
- I - -
|' ~3 I 3
What if Z 17 ZO? : 3?9
~ ~ i I ’;}I
The load says K(O) = KL =7, [ A |
10) 1,

Vﬂ—(o) I/O+

If there were only the incident wave, =

17(0)

0

Something has to happen to resolve this “conflict.” That something is reflection.

V_{_EV(BJ}FV "f"/i::
L, =T G=o)= It 4 1] =

Vo' Vi,

— e

Ez,ﬁ. ZD
T+ vy
By definition, 2, = —= = ( ~ =,
g AN )
Z, —Z, e
0
Z, +7Z,

~1

Solve it and we have VO‘ —

~~ Sign due to convention

Vo
2=z
Iy °

This sounds like the reflection is
just due to our sign convention,
doesn’t it? If we used the fair
alternative convention, would there
be no reflection?




In the fair alternative convention - o) 1.
> +": |
[(z)=1"(2) =1 (2) =, "Ll [jEL
|
1" — e
Voy V | =p
( ) —_L _ ZL '. 3?

The load says — =
1(0) [, o7

If there were only the incident wave, K O _ VO+ =Z,
17(0) 1,

Something has to happen to resolve this “conflict.” That something 1s reflection.

~ In the fair convention Illi_ =27,
| 0

—

Z = ?(3:&} o V;' —+ L/{::--

e P -+
T, =1 G=o)=1t-7; = X _ %
Z, =, :
= At - We end up with exactly
Ve ing!
By definition, &,= = = ( i T Vo ) =, the same thing!
Z Vo' = U4
Solve it and we have J/~ = 2= 2 Vv,

Z, +7Z,



Review textbook Sections 2-6, 2-7.
Do HW2 up to Problem 9.

Notice that we take a different approach than in the textbook (again).
We started from special cases: short and open circuit terminations.
Then we moved on to the general case.

Now we are going back to the special cases, but not that special.

Short circuit /"= —1. Open circuit /"= 1.
There are cases where [/7| = 1 but /™ # £1.
Also complete reflection, but neither short nor open.

What loads make those cases?



All casesof |[I7| =1

There are cases where [/7| = 1 but /7™ # £1.

Also complete reflection, but neither short
nor open.

A quarter wavelength away from a short,
the equivalent circuit is an open.
(See next slide — an old one)




At very high frequencies, we often can only measure the amplitude or power
(oc amplitude squared), but not the instantaneous values or the waveform.

The amplitude of the voltage wave v(z, f) at position z is |= \/ V(Z)V* (2)

The “complex amplitude” containing the phase

Short
V(z)=-2jV, sin(f)

= |V(2)|=| =2V, sin(z))

= 2|V, || sin( )| &y >, 0
N | A/4!
V() =41V] P sin’*(Bz)=2|V, ' [1-2cos(252)] o
Open PR )
1V (2)[=2|V ||cos(fz)| |
1V (z)’=4|V, |’ cos’(Bz) ) 0

=2|V," | [1+2cos(252)]
Between short and open: Just a shift of the origin by /4.

z



All casesof |[I7| =1

Z»

There are cases where |/7| = 1 but 77 # 1. . N
Also complete reflection, but neither short e —

“ II: f 5= ? 4
nor open. C*;ﬂ ’ =0
A quarter wavel.engt.h away from a short, The period of |vad is /2. T, f‘?
the equivalent circuit is an open. 3. :

C-I! W AD— T

What is th.e equivalent impedance Here, the period is A -
anywhere in between? Toc
Why? 2

’ : vt
Let’s h?tve a closer look at the - /ﬁ
short circuit. |

1

25 | Pay attention to signs. We

Py 2 1-[:| J

' =V /a7 .

Voe @)=V (@ -€X) are using d now.

w5 e Compare these Equations to To visualize Z(d), we now plot

=NV, Stm [0 . . . ~ -
w those in first 4 slides of this ppt. V(d) and I(d).

1“..--5 ‘-'I.. —1|"?i:-|- 5 T . ; . )
T (d)= —f' (2% %) = L{?l — ;.;1;4 Pfewogsly, Wci plot;ed either
e [V(d)|” and |I(d)|" or

2. (d) ____Ii“r_c_f:_cfi [V (d)| and |I(d)| because they

. T edy are measurable.
=[\2e Zar, B



. [

All casesof |[I7| =1 2 WA 3
There are cases where [/7| = 1 but /7™ # £1. o ,.c,__i
Also complete reflection, but neither short Je—— ;s
nor open. d=A -

374 5
A quart.er wavel.engt.h away from a short, T —_— H“;; | is Ma2. %
the equivalent circuit is an open. m 3 X
| < i
: wltr ¥
What is th§ equivalent impedance i, s SaEiaE NEE T/' |
anywhere in between? (Pay attention to coordinate labels) Zsc
’ : ‘.;:_h.ab-i
Let’s have a closer look at the . /’\; |
short circuit. v \
Pay attention to signs. We
f/’* (d)=1;* ( & rhl are using d
g d now. 4 Zs.(d)
224 V-F Otns Bl Compare these Equations to , 7
J Y l those in earlier slides using z. J
o '!I.-""J' » ¥ _“-'?,;_.r _2 +4 %
T (d)==2(@% 7)) =55 o gd 1
2‘3 a d F L
-4
L”r:. el I
< S fC” :_'R'j_'_"# :T
I,. cd) |

~E}2 m c;rc s+c o+c Jc



I/-L'c{{'.:l'
I;_, ¢d)

g v e

Za i)z —

Understand this from a physics
point of view:

Reactive loads don’t dissipate power.

Thus complete reflection.
The difference is just in the phase.

Equivalent impedance

Fer ;&u,/id > o

Wl =2 2 a3 Lag ™
s Ml B Kl Gl

For 7@4/&! <0

‘(,JC.:
-

Notice frequency dependence.

.

,:p-._.—

cl:i o

0"
The period of

|de is A2,

Here, the period 151.

| .
§ Isc

C

= 2, e D Cy =

3 A
Fep
—
f L \
“Taaps N
(;C STC OTC

do



The case of open circuit termination

Now that we already know the case of short circuit termination,
what’s the easiest way to work out the open circuit termination
case?

Leaving a transmission line open ended does not make an open circuit termination.

O)r STC OTC §C

With a short circuit, you can make an open circuit.

(For complete solution, see Fig. 2-21 in textbook, pp. 77 in 8/E pp. 81 in 7/E or pp. 82 in 6/E)



Now let’s go back to the general case and look at the equivalent input impedance.

j PA -5 3
N33 X PVE WP e + [ e °  (make sure you understand
4 i o P - r enff” how this is arrived at)

Insert

( F:_ZL_ZO _ ‘+ij d
Z,+7, 4 QEL
) a4 “o—
e‘jff “Lﬁ’é/{+d%ﬂr@ _34—-[’—>+3
\(.?J E%ﬁﬁﬁjﬁfﬁmﬁf 3?9
|

and you get

_Z,cos Bl + jZ,sin ,Bl
" Z cos fl+ jZ, sin ,b'l

or in the normalized form:

_z,cos Bl + jsin Bl 7
- S Recall that Z; = —
cos fl + jz, sin Sl Z,

Questions: What is the unit of z;? What is the unit of z, ?




Do not confuse “input” with “incident”

V or V is the voltage at the input end. It is the sum of incident and reflected waves there.

s 2? + Z;h

l

incident
. .
The incident wave voltage — _ o a4
at the input end is 2, t + |
, 2l I'?? lb; = L Jv ;] 2.
+ - -
l-/ ne % Ve &€ J! . _?#__l
] ~3< 4
;l II gfa
I
At this point read textbook Sections 2-7, 2-8.1 éé—-*”” 2 >
2-8.2 & 2-8.3. |
We changed the sequence of the contents here {
for easier understanding — Special/extreme ’? HJr Z:
cases (short & open) are often easier to Vs C{

understand.
Finish HW2 (P10).
Work on HW3 Problems 1-3.



The quarter wavelength magic
(Textbook Section 2-8.4)

_Z,cos Bl+ jZ,sin ,Bl
" Z,cos fl+ jZ, sin ,Bl

. P
(.. = P e
W.s—i&"

ZT.H-: ZL

Periodic. This is for generic Z;.

For the special case of purely reactive

£y t - f ik
Tl‘-;} lb:’. Zu LJ’ EL
" e
| aP I R
d | JT
L‘—” 4 o
U 21».,

loads, see slides 41 & 44. i/l/zi
L™ Y= o
For [ X e pl= Na+ 7 i
s:mpf +/ z
- e [ Dl
£ . : Y @ Z’hq = 2 A 2r
Ze A2
A4 | 7/2




Vi

-1 ﬂ, 277:

Zi - 2“ A2
" A A | /2

or

i :ﬂ

Question: What are the equivalent
“normalized” forms?

The quarter wavelength transformer

-- a method for impedance matching
a-—h—-—

LoJL f?;é"z } "LFI’:"J'L

Laﬁﬂ\ ‘""/‘f/



The quarter wavelength transformer e

 S— .
2: ﬁ LoJgL -f__e’—,;' 2 .20
Zih: A o 2'5' -_ "'24"1 : Z.r_ in_ z L

L ?__4
. G‘._*'___-\-‘_‘F__ |

In the “normalized” forms: [ N ] B
A— i or ZinZy = 1 : A 27

I L 2w
We stopped here on Thu 9/22/2022. A4 | n/2

To better understand why it works.
let’s look at its optical analog.

Anti-reflection coating \

P Y 8F & ] AII'

Fields of all rays sum to zero

y.,1. 1.1 2

A-R coating

WITHOUT AﬂTI-REFLECTIVE W'I;H ANTI-REFLECTIVE

Ty My Glass lens



The quarter wavelength magic

explained in the multiple
reflection point of view

Optical analog: the AR coating

Z —Z
1—‘1: 1 o
Lot

l-*z = Zﬁ _Z]
Lo -4
rq = RL _Zl
~ R 7

0.
=———
L+ Z,

27

2‘2 — i
Lk £

(Adapted from: Naveed Ramzan,
http://www.slideshare net/nramzan19/smith-chart-lecture)

Fields sum to 0 % o
/ :
- - -
Ailr - -
- AR Glass
coating
r
Iy €——
A z R,
—_—T,
N<«—C I, I+
- Ald > l /Bl
" A 21
2 ( II_‘_I, m'—————ﬁw A2«
e I, B 4| o2
B2 NIl - - - E
&2 ‘ L)
= 1 *
& 2 | I/, <= ::::4—/
£ ; I )
E K : : y




Take-home messages

« Standing waves are simply due to interference between incident & reflected waves.

» The variations of real positive amplitudes (of voltage & current) and modulus squares of
amplitudes ( 7 ()] and 7@ ) with position (i.e. distance from load) are periodic,
analogous to interference stripes in optics and are indeed one-dimensional interference
patterns.

* The period of the (observed) patterns is half wavelength.

» The reflected wave amplitude 1s a fraction (< 1) of the incident, and its phase 1s shifted
relative to the incident, right upon reflection. Thus the reflection coefficient is complex.

* In general, voltage and current of a transmission line are combinations of a traveling wave
and a standing wave.

* When the load is purely reactive (including short and open), complete reflection happens.
What’s in common is absence of energy dissipation. Thus you can obtain any desired
reactance value by terminating a transmission line in any reactive component; you only
need to have the right distance from the load. This equivalence is frequency specific.

« At any distance d from the load, you have an equivalent impedance Z(d), such that you feel
as if the transmission line is terminated in Z(d) right there.

* Z(A/4) and Z; [or more generally Z(d + A/4) and Z(d)] have a special relation, which 1s used
as a method for impedance matching. This method eliminates reflection because multiple

reflections sum 0 0.
etlections sum up t We wrapped up this slide set, went through the next one,

Finish reading textbook Section 2-8. moved on to the Smith Chart on Tue 9/27/2022.
Do Homework 3 through Problem 5.
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