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Two Counter-Propagating Waves (1 of 2)

Suppose we have two counter-propagating waves of equal amplitude travelling in opposite
directions.

Observations:

1. Things are boring until
the waves overlap.
2. Llarge fluctuations in

amplitude are observed.
3. Locations of the
fluctuations are

stationary.
4. Total field is zero at some
points.
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Two Counter-Propagating Waves (2 of 2)

Suppose we have two counter-propagating waves that do not have equal amplitude
travelling in opposite directions.

New Observations:

1. Fluctuations are smaller.
2. Fluctuations do not go
to zero.
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General Expressions for Forward and Backward

Waves

An incident wave will reflected from an interface.

On the reflection side, there will exist two counterpropagating waves.

Incident Wave

Ei (z) = Eoﬁiefy'zdx

_ E,. ...

Hi (Z) - ﬁei/lzav
m A

Reflected Wave

Er (z) =E, e""a,

H,(2)

0,r _+yz~A
N a

——Ce
m
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Wave Incident on Metal (1 of 2)

To more easily understand what happens on the reflection side, let the wave be incident from
a lossless dielectric (i.e. o= 0) onto metal (i.e. o= ).

In this case, the material parameters are

The reflection and transmission coefficients are

r=772_771=0_ lu/g:_ )
+ 0+ &
7 Th \/'u/ In this case, we get zero
2772 2.0 > transmission and 100% reflection
l= + = =0 with a 180° phase shift.
772 771 0+ ﬁ
g /
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Wave Incident on Metal (2 of 2)
The propagation constant y, is
n=o+jp
= ——— = — =
o= P58 14| 2| 21 =0 A4 1] — | -1|=0
2 we, 2 weE,
2 i 0 2 ]
Hé& o Hé
= |[—| |+ —| +l|=0 |7, [l+| — | +]1| =0 ue
A 2 [mq} 2 [waj 8
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Revised Expressions for Our Waves

Given the reflection coefficient » and phase constant £, we can rewrite our wave expressions

as

Incident Wave

I _ —-ibz 4
E. (z) = Eo’ie “a
E(J,i e—jﬂlz&y
m

Reflected Wave

i _ +ipz 4
E (z) = rEO‘ie a,
VEo,i Ry

m

X

ﬁi(z)

i, (z)=-

¥
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Frequency-domain Standing Waves (r = -1)

On the reflection side, the total electromagnetic field is the sum of both the incident and

reflected wave.
Recall »=-1

E (e*.fﬂlz _ e*.fﬁlz ) a

0,i

ani (e_jﬂlz + e+jﬂlz)&

m

X

=i 2 +ibz s
Eo,ie a, Eo’ie a, =

_ E. E,
+H, (Z) :Aeﬁﬂ]zay +¢e+1ﬂ|zay _

T )

y

i (z

)

The expressions in parentheses containing complex exponentials are the sine and cosine
functions. The equations for the total field become

Hl(z)

E (z)=-j2E,;sin(Bz)a,

_ 2E,.
H(z) =T°"cos(ﬂlz)&y
1
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Time-Domain Standing Waves (r = -1)

Converting our standing wave equations to the time-domain, we get

E,(2,6) =Re[ - j2E,;sin(B,2)a, - ]
=-2E,;sin(fz)a, 'Re[je/“’t]
=-2E,,sin(fz)a, -Re[ jcos ot —sin at]

=2E,; sin(fz)sin(wt)a, - E »
H (z,t)= Re[2ﬁcos(ﬁlz)d}_ -e’“”}

Ul

E . .
=2—"cos(fz)a, -Re[e’“"]

m

E. .
=2—"cos(fz)a, Re[coswr + jsin ]
1

= Zﬁcos(ﬂlz)cos(a)t)dy
m
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Standing Waves When r=+1

In the frequency-domain, we have

E(z)= E, (2)+ E, (z)=E,, (eijﬁlz T e+'iﬂlz)&x =2E, cos(fz)a,

H] (Z):Hi (z)+ﬁr(z):%(e‘jﬁ'z _e+jﬁ.z)&y :—jz%sin(ﬂlz)&x
1 1

In the time-domain, we have
E (z,t)=2E,, cos(Bz)cos(wt)a,

A, (2.1) :Z%Sin(ﬂlz)sin(a)t)&y

1
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Visualizing the Standing Waves (1 of 2)

We will let » = -1 represent the case where 7, > 7,.

E (z,t)=2E,,sin(Bz)sin(at)a,

H (z,t)= 2%cos(ﬂlz)cos(a)t)&y
1

Observations:

180° phase shift after reflection.

Max E and min / occur at the same points.

Min E and max / occur at the same points.

E is minimum at the interface and / is maximum.
Nodes occur a half-wavelength apart.

The standing wave is stationary.

sin(fz) and cos(f) terms describe the envelope
of the standing wave.

NouANwNe
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Visualizing the Standing Waves (2 of 2)

We will let » = +1 represent the case where 77, < 1,.

E,(z,t)=2E,, cos(Bz)cos(mt)a,

H (z,t)= Z&Sin(/)’lz)sin(a)t)&y

m
Observations:
£, w= ] . .
) 1. 180° phase shift after reflection.
Er . Max E and min H occur at the same points.

2

3. Min E and max H occur at the same points.

‘ | 4. Eis maximum at the interface and H is

. e \ minimum.

j Nodes occur a half-wavelength apart.

The standing wave is stationary.

7. sin(f) and cos(/%) terms describe the envelope
of the standing wave.

ow
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More Rigorous Visualization (1 of 2)
Electric Field Functions
h >, =—1 m

Standing Wave Envelope g, 5.7)

Standing Wave Ei(z)+E1-(z) "

Reflected Wave Er(2) = By (i '::l :‘-"

Incident Wave Ei(2) = Epe™d 3 A " ‘\ . z

Magnetic Field Functions

SN NEEEEE | os(32)

Standing Wave Hi(2) + He(e) \ /\ /\ z

Incident Wave Hi(z) = Brei8 - ‘
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More Rigorous Visualization (2 of 2)

Electric Field Functions m < ?72’?” — ] m

Standing Wave Envelope cos(Bz)

Standing Wave E 2) + Ex(2)

Reflected Wave Er = qu B2

Incident Wave "L'—i 2) Eye=i0* : 2

Magnetic Field Functions

Standing Wavs Emvelope_ .11 (62)

Standing Wave Hi(:) + Hy(2) .

Reflected Wave Hy(z) = —-r‘uj—::’ej":

Incident Wave H: () Ey - jfz

(2) =
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Standing Wave Ratio
(SWR)
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Definition of Standing Wave Ratio (SWR)

We wish to have a metric to quantify the severity of the standing wave.

To do this, we define the standing wave ratio (SWR) as the maximum electric field observed
in the standing wave divided by the minimum electric field observed in the standing wave.

SWR = |Elmax
|EJmin

Electric Field Functions

Standing Wave

: Ej(2) + Ex(2)
Reflected Wave Er(z) = rEoe’ 3z
Incident Wave E:(2) Ene

r=0.33 m

|E|1nin ‘E|max
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Derivation of Standing Wave Ratio (SWR)

Let’s examine our expression for the electric field when we have counter propagating waves.
E(z)=E (z)+E,(z)=E,, (e"”z +re+7lz)dx

This expression has the following maximum and minimum.
max‘E‘ 0 (1+]7])
min| | = £, (1-7])

Substituting these into our definition of SWR gives

max‘El‘ E, (1+]) 1+
SWR = — = - |SWR=—"+—+
min‘El‘ E,; (1-|]) 1|
ﬁl EMPossible Slide 19
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Derivation in Terms of Magnetic Field

Let’s examine our expression for the magnetic field when we have counter propagating waves.

I:I1(z)zﬁi(z)+ﬁlr(z)=%(e-ynz re)a

This expression has the following maximum and minimum.

y

max‘ﬁl‘z%(lﬂrb

mm‘H ‘ 1 |r|)

Dividing these shows that we get the same expression for SWR

A, _1+p]

SWR =-—
‘H 1—|r|

E
max‘H‘ (l+|r|) +|,,|
~|r]

min

mln‘H‘ E,; (1 | |)
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SWR in Decibel Scale

Very often the SWR is given on a decibel scale.

SWR,, =20log,, (SWR)

Given the SWR in dB, we can calculate the SWR on a linear scale.

|SWR — 105 WRaw/20 |
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Usefulness of SWR

The standing wave ratio (SWR) is something that we can directly measure.
Given the SWR, we can calculate the magnitude of the reflection coefficient.

|| SWR-1 Derivation

rl=
SWR+1 SWR = tH

SWR—|r|SWR =1+|r|
[{SWR+ || = SWR-1
|| (SWR+1) =SWR-1
SWR-1
SWR+1

-
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Notes About the SWR

* Since 0 < |r| £ 1, we conclude that 1 < SWR < oo,

* SWR is very large when the reflection is very strong.
*SWR =1 (SWRy; =0)
* Zero standing wave
«r=0
* No backward wave.
* SWR = (SWR; = )
* Does NOT imply infinite amplitude standing wave
* Standing wave has a perfect null (amplitude goes to zero)
=1
* Forward and backward waves have equal amplitude.
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Example

Suppose we have a wave inside of a 50 QQ medium that is incident onto a second medium

with impedance 120 Q. What fraction of power is reflected? What is the standing wave
ratio (SWR)?

Solution
The reflection coefficient at the interface is

pobmi 12007509 7049
m+n, 1200+50Q 170

The fraction of power reflected is the reflectance.

R=|r" =[0.4118] =0.1696 =[16.96%]
The SWR is
1+[r| 1+[04118 14118

= = =[24
1-|r| 1-[0.4118 0.5882
SWR,, =20log,, (SWR) = 20log,, (2.4) =

SWR =

51 EMPossible
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