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Wave Reflection & Transmission
TEM wave incident normally on a boundary

 𝐸𝑖(𝑥) = −𝐸0𝑒−𝛼1𝑥𝑒−𝑗𝛽1𝑥  𝑦

 𝐻𝑖(𝑥) = −
𝐸0

𝜂1
𝑒−𝛼1𝑥𝑒−𝑗𝛽1𝑥  𝑧

𝑥
=

0

𝑥 > 0𝑥 < 0
𝜎1, 𝜇1, 𝜖1 𝜎2, 𝜇2, 𝜖2



What to enforce?
 𝐸𝑖(𝑥) = −𝐸0𝑒−𝛼1𝑥𝑒−𝑗𝛽1𝑥  𝑦

 𝐻𝑖(𝑥) = −
𝐸0

𝜂1
𝑒−𝛼1𝑥𝑒−𝑗𝛽1𝑥  𝑧

𝑥 > 0𝑥 < 0

 𝐸𝑟(𝑥) = −𝐸0Γ𝑒𝛼1𝑥𝑒𝑗𝛽1𝑥  𝑦

 𝐻𝑟(𝑥) =
𝐸0

𝜂1
Γ𝑒𝛼1𝑥𝑒𝑗𝛽1𝑥  𝑧

 𝐸𝑡(𝑥) = −𝐸0𝜏𝑒−𝛼2𝑥𝑒−𝑗𝛽2𝑥  𝑦

 𝐻𝑡(𝑥) = −
𝐸0

𝜂2
𝜏𝑒−𝛼2𝑥𝑒−𝑗𝛽2𝑥  𝑧

𝑥
=

0𝜎1, 𝜇1, 𝜖1 𝜎2, 𝜇2, 𝜖2



Coefficients

Γ =
𝜂2 − 𝜂1

𝜂2 + 𝜂1
𝜏 =

2𝜂2

𝜂2 + 𝜂1
= 1 + Γ

Check our work:
1. What if 𝜂1 = 𝜂2?

2. What if 𝜂2 = 0?



Problem 1
A wave propagates through free space and is normally incident upon a 
perfect dielectric with 𝜖 = 16𝜖0 and 𝜇 = 𝜇0. What are Γ and 𝜏?

Γ =
𝜂2 − 𝜂1

𝜂2 + 𝜂1

𝜏 =
2𝜂2

𝜂2 + 𝜂1
= 1 + Γ



Problem 2
Γ =

𝜂2 − 𝜂1

𝜂2 + 𝜂1

𝜏 =
2𝜂2

𝜂2 + 𝜂1
= 1 + Γ

A single delta wave pops into existence at 𝑡 = 0 halfway between the plates 
and moves to the right with amplitude 1000. Assume the area between the 
plates is free space.
Where is the wave at 𝑡 = 1s?
What will its amplitude be?



Problem 2
Γ =

𝜂2 − 𝜂1

𝜂2 + 𝜂1

𝜏 =
2𝜂2

𝜂2 + 𝜂1
= 1 + Γ

A single delta wave pops into existence at 𝑡 = 0 halfway between the plates 
and moves to the right with amplitude 1000. Assume the area between the 
plates is free space.
When will the wave be at x = 2.25 ∗ 108m?
What will its amplitude be?



Problem 3
Γ =

𝜂2 − 𝜂1

𝜂2 + 𝜂1

𝜏 =
2𝜂2

𝜂2 + 𝜂1
= 1 + Γ

A single delta wave pops into existence at 𝑡 = 0 in the middle and moves to 
the right with amplitude 1000. Assume the area between the plates is free 
space.
Where is the wave at 𝑡 = 1s? What will its amplitude be?



Problem 3
Γ =

𝜂2 − 𝜂1

𝜂2 + 𝜂1

𝜏 =
2𝜂2

𝜂2 + 𝜂1
= 1 + Γ

A single delta wave pops into existence at 𝑡 = 0 in the middle and moves to 
the right with amplitude 1000. Assume the area between the plates is free 
space.
Where is the wave at 𝑡 = 5.25s? What will its amplitude be?



Problem 3
Γ =

𝜂2 − 𝜂1

𝜂2 + 𝜂1

𝜏 =
2𝜂2

𝜂2 + 𝜂1
= 1 + Γ

A single delta wave pops into existence at 𝑡 = 0 in the middle and moves to 
the right with amplitude 1000. Assume the area between the plates is free 
space.
When will the wave be at x = 2.25 ∗ 108m? What will its amplitude be?



Standing Waves (dielectric to PEC)
 𝐸𝑖(𝑦) = −𝐸0𝑒−𝑗𝛽1𝑦  𝑥  𝐸𝑟(𝑦) = 𝐸0𝑒𝑗𝛽1𝑦  𝑥



Problem 1: Standing Waves

 𝐸𝑖(𝑦) = −𝐸0𝑒−𝛼1𝑦𝑒−𝑗𝛽1𝑦  𝑥  𝐸𝑟(𝑦) = −𝐸0Γ𝑒𝛼1𝑦𝑒𝑗𝛽1𝑦  𝑥

A wave propagates through an imperfect dielectric and is normally 
incident upon a perfect electrical conductor. Is a standing wave 
created in the imperfect dielectric?



Transmission Lines!
Why do we care?



Transmission Line



Transmission Line: Parallel Plate Version

***𝐸 and 𝐻 should 
be pointing the 
opposite direction 
oops



Transmission Line: Parallel Plate Version



Coax 
Version:



Midterm 1 equations, in one place
 𝐹 =

𝑞1𝑞2

4𝜋𝜖0𝑟2
 𝑟

𝐸 =
𝑞2

4𝜋𝜖0𝑟2
 𝑟

𝜖∯ 𝐸 ⋅ 𝑑  𝑆 = 𝑄enclosed

∯ 𝐵 ⋅ 𝑑  𝑆 = 0

 𝐹 = 𝑞1𝐸 + 𝑞1(  𝑣1 × 𝐵)
∯ 𝐷 ⋅ 𝑑  𝑆 = 𝑄enclosed

𝐼 = ∯  𝐽 ⋅ 𝑑  𝑆 = −
𝜕𝑄enclosed

𝜕𝑡

∭ 𝜌𝑑𝑉 = 𝑄enclosed

 𝑛 ⋅ 𝐷1 − 𝐷2 = 𝜌𝑠

 𝑛 × 𝐸1 − 𝐸2 = 0

𝐸 = −𝛻𝑉

∮ 𝐸 ⋅ 𝑑 𝑙 = ∬ 𝛻 × 𝐸 ⋅ 𝑑  𝑆

∯ 𝐷 ⋅ 𝑑  𝑆 = ∭ 𝛻 ⋅ 𝐷𝑑𝑉

𝛻 × 𝐸 = 0

∮ 𝐸 ⋅ 𝑑 𝑙 = 0

𝑉𝑎𝑏 = 𝑉 𝑏 − 𝑉(𝑎) = −  
𝑎

𝑏

𝐸 ⋅ 𝑑 𝑙

𝛻 ⋅ 𝐷 = 𝜌

𝛻 ⋅  𝐽 = −
𝜕𝜌

𝜕𝑡
 
𝑎

𝑏

𝛻𝑉 ⋅ 𝑑 𝑙 = 𝑉 𝑏 − 𝑉(𝑎) 𝐽 = 𝜎𝐸

 𝑃 = 𝜖0𝜒𝑒𝐸

𝐷 = 𝜖0𝐸 +  𝑃 = 𝜖𝐸

𝜖 = 𝜖0(1 + 𝜒𝑒)

−𝛻2𝑉 =
𝜌

𝜖𝜌𝑏 = −𝛻 ⋅  𝑃

𝛻 ⋅ 𝜖0𝐸 = 𝜌𝑓 + 𝜌𝑏

 𝑛 ⋅  𝑃1 −  𝑃2 = −𝜌𝑏,𝑠



Midterm 2 equations, in one place
𝑄 = 𝐶𝑉

𝐺 =
𝜎

𝜖
𝐶 𝑅 =

1

𝐺

𝐵 =
𝜇𝐼

2𝜋𝑟
 𝜙

𝑑𝐵 =
𝜇𝐼𝑑ℓ ×  𝑟

4𝜋𝑟2

 
𝐶

𝐵 ⋅ 𝑑ℓ = 𝜇𝐼encl

𝛻 × 𝐻 =  𝐽 +
𝜕𝐷

𝜕𝑡

𝛻 ⋅ 𝐵 = 0

 
𝐶

𝐻 ⋅ 𝑑ℓ =  
𝑆

 𝐽 ⋅ 𝑑  𝑆

Ψ =  
𝑠

𝐵 ⋅ 𝑑  𝑆

−
𝑑

𝑑𝑡
 

𝑠

𝐵 ⋅ 𝑑  𝑆 =  
𝑐

𝐸 ⋅ 𝑑 𝑙

 
𝑐

𝐸 ⋅ 𝑑 𝑙 = 𝜀

𝜀 =
𝑊

𝑞
=  

𝐶

 𝐹

𝑞
⋅ 𝑑 𝑙

𝜀 = 𝐼𝑅

𝛻 × 𝐸 = −
𝜕𝐵

𝜕𝑡

Ψ = 𝐿𝐼

 𝐽𝑏 =
𝜕  𝑃

𝜕𝑡
+ 𝛻 × 𝑀

𝐻 =
𝐵

𝜇0
− 𝑀

𝑀 = 𝜒𝑚𝐻

𝐵 = 𝜇0𝜇𝑟𝐻 = 𝜇𝐻

 𝑛 × 𝐻1 − 𝐻2 =  𝐽𝑠

 𝑛 × 𝑀1 − 𝑀2 =  𝐽𝑏,𝑠

𝜔 = 2𝜋𝑓 =
2𝜋

𝑇

𝑣 =
𝜔

𝛽
= 𝜆𝑓 =

1

𝜇𝜖

𝜂 =
𝜇

𝜖

𝛽 = 𝜔 𝜇𝜖

𝛻2𝐸 = 𝜇𝜖
𝜕2𝐸

𝜕𝑡2

 𝑛 ⋅ 𝐵1 − 𝐵2 = 0

𝜕

𝜕𝑡

1

2
𝜖𝐸 ⋅ 𝐸 +

1

2
𝜇𝐻 ⋅ 𝐻 + 𝛻 ⋅  𝑆 +  𝐽 ⋅ 𝐸 = 0

 𝑆 = 𝐸 × 𝐻 𝐴cos 𝜔𝑡 − 𝛽𝑥  𝑧 ⟷ 𝐴𝑒−𝑗𝛽𝑥

<  𝑆 > =
1

2
Re{  𝐸 ×  𝐻∗}

 𝑆 =  𝐸 ×  𝐻∗



Midterm 3 equations, in one place

𝑣 =
𝜔

𝛽
= 𝜆𝑓 𝛻2  𝐸 = 𝑗𝜔𝜇 𝜎 + 𝑗𝜔𝜖  𝐸 Γ =

𝜂2 − 𝜂1

𝜂2 + 𝜂1
𝜏 =

2𝜂2

𝜂2 + 𝜂1
= 1 + Γ



Units
Charge 𝑄: C
Current 𝐼: A
Electric field strength 𝐸: N/C or V/m
Electric flux density 𝐷: C/m2

Polarization field 𝑃: C/m2

Electric potential 𝑉: V
Capacitance 𝐶: F
Magnetic flux density 𝐵: T or Wb/m2

Magnetic field strength 𝐻: A/m
Magnetic flux Ψ: Wb
Electromotive force 𝜀: V
Inductance 𝐿: H

Electric permittivity 𝜖: F/m
Magnetic permeability 𝜇: H/m
Conductivity 𝜎: Si/m

Charge density 𝜌: C/m3

Surface charge density 𝜌𝑠: C/m2

Current density  𝐽: A/m2

Intrinsic impedance 𝜂: Ohm
Wave number 𝛽: rad/m


