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Outline

• Reflection and Transmission
• Normal Incidence
• Oblique Incidence
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Review and Preview

• Up till now, we talked about
• Maxwell’s equations, waves equations, potentials
• Plane waves and its properties (amplitude, phase, 

directions, polarization, frequency and wavelength)
• Plane wave propagation in lossless and lossy media

• This class, we will look at
• How the plane wave transmits and reflects through and 

interface
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Big Picture: Signal Refraction at 
Boundaries

Radiation by antenna (Chapter 9)

Wave propagation in lossless medium (Chapter 7)

Wave propagation in lossy 
medium (Chapter 7)

Antenna reception (Chapter 9)

Wave refraction across a 
boundary (Chapter 8)
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Outline

• Reflection and Transmission
• Normal Incidence
• Oblique Incidence
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Examples of EM Wave 
Reflection and Transmission
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https://upload.wikimedia.org/wikipedia/commons/thumb/2/27/NASA
--Earth-science-missions-feb-2015.png/440px-NASA--Earth-science-
missions-feb-2015.png
https://upload.wikimedia.org/wikipedia/commons/8/85/Refraction_p
hoto.png
https://upload.wikimedia.org/wikipedia/commons/3/32/Lunar_Rainb
ow_2_-_Double_Rainbow_Victoria_Falls_-_Calvin_Bradshaw_2.jpg
https://s3-us-west-2.amazonaws.com/courses-images/wp-
content/uploads/sites/1989/2017/06/13230537/figure-2026-05-
04.jpeg 6



Normal and Oblique Incidence
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Review: Electromagnetic BCs

Tangential Components:

Normal Components:

𝐄𝐄1𝑡𝑡 = 𝐄𝐄2𝑡𝑡 ;  𝐇𝐇1𝑡𝑡 − 𝐇𝐇2𝑡𝑡 = 𝐉𝐉𝑠𝑠

𝐃𝐃1𝑛𝑛 − 𝐷𝐷2𝑛𝑛 = 𝜌𝜌𝑠𝑠 ;  𝐁𝐁1𝑛𝑛 = 𝐁𝐁2𝑛𝑛
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Outline

• Reflection and Transmission
• Normal Incidence
• Oblique Incidence

EE3109 Jan - Apr 2025, L05-06 - Reflection and Transmission 9



Incident Wave
   𝐄𝐄𝑖𝑖 𝑧𝑧 = 𝐸𝐸0𝑖𝑖  𝑒𝑒−𝑗𝑗𝑘𝑘1𝑧𝑧 �𝐱𝐱 ,

 𝐇𝐇𝑖𝑖 𝑧𝑧 = − 1
𝜂𝜂1
𝐄𝐄𝑖𝑖 𝑧𝑧 × 𝐤̂𝐤𝑖𝑖 = 𝐸𝐸0𝑖𝑖

𝜂𝜂1
 𝑒𝑒−𝑗𝑗𝑘𝑘1𝑧𝑧 �𝐲𝐲 .

Reflected Wave

 𝐄𝐄𝑟𝑟 𝑧𝑧 = 𝐸𝐸0𝑟𝑟 𝑒𝑒+𝑗𝑗𝑘𝑘1𝑧𝑧 �𝐱𝐱 ,𝐇𝐇𝑟𝑟 𝑧𝑧 = − 1
𝜂𝜂1
𝐄𝐄𝑟𝑟 𝑧𝑧 × 𝐤̂𝐤𝑟𝑟 = −𝐸𝐸0𝑟𝑟

𝜂𝜂1
 𝑒𝑒+𝑗𝑗𝑘𝑘1𝑧𝑧 �𝐲𝐲 .

Transmitted Wave

𝐄𝐄𝑡𝑡 𝑧𝑧 = 𝐸𝐸0𝑡𝑡 𝑒𝑒−𝑗𝑗𝑘𝑘2𝑧𝑧 �𝐱𝐱 , 𝐇𝐇𝑡𝑡 𝑧𝑧 = − 1
𝜂𝜂2
𝐄𝐄𝑡𝑡 𝑧𝑧 × 𝐤̂𝐤𝑡𝑡 = 𝐸𝐸0𝑡𝑡

𝜂𝜂2
 𝑒𝑒−𝑗𝑗𝑘𝑘2𝑧𝑧 �𝐲𝐲 .

Individual Waves

Note ‒ sign

Note + sign
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Note ‒ sign

Note - sign



Total fields

At the boundary z = 0:

Solution gives:

Add in Boundary Conditions
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Reflection and Transmission 
Coefficients

Γ =
𝜀𝜀𝑟𝑟𝑟 − 𝜀𝜀𝑟𝑟2
𝜀𝜀𝑟𝑟𝑟 + 𝜀𝜀𝑟𝑟𝑟

=
𝑛𝑛1 − 𝑛𝑛2
𝑛𝑛1 + 𝑛𝑛2

 ;  𝜏𝜏 =
2𝑛𝑛1

𝑛𝑛1 + 𝑛𝑛2
For non-magnetic, low-loss media: 

Where 𝑛𝑛 = 𝑐𝑐
𝑣𝑣𝑝𝑝

= 𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟 = 𝜀𝜀𝑟𝑟 is the refractive index.

General When 𝜇𝜇𝑟𝑟 = 1
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Note: 𝒏𝒏 ≠ 𝜼𝜼 !
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Summary: EM Fields 
for Normal Incidence
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𝐄𝐄𝑖𝑖 = 𝐸𝐸𝑖𝑖𝑒𝑒−𝑗𝑗𝑘𝑘1𝑧𝑧 �𝐱𝐱
𝐇𝐇𝑖𝑖 = 𝐸𝐸𝑖𝑖/𝜂𝜂1 𝑒𝑒−𝑗𝑗𝑘𝑘1𝑧𝑧 �𝐲𝐲

𝐄𝐄𝑟𝑟 = Γ𝐸𝐸𝑖𝑖𝑒𝑒+𝑗𝑗𝑘𝑘1𝑧𝑧 �𝐱𝐱
𝐇𝐇𝑟𝑟 = − Γ𝐸𝐸𝑖𝑖/𝜂𝜂1 𝑒𝑒+𝑗𝑗𝑘𝑘1𝑧𝑧 �𝐲𝐲

𝐄𝐄𝑡𝑡 = 𝜏𝜏𝐸𝐸𝑖𝑖𝑒𝑒−𝑗𝑗𝑘𝑘2𝑧𝑧 �𝐱𝐱
𝐇𝐇𝑡𝑡 = 𝜏𝜏𝐸𝐸𝑖𝑖/𝜂𝜂2 𝑒𝑒−𝑗𝑗𝑘𝑘2𝑧𝑧 �𝒚𝒚

Γ =
𝜂𝜂2 − 𝜂𝜂1
𝜂𝜂2 + 𝜂𝜂1

 ;  𝜏𝜏 =
2𝜂𝜂2

𝜂𝜂2 + 𝜂𝜂1
 ;  𝑘𝑘 = 𝜔𝜔 𝜇𝜇𝜇𝜇

Incident Wave

Reflected Wave Transmitted Wave

Coefficients
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Example 1.
A 10 GHz wave, with amplitude 5 [V/m]  travels in air in the +z-
direction and forms normal incidence onto a piece of glass (𝜇𝜇𝑟𝑟 =
1; 𝜀𝜀𝑟𝑟 = 2.25;𝜎𝜎 = 0). The E-field is linearly polarized in the x-
direction. Find the reflection and transmission coefficient; write the 
electric field and magnetic field in air and in glass.
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Solution Steps: Find Γ and 𝜏𝜏, Write 𝐄𝐄𝑖𝑖, 𝐄𝐄𝑟𝑟 = Γ𝐄𝐄𝑖𝑖 , 𝐄𝐄𝑡𝑡 = 𝜏𝜏𝐄𝐄𝑖𝑖 , 

write 𝐇𝐇𝑖𝑖 = 𝐄𝐄𝑖𝑖

𝜂𝜂1
, 𝐇𝐇𝑟𝑟 = −Γ𝐄𝐄𝑖𝑖

𝜂𝜂1
= −Γ𝐇𝐇𝑖𝑖, 𝐇𝐇𝑡𝑡 = 𝐄𝐄𝑡𝑡

𝜂𝜂2
= 𝜏𝜏𝐄𝐄𝑖𝑖

𝜂𝜂2
= 𝜏𝜏𝐇𝐇𝑖𝑖 𝜂𝜂1

𝜂𝜂2
. 

Solution:

Γ =
𝑛𝑛1 − 𝑛𝑛2
𝑛𝑛1 + 𝑛𝑛2

=
1 − 1.5
1 + 1.5

= −0.2 ; 𝜏𝜏 =
2𝑛𝑛1

𝑛𝑛1 + 𝑛𝑛2
= 0.8

𝜂𝜂1 = 377 Ω ;  𝜂𝜂2 =
377
𝜀𝜀𝑟𝑟

= 251.3 Ω ;

𝑘𝑘1 = 2𝜋𝜋𝜋𝜋 𝜇𝜇0𝜀𝜀0 =
2𝜋𝜋𝜋𝜋
𝑐𝑐

=
2𝜋𝜋 × 1010

3 × 108
= 209.4 𝑚𝑚−1  ;  𝑘𝑘2 = 𝑘𝑘1 𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟 = 314.1 𝑚𝑚−1
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Example 1 Cont’d
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𝐄𝐄𝑖𝑖 = 5𝑒𝑒−𝑗𝑗𝑘𝑘1𝑧𝑧 �𝐱𝐱 V/m
     = 5𝑒𝑒−𝑗𝑗𝑗𝑗𝑗.4𝑧𝑧 �𝐱𝐱 V/m

𝐄𝐄𝑟𝑟 = −0.2 5 𝑒𝑒+𝑗𝑗𝑗𝑗𝑗.4𝑧𝑧 �𝐱𝐱
 = −1𝑒𝑒+𝑗𝑗209.4𝑧𝑧 �𝐱𝐱 V/m

𝐄𝐄𝑡𝑡 = 0.8 5 𝑒𝑒−𝑗𝑗𝑘𝑘2𝑧𝑧 �𝐱𝐱
      = 4𝑒𝑒−𝑗𝑗𝑗𝑗𝑗.1𝑧𝑧 �𝐱𝐱 V/m

𝐇𝐇𝑖𝑖 =
1
𝜂𝜂1
𝐤̂𝐤 × 𝐄𝐄𝑖𝑖 =

1
377

5𝑒𝑒−𝑗𝑗209.4𝑧𝑧  �𝐲𝐲

= 13.26𝑒𝑒−𝑗𝑗209.4𝑧𝑧 �𝐲𝐲 [mA/m]

𝐇𝐇𝑟𝑟 = − −0.2 13.26 𝑒𝑒+𝑗𝑗209.4𝑧𝑧 �𝐲𝐲
 = 2.652𝑒𝑒+𝑗𝑗209.4𝑧𝑧 �𝐲𝐲 [mA/m]

𝐇𝐇𝑡𝑡 = 0.8
1

251.3
5𝑒𝑒−𝑗𝑗314.1𝑧𝑧  �𝐲𝐲

 = 15.92𝑒𝑒−𝑗𝑗314.1𝑧𝑧 �𝐲𝐲 [mA/m]
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Cont.
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Ulaby Example 8-3 (cont.)

Cont.
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Ulaby Example 8-3 (cont.)
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Outline

• Course Matter
• Reflection and Transmission
• Normal Incidence
• Oblique Incidence
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Oblique Incidence
Plane of incidence is defined as the plane 
containing the normal to the boundary and the  
direction of propagation of the incident wave 
(x-z plane in the figure).  

A wave of arbitrary polarization may be 
described as the superposition of two 
orthogonally polarized waves, one with its 
electric field parallel to the plane of 
incidence (parallel polarization) and the 
other with its electric field perpendicular to 
the plane of incidence (perpendicular 
polarization).

(TE Polarization)

(TM Polarization)EE3109 Jan - Apr 2025, L05-06 - Reflection and Transmission 20



Snell’s Law
Consider the tangential E-field TM case:
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𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖 = cos𝜃𝜃𝑖𝑖 𝐸𝐸0i 𝑒𝑒−𝑗𝑗𝑘𝑘𝑖𝑖𝑖𝑖𝑥𝑥 �𝐱𝐱

𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟 = cos𝜃𝜃𝑟𝑟 𝐸𝐸0r𝑒𝑒−𝑗𝑗𝑘𝑘𝑟𝑟𝑟𝑟𝑥𝑥 �𝐱𝐱

𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = cos𝜃𝜃𝑡𝑡 𝐸𝐸0t𝑒𝑒−𝑗𝑗𝑘𝑘𝑡𝑡𝑡𝑡𝑥𝑥 �𝐱𝐱

(Must be true for all x)

TM Polarization

𝑘𝑘𝑖𝑖𝑥𝑥 = 𝑘𝑘1 sin𝜃𝜃𝑖𝑖

𝑘𝑘𝑡𝑡𝑥𝑥 = 𝑘𝑘2 sin𝜃𝜃𝑡𝑡

𝑘𝑘𝑟𝑟𝑥𝑥 = 𝑘𝑘1 sin𝜃𝜃𝑟𝑟
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𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖 + 𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟 = 𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ⇒ 𝐶𝐶1𝑖𝑖𝑒𝑒−𝑗𝑗𝑘𝑘𝑖𝑖𝑖𝑖𝑥𝑥 + 𝐶𝐶1𝑟𝑟𝑒𝑒−𝑗𝑗𝑘𝑘𝑟𝑟𝑥𝑥𝑥𝑥 = 𝐶𝐶2𝑒𝑒−𝑗𝑗𝑘𝑘𝑡𝑡𝑡𝑡𝑥𝑥 𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖

From             and             :        𝜃𝜃𝑖𝑖 = 𝜃𝜃𝑟𝑟
      𝑘𝑘𝑖𝑖𝑖𝑖 = 𝑘𝑘𝑟𝑟𝑥𝑥 = 𝑘𝑘𝑡𝑡𝑡𝑡 ⇒        𝑘𝑘1 sin𝜃𝜃𝑖𝑖 = 𝑘𝑘2 sin𝜃𝜃𝑡𝑡

(or 𝑛𝑛1 sin𝜃𝜃𝑖𝑖 = 𝑛𝑛2 sin𝜃𝜃𝑡𝑡)

(Snell’s Law)



Critical Angle

When the refraction angle is 
90°, the corresponding 
incidence angle is called the 
critical angle.

EE3109 Jan - Apr 2025, L05-06 - Reflection and Transmission

Snell’s Law:
𝜃𝜃𝑖𝑖 = 𝜃𝜃𝑟𝑟

𝑛𝑛1 sin𝜃𝜃𝑖𝑖 = 𝑛𝑛2 sin𝜃𝜃𝑡𝑡
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Oblique Incidence 
for TE Polarization

(TE Polarization)

𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖 = 𝐸𝐸0𝑖𝑖𝑒𝑒−𝑗𝑗𝑘𝑘1𝑥𝑥𝑥𝑥 �𝐲𝐲

𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟 = 𝐸𝐸0𝑟𝑟𝑒𝑒−𝑗𝑗𝑘𝑘1𝑥𝑥𝑥𝑥 �𝐲𝐲

𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐸𝐸0𝑡𝑡𝑒𝑒−𝑗𝑗𝑘𝑘2𝑥𝑥𝑥𝑥 �𝐲𝐲

𝑘𝑘1𝑥𝑥 = 𝑘𝑘1 sin 𝜃𝜃1
𝑘𝑘2𝑥𝑥 = 𝑘𝑘2 sin 𝜃𝜃2
𝑘𝑘1𝑧𝑧 = 𝑘𝑘1 cos𝜃𝜃1
𝑘𝑘2𝑧𝑧 = 𝑘𝑘2 cos𝜃𝜃2

𝐇𝐇𝑖𝑖 = 𝐸𝐸𝑦𝑦𝑖𝑖 /𝜂𝜂1  (− cos𝜃𝜃1 �𝐱𝐱 + sin𝜃𝜃1 �𝐳𝐳)

𝐇𝐇𝑡𝑡𝑡𝑡𝑡𝑡
𝑟𝑟 = cos𝜃𝜃1 /𝜂𝜂1 𝐸𝐸0𝑟𝑟𝑒𝑒−𝑗𝑗𝑘𝑘1𝑥𝑥𝑥𝑥 �𝐱𝐱

𝐇𝐇𝑡𝑡𝑡𝑡𝑡𝑡
𝑡𝑡 = − cos𝜃𝜃2 /𝜂𝜂2 𝐸𝐸0𝑡𝑡𝑒𝑒−𝑗𝑗𝑘𝑘2𝑥𝑥𝑥𝑥 �𝐱𝐱

Notation:
𝑘𝑘𝑖𝑖 = 𝑘𝑘𝑟𝑟 = 𝑘𝑘1;  𝑘𝑘𝑡𝑡 = 𝑘𝑘2
𝜃𝜃𝑖𝑖 = 𝜃𝜃𝑟𝑟 = 𝜃𝜃1;  𝜃𝜃𝑡𝑡 = 𝜃𝜃2

Boundary Conditions
𝑘𝑘1𝑥𝑥 = 𝑘𝑘2𝑥𝑥 = 𝑘𝑘𝑥𝑥;

𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖 + 𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟 = 𝐄𝐄𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ;
𝐇𝐇𝑡𝑡𝑡𝑡𝑡𝑡
𝑖𝑖 + 𝐇𝐇𝑡𝑡𝑡𝑡𝑡𝑡

𝑟𝑟 = 𝐇𝐇𝑡𝑡𝑡𝑡𝑡𝑡
𝑡𝑡 .
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𝐄𝐄𝑖𝑖 = 𝐸𝐸0𝑖𝑖𝑒𝑒−𝑗𝑗(𝑘𝑘1𝑥𝑥𝑥𝑥+𝑘𝑘1𝑧𝑧𝑧𝑧) �𝐲𝐲 = 𝐸𝐸𝑦𝑦𝑖𝑖  �𝐲𝐲

𝐄𝐄𝑟𝑟 = 𝐸𝐸0𝑟𝑟𝑒𝑒−𝑗𝑗(𝑘𝑘1𝑥𝑥𝑥𝑥−𝑘𝑘1𝑧𝑧𝑧𝑧) �𝐲𝐲 = 𝐸𝐸𝑦𝑦𝑟𝑟 �𝐲𝐲

𝐄𝐄𝑡𝑡 = 𝐸𝐸0𝑡𝑡𝑒𝑒−𝑗𝑗(𝑘𝑘2𝑥𝑥𝑥𝑥+𝑘𝑘2𝑧𝑧𝑧𝑧) �𝐲𝐲 = 𝐸𝐸𝑦𝑦𝑡𝑡  �𝐲𝐲

𝐇𝐇𝑟𝑟 = 𝐸𝐸𝑦𝑦𝑟𝑟/𝜂𝜂1  (cos𝜃𝜃1 �𝐱𝐱 + sin𝜃𝜃1 �𝐳𝐳)

𝐇𝐇𝑡𝑡 = 𝐸𝐸𝑦𝑦𝑡𝑡/𝜂𝜂2  (− cos𝜃𝜃2 �𝐱𝐱 + sin𝜃𝜃2 �𝐳𝐳)

Plane Waves (Signs read from diagram)

Tangential Components at 𝑧𝑧 = 0

𝐇𝐇𝑡𝑡𝑡𝑡𝑡𝑡
𝑖𝑖 = − cos𝜃𝜃1 /𝜂𝜂1 𝐸𝐸0𝑖𝑖𝑒𝑒−𝑗𝑗𝑘𝑘1𝑥𝑥𝑥𝑥 �𝐱𝐱
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Oblique Incidence 
for TE Polarization

(TE Polarization)

Substitute E and H fields into B.C.’s to get:

𝐸𝐸0𝑖𝑖 + 𝐸𝐸0𝑟𝑟 = 𝐸𝐸0𝑡𝑡

cos𝜃𝜃1
𝜂𝜂1

𝐸𝐸0𝑖𝑖 −
cos𝜃𝜃1
𝜂𝜂1

𝐸𝐸0𝑟𝑟 =
cos𝜃𝜃2
𝜂𝜂2

𝐸𝐸0𝑡𝑡

Rearrange to get:

𝐸𝐸0𝑟𝑟

𝐸𝐸0𝑖𝑖
≡ ΓTE =

𝜂𝜂2 cos𝜃𝜃1 − 𝜂𝜂1 cos𝜃𝜃2
𝜂𝜂2 cos𝜃𝜃1 + 𝜂𝜂1 cos𝜃𝜃2

 ;

𝐸𝐸0𝑡𝑡

𝐸𝐸0𝑖𝑖
≡ 𝜏𝜏𝑇𝑇𝑇𝑇 =

2𝜂𝜂2 cos𝜃𝜃1
𝜂𝜂2 cos𝜃𝜃1 + 𝜂𝜂1 cos 𝜃𝜃2

 .

(You can do the same for the TM polarization)
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Oblique Incidence

(TE Polarization)

(TM Polarization)

TE Polarization:

ΓTE =
𝜂𝜂2 cos𝜃𝜃1 − 𝜂𝜂1 cos 𝜃𝜃2
𝜂𝜂2 cos𝜃𝜃1 + 𝜂𝜂1 cos 𝜃𝜃2

 ;

𝜏𝜏TE =
2𝜂𝜂2 cos𝜃𝜃1

𝜂𝜂2 cos𝜃𝜃1 + 𝜂𝜂1 cos𝜃𝜃2
 ;

𝜏𝜏TE = 1 + ΓTE .

TM Polarization:

ΓTM =
𝜂𝜂2 cos𝜃𝜃2 − 𝜂𝜂1 cos𝜃𝜃1
𝜂𝜂2 cos𝜃𝜃2 + 𝜂𝜂1 cos𝜃𝜃1

 ;

𝜏𝜏TM =
2𝜂𝜂2 cos𝜃𝜃1

𝜂𝜂2 cos𝜃𝜃2 + 𝜂𝜂1 cos𝜃𝜃1
 ;

𝜏𝜏TM = 1 + ΓTM
cos𝜃𝜃1
cos𝜃𝜃2

 .
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Reflection Coefficient vs. Angle
Ulaby Fig. 8-17.

EE3109 Jan - Apr 2025, L05-06 - Reflection and Transmission

ΓTE =
𝜂𝜂2 cos𝜃𝜃1 − 𝜂𝜂1 cos𝜃𝜃2
𝜂𝜂2 cos𝜃𝜃1 + 𝜂𝜂1 cos𝜃𝜃2

 ;

ΓTM =
𝜂𝜂2 cos𝜃𝜃2 − 𝜂𝜂1 cos𝜃𝜃1
𝜂𝜂2 cos𝜃𝜃2 + 𝜂𝜂1 cos𝜃𝜃1

 .
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Brewster Angle

Perpendicular Polarization

Parallel Polarization

(Why?)
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Summary For Reflection and 
Transmission
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Summary

• In this class, we considered how plane waves 
behave in the presence of a boundary

• We showed how plane waves reflect and refract
• We calculated the electromagnetic field across the 

reflection boundary
• We proved Snell’s Law, examined the critical angle and 

the Brewster angle.
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Science  21 Oct 2011:
Vol. 334, Issue 6054, pp. 333-337
DOI: 10.1126/science.1210713 

Generalized Snell’s Law?
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Snell’s Law: Bending Light with 
Material

𝜃𝜃𝑟𝑟

𝜃𝜃𝑖𝑖

𝑛𝑛

sin𝜃𝜃𝑖𝑖 = 𝑛𝑛 sin𝜃𝜃𝑟𝑟
(𝑛𝑛 ≅ 1.5 for glass)
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Metamaterials

• Permittivity (𝝐𝝐, 
“epsilon”) and 
permeability (𝝁𝝁, “mu”) 
denote a material’s 
response to electric and 
magnetic fields

• By engineering the 
material structure, one 
can achieve material 
properties unfound in 
nature

Natural 
Materials

(𝜖𝜖𝑟𝑟 ≥ 1;
𝜇𝜇𝑟𝑟 ≥ 1)

M
N

Z

ENZ

Magneto-optic 
Materials

(𝝁𝝁-negative)

Plasmonic 
Materials

(𝝐𝝐-negative)

Double
Negative

(“Left-Handed”)
Materials

𝜖𝜖𝑟𝑟

𝜇𝜇𝑟𝑟
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• Weird things happen with light propagation in 
double negative materials (a.k.a. negative refractive 
index materials)

Negative refraction effects

V. M. Shalaev, U of T Plasmonic Summer School (2013)
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• If we can make materials at will, we can also bend 
EM waves at will….

Electromagnetic Cloaking

Pendry et. al., Science, vol.312, p.1780, 2006
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From idea to reality

Pendry et al., Science, vol.312, p.1780, 2006; Schurig et al., Science, vol. 314, p. 977, 2006.
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Active Cloaking with a
Huygens’ Box

Wong and Eleftheriades, IEEE TAP, Aug. 2020.
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The Huygens’ Box 
Antenna

38

K.A. Oyesina and A.M.H. Wong, IEEE AP-S, July 2019.
K.A. Oyseina and A.M.H. Wong, IEEE Antennas Wirel. Propag. Lett. 19, 2020.
K.A. Oyesina and A.M.H. Wong, IEEE AP-S, July 2022.

𝝓𝝓
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