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Printed circuit boards Integrated circuit

Chasses

Heat sink radiate 
electromagnetic 

energy at resonance 

3

mode
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What causes radiation?

Faraday’s Law, full stop!
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What about Maxwell’s Equations?
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What about Maxwell s Equations?
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A mathematical interpretation of 
Faraday’s and other laws!
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Dipole Antenna

XmissionXmission

λ/2

Xmission
line

< λ/2

Xmission
line

/ /

Non-resonant “antenna”Resonant antenna
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Dipole Antenna

Animation 
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waveguides

HornHorn

Flanged 
waveguide

Open-Ended Waveguidep g
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Flanged waveguide and Horn

waveguide waveguide

HornFlanged waveguide
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Flanged waveguide!

J=n X H
M=n X E

M=2n X EM 2n X E
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Consider a TEM wave 377Ω Xmission line

Open Ended<< λ Zload = ∞<< λ

Expect full reflection! p
Maximum Impedance Missmatch!
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Consider a much wider Xmission line

Open Ended>> λ Zload = ∞>> λ

Wave impedance is defined locallyp y
And varies over the cross section…
Hence, radiation is possible!
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The Invincible μstrip Patch Antenna
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The Invincible μstrip Patch Antenna

λ/2/
Cu

C

λ/2
Cu

© Copyright Omar M. Ramahi, 2010



The Invincible μstrip Patch Antenna

Cu

y z
Cu
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M=2n X EM=2n X E
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A Good Model to Predict Radiation
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M=2n X EM=2n X E

d
M=2n X EM=2n X E

But…. It is just a model!
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A Good Model to Predict Radiation

Approximate distribution

y
Jz(x)

d

pp
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Bottom Line: Current on Cu causes radiation
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Radiation 
Potential

MatchingMatching

Power AvailabilityPower Availability
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Xmission line“ground” plane Xmission lineground  plane

Sourcetermination Sourcetermination
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Single-ended (SE) TL segment on top of GND 
plane

λ10GH
Copper traces 

plane

λ10GHz

λ10GHz

pp
width: 20 µm

Matched Load
10GHz

w=1.24mm Vsourc
e

h=0.254mm
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Field Monitors

Monitor points: 2.5mm, 5mm, and 20 
mm away from GND edge
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Case III: at center of 
GNDGND
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Case I: Line at edge

Matched

Open
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Case I: Line at edge

MatchedMatched

OpenOpen
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Case II: 5 mm inside away from edge of 
GND

MatchedMatched

Open
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Case II: 5 mm inside away from edge of 
GND

Matched Matched 

Open
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Case III: at center above GND

MatchedMatched

Open
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Case III: at center of GND

MatchedMatched

Open
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Single-ended (SE) Stripline

Copper traces Copper traces 
width: 20 µm

w=1.24mm Vsourc
e

Matched Load

h=0.254mm
31
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Single-ended (SE) Parallel Stripline

Matched Load

w=1.24m
m Vsourcem source

Copper traces Copper traces 
width: 20 µm

h=0.254mm
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Monitor: Ex

Matched

Open 
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Monitor: Ez

MatchedMatched

Open Open 
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Th M t i A tThe Mysterious Aperture
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Shielding wall withg
opening for audio
speaker

Opening for air
ventilation

Opening for mounting
display

Shielding chassis with
aesthetics design

37

display
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“Loaded” Aperture

Infinite perfectly 
conducting screen
Infinite perfectly 
conducting screen
Infinite perfectly 
conducting screen

Resistive sheet

aperture

Resistive sheet

aperture

Resistive sheet

aperture

Resistive sheetsPerfectly conducting
screen

Resistive sheetsPerfectly conducting
screen

x

2mm

2mm2mm
x

2mm

2mm2mm

392

y 2mmy 2mm

© Copyright Omar M. Ramahi, 2010



35
m

)

30

Bμ
V

/m

20

25

fie
ld

 (d

15

20

le
ct

ric
 f

4 6 8 10 12
10

E
l

40

Frequency (GHz)
3 © Copyright Omar M. Ramahi, 2010



35
m

)

C i   
30

B
μV

/m Coating on 
one side

20

25

fie
ld

 (d

15

20

le
ct

ric
 f

4 6 8 10 12
10

E
l

41

Frequency (GHz)
© Copyright Omar M. Ramahi, 2010



35
m

)

C i   
30

B
μV

/m Coating on 
one side

20

25

fie
ld

 (d

15

20

le
ct

ric
 f Coating on 

both sides

4 6 8 10 12
10

E
l

42

Frequency (GHz)
© Copyright Omar M. Ramahi, 2010



Resistive sheetPerfectly conducting
screen

Resistive sheetResistive sheetPerfectly conducting
screen
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Frequency GHz
εr =4, and σ =5 Ohm-1m-1
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No Loading Loading of εr= 4, σ=5, and width=6mm

aperture

perfectly 
conducting 
screen

X

Z

Before After
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Feed location (SMA connector)

Material used:
- Emerson & Cuming  

VF30 ε ’=37 @8 6GHz  VF30 εr =37 @8.6GHz, 
σ=2-20 s/m

- Emerson & Cuming  
MCS μr’=2, μr’’=2.5, εr’=37
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40mm x 2mm aperture
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continuous continuous 
wave generator

40mm

monopole probe

40mm

enclosure
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Spectrum analyzer
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Electric field equals induced voltage times antenna factor AF
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horn antenna

2.2m

enclosure
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Spectrum analyzerSpectrum analyzer
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If J on surface of the box causes 
di iradiation 

would radiation be 
eliminated if J=0 on surface?
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Animation:
A iAperture in screen
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“Apertures” vs. “Patches/lines”
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Cavities or Antennas Sharing Common Ground 
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Perspective view Top view 
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Design of EBG structure using 
S-parameters simulation

PPort
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Effect of EBGs on Coupling
y

x

a gEBG Surface
Placed between

y

z
antennas
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Surface Current Density at 12.6 GHz on 
Common Ground

Before

Top View -6 dB

-16 dB

After
16 dB
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Animation
A i h i i hAperture with resistive sheet 
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Animation
A i h EBGAperture with EBGs
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If we can directly determine
l i l h ldelectrical currents, we should

easily determine what radiateseasily determine what radiates
Or how to stop it from radiating! 
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