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Shielding of  Electric Fields

• Faraday Cage

• Bring external charge near the conducting box.

• Charges in wall of  conducting box will shift to 
produce zero electric field within the box.
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Shielding of  Magnetic Fields
• Magnetic fields can penetrate conducting box, because 

there are no magnetic monopoles; north and south 
poles always come in pairs (unlike electrostatic 
charges).

• “Mu-Metal” has high permeability, 
– Consists of  nickel and iron.
– Used to shield transformers, disk drives, MRI scanners.
– Cannot completely shield  DC or low frequency magnetic 

fields

• In a superconductor, external magnetic fields are
shielded by currents generated in the zero-ohm 
material (the Meissner effect).
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High Frequencies
• At high frequencies (> 100 MHz), wave 

properties become important.  

• Circuits can no longer be represented by just 
schematics with discrete nodes, and wires along 
which voltage is constant.

• When wavelength is similar in scale to the 
circuit, the EM field varies in time and space, 

• Kirchhoff's laws do not apply. 

• The physical shape of  the circuit matters: the 
lengths and shape of  components, conductors, 
and their relation to ground.

377

Skin Effect

• At high frequencies (>106 Hz) 
current concentrates at the 
surface of  wire.

• Changing current causes 
changing magnetic fields, which 
generate opposing currents.

• Effective resistance goes up, 
except near the outer surface.

• You can counteract with multi-
stranded wire, or use hollow 
pipes to save needless metal.

378Wikipedia – Skin Effect

Eddy currents Iw

due to changing 
magnetic field H 
cancels current I 
in center of  wire.
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Cables – Transmission Lines

• Transporting high-frequency signals:

379

Characteristic Impedance of  
Transmission Line

380
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…looking into infinite cable, impedance is real!

381

characteristic
impedance 

impedance 
remains Z

Impedance Matching

• Terminate high-frequency cables with a resistor at 
the characteristic impedance; avoids standing 
waves.

• Resistor looks like rest of  cable going on to 
infinity.

• Various Common Cables
– 75Ω (RG59) Coax: video.

– 50Ω (RG58) Coax: oscilloscopes, meters, etc.

– 100Ω (Cat 5) Paired Cable: local ethernet

382
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Rope Analogy

383

384

• Animation of  sum (black) of  2 sinusoids (red and blue) 
traveling in opposite directions.

• See https://oceanservice.noaa.gov/facts/seiche.html

Constructive and Destructive Interference:
results in Standing Waves

Constructive
Interference

Destructive
Interference (null point)

https://oceanservice.noaa.gov/facts/seiche.html
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Traveling Waves
• Already had ω, temporal frequency, radians per second.
• Now introduce k, spatial frequency, radians per meter.
• k also called wave number.

• Two independent variables, x and t.
• Can be viewed as changing in time at a given place,    

or as simply moving through space.
385

y = Asin kx −ωt( )

Standing Waves
• Sum a wave and its reflection in 1D

• Constructive and destructive interference

386

Wikipedia – Standing Waves

y = y0 sin kx −ωt( )

y = y0 sin kx +ωt( )

y = 2y0 cos ωt( )sin kx( )

trig identity: sin θ −ϕ( )+ sin θ +ϕ( ) = 2cos ϕ( )sin θ( )

Forward Wave

Backward Wave

Standing Wave

+

=

+

=
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Impedance Matching
• To eliminate reflections and thus standing waves
• Use a transformer

• Analogous to the bones in the middle ear
– Unequal lever trading force (voltage) against 

displacement (current) with power constant.
387

Impedance Matching
• Use a ¼ wave section of  wire

• Also used in surface coating of  cameral lenses

388
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Velocity of  Waves

• In cables,

• In 3D,

389

v = 1
LC

v = 1
µε μ= permeability

ε= permittivity

L tends to be constant.
C varies with dielectric  

constant of  insulation.

Wave velocity in cable generally due to
dielectric constant k of  insulation, because 

permittivity varies but permeability does not.

390
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High Frequency (>100 MHz) Oscillators

• Need discrete transistors rather than op amps, 
e.g. from my telemetry system for birds’ eggs.

• Resonance (crystal)+ Gain (transitor) = Oscillation.
391

crystal
resonates

like a
tuning

fork

output
amplifier

Microwave (1- 40 GHz)

• Waveguides (pipes) 
instead of  wires.
– Hollow to use skin effect

– Bends and junctions 
specific shapes

• Klystron tubes instead 
of  oscillator circuits.
– Resonating chamber: 

basically a flute for 
electrons

392



4/1/20

© Stetten 2012

Radio Waves through Space
• Clark Maxwell predicted radio in 1866 from his theory of  light 
– “Displacement Current” through capacitor

393

• Hertz used 1.2 meter parabolic dish in 1888 to demonstrate 
first radio (450 MHz)

Radio Wavelength

• c = 300,000 kilometers/second

• Thus

– 30 MHz     è λ = 10 meter  (radio)

– 300 MHz   è λ = 1 meter    (hi freq radio)

– 3 GHz       è λ = 10 cm       (microwave ovens)

– 30 GHz     è λ = 1 cm         (radar)

394
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• Simple 
monopole 
(whip) antenna

• Field pattern 
for transmitted 
and received 
radiation.

395

396

Results in constructive and destructive interference 
(null points) from integration over an aperture.

Each point of  an advancing wave front is 
in fact the center of  a fresh disturbance

Huygens’ Principle
Particle-Wave Duality: Newton said particle, Huygen said wave.

appears to 
bend around 
edge of  
aperture



4/1/20

© Stetten 2012

“Fourier Optics” of  radio waves, light, x-ray, sound, etc.

Field Pattern of  a flat transducer, antenna, or aperture.

standing waves

main lobe

side lobe

null points along axis

397

Directional Antennas
• For example, “Yagi” antenna

398
http://tymkrs.tumblr.com
http://www.l-com.com
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399
World’s largest parabolic antenna in Puerto Rico 

for long-wavelength radio waves 
3-foot dish for short wavelength 

microwave

Reflection can focus EM radiation

Small parabolic mirror
for tiny-wavelength 

visible light

Geometric Optics views directions of  
wave fronts as rays, but actually 
governed by Huygen’s principle. 

Refraction - Prism

400

Lines of  soldiers leaving a 
cornfield will change the angle 

of  their wave front.

Direction of  wave front (ray) 
can be changed by entering a 
medium with different velocity.
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Lens – Glass slows down light
• Glass in lens slows down light.

• Wave front falls further behind at thick center of  lens.

• Fourier Optics, not Geometric Optics is what’s actually 
happening.  

• Phasors in 3D.

401

Phased Arrays
• Can act as a controllable prism (delays, like glass).

• e.g., steering ultrasound with a phased array of  
ultrasound transducers (piezoelectric crystals).

402
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• Can also act as controllable lens

403

• When receiving echoes from pulses, it can 
refocus at greater distances as time progresses

404
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Phased Array Radar

405

RT3D ultrasound, von Ramm, Duke, 1990s

Fast enough to capture 3D 
heart without gating to ECG

Multiple receive circuits do 
16:1 parallel processing 

beamforming in 16 directions 
at once from a single broad 

transmit transmit pulse.

406
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407

408
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409

• Temporal combination of  waves traveling 
different distances in an optical fiber.
Stretches a square pulse into a trapezoid.

410

http://www.allaboutcircuits.com/te
xtbook/digital/chpt-14/optical-
data-communication/

Pulse Stretching in Optical Fiber

LED 
monochromatic but not coherent
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Laser – Monochromatic Coherent
• Light Amplification by Stimulated Emission of  Radiation

• Atoms pumped into their excited states.
• Once excited, atoms convert this stored energy into light by 

stimulated emission.

• Resonant cavity determines longitudinal modes of  the 
constructive/destructive interference patterns between reflectors.

• TEM00 is the central of  the transverse modes of  the main beam.

411www.opto-e.com wikipedia.org

Delayed by wavelength ! × n
! × 1 ! × 2 !× 3 …

• Small region in optical fiber with multiple evenly spaced 
grating.

• Specific frequency of  light enhanced in reflection (or removed 
from transmission) depends on spacing of  grating.

• Great noise immunity (isolated light signal).
• Can sense anything that changes length of  fiber (temperature, 

force, sound, etc.)

412spie.org/x38859.xml

Fiber Optic Grating (Bragg) Sensor
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413

Laser-Based Microphonics
Can read sound at a distance.  
Russians bugged US embassy in Moscow bouncing off 
windows.
Uses interferometry to measure within 1 wavelength.

Ring Laser Gyroscope

414

Laser transmitting both direction around a “ring” (actually a 
triangle or square).  
Standing waves form (like on the guitar string) which are 
stationary when “ring” is rotated, so beats can be counted as they 
pass by sensor.
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Gravity Waves

• Laser Interferometer Gravitational-Wave Observatory (LIGO).
• Detects gravity waves from black holes spiraling to merge, 3 billion 

light years away.
• At that moment, more power than all stars in the observable universe.

415

https://www.nytimes.com/2016/06/16/science/ligo-gravitational-waves-einstein.html

https://www.ligo.org/detections/ringtones/gw150914.m4r


