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Episode 5 focuses on the electric, magnetic, and electromagnetic fields produced by antennas. We also provide some 
key engineering results here. For example: How does one find the field strength in volts/meter produced by an antenna 
and how do we map that to the voltage that a receiving antenna produces? How can we build transmitters that obey 
regulatory rules? A brief preview of the next episode is also provided, where we ask the questions: what is a B field 
(spoiler: it's really just an E field in another relativistic frame of reference), and how do we calculate and simulate far-
field patterns from antennas...

Antenna Briefs #5   -- Electric Fields, Magnetic Fields, and EM Waves

Slides downloaded from: https://ecefiles.org/rf-design/

Companion video at:  https://www.youtube.com/watch?v=6C-IETDAY1s

This material is provided by ecefiles.org for educational use only.

https://ecefiles.org/rf-design/
https://www.youtube.com/watch?v=6C-IETDAY1s
https://ecefiles.org/
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Antenna Briefs  #5

Electric / Magnetic Fields and 

EM Waves
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EM Waves in Free Space

NanoVNA
(Transmitter, receiver, display)

Dipole Antennas
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Guided EM Waves in Coax

𝑷 = 𝑽 𝑰 =
𝑽𝟐

𝒁𝒐
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Topics

Electric (E) and magnetic (B) fields
EM Waves
E-field strength
Antenna pattern calculation methods
Antenna simulation

Topics
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Electric Field:  E
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𝜺𝒐= 8.854E-12  F/m

++ Coulomb’s law

Volts/meter

E field definition

Permittivity (of free-space)
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Magnetic Field:  B

𝛍𝐨 = 𝟏. 𝟐𝟓𝟕 𝐄 − 𝟔 𝐇/𝐦
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Biot Savart lawΔ𝑩 = 𝜇𝑜
𝐼 Δ𝑳 𝑥 𝒂𝑅
4 𝜋 𝑅2

𝐵 = 𝜇𝑜
𝐼

2 𝜋 𝑅
= 𝜇𝑜𝐻

Amps/meter

Permeability
(of free-space)

Ampere’s law

Close to wire, we get:

𝒂𝑅

Δ𝑩
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A Good EM Textbook

Fifth Edition

4.5/5 stars

Out of print 
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Electro-magnetic Fields
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From: http://cleanenergywiki.org/index.php?title=File:Emwavepropagation.jpg

NOTE:  Illustrations are Snapshots in Time

EM Fields are sinewaves in space and time, and move to right with 
velocity c (speed of light)
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Plane-wave Solutions in Free-Space
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Δ𝐸𝑥

Δ𝑧
= -

Δ𝐵𝑦

Δ𝑡

Far from (and broadside to) 
antenna, Maxwell’s equations
simplify to:

−
Δ𝐵𝑦
Δ𝑧

= 𝜇𝑜𝜀𝑜
Δ𝐸𝑥
Δ𝑡

Which has solutions:

𝑬𝒙 = 𝑬𝒐 𝒄𝒐𝒔 𝟐𝝅𝒇 𝒕 −
𝒛

𝒄
𝑩𝒚 =

𝟏

𝒄
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From:  https://owlcation.com/stem/maxwell-
equations-displacement-current

From: http://cleanenergywiki.org/index.php?title=File:Emwavepropagation.jpg

With  𝒄 =
𝟏

𝝁𝒐 𝜺𝒐
= 𝟐. 𝟗𝟗𝟖𝑬𝟖 meters/second

?
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Example 1:  Field Strength Rules

Find maximum legal transmit power for unlicensed FM transmitters
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Example 2:  E-Field Exposure Limits

https://www.itu.int/dms_pub/it
u-r/opb/rep/R-REP-SM.2452-
2019-PDF-E.pdf
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Poynting Vector

𝑷𝒕 = 𝑽𝒕 𝑰𝒕 =
𝑽𝒕

𝟐

𝑹𝒂𝒏𝒕

d

𝐏𝒅𝒆𝒏𝒔𝒊𝒕𝒚 =
𝑷𝒕 𝑮𝒕
𝟒 𝝅 𝒅𝟐

= |𝑬 𝒙 𝑯| =
𝑬 𝟐

𝒁𝒐

Assumes resonant antenna and 
free-space propagation, operating 
in the “far field”, with no 
obstructions or multipath …

𝒁𝒐 =
𝝁𝒐
𝜺𝒐

= 377 Ohms

Zant = 73 + j0 Ohms for 

(ideal) halfwave dipole

Amps/meter

Volts/meter
Watts/square-meter
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Finding E and Vr at Receiver

𝑷𝒕 =
𝑽𝒕

𝟐

𝑹𝒂𝒏𝒕
𝐏𝒅𝒆𝒏𝒔𝒊𝒕𝒚 =

𝑷𝒕 𝑮𝒕
𝟒 𝝅 𝒅𝟐

=
𝑬 𝟐

𝒁𝒐

𝑽𝒓 = E 𝑳𝒆𝒇𝒇
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𝑬 =
𝑷𝒕 𝑮𝒕
𝟒 𝝅 𝒅𝟐

𝒁𝒐

Leff is effective length (or ‘height’) of antenna

For halfwave dipole, 𝑳𝒆𝒇𝒇 =
𝟐

𝝅

𝝀

𝟐

NOTE:  E decreases as 1/d, not 𝟏/𝒅𝟐

(… in free-space.  See Episode 3 for path-loss 
exponent in terrestrial environments…)
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Example:  Field Strength Rules
For Unlicensed FM transmitters in the US, find maximum legal transmit power:

𝑬 =
𝑷𝒕 𝑮𝒕
𝟒 𝝅 𝒅𝟐

𝒁𝒐

𝑷𝒕 =
𝑬 𝟐

𝒁𝒐
𝟒 𝝅 𝒅𝟐

𝟏

𝑮𝒕

Using

We can solve for

And with E=250uV/m, Zo = 377 Ohms, d=3m, 
and Gt=1.6 (dipole), we get max legal tx power 
(with halfwave dipole antenna) is

𝑷𝒕 = 𝟏𝟏. 𝟔 𝒏𝑾 ‼

(−𝟒𝟗 𝒅𝑩𝒎 !)
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FM Transmitter Demo in ECE 662 Course

Antenna and 50 dB attenuator ☺
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Far Field Pattern Calculation in ECE 764
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Far Field Pattern Calculation
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𝑰𝒕 =
𝑽𝒕
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Antenna Simulation (with EZNEC) …
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Upcoming episodes

Future Topics

• Far field calculation and simulation

• Reflection of EM Waves in environment

• Antenna types, gain, impedance, and 
polarization

• Counterpoise, baluns, and chokes

• Phase, superposition, and beamforming…
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Thanks for Watching
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A brief look at the physics behind all 
this…

What “are” E, B and EM fields ?

Today’s Final Topic



ECEFILES.ORG

Magnetic Fields Revisited

https://phys.libretexts.org/Bookshelves/University_Physics/Book%3A_Introductory_Physics_-
_Building_Models_to_Describe_Our_World_(Martin_Neary_Rinaldo_and_Woodman)/22%3A_
Source_of_Magnetic_Field/22.02%3A_Force_between_two_current-carrying_wires

Force on a (moving) charge q 
in presence of B is:

𝑭 = 𝑞 𝒗 x 𝑩
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Where Does Force Come From ?

https://phys.libretexts.org/Bookshelves/University_Physics/Book%3A_Introductory_Physics_-
_Building_Models_to_Describe_Our_World_(Martin_Neary_Rinaldo_and_Woodman)/22%3A_
Source_of_Magnetic_Field/22.02%3A_Force_between_two_current-carrying_wires

+

𝒗

𝑭
𝒒

𝐵

I

⨁

⨁
⨁
⨁
⨁

-
-
-
-
-

Coulombs Law + 
Relativity !

B Fields originate 
from moving 
charges

And so do E-fields 
☺

It’s really just
Coulombs Law (with 

relativistic length dilation)
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From: http://cleanenergywiki.org/index.php?title=File:Emwavepropagation.jpg

And…  An AC current (accelerating charges) creates a time/space-
varying EM field, which propagates at velocity c  through empty space …

Δ𝐸𝑥

Δ𝑧
= -

Δ𝐵𝑦

Δ𝑡

−
Δ𝐵𝑦

Δ𝑧
= 𝜇𝑜𝜀𝑜

Δ𝐸𝑥
Δ𝑡

𝑬𝒙 = 𝑬𝒐 𝒄𝒐𝒔 𝟐𝝅𝒇 𝒕 −
𝒛

𝒄
𝑩𝒚 =

𝟏

𝒄
𝑬𝒙and

With  𝒄 =
𝟏

𝝁𝒐 𝜺𝒐
= 𝟐. 𝟗𝟗𝟖𝑬𝟖 meters/second
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Other Explanations/views …

https://www.youtube.com/watch?v=FWCN_uI5ygY

From  Joules-Bernoulli equation discussion in:

https://en.wikipedia.org/wiki/Classical_electromagnetism
_and_special_relativity
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Thanks for Watching

…all the way to the end ☺
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But What “is” a Magnetic Field ?

Force on a (moving) charge q 
in presence of B is:

𝑭 = 𝑞 𝒗 x 𝑩

Why ??

Coulombs Law + 
Relativity !

B Fields originate 
from moving 
charges

And so do E-fields 
☺

It’s really just
Coulombs Law (with 

relativistic length dilation)

From  Joules-Bernoulli equation discussion in:

https://en.wikipedia.org/wiki/Classical_electromagnetism
_and_special_relativity
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B field “curls” around a current
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