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MATHEMATICAL FORMS OF ELECTROMAGENTIC
WAVE

|. Basic concepts: Electromagnetic waves and types of polarization

* Plane-pglarized wave: Horizontal
» Plane-fiolarizedwave,Vertical

SuperpaSition of plane-polarized waves: Horizontal + Vertical > 45° Plane

~Superposition of ane-polarized waves: Horizontal + Vertical > Right circular
,"".Superposmon of plane ed waves: Horizontal + Vertical - Left circular

Crrcularly polarizedwaves: Right and Left
/Superposition of/circularly polarl&vf/ave\g:\Right + Left circular - Plane!

IJ-cflon ofmatter ]
y ?rﬁ'pol ed wave: Absor/ptlon
&V

ircutarly pdlarlzed wave: Agbsorptlon
~plane- -polarized,wave! ‘Refraction. =~ =/
Circularly“polafi wave Refractlon
Gireular/dichroism *
/Circuldr bireffingence |
Cireular dichroism AND' birefingence |
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MATHEMATICAL CONCEPT
PLANE EM WAVE

"
J'f*'

VSl -, 2 & AR

B,
Vg, JE# As;mﬁ(,xym . m
Veftlcally (y aX|s) polarlzed w‘arve havupg a;‘\ arﬁpll‘tudej\
fA, and an angular velocity (ffgquerfcy o 2T[) of (v, erg
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ANOTHER LOOK
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Explanation of Frequency

Everythir‘ouﬁ:&nd can’t see, resonate at a specific

frequency &
“Frequencies are smu%waves.
Speed of Light = Frequen avelength
L Example The wave“‘h-e{a signal resonating at

/ ‘ «9\ ‘

-

/3 fo108 m/s // = 100 rk|Iometer “

/ 3% 107 ey | -
Lower frequeﬁ es Have Ionger wavelengths ThIS |
characterlst|c allows these frequenCIes to he used for |
Morse-code and amateupdradio.
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Phase (waves)

The p or refers to a
smuso I nc fon such as the following:

z(t) = A cos(2rft + 6)
y(t) = A-sin(2nft +-8) = A-cos(2nft + 6 — 7/2)|
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The term phase can refer to several different things:

« It can refer to a specified reference, such as eszrst), in which case we would say the phase of
o(t)$ o, and the phase of yi i e-r2

« It can refer to s, inwhich case we would say «() and s have the same phase but are relative
to different references.

« Inthe context of communication waveforms, the time-variant angle 27+, or its modulo 2

value, is referred to as instantaneous phase, but often just phase. Instantaneous phase has
a formal definition that is applicable to more general functions and unambiguously defines a

function's initial phase at t=0. Accordingly, itis ¢ for =) and e-=/2 for . (also see phasor)
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Instantaneous phase

In , the instantaneous phase

i (or "lgcal.phase" or simply "phase") of a
com;‘- nction x(t) is the real-valued

_function: Ve

. Geometrically, in relation to an Argand diagram, arg z is the angle
@ from the positive real axis to the vector representing z. The
numeric value is given by the angle in radians and is positive if
measured anticlockwise.

. Algebraically, an argument of the complex number z = x + iy is
any real quantity ¢ such that

z=x+iy=rcos @+ irsin @

for some positive real . The quantity 7 is the modulus of z,
written

r=|z| = 2% + 3%

The names amplitudem or phase[2] are sometimes used equivalently.




Principal value

Open-closed

[-mm, ﬁ]

Some authors define the range of the principal value as being in the closed-open interval [0, 27).
The set of all possible values of the argument can be written in terms of Arg as:

argz = {Argz +2mn :n € Z},




y= ’Z| eiarg(:)-

This is only really valid if z is non-zero but can be considered as valid also for z = 0 if arg(0) is
considered as being an indeterminate form rather than as being undefined.

Some further identities follow. If z1 and 27 are two non-zero complex numbers then

arg (nz) = arg(z;) +arg(zy) (mod 27), and

arg (z—;) = arg(z) — arg(z) (mod 27).

If 2 0 and 1 is any integer then

arg (z") = narg(z) (mod 2n).




When o5 constraingd o an nterval SUch 8§ (-7, or [0 2r), it s called the wrapped phase

Offereise s caled unwrapped, Which is & coninuous fncfion of arqument £ assuming s & | MR

confinuous function of 1, Unless otherwise Idicated, the continuous form should be inferred.
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Examples

Exampla &r( 3 wi+ 0), where A and w are positive values.

\




ocw.utm.my

Phase shift
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Phase shift

¢ IS sometimes referred to as a phase-shift, because it represents
"shift" fror‘?rﬂg But a change in ¢ is also referred to as a
phase shiffs S

For mﬂmtely Iong snnusﬁ change in ¢ is the same as a shift in
tlmél‘S_UCh aga !m delay lf d&demyed (time-shifted) by 3 of its

Pt i d

* cﬂ;‘v |t'b'eco‘ es:/

(”T) ww(tn?“ 5)

| I coe(2afi -5 +8), ; A
oS shasé” isflow Iratit-has been 'shifted by = radlans. | \\

\
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which the pha tmﬂmaga tes in
Space, This is the speed‘aigwhigithe phase
of any ong! frequency compon

xﬁave Uevels For such & component any

3 xample, the
-ﬂmga eouwm plefthe
/Crest) wilk appéar to,travel at the phaﬁe

The phase velcity of a wave is the rate at

" velomty The phase vd&ws glven in, ,'
Al

terms ofthe waveleng {lgmbda) and
penod Tas,

e
U =




Angular Frequency

angular frequency w, which is amount of
oscillations per unit of time, and wavenumber k, which is amount of

oscillations per unit of space, by
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Wave phase and angular frequency

Phassa is
e traction
of a eycla
axpressed
in degrees.

Ewcula.t mation
al conslant

* Angular frequency o = 2t =2m/T

* Frequency with which phase changes \_//_\ /\
*Angles in radians (rad) inglsse +/_‘\ \/Cﬂnslructive

interference

+360° = 2nrad, so 1 rad = 360/2n =
/\ Destructive

a3’
\/_;_ 180° out interference
+Rad to deg. ("180/n) and deg. to

rad (* 7/180) T
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How Radio Waves Are Rroduced?

transmission
line

) SXOO00CC

High Frequency
Oscillator

Dipole
Antenna

A
<O

M ol
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LT TN Radio Antenna

11,7 RN \\ \
I 1y vV ) Ge oscillating electric fiem
A ,_ i Aee of the EM wave causes
/ / I the electrons in the
/7, ! reremicsionionel  TECEIVING antenna to
R4 oscillate at the same

frequency

Guy wire

/

~

Collapsible antenna

the amplifier converts the
electrical signal to sound
waves

Frequency selector

vl Volume controls

Transmitter
building
Transmission
line

—~aguency indicator

Anchors




Plane-polarized EM

el
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Circularly polarized EM

circular

/]

7 E"' fAs:m(if/A
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Circularly polarized EM
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Interaction of EM and matter: Absorption

Material \A‘aﬁ N exting !on
“coefficiente \
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Refraction
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Circular dichroism

: =Ae R QN X/ A= : 6' .A-' S il I .‘o"‘
EL [+ Ae ™ sin(x/ A - at) + A sin(x/ A\—/at)
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Circular bi-refringence

. \
1

~

Asn(n. X A= +08) + ASn(n. x/ A — ct ~90%)

m} E, = Asin(nygx/ A -wt)+ Asin(n x/ A - wt) \/
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Circular dichroism AND bi-refringence

Material having different
extincion coefficients AND
refractiog’l '

}tge(dielgxlve 0 / )
. anz/a{tlon/ ~

w E = Aengsn(rkx//] ) + A1 x/ Ao
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ol Sl

+0 0
© =T (=10

(a) Coordinate system
(e)r=3T14
, ’ e : .
-One cycle in th_qﬂbpluctlon of an eléctro-magnetlc

an osclllatlng electrlc dipole antenna. ] | !

-The red arrows representithe £ field. (B not.shov'\lln.) \
o




‘Representation of the electric and magnetic fields"
in-a propagating wave. One wavelength. is shown at
time £=.0.

‘Propagation direction.is E x B.
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A = spatial period or
wavelength

. ‘ phase velocity
. f\\\

— )\_ .

__- : \ ] X

T =itemporal périod 'a A—
v —

\
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C

B-dé= g ddy

% o

.d¢ =BAz—(B+dB)Az=—dBAz

dd, dE

dxAz

dt dt

—dBAz=p g,

dB

b

80

d—E dxAz

dt
dE

dt
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Fields are functions of both
position (x) and time (t

. Partial derivatives
are appropriate

This is a wave
equation!
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The simplest solution to the partial differenti
equatio‘ igzei;nusoidal wave:
E=F 0y €OS (kx
B B cos (kx L
“I' H‘é‘% ular wave ;}umber is k*- 271/
Xlsfthe wavejength . =

The angular frequency s w an

f is.the wave fregueney




o°E

. :—szosin(kx—mt) ~ =—o’E, sin(kx—mt)

—k’E, sin(kx — (x)t) = —u. e o°E_sin (kx — mt)

C
O
i
=

O
(V)
©
-
l_

@)
4
|_
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Il" 2 \

dt

=B} sm(lé:\) ~. E=E =E sin(kx-ot)
o Yy h .

EE sm(lcc—o)t)—-f—%B,sm .; .

l
!

"']é kcos(kx wt)=B,

FE_ |
k




