


Phasors and vector functions

Time domain

f(x,y,z,t)zfx(x,y,z,t)fx +fy(x,y,z,t)fy + f.(x,y,2,t) fz

fo(x,p,2,0) = A, (x,y,z)cos(a)o t+a, (x,y,z)) —_—
fy (x,y,z,t) = Ay (x,y,z)cos(a)o t+a, (x,y,z)) —_—

1o p,2,0) = A, (x,y,z)cos(a)o t+a, (x,y,z)) _—

, Phasor domain

F(x,y,z) =F (x,), z)fx +F, (x,y,z)fy +F.(x,y, Z)fz

T-to-P — x(x,y,z):Ax (x,y,z)e

Jjo (x,y.2)

T-to-P [ F(n0.2)=4,(xy.z)e

> F (x,y,z) =A. (x’y,z)ejaz(x,y,z)

T-to-P

f(x, V,Z,t) ——

T-to-P

— F(x,y,z)

F(x,y,7) ———

P-to-T

. f(x,y,z,t) — Re{F(x,y,z)eij’ }
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Phasors and vector functions

Time domain

f(t)=f.()i, + f,(0)i, + f.(0)i,

>

Phasor domain
F=Fi+Fi+F]i

fo(t)= A, cos(apt+a,) —

T-to-P

- L F=A¢™ =R +I,

S =4, cos(a)ot+ ay) _—

T-to-P

———+ F,=A¢’ =R, +jI,

fot)y=A,cos(wyt+a,) ———

T-to-P

- F;:Azejaz :RZ +j[Z

f(t) ——

F——

T-to-P

—F

P-to-T

. f())=Re{Fe™ |
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Complex vectors: graphical representation

Real numbers Real vectors (3 components)

f f:fxix+fyiy+fziz

Complex numbers Complex vectors (3 components)

F=Ae = X+ jY F=Fi+Fi +Fi

Im

(04
X Re
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Color legend

New formulas, important considerations,
important formulas, important concepts

Very important for the discussion

Memo

Mathematical tools to be exploited
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Phasors and vector functions

fo()= A cos(ayt+ay) F.=A4¢“=R +]JI,

Sy () =4, cos(a)ot+ay) — F,= Ayejay =R, +jI,

f(t)=f.(0i + [, ()i, + f.(t)i.

F=Fi +Fi+Fi =A% +Ae™i + Ae'*i |
XX Yy z°z x X y y z Z fz(t)IAZCOS(a)Ot+aZ) — F;:Aze]azsz-i_jIz

F:prH-qu(i F:‘F‘ej¢cos(§jﬁ+‘i‘ej¢sin(§j\7=ﬂﬁ+Fv€’
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Phasors and vector functions

fo()= A cos(ayt+ay) F.=A4¢“=R +]JI,

fy(O=4, cos(a)ot+ay) ————— F,=A4" =R, +/l,

f(t)=f.(0i + [, ()i, + f.(t)i.

F=Fi +Fi+Fi =A% +Ae™i + Ae'*i |
XX Yy z°z X X y y z Z fz(t)IAZCOS(a)Ot+aZ) — F;:Aze]azsz-l_jIz

F:prH-qu(i F:‘F‘ej¢cos(§jﬁ+‘i‘ej¢sin(§j\7=ﬂﬁ+Fv€’

F = ‘F‘COS(I; Polarization plane

| =[Fling 1 F, + JF, =[Fe"
F|=\F}+F/ p
@-9v=0

\4
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Phasors and vector functions

f(t)=f.(0i + [, ()i, + f.(t)i.

o o 0 S ja,* ja, % ja, *
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

F=Fp+F

@ f(t) = Fp cos(a)ot)f) —Fq sin(a)of)(l

Stefano Perna — Universita Parthenope — Ingegneria Informatica, Biomedica e delle TLC

Ec: Axejax = Rx +]]x

fo()= A cos(ayt+ay)

fy(O=4, cos(a)ot+ay) ————— F,=A4" =R, +/l,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

F= ‘F‘e”’ cos(ﬁjﬁ + ‘F‘e‘j"’ sin (ﬁjff =Fa+FV
2 2

@ f(r)= ‘F‘ Ccos (gjcos(a)ot +¢)l+ ‘f“sin (gjcos(a)ot — @)V

TtoPp ——— F

ptoT |—— [(©)=Re{Fe™ |
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Phasors and vector functions

f()=7.O)i + [, + [.()i.
F=Fi +Fi+Fi=Ae™i +Ae"i +Ae™I

F=Fp+F

@ f(t)="F,cos(w,t)p—F,sin(eyt)q

(F — ‘F‘Cosqj Polarization plane
p

~

q

Fq:‘i“sin¢ X
y u
F|l=\F+F’ P
u-v=0 &
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Ec: Axejax = Rx +]]x

fo()= A cos(ayt+ay)
fy(t):Aycos(a)ot+ay) ————— F,=A4" =R, +/l,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

F= ‘F‘e cos[gju+‘f“ej¢sin(ﬁj€':ﬂﬁ+Fv€f
2 2
@ f(r)= cos( )cos(a)ot+¢ u+‘F‘sm[§jcos(a)ot—¢)€7

The vector f(¢) lies in the polarization plane (p.q) (which is
coincident with the plane (4,v)), and it changes in general
both its amplitude and its direction as the time elapses.

Two cases are of particular interest:
- Linear polarization
- Circular polarization
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Linear Polarization

f(t)=f.(0i + [, ()i, + f.(t)i.

- o 0 S ja,* ja, % ja, *
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

F=Fp+Fq
[@ f(t)="F,cos(w,t)p—F,sin(wy)q ]

-

q

F = ‘F‘cosgﬁ Polarization plane
< F = ‘F‘sin¢ q

.

u

F|l=\F+F’ P
u-v=0

\4

Ec: Axejax = Rx +]1x

fo()= A cos(ayt+ay)
fy(t):Aycos(a)Ot+ay) ————— F,=A4" =R, +/l,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

F= ‘F‘em cos(ﬁjﬁ + ‘F‘e‘j"’ sin(ﬁjff =Fa+FV
2 y)
[@ f(t)= ‘17“‘ cos (gjcos(a)ot +¢)l+ ‘F‘sin (gjcos(a)ot — ¢)\Af]

The vector f(7)does not change its direction and its tip moves
along a straight line:

—) f(t):‘f"cos(wot+¢)ﬁ (ﬁ:f): (i)

A

o pP=

>
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Linear Polarization

f(t)= ‘f“cos(a)ot +¢)i

=>

[l
>

[l
2

<>
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Linear Polarization

f(t)= ‘f“cos(a)ot +¢)i

f(1,)= ‘F‘cos(a)otl +¢)i

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

f(t)= ‘f“cos(a)ot +¢)i

f(t,)= ‘F‘cos(a)otz +¢)u

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

f(t)= ‘f“cos(a)ot +¢)i

=>

[l
>

[l
2

f(t,)= ‘l:“‘ cos(m,t; +¢)u

The vector f(¢) does not change its direction
and its tip moves along a straight line

<>
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Linear Polarization

f(t)= ‘f“cos(a)ot +¢)i

=>

[l
>

[l
2

f(t,)= ‘f?‘cos(wot4 +¢)i .
The vector f(¢) does not change its direction
and its tip moves along a straight line

<>
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Linear Polarization

f(t)= ‘f“cos(a)ot +¢)i

=>

[l
>

[l
2

The vector f(¢) does not change its direction
and its tip moves along a straight line

<>

f(t,)= ‘l:“‘cos(a)ot5 +¢)u
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Linear Polarization

f(t)= ‘f“cos(a)ot +¢)i

=>

[l
>

[l
2

f(t,)= ‘F‘cos(woté +¢)u .
The vector f(¢) does not change its direction
and its tip moves along a straight line

<>
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Linear Polarization

f(t)= ‘f“cos(a)ot +¢)i

=>

[l
>

[l
2

f(t,)= ‘l:“‘ cos(m,t; +¢)u

The vector f(¢) does not change its direction
and its tip moves along a straight line

<>
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Linear Polarization

f(t)= ‘f“cos(a)ot +¢)i

f(t,) = ‘F‘cos(a)otg +¢)u

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

fo()= A cos(ayt+ay)

fy(t) =4, cos(a)ot+ay) — F = Ayejay =R, +Jl,

Ec = Axejax = Rx +]]x

f(t)=f.(0i + [, ()i, + f.(t)i.

F=Fi +Fi+Fi =A% +Ae™i + Ae'*i |
XX Yy z°z X X y y z Z fz(t)IAZCOS(a)Ot+aZ) — F;:Aze]azsz-l_jIz

L, - =) R T T N U A
F=Fp+jFq F:‘F e’ cos(zju+‘F‘e & sm(z)v
- . : . - = 9 L a8 .
f(1)=F,cos(myt)p - F,sin(w,t)q f(¢)= F‘cos(zjcos(a)ot+¢)u+‘F‘sm[5jcos(wot—¢)v
(Fp = ‘F‘cosgb Polarization plane The vector f(z) does not change its direction and its tip moves
<F ‘F‘ e q along a straight line:
= Sin - - A A A
s ] N p=q — f(t):‘F‘cos(a)ot+¢)ﬁ (i=p=q)
F|=\JF}+F p wop=-q
u-v=0

\4
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Linear Polarization

fo()= A cos(ayt+ay)

fy(t):Aycos(a)Ot+ay) _— Fy=Ayej“y=Ry+jIy

F;c: Axejax = Rx +j]x

f(t)=f.(t)i + £, ()i, + f.(t)i.

F=Fi +Fi+Fi =A™ + A4 + Ae'%i .
B S SPy C Taw s Ty oo e f,(O)=4,cos(awpt +a,) ——> F.=4e“ =R +jI,

= A A ~ = G 1= i . [ F)a
F=Fp+jFq F=‘F e’ cos(;juﬂF‘e & s1n(5]v
f(1)= - - ~ ~ _ g A . [ .
(t)=F, cos(w,t)p— F, sin(ayt)q [ f(t)= F‘cos(g)cos(a)ot+¢)u+‘F‘sm(5jcos(a)0t—¢)v]
er =‘F‘cos¢ Polarization plane p+q _ cos 3 5
i gy q 2 2
F, =‘F‘sm¢ )
A P—q_g, 2 v ]
F‘z sz"'E;z p 2
u-v=0 v V=p=-q
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Linear Polarization

fo()= A cos(ayt+ay)

fy(t):Aycos(a)Ot+ay) _— Fy=Ayej“y=Ry+jIy

F;c: Axejax = Rx +j]x

f(t)=f.(t)i + £, ()i, + f.(t)i.

F=Fi +Fi+Fi =A™ + A4 + Ae'%i .
B S SPy C Taw s Ty oo e f,(O)=4,cos(awpt +a,) ——> F.=4e“ =R +jI,

= A A — =l I gzl s . [ F) A
F=Fp+jFq F=‘F e’ cos(;juﬂF‘e & s1n(5]v
o S e (8 el (9 )
f(1)=F,cos(wy)p—F,sin(e,)q f(t)= F‘cos(g)cos(a)ot+¢)u+‘F‘sm(5jcos(a)0t—¢)v
(7 _|§ Pdetimdtiniodipdati D+ Q
<FP_‘f‘COS¢ ° ﬁm “Am' on —p;—q=c0s g u
F;z‘F‘sin¢
P—4_gp J 0]
F|=\F +F’ 2
u-v=0 v V=p=-q
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Linear Polarization

f(t)= ‘f?‘ cos(,t —P)V

The vector f(¢) does not change its direction
and its tip moves along a straight line

=>

f(1)= ‘F‘ cos(m,t, — @)V
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Linear Polarization

f(t)= ‘f?‘ cos(,t —P)V

u

The vector f(¢) does not change its direction
and its tip moves along a straight line

f(1,)= ‘F‘ cos(w,t, — @)V
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Linear Polarization

f(t)= ‘f?‘ cos(,t —P)V

The vector f(¢) does not change its direction
and its tip moves along a straight line

=>

Il
>

f(t,)= ‘F‘cos(a)()g - @)V
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Linear Polarization

f(t)= ‘f?‘ cos(,t —P)V

The vector f(¢) does not change its direction
and its tip moves along a straight line

=>

f(t,)= ‘l:“‘cos(a)ot4 —¢)V

A
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Linear Polarization

f(t)= ‘f?‘ cos(,t —P)V

The vector f(¢) does not change its direction
and its tip moves along a straight line

=>

f(t,)= ‘F‘ cos(myts —P)V
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Linear Polarization

f(t)= ‘f?‘ cos(,t —P)V

The vector f(¢) does not change its direction
and its tip moves along a straight line

=>

f(t,)= ‘F‘ cos( s — @)V

A
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Linear Polarization

f(t)= ‘f?‘ cos(,t —P)V

The vector f(¢) does not change its direction
and its tip moves along a straight line

=>

Il
>

f(t,)= ‘F‘cos(a)ot7 —@)V
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Linear Polarization

f(t)= ‘f?‘ cos(,t —P)V

u

The vector f(¢) does not change its direction
and its tip moves along a straight line

f(z,)= ‘F‘ cos(w,ty —P)V
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Linear Polarization

f(t)= ‘f?‘ cos(,t —P)V

The vector f(¢) does not change its direction
and its tip moves along a straight line

=>

f(tg) = ‘F‘ cos(a)ot9 — ¢){,
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Linear Polarization

f(t)=f.(0i + [, ()i, + f.(t)i.

- o 0 S ja,* ja, % ja, *
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

F=Fp+F

[@ f(t)="F,cos(w,t)p—F,sin(wy)q ]

-

F, :‘F‘cosgzﬁ
<qu :‘F‘sin¢
F|=\F}+F/
u-v=0

Polarization plane

~

q

[=P3

>

\4

fo()= A cos(ayt+ay)

Ec: Axejax = Rx +]]x
Sy () =4, cos(a)ot+ay) — F,= Ayejay =R, +Jl,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

F= ‘F‘em cos(ﬁjﬁ + ‘F‘e‘j"’ sin(ﬁjff =Fa+FV
2 y)
[@ f(t)= ‘17“‘ cos (gjcos(a)ot +¢)l+ ‘F‘sin (gjcos(a)ot — ¢)\Af]

The vector f(7)does not change its direction and its tip moves
along a straight line:

B p=q — f‘(t):‘f*"cos(a)ot+¢)ﬁ (i=p=q)
B pP=-19q m—) f‘(t)z‘f“cos(a)ot—@@ (V=p=-q)
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Linear Polarization

fo()= A cos(ayt+ay)

fy(t):Aycos(a)Ot+ay) _— Fyszejay:Ry+jIy

F;: Axejax = Rx +]1x

f(t)=f.(0i + [, ()i, + f.(t)i.

F=Fi+Fi +Fi=Ae"™*i +A4%i +Ae'*i .
x°'x 'y z'z X X y y z z fz(t):AZCOS(a)Ot+aZ) -_— F;:Aze]azsz-i_jIz

F=pr)+]‘qu F=‘f*" j¢cos(§)ﬁ+‘f"ej"’sin(gj\?:Fuﬁ+Fv€f
@ f(t)="F,cos(w,t)p—F,sin(wy)q @ 10 :‘F‘cos(gjcos(wotﬂé)ﬁ+‘F‘sin(§jcos(mot—¢)€7]

F = ‘F‘cosgb Polarization plane The vector f(z) does not change its direction and its tip moves
) . t along a straight line:
F, :‘F‘sin¢ q Ag A © - . A A A A
. i B p=q — f(t):‘F‘cos(a)Ot+¢)u (“:PZQ)
F‘— F'+F; p B p=-9 — f(t):‘f*“cos(a)ot—@ff (V=p=-9)
W F,=0and F,#0 === f(r)=—F sin(,)q
u-v=0

\4
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Linear Polarization

f(t)= —F_ sin(w,t)q

f(t)= —F, sin(@,t,)q

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

f(t)= —F_ sin(w,t)q

f(t,)= —F, sin (,t,)q

The vector f(¢) does not change its direction
and its tip moves along a straight line

Stefano Perna — Universita Parthenope — Ingegneria Informatica, Biomedica e delle TLC Corso di Campi Elettromagnetici — 18 Marzo 2021



Linear Polarization

f(t)= —F_ sin(w,t)q

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

f(t)= —F_ sin(w,t)q

f(t,)=—F, sin(ot,)§

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

f(t)= —F_ sin(w,t)q

f(t,)= —F_ sin(ayt;)q The vector f(¢) does not change its direction

and its tip moves along a straight line
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Linear Polarization

f(t)= —F_ sin(w,t)q

The vector f(¢) does not change its direction
and its tip moves along a straight line

f(t,)=—F, sin(oyt)§
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Linear Polarization

f(t)= —F_ sin(w,t)q

f(t,)= —F, sin(awyt, )q The vector f(¢) does not change its direction

and its tip moves along a straight line
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Linear Polarization

f(t)= —F_ sin(w,t)q

f(t,)= —F, sin(wyt)q

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

f(t)= —F_ sin(w,t)q

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

f(t)= —F_ sin(w,t)q

f(t,)= -F, sin(@yt,,)q

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

f(t)= —F_ sin(w,t)q

f(t,)= -F, sin(@yt,, )4

The vector f(¢) does not change its direction
and its tip moves along a straight line
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Linear Polarization

f(t)=f.(0i + [, ()i, + f.(t)i.

- o 0 S ja,* ja, % ja, *
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

F=Fp+Fq

@ f(t) = Fp cos(a)ot)f) —Fq sin(a)of)(l

(F =‘F‘cos¢ Polarization plane

D ? = ('i
F, = ‘F‘sin¢

) u
F|=\F}+F/ p
u-v=0 o

Ec: Axejax = Rx +]1x

fo()= A cos(ayt+ay)

fy(O=4, cos(a)ot+ay) ————— F,=A4" =R, +/l,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

F= ‘F‘em cos(ﬁjﬁ + ‘F‘e‘j"’ sin(ﬁjff =Fa+FV
2 2
@ f(t)= ‘17“‘ cos (gjcos(a)ot +¢)l+ ‘F‘sin (g)cos(a)ot —P)V

The vector f(7)does not change its direction and its tip moves
along a straight line:

B p=q —) f‘(t):‘f*“cos(a)ot+¢)ﬁ (ﬁ=f)=(i)
B pP=-19q — f(t):‘f“cos(a)ot—@f' (Q’:f’:_‘i)
W F,=0and F, #( e f(t):_Fq sin(a,¢)q

W F,#0 and F,=0 == f()=F,cos(ay)p
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Linear Polarization
f(0)=£,(),+ £, (O, + £.(0), 0= A eosloyi o)

fy(O=4, cos(a)ot+ay) ————— F,=A4" =R, +/l,

EC:Axejax :Rx+j1x
= 5 2 L ja, » jor, 2 ja, ?
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

(, N
F= ‘F‘em cos(ﬁJﬁ + ‘F‘e‘j"’ sin[ﬁjff =Fa+FV

2 2
@ f(t)= ‘F‘cos (gjcos(wot +¢)l+ ‘F‘sin (g)cos(a)ot —9)

v
J
(F,, — ‘F‘Cosggj Polarization plane The vector f(z) does not change its direction and its tip moves
) e along a straight line:
F, :‘F‘sm¢ r . - = = - ~ A -
k AL pP=q —) f(t)=‘F‘cos(a)0t+¢)u (“:P=Q)
F‘ _ |p2iF? B IA) = —(i m—) i:
p q
c M F,=0and F,#( == —F_sin(wy)q

u-v=0 D F,#0 and F, =0 == f

(H)=F, cos(,t)p
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Linear Polarization
£(0)=f.(O)i, + £, ()i, + f.(0)1,

fo()= A cos(ayt+ay)
Sy () =4, cos(a)ot+a

) R,
f.@t)=A4,cos(wyt+a,) ——> F,=A4e“=R +jI

(, )
F= ‘F‘e cos(i}u+‘f"ej¢sin(§j0=ﬂﬁ+ﬂ€f

= 9 ~ el (9
@ f(1) :‘F‘cos(ajcos(wotﬂé)u+‘F‘s1n(5)cos(a)ot—¢)
|5 — ‘F‘cosgﬁ Polarization plane

F=Fi +Fi+Fi=Ae™i +A4€e"i +4.¢e"

Ec: Axejax = Rx +]1x

\4

J

The vector f(r)does not change its direction and its tip moves
along a straight line
Lop= fl

—)

F #0and F, =0

—F_sin(wy)q
(H)=F, cos(,t)p

-
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Linear Polarization
f(t)=f.(0i + [, ()i, + £,

fo()= A cos(ayt+ay)

Sy () =4, cos(a)ot+ay)

EC:Axejax :Rx+j1x
= 5 2 L ja, » jor, 2 ja, ?
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

————— F =A% =R +]I,
fo(t)= A4, cos(wyt +a,) ———> F.=Ae"“ =R + I,

p
P =[F| j¢cos(ﬁJﬁ+‘F‘ej¢sin(£j€'=ﬂﬁ+Fv€f
2 2

\
@ f(t)= ‘F‘cos (gjcos(a)ot +¢)l+ ‘F‘sin (gjcos(a)ot —P)V
\ 2 2 J
The vector f(7)does not change its direction and its tip moves
along a straight line:
p S S
Al p=q —) F #0 and F,=0
B. P=-q —

c @l F,=0and F, #( >

f(t)=—F,sin(oyt)§

DM F,#0and F,=0 === f()=F,cos(ay)p
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Linear Polarization

f(t)=f.(0i + [, ()i, + £,

- o 0 S ja,* ja, % ja, *
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

Stefano Perna — Universita Parthenope — Ingegneria Informatica, Biomedica e delle TLC

fo()= A cos(ayt+ay) F.=Ae* =R + ]I,

fy(O=4, cos(a)ot+ay) ————— F,=A4" =R, +/l,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

( , )
F = [ cos(ﬁ)ﬁ +|fle sin(ﬁjff _ A

2 2
@ f(t)= ‘F‘cos (gjcos(a)ot +¢)l+ ‘F‘sin (gjcos(a)ot —P)V

J

The vector f(7)does not change its direction and its tip moves
along a straight line:

-
Al p=q — F #0 and F, =0

B. P=—q —) F =0and F #0
cll F,=0and F,#0 === f(r)=—F sin(w,)q
DM F,#0and F,=0 === f(:)=F,cos(ay)p
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Linear Polarization

f()=f.Oi + 1,0, + f.(0)i.
F=Fi +Fi+Fi=Ae™i +Ae"i +Ae™I

Stefano Perna — Universita Parthenope — Ingegneria Informatica, Biomedica e delle TLC

fo()= A cos(ayt+ay)

EC:Axejax:Rx+jIx
fy(t):Aycos(a)Ot+ay) ————— F,=A4" =R, +/l,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

(, N
F= ‘F‘e’¢cos(’9Ju+‘F‘ej¢sin(§j0=ﬂﬁ+ﬂ0

2 2
@ f(?) :‘F‘cos(gjcos(a)otﬂé)ﬁ+‘F‘sin(§jcos(wot—¢)ff

J

The vector f(7)does not change its direction and its tip moves
along a straight line:

A

P=q — F #0 and F, =0

pP=—q — F =0and F #0
F,=0and F, =0 === f(t)=—F sin(o,)§

WF,#0and F, =0 == f(t)=F COS(wot)p

.
A =
B
C
D
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Linear Polarization

fo()= A cos(ayt+ay)

Sy () =4, cos(a)ot+a

f(t)=f.(0i + [, ()i, + f.(t)i.

- o 0 S ja,* ja, % ja, *
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

F=Fp+Fq

@ f(t) = Fp cos(a)ot)f) —Fq sin(a)of)(l

Ec: Axejax = Rx +]1x

——— F=A4e™ =R +]I,

fo(t)= A4, cos(wyt +a,) ———> F.=Ae"“ =R + I,

)

F

@ f(t)= ‘l:“‘ cos (gjcos(a)ot +¢)l+ ‘F‘sin (gjcos(a)ot — ¢)j

= ‘F‘em cos(gjﬁ + ‘F‘e‘j"’ sin(gjff =Fa+FV

\

(F,, — ‘F‘Cos(é Polarization plane The vector f(z) does not change its direction and its tip moves
< _ 0 along a straight line:
Fq:‘F‘sin¢ q Ag A °
) u AR p=q F #0 and F, =0
c Ml F,=0and F,#0 === f(r)=—F sin(a,)q
i-9=0 ¢ DM F,#0 and F,=0 == (:)=F),cos(ay)p

Stefano Perna — Universita Parthenope — Ingegneria Informatica, Biomedica e delle TLC

Corso di Campi Elettromagnetici — 18 Marzo 2021



Linear Polarization

. . . . fo(0)= A, cos(ayt+ar,)
f()=f,(0)i, + f,@0)i, + [ ()i o .
fy(t):Aycos(a)Ot+ay) — F,=4¢" =R, + ]I,

F;C = Axejax = Rx + jIx

F=Fi +Fi+Fi =A% + 4% +Ae'*i .
xtx DTy Tzz TaT Tx Ty g f[,()=A4,cos(wyt+a,) ——> F.=4e"“ =R + I

F=Fp+jFq [ F=‘F‘ej"’cos(?jﬁﬂﬂe"”’sin(?)%=Fuﬁ+Fv€7 ]
@ f(t)=F, cos(w)p—F,sin(w,)q @f(t)=‘F‘cos(g)cos(a)ot+¢)ﬁ+‘i“sin(§jcos(a)ot—¢)€'

F, = ‘F‘cos¢ Polarization plane
P — A

F = ‘F‘sinqﬁ qA

F|=\[F}+F p

u-v=0 o
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Linear Polarization

f(t)=f.(0i + [, ()i, + f.(t)i.

- o 0 S ja,* ja, % ja, *
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

F=Fp+F

@ f(t) = Fp cos(a)ot)f) —Fq sin(a)ot)(l

pr _ ‘F‘cos y Polarization plane

< Fq = ‘F‘sin¢ q

‘ i
F|=\F}+F/ p
i-v=0 S
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Ec: Axejax = Rx +]]x

fo()= A cos(ayt+ay)

fy(O=4, cos(a)ot+ay) ————— F,=A4" =R, +/l,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

[ F =‘F‘e’¢ cos(ﬁ)ﬁ+‘f“e_j¢ sin(£j€'=Fuﬁ+Fv€f ]
2 2

@ f(t)= ‘17“‘ cos (gjcos(a)ot +¢)l+ ‘F‘sin (g)cos(a)ot —P)V

(F,=0and F,=0) or (F,#0and F,=0)

!

20 =nrx

!

LF - /ZF =nrx
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f(t)=f.(0i + [, ()i, + f.(t)i.

Linear Polarization

- o 0 S ja,* ja, % ja, *
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

F=Fp+/Fd
@ f(t)=chos(a)0t)[3—Fqsin(a)of)q

-

q

.

u-

Stefano Perna — Universita Parthenope — Ingegneria Informatica, Biomedica e delle TLC

F =

P

F =

v

‘F‘cosgﬁ
‘F‘sin¢

F\ = JF +F

0

Polarization plane

\4

fo()= A cos(ayt+ay) F.=Ae* =R + ]I,

fy(O=4, cos(a)ot+ay) ————— F,=A4" =R, +/l,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

[ F =‘F‘e’¢ cos(ﬁ)ﬁ+‘f“e_j¢ sin(£j€'=Fuﬁ+Fv€f ]
2 2

@ f(t)= ‘17“‘ cos (gjcos(a)ot +¢)l+ ‘F‘sin (g)cos(a)ot —P)V

The vector f(7)does not change its direction and its tip moves

along a straight line:

AN p=4 m—) [ #0and F =0
cll F,=0and F,#0 — f(t)z—F;sin(a)ot)(i
DM F,#0 and F, =0 == f(t)=F,cos(a,)p
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Linear Polarization

fo()= A cos(ayt+ay)

fy(t):Aycos(a)Ot+ay) _— Fyszejay:Ry+jIy

Ec: Axejax = Rx +]1x

f(t)=f.(0i + [, ()i, + f.(t)i.

F=Fi+Fi +Fi=Ae"™*i +A4%i +Ae'*i .
x°'x 'y z'z X X y y z z fz(t):AZCOS(a)Ot+aZ) -_— F;:Aze]azsz-i_jIz

F:pr)+qu(i [ F=‘F‘emcos(?)ﬁ+‘i‘e‘j¢sin(§jff:F;ﬁ+Fv€’ ]

@ f(t)="F,cos(w,t)p—F,sin(wy)q @ f(?) :‘F‘cos(gjcos(a)otﬂé)ﬁ+‘F‘sin(§)cos(mot—¢)©

(F,, — ‘F‘Cos(é Polarization plane The vector f(z) does not change its direction and its tip moves
9 . 0 along a straight line:

F, :‘F‘sin¢ q 2 8

- = B p=-q mm) F =0and F #0

F‘:dez +F:]2 p B = p q u v

c @ F,=0and F,#0
A g ! } ) /I —-ZF =nx
u-v=0 v D=Fp¢0 anquzO
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Linear Polarization

fo()= A cos(ayt+ay) F=Ae™ =R + ]I,

f(t)=f.(0i + [, ()i, + f.(t)i.

fy(O=4, cos(a)o t+ ay) ————— F,=A4" =R, +/l,
F=F i +Fi+Fi=Ae™i +A4e™i +4e"i,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

F:pr)+qu(i [ F=‘F‘emcos(?)ﬁ+‘i‘e‘j¢sin(§jff:E4ﬁ+Fv€’ ]

@ f(t)="F,cos(w,t)p—F,sin(wy)q @ f(?) :‘F‘cos(gjcos(a)otﬂé)ﬁ+‘F‘sin(§)cos(mot—¢)ff

(F,, — ‘F‘Cos(é Polarization plane The vector f(z) does not change its direction and its tip moves
9 . 0 along a straight line:

F, :‘F‘sin¢ q 2 8

- u Aﬁf):(’i —) F;io and E}ZO

e P e - B p=-4 ) [ =0and F #0

F‘: sz +F:]2 p B i p q u %

c @ F,=0and F,#0
A g ! } ) /I —-ZF =nx
u-v=0 v DﬁFp;tO anqu=O
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Linear Polarization

. . . . fo()= A cos(ayt+ay)
f(@0)=/f.@)i + [, + f.(i N _
fy(t):Aycos(a)Ot+ay) — F,=Adge "=R,+ I,

Ec: Axejax = Rx +]]x

F=Fi +Fi+Fi =A% +Ae™i + Ae'*i |
XX Yy z°z x X y y z Z fz(t)IAZCOS(w0t+aZ) — F;:Aze]azsz-i_jIz

F:pr)+qu(i [ F=‘F‘emcos(?)ﬁ+‘i‘e‘j¢sin(§jff:E4ﬁ+Fv€’ ]

@ f(t)="F,cos(w,t)p—F,sin(wy)q @ f(?) :‘F‘cos(gjcos(a)otﬂé)ﬁ+‘F‘sin(§)cos(mot—¢)ff

(F,, — ‘F‘Cos(é Polarization plane The vector f(z) does not change its direction and its tip moves
9 . 0 along a straight line:
F, :‘F‘sin¢ q = 8
: u
_’ n E{;t() and E}:O or (Fu:O and E}-‘/—‘O)ﬂ(ZF;—ZE}ZI’Zﬂ')
F‘ = JF +F p ( )
ua-v=0 &
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Linear Polarization

F=Fp+ [ B = Fle” cos| 2 +[Fle-*sin £ )9 = R+ 13 ]
= ~ : n = = 9 T n
@ f(t):chos(a)ot)p—Fqsm(a)ot)q @f(t)=‘F‘cos(z)cos(a)ot+¢)u+‘F‘sm(5)cos(a)0t—¢)v

Linear polarization: the vector f(¢)does not change its direction and its tip moves along a straight line.
To obtain linear polarization, one (just one) of the following three conditions must be enforced:

(F,#0 and F,=0) or (F,=0and F,#0) or (ZF,-ZF, =nr)

Corso di Campi Elettromagnetici — 18 Marzo 2021
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Polarization plane

f()=7.O)i + [, + [.()i.
F=Fi +Fi+Fi=Ae™i +Ae"i +Ae™I

F=Fp+F

@ f(t)="F,cos(w,t)p—F,sin(eyt)q

(F — ‘F‘cosqﬁ Polarization plane
p

~

q

Fq:‘i“sin¢ X
y u
F|l=\F+F’ P
u-v=0 &
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fo(@t)=A.cos(ayt+a,) ——— F,=Ae =R +]I,
Sy () =4, cos(a)ot+ay) _— Fy:AyejayzRy+jIy

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

F= ‘F‘e cos(gju+‘i‘ej¢sin(ﬁj€':ﬂﬁ+Fv€f
2 2
@ f(r)= cos( )cos(a)ot+¢ u+‘F‘sm[§jcos(a)ot—¢)€7

The vector f(¢) lies in the polarization plane (p.q) (which is
coincident with the plane (4,v)), and it changes in general
both its amplitude and its direction as the time elapses.

Two cases are of particular interest:
- Linear polarization
- Circular polarization
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Circular Polarization

f(t)=f.(0i + [, ()i, + f.(t)i.

- o 0 S ja,* ja, % ja, *
F=Fi+Fi+Fi=Ae"i +Ae i +Ae™"i

F=Fp+/Fd
@ f(t)=chos(a)0t)[3—Fq$in(a)ot)q

-

F = ‘F‘cosgﬁ Polarization plane
< Fq = ‘F‘sin¢ q
) u
F|=\F}+F/ p
u-v=0 o
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Ec: Axejax = Rx +]]x

fo()= A cos(ayt+ay)

fy(O=4, cos(a)ot+ay) ————— F,=A4" =R, +/l,

f.()=A4.cos(ayt+a,) —> F=A4e" =R + I

[ F =‘F‘e’¢ cos(ﬁ)ﬁ+‘f“e_j¢ sin(£j€'=Fuﬁ+Fv€f ]
2 2

@ f(t)= ‘17“‘ cos (gjcos(a)ot +¢)l+ ‘F‘sin (g)cos(a)ot —P)V

I
I+
NG
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Circular Polarization

. . . . fo(0)= A, cos(ayt+ar,)
f()=f,(0)i, + f,@0)i, + [ ()i o .
fy(t):Aycos(a)Ot+ay) — F,=4¢" =R, + ]I,

F;C = Axejax = Rx + jIx

~
.

F=Fi +Fi +Fi =A% +Ae™i + Ae'*i .
x'x T Oyy Tz x 23 Y yoooz g fz(t):AZcos(a)Ot+az) — F.=4e" =R +jI,

F=Fp+ jFq
@ f(t)= F, cos(wyt)p—F,sin(wy)q

5 T . T
sm(a +5) =Cosx ., sm(a —Ej =—COoSx
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Circular Polarization

P A 2 3 fx(t):AxCOS(a)Ot+ax) F;c:Axejaszx+jIx
f() = f.(Di, + [, (05, + [ ()i, ja .
fy(t):Aycos(a)Ot+ay) — F,=4¢" =R, + ]I,

F=Fi+Fi +Fi=Ae"™*i +A4%i +Ae'*i 4
x “x 'y z°z X X v y z z fz(t):Azcos(a)Ot-'_az) — F;zAzejazsz+j[z

F=Fpﬁ+qu(i ‘ e cos(?]uﬂﬂe"”’sin(%)f'=Fuﬁ+Fv€f
@ f(t)=F, cos(w)p—F,sin(w,)q [@ =F os(g)cos(a)ot+¢)ﬁ+‘f“sin(§jcos(a)ot—¢)€]

'-'N
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Circular Polarization

fo()= A cos(ayt+ay)

[(6)= L1+ 1,00, + L. .
fy(t):Aycos(a)Ot+ay) ————— F,=A4" =R, +/l,

Ec: Axejax = Rx +]]x

F=Fi +Fi+Fi =A% +Ae™i + Ae'*i |
XX Yy z°z x X y y z Z fz(t)IAZCOS(a)Ot+aZ) — F;:Aze]azsz-i_jIz

F:pr’Jerq‘i ‘ e cos(iju+‘f"e‘j¢sin(§j€':ﬂﬁ+ﬂff
@ f(t):chos(a)ot)ﬁ—lzsin(a)ot)q [@ft) ‘F‘cos( jcos(a)ot+¢ u+‘F‘sm(§jcos(a)ot—¢)€]

f(r)= ‘F‘cos[a)ﬁr j ﬂ (a)z‘+ j
\/— 0 \/_ 0

F

A%

F

u

T
LF —ZF =—+nr \' K
u v T T N F F

4
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Circular Polarization

The vector f(#) maintains a constant modulus
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Circular Polarization

The vector f(#) maintains a constant modulus

Stefano Perna — Universita Parthenope — Ingegneria Informatica, Biomedica e delle TLC Corso di Campi Elettromagnetici — 18 Marzo 2021



Circular Polarization

The vector f(#) maintains a constant modulus

Its tip moves along a circle with angular velocity o,
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Circular Polarization

T, .7
T
f(t):Hcos(wot+%)ﬁ+ﬂsin(a)ot+%j€'

J2

The vector f(#) maintains a constant
modulus and its tip moves along a
circle with angular velocity @,
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Circular Polarization

fo()= A cos(ayt+ay)

[(6)= L1+ 1,00, + L. .
fy(t):Aycos(a)Ot+ay) ————— F,=A4" =R, +/l,

Ec: Axejax = Rx +]]x

F=Fi +Fi+Fi =A% +Ae™i + Ae'*i |
XX Yy z°z x X y y z Z fz(t)IAZCOS(a)Ot+aZ) — F;:Aze]azsz-i_jIz

F:pr’Jerq‘i ‘ e cos(iju+‘f"e‘j¢sin(§j€':ﬂﬁ+ﬂff
@ f(t):chos(a)ot)ﬁ—lzsin(a)ot)q [@ft) ‘F‘cos( jcos(a)ot+¢ u+‘F‘sm(§jcos(a)ot—¢)€]

f(r)= ‘F‘cos[a)ﬁr j ﬂ (a)z‘+ j
\/— 0 \/_ 0

F

A%

F

u

T
LF —ZF =—+nr \' K
u v T T N F F

4
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Circular Polarization

. AN ‘F‘ n : AN
——=Ssin a)ot+z v f(t)= \/_cos W, — Z ﬁsm a)ot—z v

2 . - = N
{sin(a)ot + %ﬂz — @ ‘f(t)‘z = @{cos(a)ot — %Hz + ‘%{sm(%t —%ﬂz = ‘FT

AV

modulus and its tip moves along a
circle with angular velocity @,

PN
) : ‘F » %o 4
The vector f(¢) maintains a constant : NG .
: f(7)
1
1
v

-
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Circular Polarization

. AN ‘F‘ n : AN
——=Ssin a)ot+z v f(t)= \/_cos W, — Z ﬁsm a)ot—z v

2 - - - _
{sin(a)ot + %ﬂz — @ ‘f(t)r = @{cos(a)ot — %ﬂz + ‘FT{ ln(a)ot _%)T — ‘FT

AV

&/
w

-bikl

\

=>

The vector f(#) maintains a constant
modulus and its tip moves along a
circle with angular velocity @,

f(z)

o —————

-
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Circular Polarization

—s1n(a)0t+%jv f(t)= b_‘cos(a)ot %)l@b—z‘sin(a)ot—%jff

The vector f(#) maintains a constant
modulus and its tip moves along a
circle with angular velocity @,

o —————

f(z,)
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Circular Polarization

. . . . fo()= A cos(ayt+ay)
f(@0)=/f.@)i + [, + f.(i N _
fy(t):Aycos(a)Ot+ay) — F,=Adge "=R,+ I,

Ec: Axejax = Rx +]]x

F=Fi +Fi+Fi =A% +Ae™i + Ae'*i |
XX Yy z°z x X y y z Z fz(t)IAZCOS(w0t+aZ) — F;:Aze]azsz-i_jIz

F:pr)+qu(i [ F=‘F‘emcos(?)ﬁ+‘i‘e‘j¢sin(§jff:E4ﬁ+Fv€’ ]

@ f(t)="F,cos(w,t)p—F,sin(wy)q @ f(?) :‘F‘cos(gjcos(a)otﬂé)ﬁ+‘F‘sin(§)cos(mot—¢)ff

(F,, — ‘F‘Cos(é Polarization plane The vector f(z) maintains a constant modulus and its tip moves
< . 0 along a circle with angular velocity
F :‘F‘sin¢ q 2 = Y o

q A
U

.

F|=\F +F; p (F|=|F|) and (413,—4Fv=§+mj
u-v=0 &
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Linear Polarization

. . . . fo()= A cos(ayt+ay)
f(@0)=/f.@)i + [, + f.(i N _
fy(t):Aycos(a)Ot+ay) — F,=Adge "=R,+ I,

Ec: Axejax = Rx +]]x

F=Fi +Fi+Fi =A% +Ae™i + Ae'*i |
XX Yy z°z x X y y z Z fz(t)IAZCOS(w0t+aZ) — F;:Aze]azsz-i_jIz

F:pr)+qu(i [ F=‘F‘emcos(?)ﬁ+‘i‘e‘j¢sin(§jff:E4ﬁ+Fv€’ ]

@ f(t)="F,cos(w,t)p—F,sin(wy)q @ f(?) :‘F‘cos(gjcos(a)otﬂé)ﬁ+‘F‘sin(§)cos(mot—¢)ff

(F,, — ‘F‘Cos(é Polarization plane The vector f(z) does not change its direction and its tip moves
9 . 0 along a straight line:
F, :‘F‘sin¢ q = 8
: u
_’ n E{;t() and E}:O or (Fu:O and E}-‘/—‘O)ﬂ(ZF;—ZE}ZI’Zﬂ')
F‘ = JF +F p ( )
ua-v=0 &
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Field Polarization

- . . . fo(@t)=A.cos(ayt+a,) ——— F,=Ae =R +]I,
f(0) = £,()i, + £,(0F, + £.0)F. L
fy(t):Aycos(a)Ot+ay) — F,=Adge "=R,+ I,

F=Fi +Fi+Fi =A% +Ae™i + Ae'*i |
XX Yy z°z x X y y z Z fz(t)IAZCOS(w0t+aZ) — F;:Aze]azsz-i_jIz

F:pr)+qu(i F=‘F‘ej¢cos(§jﬁ+‘ﬂej¢sin(§j\7:ﬂﬁ+Fv€’

@ f(t)="F,cos(w,t)p—F,sin(wy)q @ f(?) :‘F‘cos(gjcos(a)otnwﬁ)ﬁ+‘F‘sin(§)cos(mot—¢)€7
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Field Polarization

Fszﬁijqu [ F:‘F‘ewcos(gjﬁJr‘f“ej¢sin(§)€7:Fuﬁ+Fv\7 ]
= n : A ~ - g A~ w9 n
@ f(1)=F,cos(wyt)p - F,sin(w,t)q @ f(t):‘F‘cos(zjcos(a)ot+¢)u+‘F‘sm(5jcos(a}0t—¢)v

Linear polarization: the vector f(¢)does not change its direction and its tip moves along a straight line.
To obtain linear polarization, one (just one) of the following three conditions must be enforced:

(F;io and F,=0) or (F,=0 and F,#0) or (LF, - ZF,=nrx)

Circular polarization: the vector f() maintains a constant modulus and its tip moves with angular velocity

@, along a circle in the polarization plane.
To obtain circular polarization, the following two conditions must be simultaneously enforced:

F|=|F| and LFu—Lszgﬂm

u v

In the more general case, the tip of the vector f() moves along an ellipse in the polarization plane. This case is
referred to as elliptical polarization.
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