
Communication Electronics

Lecture 4:

Antennas and propagation
of electromagnetic waves



Conversion ( x , y , z)→(r ,Θ ,Φ)

r=√ x2+ y2+ z2

Θ=arccos ( z /√ x2+ y2+ z2 )
Φ=arctan ( y / x) (quadrant ?)

1⃗r= 1⃗ xsinΘcosΦ+ 1⃗ ysinΘ sinΦ+ 1⃗ z cosΘ

1⃗Θ= 1⃗ x cosΘcosΦ+1⃗ y cosΘ sinΦ−1⃗ z sinΘ

1⃗Φ=−1⃗x sinΦ+1⃗ y cosΦ

Spherical
3D=(r ,Θ ,Φ)
0≤r [m ]<+∞
0≤Θ[ rd ]≤π
0≤Φ[rd ]<2π

Conversion (r ,Θ ,Φ)→(x , y , z )
x=r sinΘcosΦ
y=r sinΘ sinΦ
z=r cosΘ

1⃗x=1⃗r sinΘcosΦ+ 1⃗ΘcosΘcosΦ−1⃗ΦsinΦ

1⃗ y=1⃗r sinΘsinΦ+ 1⃗ΘcosΘsinΦ+ 1⃗Φ cosΦ

1⃗ z=1⃗r cosΘ−1⃗ΘsinΘ

x

y

z

zr 1⃗Θ

1⃗r

1⃗Φ

Θ

Φ

r⃗ 0≤Θ≤π → sinΘ≥0

Cartesian
3D=(x , y , z )

−∞< x [m ]<+∞
−∞< y [m ]<+∞
−∞< z [m ]<+∞

Righthanded
1⃗x×1⃗ y=1⃗z 1⃗r×1⃗Θ= 1⃗Φ

Orthogonal
1⃗ x⊥ 1⃗ y⊥ 1⃗ z⊥ 1⃗ x

1⃗r⊥ 1⃗Θ⊥ 1⃗Φ⊥ 1⃗r

Coordinate systems



Maxwell equations

Spatial
derivatives

∇= 1⃗x
∂
∂ x

+1⃗ y
∂
∂ y

+1⃗ z
∂
∂ z

Ampère
Faraday
Gauss

∇× H⃗= J⃗ + jω D⃗
∇× E⃗=− jω B⃗
∇⋅D⃗=ρ

B⃗ [Vs /m2
]≡magnetic flux density

D⃗ [As /m2
]≡electric displacement field

E⃗ [V /m ]≡electric field intensity
H⃗ [A /m ]≡magnetic field intensity
J⃗ [A /m2

]≡conductive current density
ρ[As/m3

]≡electric charge density

Time−harmonic
derivative

∂
∂ t

= jω

Vector operations
A⃗=1⃗ x A x+1⃗ y A y+1⃗ z Az

A⃗⋅B⃗=Ax Bx+A y B y+Az B z

A⃗× B⃗=∣
1⃗x 1⃗ y 1⃗z

Ax A y Az

B x B y B z
∣

Matter
D⃗=ϵ E⃗
B⃗=μ H⃗
J⃗=γ E⃗

Potentials
V [V ]≡scalar potential

A⃗[Vs/m ]≡vector potential
E⃗=− jω A⃗−∇V

B⃗=∇× A⃗

Wave equations
(Lorenz gauge)
Δ A⃗+k 2 A⃗=−μ J⃗

ΔV +k 2V=−
ρ
ϵ

Laplace Δ= ∂
2

∂ x2+
∂

2

∂ y2+
∂

2

∂ z2

k=ω√μ ϵ=
2π
λ
≡wavenumber

Retarded potentials

A⃗( r⃗ )=
μ

4π∫V '
J⃗ ( r⃗ ' )

e− jk ∣⃗r− r⃗ '∣

∣⃗r− r⃗ '∣
dV '

V ( r⃗ )=
1

4π ϵ∫V '
ρ( r⃗ ' )

e− jk∣⃗r− r⃗ '∣

∣⃗r− r⃗ '∣
dV '



ω≠0
h≪r
h≪λ

x

y

z

z

ρ

r

A⃗

Θ

Φ

r⃗

h
Wire I

A⃗≈ 1⃗z

μ I h
4π

e− jkr

r
=(1⃗r cosΘ−1⃗Θ sinΘ )

μ I h
4π

e− jkr

r

H⃗=1⃗Φ

I h
4π

e− jkr( jkr +
1

r2 )sinΘ

E⃗=
Qh
4π ϵ

e− jkr [ 1⃗r ( jkr 2 +
1

r3 )2cosΘ+ 1⃗Θ(− k 2

r
+
jk

r2 +
1

r3 )sinΘ]

Electrode
+Q

C

Electrode −Q

~

Continuity
I= jωQ

Small electric dipole

H⃗=
1
μ ∇× A⃗

E⃗=
∇× H⃗
jωϵ

Radiation

R=
Z k2h2

6π
=

2π Z
3 ( hλ )

2

L

~

L

C

Re [ S⃗ ]=Re [ 12 E⃗× H⃗ *]= 1⃗r
Z k 2

32π2
∣I∣

2
h2 sin2

Θ

r2



ω≠0
a≪r
a≪λ

x

y

z

z

ρ

r

A⃗

Θ

Φ

r⃗

H⃗=
IA'
4π

e− jkr [ 1⃗r ( jkr2 +
1

r3 )2cosΘ+1⃗Θ(− k 2

r
+
jk

r2 +
1

r3 )sinΘ]

Small magnetic dipole

H⃗=
1
μ ∇× A⃗

E⃗=− jω A⃗−∇V= 1⃗Φ

Z IA '
4π

e− jkr ( k
2

r
−
jk
r2 )sinΘ

Radiation

~
L

Re [ S⃗ ]=Re [ 12 E⃗× H⃗ *]= 1⃗r
Z k 4

32π2
∣I∣

2
(A' )2 sin2

Θ

r2

A⃗≈ 1⃗Φ

μ I (π a2
)

4 π
e− jkr( jk

r
+

1

r2 )sinΘ

I

a

A '
~

Q=0 → V=0

R=
Z k4 (A ')2

6π
=

8π3 Z
3 ( A '

λ
2 )

2

L

A '=πa2



h≫√ A '

R=
Z k4 (N A ')2

6π
=

8π3Z
3 ( N A '

λ
2 )

2

f ≈1MHz
A'≈1cm 2

h≈20cm
μr≈100
N≈30

Z 0=√
μ0
ϵ0
≈377Ω

λ=c0 / f =300m
R≈0.35μΩ

I loop=N I

R=
Z k 4 (μr N A ' )2

6π
=

8π3Z
3 (μr N A '

λ2 )
2

Ferrite
μr≫1A'

~

f ≈300kHz
A'≈1m2

N≈10

Z 0=√
μ0
ϵ0
≈377Ω

λ=c0 / f =1km
RS≈3.1μΩ

I loo
p
=
N
I

~

A'

I

I

Ferrite antenna ~ 1970

Loopantenna~ 1920



Solid
angle
Ω[srd ]

S⃗=1⃗r

P radiated

A

PTX

r S⃗

P radiated=ηPTX

EIRP=D P radiated=G PTXG=ηD≡gain
G [dBi ]=10 log10G

A=Ω r2

S⃗=1⃗r

ηPTX

Ω r2

S⃗=1⃗r

ηD PTX

4π r2

S⃗= 1⃗r

G PTX

4π r2

D=
4π
Ω

≡directivity

D [dBi ]=10 log10 D

Lightbulb η

Reflector D

Free space
μ0 ϵ0

loss−less !

Directional transmitter

η≡efficiency
0≤η≤100%



x

y

z

E⃗ (r ,Θ ,Φ)
r

Φ

Θ

S⃗ (r ,Θ ,Φ)D=
Re [ 1⃗r⋅S⃗ (r=R ,ΘMAX ,ΦMAX ) ]
〈Re [ 1⃗r⋅S⃗ (r=R ,Θ ,Φ)] 〉

D=
∣F (ΘMAX ,ΦMAX )∣

2

〈∣F (Θ ,Φ)∣
2
〉

D=
4π∣F (ΘMAX ,ΦMAX )∣

2

∯
4π

∣F (Θ ,Φ)∣
2
dΩ

D=
4π∣F (ΘMAX ,ΦMAX )∣

2

∫
0

π

∫
0

2 π

∣F (Θ ,Φ)∣
2
sinΘdΘ dΦ

Directivity for arbitrary radiation patterns

Radiation pattern
F (Θ ,Φ)



IR remote     
    c

ontrol     
    

R

~

~
~

~
~

R
Power transfer 

Radio link

Thermal noise 

DTX
ηTX

DTX
ηTX

ARX
ηRX

ARX
ηRX

Coherent reception
( phase important )

Non−coherent reception
( phase unimportant )

Coherent transmission
( phase defined )

Non−coherent
transmission

( phase
undefined )

Phased array
Single−mode

fiber

Power station
Photodiode

Phased array
LASER

Antennacoherence

Thermal
noise
LED



Harald Friis 1945

R~
DTX
ηTX
(GTX )

(AeffTX )

AeffRX
ηRX

(DRX )

(GRX )

PTX

PRX

Antenna gains : P RX=PTXGTX GRX ( λ
4π r )

2

Antenna sizes : PRX=PTX

ηTX AeffTX AeffRX ηRX

λ
2 r2

PRX=PTX

ηTX DTX AeffRX ηRX

4π r 2

r ( far field ?)

Free space
μ0 ϵ0

loss−less !

R
ec
ip
ro
ci
ty
!

Coherent
transmission

Coherent
reception

Friis equation

Coherent antenna

D=
4π

λ
2 Aeff

G=
4π

λ
2
ηAeff



Δl

πλ/2
π/2λ/4
π/4λ/8
π/8λ/16

ΔP[dB]

−3.922
−0.912
−0.224
−0.056

r≥

d2/4λ
d2/2λ
d2/λ
2d2/λ

Usage
Photo depth of field

Antenna measurements

Lord Rayleigh 1891

Δ PdB≈20 log10∣sin (Δϕ/2)Δϕ/2 ∣

r≫d

λ d

r+Δ l

Phase tighter thanmagnitude ARX<ΩTX r
2

r≫d
ARX

Δ l=√r2
+(d /2)2−r≈d 2

/8r

Δϕ[ rd ]

Δϕ=k Δ l

Coherent reception
( phase important )

Rayleigh distance

Example photocamera
Lens≡d=2mm
λ=0.5μ m

DoF≡d 2/4λ=2m

Point
source

Antenna
far field

r≥
2 d 2

λ
F (Θ ,Φ)
D G



C

L

C C

L

L

L

L

L

Thinwire
2w≪λ

~
x

λ
4

z

λ
4

y

r⃗

r⃗− r⃗ '

z '

dz '

Θ

Θ '

I ( z ')

I g

~

Half −wave dipole

I λ /2=∫
0

2 π [ cos (
π
2

cosΘ)
sinΘ ]

2

sinΘdΘ≈1.218827

D=
4π

2π I λ /2
≈

2
1.218827

≈1.64≈2.15dBi

R=
Z 0

2π
I λ /2≈60Ω I λ /2≈73.1Ω

Far field d E⃗≈ 1⃗Θ '

jkZ 0

4π
I (z ' )dz '

e− jk ∣⃗r− r⃗ '∣

∣⃗r− r⃗ '∣
sinΘ '

d E⃗≈ 1⃗Θ

jkZ 0

4π
I (z ' )dz '

e− jkr

r
e jkz ' cosΘ sinΘ

Current standing wave
I (z ' )= I g cos(k z ' )

E⃗= ∫
−λ/4

λ /4

d E⃗= 1⃗Θ

jZ 0

2π
I g
e− jkr

r

cos(
π
2

cosΘ)
sinΘ

F (Θ ,Φ)=
cos (

π
2

cosΘ)
sinΘ



D=
∣S⃗MAX∣

P /(4π r 2
)
=

4π∣∬
A

E0 (x , y)dA∣
2

λ
2∬

A

∣E 0(x , y)∣
2
dA

Example E0(x , y)=const. → D=
4π
λ

2 A

S⃗=1⃗r

∣E∣2

2Z 0

=1⃗r

(1+cosΘ)2

8Z 0λ
2 r 2 ∣∬

A

E0(x , y)e
jkx sinΘ cosΦe jky sinΘ sinΦ dA∣

2

P=∬
A

S⃗ 0⋅⃗1 z dA=∬
A

∣E0(x , y)∣
2

2 Z 0

dA
ΘMAX=0 → cosΘ=1 sinΘ=0

S⃗ MAX=
1⃗r

2Z 0λ
2 r2∣∬

A

E0(x , y)dA∣
2

Aperture
A>λ2

z

S⃗ 0
(x
, y
)

r⃗S⃗ ( r⃗ )

D=
4π
λ

2 Aeff=
4π
λ

2 η0 A Aeff=
∣∬
A

E 0(x , y)dA∣
2

∬
A

∣E 0(x , y)∣
2
dA

η0=
∣∬
A

E0 (x , y)dA∣
2

A∬
A

∣E0( x , y)∣
2
dA

≡ illumination
efficiency

Aperture radiation

Θ

x

y

Aeff=η0 A≡effective area



ε
r
>1~ ~ ~

~ ~
ε

r
>1ε

r
<1

Phased
array

Converging
mirror

Converging
dielectric lens

Artificial dielectric
converging lens

Diverging lensTEM horn

Aperture directional antennas
(SWS )



Metal rods h≈0.45λ
(ShintaroUda 1926)

Crossed metal rods
(both polarizations)

Helix 0.75λ<c<1.33λ
(circular polarization , J.Kraus 1946)

Wire loops c≈0.9λ
(different shapes , loop−Yagi)

Metal disks 2 r≈0.3λ
(both polarizations , disk−Yagi)
(J.C.Simon & G.Weil 1953)

h

c

2 r

s≈0.1... 0.4λ

s≈0.1... 0.4λ

h

c≈λ

s≈0.21... 0.25λ

x

y

x

z

z

z

z

x

y

z

Slow−wave structures



ρn≈√nλ dTX d RX

dTX +d RX

x

y

z
d RX

ρ1

ρ2ρ3

l1

l 2

l 3

l n=rTX +r RX=dTX +d RX +nλ/2

dTX

Fresnel
ellipsoids

Fresnel
zones

An≈A1≈πρ1
2

ρ≪dTX , d RX

rTX≈dTX+
ρ

2

2dTX

rRX≈d RX+
ρ2

2 d RX
TX RX

Radio

Microwaves

Light

141mRadio

14.1m

5.8cm

100MHz

10GHz

600THz

Radio ρ
1

d
TX

=20km

d
RX

=10km f

3m

3cm

0.5μm

λ

62831m2

628m2

0.0105m2

A
1

Fresnel ellipsoids



Fresnel
integral

z
dTX

x

y

d RX

h
RXTX

ΘTX

rTX=√dTX2
+ x2

+ y2

ΘRX
dA r RX=√d RX

2 + x2+ y2

dA=dx dy

Ob
sta
cle

Approximation

Exact

E=E∞

j

ρ1
2∫
h

∞

e
− j π

x2

ρ1
2

dx∫
−∞

∞

e
− j π

y2

ρ1
2

dy

Knife−edge diffraction

E=E∞

1+ j
√2π

∫
√π
ρ1

h

∞

e− j u2

du

Approximation h≥ρ1

adB≈−16−20 log10
h
ρ1

adB=20 log10
1
√π∣∫√π

ρ1
h

∞

e− j u2

du∣x , y≪dTX , d RX

cosΘTX≈1
cosΘRX≈1

ρ1≈√λ dTX d RX

dTX+d RX



hTX

hTX

hRXHorizontal distance d≈3km

Direct ray rd

r r

1st F
resn

el el
lips

oid

Reflected ray r
r

Γ

1st Fresnel
zone

hRX≈1.5m

hTX≈30m

hTX , hRX≪d → Γ≈−1
polarization independent
u≪1 → sin u≈u

GTX

GRX

f ≈900MHz
λ≈33cm

TX mirror image

Ground reflection

P RX≈P RX ∞[2sin (2π hTX hRXd λ )]
2

≈PTXGTXGRX

hTX
2 hRX

2

d 4

Urban−environment measurements →P RX≈PTXGTXG RX αhTX
2 hRX

2 d−N 3<N <5

Rayleigh roughness

δ≤ λ
16 cosΘ

≈6λ

Θ



N
78.084 %

2

O
20.946 %

2

Ar
0.9340 %

CO
0.0407 %

2

Ne
0.001818 %
He
0.000524 %

CH
0.00018 %

4Kr
0.000114 %

H
0.000055 %

2

0.04338 %

Atmospheric attenuation



h

Interference
Additional
attenuation

A B

C D

Total
reflection

Refraction Refraction

Fog
high n Cold

air

Sea level

Warmair → low n

Temperature
T (h)

H
ig
h
n

L
ow

n

Drawing
not t o scale

Temperature inversion
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