
Communication Electronics

Lecture 1:

Range and capacity of
wired and wireless links



W S [J ]≡signal energy

W N [ J ]≡noise energy
Claude Shannon1948

Information≡ I≤
1
2

logm(1+
W S

W N
) [ symbols ]

m≡alphabet size

m=26 letters

m=2 binary digits(bits)

m=10 decimal digits

T

Smoke signals

Natural cloud

Mountain

Fire

Shannon ' s theorem



Capacity≡C=
dI
dt

=
1

2T
logm(1+

W S

W N
) [ symbols /s]

Bandwidth≡B=
1

2T
[Hz ] C=B⋅logm(1+

W S

W N
) [ symbols /s]

Power≡P=
dW
dt

[W ] C=B⋅logm(1+
P S

P N
) [ symbols /s ]

C=B⋅log2(1+
PS

P N
) [bit /s]

Noise power≡P N=B⋅N 0
Noise spectral density≡N 0 [ W

Hz
=J ]

C=B⋅log2(1+
P S

B⋅N 0
) [bit /s]

Link capacity

Signal period≡T [s]



OPTICS

ELECTRONICS/RADIO

log N 0≡noise spectral density

Thermal noise :
P N=B⋅k B T

Boltzmann constant [K ] :
k B=1.380649⋅10−23 J /K

Shot noise :
P N =B⋅h ν

Planck constant [kg ] :
h=6.62607015⋅10−34 Js

N 0/k B=11000K

N 0=k B T

T =293K

P N =B⋅N 0
ν=231THz

(λ0=1.3μ m)

WHITE NOISE

BLUE N
OIS

E

ν≥30THz
f ≤100GHz

log f → log ν≡ frequency
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C=B⋅log2(1+
P S

B⋅N 0
) [bit /s]

C

B

P S=const.

C≤lim
B→∞

C=C∞=
PS

N 0 ln 2

C∞

Strict theoretical limit !

Power−limited link



B=const.C

P S

C=B⋅log2(1+
P S

B⋅N 0
) [bit /s]

Spectral efficiency≡
C
B [ bit /s

Hz
=bit ]

Practical interference limit :

C
B

≤10 bitBandwidth−limited link

+ Interference

Interference≡P I=Pmultipath+Pnonlinear+Pcrosstalk

C=B⋅log2(1+
PS

B⋅N 0+P I
)



Example : analog−telephone modem

Speech frequency band 300Hz ... 3400Hz → B=3100Hz

Guaranteed signal /noise ratio S /N ≈35dB=10
35
10≈3162

C=B⋅log2(1+
PS

P N
)=B⋅

ln(1+
PS

P N
)

ln 2
≈3100Hz⋅

ln (1+3162)

ln 2
≈3100Hz⋅

8.059
0.693

≈36kbit /s

How t o make a 56kbit /s modem?



Coaxial−cable link

r
PTX P RX

P RX =PTX⋅e−2α⋅r

Coaxial cable attenuation a / l≈−20dB/km @ B≈100MHz

G  G  G  

a≈−40dB

l≈2km

RXTX

a≈−40dB

l≈2km

RRRRL L L L

C C C C

Characteristic impedance≡Z K≈√ L / l
C / l

[Ω] Attenuation coefficient≡α≈
R / l
2 Z K

[ Np
m ]

U RX =U TX⋅e−α⋅r
Attenuation / length≡a / l=

−20
ln 10

⋅α [ dB
m ]

Equivalent circuit

U TX U RX



1960 a / l≈−1000dB /km → useless for long−distance communications

Total reflection → n1>n2

1970 a / l≈−17dB/km Corning → competititve t ocoaxial cable !

1977 a / l≈−0.2dB/km almost theoretical limit for SiO2 glass @λ0≈1.55μ m

Cladding n2

Cladding n2 SiO2

Core n1 SiO2+GeO2

d cladding

d core

d

Glass d=250μ m ...80μ m → 125μ m

d cladding>30μ m≫λ

Plastic a / l≈−150dB/km

TlCl 4 theoretical a / l≈−0.001dB/km → practical −1dB/m @ λ0≈3μ m

Optical− fiber link

Photo
diode

∣Γ∣=1

∣Γ∣=1

LASER
diode

d core≈3μ m ...60μ m
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Frequency

Free−space wavelength λ0Fiber attenuation



Wireless link → wave propagation

TX Ω

r

PTX

A=Ω⋅r2

S=
PTX

A
=

PTX

Ω⋅r2

RX

ARX

P RX =S⋅ARX =PTX

ARX

Ω⋅r2 =α⋅r−2

Lossless
( free ) space

Obstacle loss
(diffraction)

P RX =α⋅r−n

n≈3...5

∑ Bradio≤100GHz



E
H

≈Z 0

E
H

=Z 0=√
μ0
ϵ0

≈377Ω

Rayleigh

r=
2 d 2

λ

Only here exist :
D ,G , F (Θ ,Φ) ,

Friis equation

Fresnel :
radiative
near field

geometrical optics

Fraunhofer :
far field

wave optics

E
H

≠Z 0

r= λ
2 π

Reactive
near field

MIMO :
C / B≈20bit

Two polarizations
(two modes):
C / B≤20bit

Multimode
transmission :
C / B≫20bit

d

Radiation
source

Near a nd far field



λ = 100nm          1μm           10μm          100μm            1mm             1cm             1dm             1m              10m
f  = 3PHz          300THz       30THz           3THz            300GHz       30GHz         3GHz         300MHz    30MHz
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Technology? Microwaves

Radio
V

is
ib

le
w

in
do

w

T
he

rm
al

IR
w

in
do

w

400GHz       ITU RR       9kHz

A
tm

os
ph

er
ic

tr
an

sm
is

si
on



Coax
100MHz

Trans−
oceanic

fiber
10Tb /s

Starlink
λ≈7mm
A≈0.1m2

Inter−
satellite

λ≈1.3μ m
A≈0.01m2

Mobile comms
diffraction loss

Backplanes Link comparison
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