
Communication Electronics

Lecture 2:

Telegrapher's equations
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CMOS
memory

CMOS
microprocessor

Unidirectional
address bus

Bidirectional
data bus

Rout≪RK Ri n≫RK
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RK RK

TerminationTermination
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Unidirectional transmission
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RS232 19.2kbit /s

USB 12Mbit /s

Ethernet 100Mbit /s

Ethernet 1Gbit /s

TX data

TX data

TX data

TXA data

RXBdata

RX data

RX data

RX data

RXA data

TXBdata

+   
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RK≈100Ω
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18m range
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Bidirectional 250Mbit /s×4 twisted pairs
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→

Guess the solution u(t , z )=Re [U⋅e j (ω t±k z) ] i (t , z )=Re [ I⋅e j (ω t±k z) ]

± j k⋅U=(− jω L / l−R / l )⋅I

± j k⋅I=(− jωC / l−G / l )⋅U

k [ rdm ]=√−( jω L / l+R / l)⋅( jωC / l+G / l )=β− jα≡(angular )wavenumber

Z K
[Ω ]=

U F

I F
=−

U R

I R
=
jω L / l+R / l

j k
=√ jω L / l+R/ l

jωC /l+G / l
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Reflected
wave

Forward
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u(t , z )=Re [U R⋅e
j (ω t+k z)

+U F⋅e
j(ω t−k z )]

Frequency domain

β [ rdm ]≡ phase constant

α [Npm ]≡attenuation constant

ω [ rds ]=2π f



Low−loss frequency domain

Copper wire+excellent dielectric
R/ l≪ω L / l G / l→0

k=√−( jω L /l+R / l)⋅ jωC / l=√ω2 L/ l⋅C / l⋅(1+ R / l
jω L / l )=ω√L / l⋅C / l⋅√1− j

R/ l
ω L/ l

Z K=√ jω L / l+R/ l
jωC / l

≈√ L / lC / l

k≈ω√L / l⋅C /l⋅(1− j
R/ l

2ω L / l )=ω√L / l⋅C / l− j
R/ l
2 √C /l

L / l
≈ω√L/ l⋅C / l− j

R / l
2Z K

k=β− jα →

β≈ω√L / l⋅C / l=ω
v

α≈
R/ l
2Z K

Reflected
wave

Forward
wave

u(t , z )=Re [U R⋅e
j (ω t+β z)eα z+U F⋅e

j (ω t−β z)e−α z ]



ϵr

b

a

Z K=
Z 0

2π√ϵr
ln
b
a
≈
60Ω
√ϵr

ln
b
a
≡characteristic impedance

δ δ=√ 2
ωμ0 γ

≈6.73μm≡ penetrationdepth intocopper

Example : f =100MHz Copper : μ≈μ0 γ=56⋅106 S
m

R / l=Rwire / l+R shield /l=
1

2π aδ γ
+

1
2πbδ γ

=
1

2πδγ (
1
a
+
1
b )

α [Npm ]= R/ l
2 Z K

=
√ϵr

2bδ γ Z 0
( ba+ 1)/ ln ba

a / l [ dBm ]=−20
ln 10

α=−(10√πϵ0ln10 ) 1b √
ϵr f
γ ( x+1ln x )

x=
b
a

teflon 2.1

PE 2.3

foam 1.5

air 1

53.0Ω

50.7Ω

62.8Ω

76.9Ω

ϵr Z Koptx=3.6

Coax calculation

L/ l=
μ0

2π
ln
b
a

C / l=
2π ϵ0ϵr

ln
b
a

Z 0=√
μ0
ϵ0



a / l [ dBm ]=−(10√πϵ0ln10 ) 1b √
ϵr f
γ ( x+1ln x )

SingleTEM mode limit :

f MAX≈
c0

π(a+b)√ϵr
≈6.84GHz

xMIN=3.591121476668622≈3.6

Example : a=2mm b=7.2mm
ϵr=2.3 f =100MHz γ=56⋅106S/m

a / l [ dBm ]≈−0.023dB/m=−23dB/km

x=3.6

Coax design
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Line l

z=l

Z

z=0

z

Z '=?
Γ '=? Γ

Γ=
Z−Z K

Z+Z K

k=β− jα → u(t , z)=Re [U R⋅e
j(ω t+β z)eα z+U F⋅e

j(ω t−β z )e−α z ]

Γ=
U R⋅e

j (ω t+β l)eα l

U F⋅e
j(ω t−β l)e−α l

Γ '=
U R

U F

=Γ⋅e− j 2β l e−2α l

Γ=
U R

U F

⋅e j 2β l e2α l

Z '=Z K⋅
1+Γ '
1−Γ '

Passive load
Z=R+ jX R≥0 ←→ ∣Γ∣≤1

Load transformation

Loss−less impedance inverter

β l=π
2

α=0
→

Γ '=−Γ

Z '=
Z K

2

Z
Re [Γ]

Im [Γ]

1−1

− j

j

R≥0R≥0
R<0

Γ



Smith chart



Standing wave energy
(reactive power)

Reflected
power

Forward
power

P=
1
2
U⋅I *=

1
2

[U R⋅e
j (ω t+β z )eα z+U F⋅e

j (ω t−β z)e−α z ]⋅[−U R

Z K

⋅e j (ω t+β z)eα z+
U F

Z K

⋅e j (ω t−β z)e−α z ]*

P=
∣U F∣

2

2Z K

⋅e−2α z
−
∣U R∣

2

2 Z K

⋅e2α z+ j
∣U F⋅U R∣
Z K

⋅sin (2β z+ϕ)

Power & energy

Re [P ( z)]=PF ( z)−PR( z)=
∣U F∣

2

2Z K

⋅e−2α z
−
∣U R∣

2

2Z K

⋅e2α z

PR( z)=P F (z )⋅∣Γ( z)∣
2

Re [P ( z )]=PF (z )⋅(1−∣Γ(z )∣
2 )

(Voltage)Standing−Wave Ratio
(loss−less case only : α=0)

(V )SWR=ρ=
U MAX

U MIN

=
1+∣Γ∣
1−∣Γ∣

1≤SWR=ρ<∞

∣Γ∣=
ρ−1
ρ+1

≤1 Passive
load

∣Γ∣=
ρ+1
ρ−1

>1 Active
load



1 2

Two− port network

[ S 11 S 12

S 21 S 22
]

1 2

Two− port network

[ S 11 S 12

S 21 S 22
]Z

K

Z
K

S 11=
Z 1−Z K

Z 1+Z K

=?

S 22=
Z 2−Z K

Z 2+Z K

=?

Reflection
parameters
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Two− port network

[S 11 S 12

S 21 S 22
]

1 2

Two− port network

[S 11 S 12

S 21 S 22
] Z

K

S 21=
2U l

U g

=?

Z
K

~ U g U l

Z
K

~U g

Z
KU l

S 12=
2U l

U g

=?

Transmission
parameters
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