PART 1

Transmission Lines






Electromagnetic of TEM
Transmission Lines

1.1. General waves

Generally, electromagnetic waves are given by the
solution of well-known Maxwell-Faraday formulas. These

formulas give electric and magnetic fields (5,52).In the case
without charges we have the following expressions:

oH

wl€ =i ot

1.2. Transverse electromagnetic (TEM) waves
The waves are propagating in a medium which is
— linear;

— homogeneous;
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— isotropic;

— without loss.

The medium being linear means that the permittivity
constant &£ and the permeability constant 4 are

independent of the frequency.

In the case of a harmonious state, the electric and
magnetic fields are of the form:

EMtEE (xy) etz
FEMtEH (xy) etz

where the propagating constant is:
y=a+jB
o is the attenuation and £ is the propagation.

When we consider only positive propagating waves, we
have a solution in -y, and the resulting electric and the

magnetic waves are:

g (M,t)ZE (X,y) e"”eﬂ‘”f*ﬂr)
jé (M,t):H (X,y) e"’zef(wt—ﬂ:)

The amplitude decreases by the factor ¢ “*. Also, phase is
constant if:

wt—Pz=ct

This means that:

wdt—fdz=0
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And we have the phase speed:

_dz @

Vp—E—ﬁ

Now we decompose the electromagnetic wave (Figure 1.1)
with:

— a part parallel to the propagating way z: E_(x,y)u ;

— a part perpendicular to the propagating way z: E,(x, ).

Figure 1.1. Decomposition of the EM field

In the case of transverse electromagnetic (TEM) fields,

the waves are transversal; then:
E =0
H.=0

which means that:

|

<)

E=0
H=0

<)
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And the transversal fields satisfy the following group of
equations:

div,E, =0 div,H, =0
rotTET =0 rotTFIT =0
7(ﬁAET)=jWﬂHT y(ii AH,)=—jweE,

To ensure the compatibility of these equations, we must
have

y=4jofue =+jp

And the TEM fields are lossless
a=0

From the quantity
o =0and f=wue

This gives

() (4

1
T8 wlue Jue

The TEM fields are propagating at the same speed as the
uniform plane waves c.

From these equations, one can deduce the values of
transversal electric and magnetic fields.
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where Z = \/E is the wave impedance.
£

TEM fields have the same properties as the uniform plane
waves. The only difference is that the TEM fields E’T and E’T

depend x and y. E'T, ET uand a trirectangle and direct
trihedral.

1.3. Solutions of the transverse electromagnetic waves
We have to satisfy:
rofET =0
div,E, =0
From the first equation, there is a scalar potential V' that
ET = —gra(? V.
In the second formula, we obtain:

div, (grac?V) =0

This means that the Laplacian of the potential V' is zero:

AV =0

—If TEM waves exist, then there are at least two
conductors.

— The conductors are at the same potential.

—The force lines (E field) are orthogonal to the
equipotential.
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™ . equipolential
;

forces lines

Figure 1.2. Two conductors

— If magnetic and electric fields are orthogonal, then the
determination of the EM fields of TEM conductors is the
same as a problem of electrostatic. We have to resolve:

ETz—graciV
AV =0
AAE, =0

H, =%(ﬁAET)= —%ﬁ A gradV

1.4. Characteristic parameters of the TEM lines
1.4.1. Capacitance per unit of length
The charge density of the conductors in Figure 1.3 is:
ps=D, =ﬁL,D=gﬁvE
ps =—€gradV i, = € gradV i
Ps = 8‘ grac? V‘
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Figure 1.3. Capacitance by length
On the surface S,, the chargeis Q0= ﬂ psdS = g” ‘ grad V‘dS
s, s,

On the surface S,, the chargeis —Q.

The potential between the two conductors S, and S, is:

V:TEdf:—Tgracinf:—TdV:Vsl ~Vy =V, -V,

Si Si Sy

Then, in the plane the capacity is

8” ‘ grac? V‘ as
C=—¢
J grac? Vdl

Si
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1.4.2. Characteristic impedance

—

Figure 1.4. Characteristic impedance

The superficial density of current is longitudinal because:
Iy=iinH, =|H,|ii
And the total current is:

1=([I;aS=|[(inH,)ids=[[|H,|iidS=[[|H,|dS
S, S, S, S,

Then:

1= [l fas - [flgradras --2-=

And by definition of the characteristic impedance

;Y ez
I C
where Z =% is the wave impedance of the plane waves.

£
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We also have

C:g£
Z

1.4.3. Conductance per unit of length

The lines of H, are the equipotential. Let us calculate the
flux ¢ of the vector B.

Figure 1.5. Conductance

We have:
adV
|H T|d1 dl ‘g ‘
V4
And the flux:

|B|dl:,u|HT|dl:,ud7V: uedv
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M
¢:j¢ﬁ&we ﬂsV:%;
5

But:

o=LI=\Juev

L:\/,LTS?: nez,

This can be written as:

L=H¢
C

Notice that the speed of the propagation of the TEM
waves is the same as that of the classical theory of lines:

In the case of the TEM lines, we have, in fact, to
remember only the expressions of the capacity, of the
inductance and then of the characteristic impedance:

7

c

L=\Juez,

-
C

And we have the justification of the Kirchoff theory in the
case of the TEM waves.
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1.5. The power
1.5.1. Density

We define the density of magnetic power and of electric
power by

W, :%Ln* :%.[JyI:ITFI;dS
S

VT/EleVV*zl
4 4

H eE, E;dS
S
1.5.2. Flux

If a phenomenon is periodic, its average value over a long
time tends to be its average value in one period.

ﬁ:me{%ﬂ(@ﬁ*) ws}:s)te{%jj(mﬁ*) ﬁdS}

1 — ok 1 I~ %) — = =\
Siunk —E{(E.E Jii-(Eii).E'}

Since E is perpendicular to i, only the first part of the
double vectorial product is different from zero, and using

E =—grac§V , we get

P9t o ([EE ds = [loradt a5
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Now Green’s relation gives the integral with the grad of
two functions ®,¥ as:

[[(grad ®.grad ¥ + ¥ A®)dS = h¥ grad @.iidi
N C
where C is aclose outline around surface S.

m

Z

Figure 1.7. Green in the case of two conductors

To use Green’s formula, we take
d=¥=V
And using

AV =0
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starting with an integral of order 2, we arrive at an integral
of order 1 as:

ﬂ‘grac?V‘z ds = Cf)grac?Vﬁ dl
N C

and

g -4 4

c G

The integrals around C, and around C, are easy to
calculate as:

$ =v.§gradv i di = VlcﬂgmﬁV‘dz _on
G ¢

G €

In the same manner:

g __9on

G €

And the total integral is then:

§ =L;-n)

z £

And we can obtain the average power flux:

2
F:me{ig}zx r
27 € 27,

In general, this is a real quantity
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1.6. Problems
1.6.1. The band-line

1) A band-line is made up of two parallel conductors
(Figure 1.8). When we consider the simplified model (without
the border effects), we can calculate the potential.

Figure 1.8. The band-line and the waves

2) Let us compute the total charge, the capacity by length,
the inductance by length and the characteristic impedance.

SOLUTIONS.—
1) To simplify the problem, we neglect the border effects.

It is the same if we have a magnetic wall at the two sides
(Figure 1.9).

=
Y

Figure 1.9. The electric waves of the band-line when
neglecting the border effects
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We have to verify
2

AV =0 or Z =0
X

The problem is only a function of x:

v __g
dx
V(x)=—Ex+C*

The conditions are:

{sz,VzO} 4
=>F=——
x=a,V=a

and:
Vix)=v>
a
2) The total charge is:

b b
szpsdl=—gEIdl=—£Eb=gVé
a

0 0

The capacity by length is:
o=crv; c=e?
a
The inductance by length is:

HE
L=—; L=
C M

ST
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The characteristic impedance is:

L U a a
Z.=|=; Z.=|%==z=
C\E C\Eb b

We recover the same values by using the electrostatic
theory.

1.6.2. The coaxial cable

1) Give the expressions of the potential of a coaxial cable.
2) Deduce the electric and magnetic waves.

3) What is the characteristic impedance, the capacity and
the inductance by unit length and density power?

SOLUTIONS.—

1) Electric waves are radial and magnetic waves are
perpendicular to electric waves (Figure 1.10).

Figure 1.10. The waves of the coaxial cable

We have to verify in circular cylindrical coordinates:

2
AV_li( an 19V _,

= — y— |+ ——=
ror\ or r* 96°
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Symmetry revolution gives that V' is independent of 6:

2
d IZ ~0
06
Then:
i }"d—V :0 = rd_V:Ct" = dV:Cwﬂ
dr dr dr r

A general solution is:
V(ry=C"Logr+C/

And with the limiting conditions:
V(a)=V, V(b)=0

we have

2) Computing the waves, the electric wave is purely
longitudinal:
E=E, £=-2
dr

ro
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The magnetic wave depends only on 6:

rZLog(bj
a

3) The characteristic impedance is:

Z. =£L0g(§j

where Z= Ho =120 inthe air

&

The capacity and the inductance by unit length are,
respectively:

Zc Log(j
a
L:ﬂ_eziLog[éj
C 2 a

The density power is
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