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Theory of transmission lines
(eg coaxial cable)
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C '= Parallel capacity per unit of length (F / m)

L = Series inductance per unit length (H / m)

G '= Parallel conductance per unit of length (S /m)
R '= Series resistance per unit of length (€ / m)
Z'=R'+ joL ¢ Impedance per unit of length (€ / m)
Y '=G '+ j ®C' Admittance per unit length (S/ m)




Theory of transmission lines

(coaxial cable)
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o = metal conductivity

Telegraph equations
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Secondary parameters of the line

Y=o+ JB = JZ' Y' = \/(R'+ij')(G'+j(DC') Propagation constant

(attenuation and phase)
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Coaxial cable
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V(z Vet +Ve!
Z(2)= I((z)) =20\ g7ty Impedance along the line

r(z)= Ve _ Voo reflection coefficient along the line
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Transmission lines terminated on loads
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with losses without losses

Z(-1)=z Z, cosh(y 1)+ Z,sinh(y1) 2(1)=7 Z, cos(B1)+ jz,sin(B1)

®Z,cosh(y1)+Z, sinh(y1) ®Z,cos(B1)+ jz, sin(pl)

For a "long" line with losses it results F(- I) =0




Line terminated on a matched load
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Line terminated on a resistive load
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Line terminated on a short
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Impedance, voltage and current
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Resonant circuits
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Short circuited Line

For | <lambda/ 4
Leq = X(-) /0= (Zy/ ®) tan B |
For | <lambda/ 12

Leg = ZoBl/ @ = Zl/c = LI




Line terminated on an open circuit
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Line terminated on an open circuit

For | <lambda/ 4

Ceq =B ©=(Yo/ ©) tan B |

For | <lambda/ 12

Ceq =Yol/c = CI

SWR

Ve with nO
<= losses

}.

2

Standing Wave Ratio

(SWR)
Matched load Z, =72, p=0 SWR=1
Short Circuit Z, =0 p=1 SWR=«

Open Circuit Z, =« p=1 SWR=«
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Impedance Smith Chart

Inductive Region
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Coaxial Cable

Commercial products
flexible coaxial cables
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Commercial products
semi-rigid coaxial cables

Commercial products
spline coaxial cables

Spline

Center conductor

Quter conductor
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Dielectric Materials
Solid PTFE

The dielectric used in most modern coaxial cable is polytetrafluoroethylene (PTFE), also known as TeflonS
(a Dupont registered trademark). Solid PTFE is an extruded form, which is relatively sensitive to tem-
perature changes. The solid PTFE has a negative phase shift with temperature,® i.e., as the temperature
increases the electrical length decreases. Both the phase and characteristic impedance solid PTFE coaxial
will change with changes in temperature.

Expanded PTFE

To improve the temperature performance of the coaxial cable, a more stable dielectric is PTFE that has
been expanded with air. Another benefit due to a smaller dialectic constant of expanded PTFE is the
reduction of the dielectric losses (g, is approximately 1.60). See Table 6.9 for examples.

Splined PTFE

To further reduce the dielectric losses, a unique cable configuration was developed: the spline cable. This
dielectric sheath is made such that ridges or splines run the length of the cable, supporting the center
conductor within the outer conductor, as shown in Fig. 6.105. The spline structure reduces the dielectric
loss to nearly that of air. In addition, this configuration has a positive phase shift with temperature.®

EM field in the cable

o(r,0) = ([)Zi_bq)lln(r)ntc2 = In(r) (ro,60.20)
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EM field in the cable

Unimodal frequency region

The first higher order mode is the TE;

Figure 5-3 The electromagnetic field pattern for the TE, mode in a coaxial line
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Cable RG 58/V

Unimodal band
a=0.44 mm b=1.46 mm (2a=0.035 inches, 2b=0.116 inches)

frem = 0.0 GHZ

fu = VI(n(a+h)) = (3-108/N2.1)/(3.14 - 1.9 - 10°3) = 34.7 GHz

Characteristic impedance

Zozc_mE: 120m 1,146 _ 49 6 =500
2n a J2.12rn 044

Cable RG 58/U

Wire attenuation (copper)

_ 109.91.10-2
f=1GHz o _ [ed021207 (00 o
89 8-36m-5.7-10%
l 1 lo+3 10+3
(***) 0.44 " 1.46
- | %=0_016410*3T=0.040
8 0 In=——
a 0.44

Agg =0.040-8,686 - 30,5=10,6[dB; 5]

1 foot = 30,5 cm
100 ft=30,5m
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TABLE 6.10 | Common Coaxial Connectors

Connector Type  Cutoft Frequency ~ Mating Torque

| BNC 4.0 GHz N/A |
SMB 4 GHz N/A
SMC 10 GHz 30-50 in-oz
TNC 15 GHz 12-15 in-lbs

| Type-N 18 GHz 1215 in-Ibs|
7 mm 18 GHz 12—15 in-lbs
SMA 18 GHz 7-10 in-Ibs
3.5 mm 26.5 GHz 712 in-lbs
2.9 mm 46 GHz 8-10 in-lbs
2.4 mm 50 GHz 8-10 in-lbs

rectangular
waveguide




Geometry of the Rectangular Waveguide

Commercial Products
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Study of the EM Field in the Waveguide

Purely transverse electric field (TE): E; =0

Purely transverse magnetic field (TM): H, =0

TE Mode Transverse Solution
(Rectangular Waveguide)

m n . .
hz(X,Y)=ACOS—nX-coany eigenfunction
a

m?m?®  n’g? eigenvalue

k2 =———+
a’ b?

m=0,1, . o n=0,1,. «

the case m = n = 0 — null field is excluded
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EM field Longitudinal Solution

Progressive wave
Z.(z,t) =Im {Ple“"‘zze“"”t }=|P1|e‘°°zzsen(cot —B,z+¢;)

constantphase —  @dt—f,dz =0 = v; :E: phase

o
dt B, velocity

Regressive wave

Z.(z,t)=Im {Pze“"‘zze”‘”t }:|P2|e+°‘ZZsen((ot +B,z+¢;)

odt+p,dz =0 —v,=32__© phase

d p, Vvelocity

Phase Constant
Longitudinal  transversal

Condition of separability

(lossless waveguide)

2
kz = ﬂz - jaz = \/a)zlug_a)cz,ug =W\ & 1- a)_cz
w
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Dispersion Curves

TE,,
1 L
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clltl':;l TEy \ ™, TE,
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cuu:;'f cutofld
Unimodal Region
2 2 2_2
m-rm n-m
k2= (Z:MS: 5 + > m=0,1,. « n=0,1,. «
a b
2.2 22 1
C m n —
fo=— LI c —\/_
2n\ a? b2 ue

Unimodal region 1.25f,, <f<0.95f_,
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Example WR-90 waveuide

a=2286mm b=10.16 mm
(a=0.9 inches, b=0.4 inches)

fu0) = €/2a = 3-10%/(2 - 22.86 - 10°3) = 6.56 GHz
fo0) = C/a = 3-10%/(22.86 - 10%) = 13.12 GHz

RF/microwave Systems

Denominations Frequency Interval GHz (109 Hz)
HF 0.003 - 0.030
VHF 0030 - 0.300
P (Previous) UHF 0.300 - 1.000

millimeter 400 - 3000
Terahertz >300.0

*Used in WW II for fire control, X for cross (as in crosshair).
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Field in Rectangular Waveguide TE,, Mode

h,(x)=Acos X
a

h, (x)=]Bsen Ty e,(x)=—jCsen Tx
a a

Transverse Electric Field
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Longitudinal Electric Field

circular
wavequide
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Geometry of the Circular Waveguide

TE Modes
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TM Modes

k
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Fundamental TE;; Mode

___ Electric field lines
_ Magnetic field lines

Electrical Circular Modes TE,,,

a) TE01 mode b TE02 mode
eIJI—r eaxjﬂ‘i”

Electric field lines
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microstrip

Geometry of the Microstrip

A
Y
w
—— |
e ‘ . .
v metallic strip
h 1 S 4 s dielectric substrate
]
é »
X
ground plane
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Quasi TEM Mode

material
Alumina 99 %
Alumina 96 %
Alumina 85 %
Sapphire

Glass
Polyolefin
Duroid (Roger)
Quartz
Beryllium

GaAs (high-res)
Silicio (high-res)
Air (dry)

Substrates

surface
finish (um)

0.25
20
50

0.025
0.025
1
0.75-8.75

0.025

1.25

0.025

0.025

104tan &
(10 GHz)

1-2
6
15
0.7
20
1
5-60
1
1
6
10-100
=0

2-10
3.8
6.6
13
12

Thermal
conductivity
(W/cm?/°C)

0.37
0.28
0.20
0.4
0.01
0.001
0.0026
0.01
25
0.3
0.9
0.00024
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Analysis Equations

w
—
€ R metallic strip

h o dielectric substrate
W
x
ground plane

Zeo 1
8eff c CO 8eff

Characteristic Impedance
300 '
Z, [Q] €r

250 1 i

200 ) i
3

150 - 3 i
6

100 —0 i
16

50 i

0 T T
0.1 1 wh 10
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Phase Constant

dominant
mode C

B oe,
0\

quasi-TEM
mode

(D/Co

higher
order

dielectric
propagation

modes

air
propagation

»

f

Higher Order Modes

YA yA
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APPENDIX
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APPENDIX

y=JR +jwl) - (' +jwC")
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=ij(1+zl}_-(G' + R'))
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