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²  The goal of these lectures is to provide C-AD mechanical engineers some background in RF.  

²  The formulae for the most part will not be derived, but rather given with (hopefully) sufficient explanations.  
²  We are not in a position to cover all topics, but just a few directly related to developing accelerating 

structures. RF circuits, power generation, LLRF, etc. will not be covered. Most of the topics came from the 
original request of Steve Bellavia.  

²  The material is split into three lectures that will be delivered during two one-hour sessions on April 19th 
(3:00 pm to 4:00 pm) and April 21st (10:00 am to 11:00 am). 

 
¨  Lecture 1 – S. Belomestnykh – April 19: Transmission lines and S-parameters. 

¨  Lecture 2 – Q. Wu – April 19 & 21: Resonant cavities (pill-box, elliptical cavities, quarter-wave and 
half-wave resonators), figures of merits. 

¨  Lecture 3 – W. Xu – April 21: Input couplers, multipacting, HOM couplers. 



Outline 
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¨ What is an RF transmission line? 
¨  Transmission line parameters. 

¨  Reflection. 

¨  Impedance transformation in transmission lines. 

¨  S-parameters. 

¨  Common types of transmission lines used in accelerators: 
Coaxial line and Rectangular waveguide. 



What is an RF transmission line? 
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¨  In general, a transmission line is a medium or structure that forms a path to direct energy 
from one place to another. 

¨  In RF engineering this term has a more specific meaning: transmission lines are specialized 
cables and waveguides designed to carry alternating current (AC) and electromagnetic 
waves of radio frequency è the currents with frequency high enough that its wave nature 
has to be taken onto account. 

¨  RF transmission lines “enclose” electromagnetic waves, preventing them from being radiated 
off the line, which would cause power loss. 

¨  RF currents also tend to reflect from discontinuities such as connectors, and travel back 
down the line toward the source. These reflections act as bottlenecks, preventing the power 
from reaching the destination. 

¨  Transmission lines use specialized construction such as precise conductor dimensions and 
spacing, and impedance matching, to carry electromagnetic signals with minimal reflections 
and power losses. 



Properties of transmission lines 

April 19, 2011 S. Belomestnykh: Transmission lines, matching, S parameters 5 

¨  A transmission line can be modeled as a two-port network: 

¨  The network is assumed to be linear for simple lines, and the two 
ports are interchangeable. 

¨  If the line is uniform along its length, then its behavior is largely 
described by a single parameter – the characteristic impedance Z0, 
ratio of the complex voltage of a given wave to the complex current 
of the same wave at any point of the line. 

¨  When sending power down a transmission line, it is usually 
desirable that as much power as possible will be absorbed by the 
load and as little as possible will be reflected back to the source. 
This can be ensured by making the load impedance equal to Z0, in 
which case the transmission line is said to be matched. 

¨  A small section of a transmission line can be analyzed using 
lumped-circuit analogy. A unit-length-long piece of the line is 
represented by a series inductor L with resistance R and a parallel 
capacitor C with conductance G: 

port 1 

port 2 



Properties of transmission lines (2) 
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¨  The inductor L represents a current-carrying conductor, forming a magnetic field around itself that delays 
the voltage. The resistance R represents ohmic or resistive losses in the conductor. These two parameters 
form the impedance: 

  Z = R + jωL 

¨  The capacitor C is due to finite distance between two conductors. Finally, the conductance G represents 
the dielectric losses in a dielectric medium that fills the space between two conductors. These two 
parameters form the admittance: 

  Y = G + jωC 

¨  One can imagine now that a transmission line is built of an infinite number of infinitely short length of this 
type of two-port network cascaded one after another. 

¨  Two parameters can be derived using the impedance and admittance: 
1.  The propagation constant 

 

here α is the attenuation constant, β = 2π/λ is the phase constant (wave number). 
2.  The characteristic impedance 
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Reflection 
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¨  Let us excite a transmission line with: 

 
¨  A wave will proceed along the line: 

¨  If the line is terminated with an impedance ZL not equal to the line characteristic impedance, not all energy 
propagated down the line will be absorbed. Part of the incident wave will be reflected back because the 
line is mismatched: 

 

¨  The voltage and current across the load (at l = 0) 
 have to satisfy 

¨  From here we can get the reflection coefficient: 

¨  The voltage standing wave ratio is defined as 
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Impedance transformation 
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¨  It can be shown that the impedance measured at a given position l from the load impedance is 

 
 

 
¨  Special cases: 

²  half wavelength, βl = nπ :    Zin = ZL 

²  quarter wavelength, βl = (2n+1)π/2 :   

²  matched load:     Zin = ZL = Z0 

¨  This property of the transmission line is used to design impedance matching networks or to provide a very 
rigid support to the center conductor: 

Zin l( ) = Z0
ZL + Z0 tanh !l( )
Z0 + ZL tanh !l( )

! Z0
ZL + jZ0 tan !l( )
Z0 + jZL tan !l( )

Zin =
Z0
2

ZL



Sources of attenuation 
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¨  Attenuation can be contributed by many factors: 

²  Resistive losses 
²  Dielectric losses 

²  Mismatch losses 
²  Losses due to radiation 

¨  The first two are absorptive by nature – they dissipate energy. The last two reflect the energy and guide it 
away from the transmission line, respectively. 

¨  When considering resistive losses, one needs to take into account the skin effect. As frequency increases, 
skin effect becomes more critical. At high frequencies the current is restricted to travel only in the surface 
layer of the conductor. The skin depth is the thickness of the layer where the current density drops to 1/e 
the value on the surface: 

here s is the specific conductivity of the conductor. Warning: this formula is not applicable to very good 
conductors (e.g. copper) at low temperatures. One has to take into account the anomalous skin effect. 

¨  Most dielectric materials have losses, which are taken into account by the imaginary part of the 
permittivity: 
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Sources of attenuation (2) 
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¨  Mismatch losses occur when not all available power reaches the load, but part of it reflected back. It 
describes how many decibels less than incident power available is being absorbed by the termination: 

¨  Return loss tells us how far down the reflected wave is from the incident wave: 

¨  Openings on the transmission line (e.g. poorly fitted connectors and flanges, copper mesh outer 
conductor) allow the electromagnetic wave to radiate out of the line and cause losses. At high frequencies 
some cables are double- and even triple-shielded to alleviate losses due to radiation. 

mismatch loss [dB]= !10 log10 1! "
2( )

return loss [dB]= !20 log10 "



S-parameters 
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¨  Scattering parameters or S-parameters are coefficients (elements) of a scattering matrix. They are used to 
describe behavior of linear microwave networks. 

¨  S-parameters are members of a family of similar parameters: Y-parameters (admittance), Z-parameters 
(impedance), T-parameters (transmission), and ABCD-parameters (cascade or transmission line).  

¨  S-parameters are widely used in RF/microwave measurements as they formulate the transformation 
properties in terms of incident and reflected waves and use matched loads. S-parameters can be directly 
measured with network analyzers. 

¨  It is common to normalize incident and reflected waves as 

¨  And then for a two-port network the S-parameters are given by 

¨  With the source applied to port 1 and the output matched so that a2 = 0, S11 is just the input reflection 
coefficient (magnitude and phase), and S21 is the transmission coefficient. 
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T-parameters 
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¨  For cascaded networks it is more useful to use transmission or T-parameters  

¨  Then for the cascaded network 
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Transmission lines: coaxial line 
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¨  Two types of transmission lines are commonly used in 
accelerator RF systems: a coaxial line and a rectangular 
waveguide. 

¨  The coaxial line has two conductors, center and outer, 
and therefore can support TEM mode (as well as 
waveguide modes).  

¨  The bandwidth of a coaxial line is theoretically infinite, 
however in practice the maximum frequency is limited to 
the cutoff of the lowest waveguide mode → the line 
dimensions become smaller at high frequencies. 

¨  The characteristic impedance of the coaxial line is 

¨  If the losses are small 
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Losses in coaxial lines  
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¨  The equivalent circuit parameters for the coaxial line are: 

here Rs = 1/σδ   is the surface resistivity of conductor. 
¨  From these parameters we can get the attenuation due to conductor losses and due to dielectric losses 

¨  Attenuation in decibels per meter is 8.686 times the attenuation in nepers per meter. 
¨  Losses at lower frequencies are usually dominated by the conductor losses and increase as √f  due to skin 

effect. 
¨  For fixed Ro, minimal attenuation is achieved at Ro/Ri = 3.6 (77 Ohm), maximum power (limited by the 

breakdown electric field at the inner conductor) can be carried by a line with Ro/Ri = 1.65 (30 Ohm), 
maximum voltage between the conductors can be maintained at Ro/Ri = 2.72 (60 Ohm).  
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Commercial coaxial lines 
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¨  Coaxial lines are fabricated as cables (flexible, 
semi-flexible, semi-rigid) and rigid lines.  

¨  Rigid lines are specified by their impedance and 
outer connector OD. 



Connectors for coaxial lines 
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¨  There is a wide variety of coaxial connectors available for 
use at different frequencies and power levels. 

¨  EIA (Electronic Industries Alliance) standard connectors are 
used for rigid lines. 

¨  The table lists some of them and their maximum frequency. 

SMA  Type N  

7-16 DIN 7/8 EIA 



Transmission lines: waveguide 
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¨  Waveguides can support only TE and TM modes. Usually the lowest mode, TE10, mode is used and the 
bandwidth is limited by the cutoff frequencies if this and the next lowest modes. For TE10 

¨  A rectangular waveguides is the most common type. 
¨  Waveguides are usually less lossy than coaxial lines due to bigger dimensions and absence of inner 

conductor. 
¨  Losses increase as ~f 3/2 as in addition to the skin depth decrease one has to use smaller and smaller 

size waveguides. 
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Modes in rectangular waveguide 
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Commercial waveguides 
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¨  WR waveguides are commercially produced.  
¨  The number after WR is the width (a) of the waveguide in inches×100. 



Rectangular waveguide data 
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