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From L and C to a cavity

With a gap in the beam

pipe we still have both Creates E-field for

ends at the same put a cavity in there accelerating the particles
electric potential

v

[ —— >
Vv _jE dz=0
. | E, X
Beam ==% = > |
Short circuit, >
thus no scalar
potential difference >
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Capacitor at high frequencies, Can the short-circuit be avoided?

The Feynman Lectures on Physics Answer: No - but it doesn’t bother us at high frequencies.
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Maxwell’'s equations (1)

PATH OF
INTEGRATION

¢ CHANGING

PATH OF
INTEGRATION
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B WITH TIME

Ampere's Law :

§H-d|=|:| +1

conduction

oD,

displacement = Gt

displacement

where the electric flux ©

Is given by

®, = [D-ds =¢[E-ds,
S S

D designating the electric flux density.

Faraday's Law:

oD
§E.d|:— atB

with the electric flux ® 5
g = [BdS = [ HdS
S S

Integral form

Engineering

Basics

curlH =VxH =] +@
ot

with the current density J
and the magnetic field H

curlE :VxE:—@

ot
with the electric field E

and the magnetic field B

differential form



Maxwell's equations (2)

Gauss' Law
(Electricity):
LD dS=0Q

with the electric
displacement D

S=TOTAL SURFACE
Q=TOTAL CHARGE INSIDE S

Gauss' Law

LB-dS:O

Integral form
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(Magnetism):

divD=V-D=p
with the charge density p
divB=V-E=0

there are no magnetic charges

differential form

Basics



Displacement and conduction
currents in a simple capacitor

end plates =
sides planes of
a pillbox cavity

surface S
for vacuum and approximately for air:
U= o =4n-107 = 1.2566-10° Vs/(Am)

7 —>
/ \ £ = g, = 8.854-10"2 As/(Vm)
\

Icond ro disp | Icond
_’_ _____ { _> ,I ¢

\ /

\\ /

/ < > /
\\-// E
voltageV = [ E -dz R The conduction current

distance d

continues as displacement

| current over the capacitor gap

@ cond
oD ok OE
Displacement current in dielectric: 1, = 8tD = 6‘_“58 = &S Y
: : 0 oV S  oE oE
Conduction current in conductor: 1,4 = 6? C— e Hd - SE
with the electric flux ®, and the charge Q. -
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Let there be waveguide modes ©

Details have been discussed in other lectures (hopefully ©)

h...height
For all homogeneous waveguides W width
(any cross section), there are two

. L...length
basic types of modes: =ho

¢ H modes (Europe) = TE (US) AT Y
¢ E modes (Europe) = TM (US) h¢ SabY 4 A " j[ ;

H modes are characterized by the fact that they have only an H-component in the
direction of propagation and no E-field in this direction

E modes on the other hand are characterized by the fact that they have only an E-
component in direction of propagation and no H-field in this direction

— Waveguide modes in a homogeneous waveguide with homogeneous fill (no
partial fill with dielectric) have a field of (maximum) five components maximum

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Waveguides



Well known waveguide modes (1)

The most well known waveguide modes are:
Transverse electric field in cross section
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¢ Rectangular waveguide:
¢ H,, (TE,y) (fundamental mode)
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Pictures: courtesy E. Jensen
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Well known waveguide modes (2)

¢ Cylindrical waveguide:
¢ H,, (fundamental mode, 2 polarizations)

How is the polarization
defined?
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Why E field? Because it is
easier to measure!
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Pictures: courtesy E. Jensen
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Less well known waveguide modes

¢ Rectangular waveguide (transverse electric field in cross section):

Pictures: courtesy E. Jensen

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Waveguides
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Rectangular waveguide
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1. Cross-sectional view
2. Longitudinal view

Modes in a rectangular waveguide with 3. Surface view
dimensions a and b.
solid lines: E field, dotted lines: H field

a. Inside Broad Dimension
b. Inside Narrow Dimension

Reprinted from Saad, T S, Microwave Engineers’
Handbook, Artech House
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Less well known waveguide modes (2)

¢ Circular waveguide (transverse electric field in cross section):
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¢ TE,;: 2 pairs of maxima in azimuth, one maximum radially
¢ TE;;: 3 pairs of maxima in azimuth, one maximum radially

Pictures: courtesy E. Jensen
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Circular waveguide
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Mode chart of a rectangular

10

waveguide
i Firo
|
5 -5 .
| o o7 |
A
10
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0,5 22+ 722
0 02 04 08

A., = free space wavelength at cutoff
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Mode chart of a cylindrical

waveguide
HOI HH\ i H!2
’fn ﬁ_or Hy Ey Hy Eyl |Ep Ey
R

D T ——
0 ! 2 3 r/(n)
iy

Why is the reference the H;; mode?

Because it is the fundamental mode of the cylindrical waveguide!
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Elliptical waveguide (1)

E field lines for TE;, mode E field lines for TE.,; mode

\ _,_// Y

2a
-t e

The small index c stands for the
polarization and refers to sine (s)

3 ;

% é or cosine (c).

L 3 : :

Ey g The cut-off wavelengths of the various modes that can propagate in
) . . . . .

ggg an elliptical waveguide can be found analytically using rather

ST complicated methods or numerically.

£0 3=
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O L =

X ol
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Elliptical waveguide (2)

Typical attenuation o
values for flexible 50.0

elliptical waveguides: .

0.0

Rigid rectangular
cross-section 20.0
waveguides are
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Elliptical

waveguide (3)

Datasheet
GROUP GROUP
OPER. CUTOFF  MAX. VSWR/ ATTENUATION clB/100m (ft) AVG.  VELOQTY DELAY

WVG. FREQ. FREQ. RETURN IN THE OPERATING FREQUENCY BAND POWER KW % ns/100m (ft)
TYPE GHz GHz LOSS, dB LOW BAND MID BAND HIGH BAND  MID BAND MID BAND  MID BAND
E30 2.7-3.1 1.8 1.128/24.4 1.61(0.49) 1.49 [0.45) 1.4 (0.43) 30.37 784 4254(129.7)
E38 36-42 24 1.15/23.1 237 (0.72) 2.20 (0.67) 2.08 (0.63) 16.27 788 A23.20129.0)
EP38 36-42 24 1.083728.0 237 (0.72) 2.20 [0.67) 2.08 (0.63) 16.27 788 423.2(129.0)
Ed5 44-50 288 1.15/23.1 2.92 (0.89) 2.80 {0.85) 273 (0.83) 10.93 700  4221(128.7)
EP4E 44-50 288 1.0837280 2.92 (0.89) 2.80 (0.85) 2.73 (0.83) 10.93 700  422.1(128.7)
ES46 44-50 3.08 1.15/23.1 3.60(1.12) 3.55 (1.08) 3.49 (1.06) 839 755 41.6(1346)
ESP46 44-50 308 1.073/29.1 3.60(1.12) 3.55 (1.08) 3.49 (1.06) 839 755 4416 (134.6)
EPSE 44-62 356  1.083/28.0 5.10 (1.55) 3.96 (1.21) 3.60 (1.10) 6.54 741 4503(137.2)
E6D 5.6-6425  3.65 1.15/23.1 415 (1.27) 3.95 (1.20) 3.80 (1.16) 7.24 794 4203(128.1)
EPSO 5.6-6425 365  1.0621305 4.15(1.27) 3.95 (1.20) 3.80 (1.16) 7.24 794 4203 (128.1)
E6S 5.0-7.125 401 1.15/23.1 4.9 (1.50) 45(1.37) 4.25 (1.30) 5.26 787 423.8(129.2)
EPSS 50-7125 401 1062305 4.9 (1.50) 4511.37) 4.25 (1.30) £.26 787 4238(129.0)
EPT0 64-7.75 434 1.06230.5 5.5 (1.68) 5.0 (1.52) 4.8 (1.46) 4.65 791 4215(1285)
E78 7.1-85 472 1.15/23.1 6.2 (1.89) 5.8(1.77) 5.6 (1.71) .67 796 419.0(127.7)
EP78 7.1-85 472 1.062305 6.2 (1.89) 5.8(1.77) 5.6 (1.71) 367 796 419.0(121.7)
EP100 00-10.0 643 1105260 9.5 (2.90) 8.9(271) 8.4 (2.56) 1.01 736 4531(138.1)
E105 10.0-11.7 649 1.15/23.1 0.6 (2.92) 9.2(2.79) 8.0 (2.71) 1.77 700 417.30121.2)
EPI05 _ 100-117 649 1062305 0.6 (2.92) 9.2 (2.79) 8.0 (2.71) 1.77 700 M7.3(121.2)
E130 107-1325 743 1.15/23.1 12.6 (3.84) 11.5(3.52) 11.1(3.39) 1.22 785  424.8(1295)

— EP130 107-1325 743  1.083/28.0 12.6 (3.84) 11.5(3.52) 1.1 (3.39) 1.22 785  424.8(129.5)

° ., E150 13.4- 1535  8.64 1.15/23.1 14.6 (4.44) 14.0 (4.26) 13.7 (4.16) 0.88 797 418.6(127.6)

E ) EP1S0  13.4-1535  B.64  1.083/28.0 14.6 (4.44) 14.0 {4.26) 13.7 (4.16) 0.88 797 418.6(127.6)

o 3 E185 173-197 1106 115231 20.3 (6.17) 19.4 (5.92) 18.9 [5.75) 0.51 802  416.1(126.8)

L35 EPIBE  173-197  11.06  1.083/28.0 20.3 (6.17) 19.4 (5.92) 18.9 (5.75) 0.51 802 H16.1(126.8)

EpQ E220 212-236 1336 1.105/260 28.8 (8.77) 283 (8.63) 28.1 (8.56) 031 803 4156 (126.7)

ol E250 2425-265 1506 115231 33.2(10.1) 32.4(9.88) 32.0 (9.75) 031 805  413.2(126.3)

= o = E300 275-334 1905 115231 50.0 (15.2) 46.0 (14.0) 4441135 0.14 781 &27.1(130.2)

JSR=R E380 70-305 2345 115231 613 (187) 60.7 (18.5) 60.0 (18.3) 0.09 7901 421.9(128.6)

= ap

amn 2

LWL =

X oW

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Waveguides
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General Solution for a
Rectangular (brick-type) Cavity

When describing field components in a Cartesian coordinates system
(assuming a homogeneous and isotropic material in a space charge free
volume) with harmonic functions (angular frequency o) then each Cartesian
component needs to fulfill Laplace's equation:

ki = o’gyu, k, freespace wave number

kK, =271, A, freespace wave length
As a general solution we can use the product ansatz for ¥

W =X(x)Y(y)2(2)

AY +kie ¥ =0

From this one obtains the general solution for ¥ (WY may be a vector potential
or field) standing waves

w_ {A.cos(kxx)+ B .sin(kxx)}{c .cos(k,y)+ D .sin(kyy)HE .cos(k,2)+ F ,Sin(kzz)} J

A"e—jkxx‘l‘ B|.eijX C"e_jkyy+ Dl’ejkyy E"e_jkzz+ Fl'ejkzz

Nz travelling waves
with the separation condition Ku = a see also: G. Dome, RF Theory
(, F + (i, f o+ () = (k) 2, k=5 CERN vellow Repor 45,03, val.
kZ = E W. Demtroeder, Experimentalphysik 2,

. C _ Springer 2004
F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity basics 20



General Solution In
Cylindrical Coordinates

As a general solution we can use the product ansatz for ¥

¥ =R(p)F(p)Z(2)
From this one obtains the general solution for ¥ (Y may be a vector potential
or field) standing waves

w_ A-J,(k p)+B-N,(k,0)](C-cos(mp)+D-sin(mg) E-cos(kz_z)+F-si_n(kzz) (J
A-H?(k p)+B-HO(k p)[| C-eI™+Due™ E.e ki Frelts

and the functions travelling waves
J,. -..cylindrical harmonics of the Bessel function of order m

N, ...cylindrical harmonics of the Neumann function of order m
H®Y ... Hankel function of the first kind of order m (outward travelling wave)
H® ... Hankel function of the second kind of order m (inward travelling wave)

HY =3, +JiN,, . . o
Hint: the index m indicating the order
H® =] —jN_ of the Bessel and Neumann function
Here the separation condition is shows up again in the argument of the
P sine and cosine for the azimuthal
(k,, )2 n (kZ )2 — (ko )2 £ 1, dependency.

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity basics 21



Bessel Functions (1)

A nice example of the derivation of a Bessel function is the solution of the
cylinder problem of the capacitor given in the Feynman reference (Bessel

function via a series expansion).

1

nsfF

1]

first root of the Bessel /

function of 0™ order 05
a

10

the term “root”
stands for zero-
crossing

\

second root of the Bessel
function of 1st order

Comment: For the generalized solution of cylinder symmetrical boundary value
problems (e.g. higher order modes on a coaxial resonator) Neumann functions are
required. Standing wave patterns are described by Bessel- and Neumann functions
respectively, radially travelling waves in terms of Hankel functions.

Hint: Sometimes a Bessel function is called Bessel function of first kind, a Neumann
function is Bessel function of second kind, and a Hankel function=Bessel function of

third kind.

F. Caspers, S. Federmann; JUAS 2013 RF Engineering
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Bessel Functions (2)

Some practical numerical values:

ko Jylx) Jy(x)
24048 38317

—

2 85201 T.M4a6
2 B.B537 101735

11.7915 13,3237

.

5 149309 164706

See: http://mathworld.wolfram.com/BesselFunctionZeros.html

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

gy (x)
58.13586
a.4172

11.6198
14,7960

17.95495

g3 (x) g (x)
f.3802 T.5883

97610 11.0647
13.0152 143725
16.2235 176160

19.4094 205264

J5 (x)
87715
12,3386
15.7002
18.9801

222178

Cavity basics
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Bessel Functions (3)

For determination of cutoff frequencies of E and H type waveguide modes
(travelling wave case):

. m 0 i 1 2 3
% 7
S g, | By | #ax | Hyg
£ 1 3,832 1,841 3,054 4,201
. i B, H,, H,,
= 9 7.016 | 5,331 | 6,706 8,015
2
2 o Hyg H, Hy g Hgg
5 5 3 10,173 | 8,536 9,069 | 11,346
d. GL’. m 0 1 2 3
g é i
E % EOl Ell Eﬂ] E31
S5 1 2,405 3,832 5,136 6,380
£g Beg | Eyy | By | Fa
55 2 5,520 7,016 8,417 9,761
x T o
Vo3 E13 Ly, Eaa
3 8,654 | 10,173 | 11,620 | 13,015

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity basics



Neumann Functions

Neumann functions are often also denoted as Y ().

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity basics
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Electromagnetic waves

. Propagation of electromagnetic waves inside empty metallic channels is
possible: there exist solutions of Maxwell's equations describing waves

. These waves are called waveguide modes
. There exist two types of waves,

m Transverse electric (TE) modes:
—> the electric field has only transverse components

m Transverse magnetic (TM) modes:
—> the magnetic field has only transverse components

. Propagate at above a characteristic cut-off frequency

. In a rectangular waveguide, the first mode that can » A AAAAAAA AL &
propagate is the TE,, mode. The condition for o AAAAAAAAA
propagation is that half of a wavelength can “fit” into o hAAAAAAA AL
the cross-section => cut-off wavelength A, = 2a o h AAAAAAA L

. The modes are named according to the number of field o hnAAAAAAA N
maxima they have along each dimension. The E field of o h AAAAAAA N ¢ -
the TE,, mode for instance has 1 maximum along x Transverse E-field of the
and 0 maxima along the y axis. fundamental TE,, mode

. For circular waveguides, the maxima are counted in the

radial and azimuthal direction

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity basics




Mode Indices in Resonators (1)

E TEo1

|
[
I
I
|
|
|
VDT \ ( o v/
Z . - // / N :
“f T A [ TT\A\/ HlOl

For a structure in rectangular coordinates the mode
indices simply indicate the number of half waves
(standing waves) along the respective axis. Here we

have one maximum along the x-axis, no maximum in
vertical dimension (y-axis), and one maximum along
the z-axis. TE,y, corresponds to TE,,,

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity structures
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Mode Indices in Resonators (2)

TM For a structure in cylindrical
010 coordinates:

- EOlO The first index is the order of the
Bessel function or in general
E cylindrical function.

Z The second index indicates “the
' root” of the cylindrical function which
is the number of zero-crossings.

The third index is the number of half
waves (maxima) along the z-axis.

Hint: In an empty pillbox there will be
no Neumann function as it has a

B, pole in the center (conservation of
energy). However we need Bessel
and Neumann functions for higher
order modes of coaxial structures.

The number m of maxima along the
azimuth is coupled to the order of the
Bessel function (see slide on theory).

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity structures 28



Fields in a pillbox cavity

Cavity height: h
cavity radius: a

TMy;0 Mode resonance

E = E,;0 mode resonance for

z| |  |a=0.3831=1531/4

a/ E, TM,, resonance frequency
independent of h!ll

In the cylindrical geometry the E
and H fields are proportional to

-B, Bessel functions for the radial
dependency.

G r—
YA

Capacitor at high frequencies,
The Feynman Lectures on Physics

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity structures



Common cavity geometries (1)

Square prism H,,, or TEy; Ao =

R A b (az +C2)3/2

|
I
|
|
I
|
L
/{ - / / N
/'f T g \A / dimensionless formfactor
4 S

e R KNt — - — — = 70
(o A s 2¢%(a+2b)+a’(c+2b)
/
/
1 C
1
! z . 2
: Skindeptho = |—
, WO
< a > X with o = 241
Comment: For a brick-shaped cavity (the structure is
described in Cartesian coordinates) the E and H fields this simplifies in the case a=c:
would be described by sine and cosine distributions. 1 = \/Ea
The mode indices indicate the number of half waves 0
along the x-,y-, and z-axis, respectively. 1 ab
oa+2b

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity structures 30



Common cavity geometries (2)

Circular cylinder: Ey;q, = TMgy,

2

4, =2.61a

Q= (0.383&] 1+(o.383ﬁﬂ
5 )| h

- B
=0.3834,/5 1+3} :E[HE}
h| o

R/Q ~185h/a for not too big ratios of h/a*

Note: h denotes the full height of the cavity

In some cases and also in certain numerical
codes, h stands for the half height

1: This formula uses Linac definition and includes time transit factor (v=c)

F. Caspers, S. Federmann; JUAS 2013 RF Engineering
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R/Q for cavities

The full formula for calculating the R/Q value of a cavity Is

i h
_ 77 2 a see lecture: RF cavities, E.
3 2
Q X0177317 (xo1) h Jensen, Varna CAS 2010

with a
7= |2 = [p2cE = 4n =107 x3x10° = 3770
<o

Zo,. = 2.4048 (First zero of the Bessel function of O™ order)
J,(x,,) =0.5192

This leads to sin2(1.20242)

h

a
The sinus can be approximated by sin(x) = x (for small values

of X) leading to

R _128
Q

R (1.2024 h)2 h

= ~128 a_ _185—

Q h a
a
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Common cavity geometries (3)

Circular cylinder:

2 3/2
Hou {1+ 0.17(2"") }
1 h
Q=0.612°
o 2a\’
1+ 0.17()
h
Hlll
2 3/2
1+0.73 Zaj
A h
Q =0.206 5 .

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity structures



Common cavity geometries (4)

Coaxial TEM
Ay=2horh=7,/2
<— b —3 |
short — —12 ] Ao 1
. ; b In(b/a)
o
: ! Optimum Q for (b/a)= 3.6 (ZCOIOI =770)
<_: | — h
I
' E a1
| I Qoptimum = S h
: ! 4472
L b
N~ -~ = Coaxial line with minimum loss
ot A - slide TEM transmission lines (3)

Taken from S. Saad et.al.,
Microwave Engineers’ Handbook, Volume I, p.180
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Common cavity geometries (5)

Sphere Sphere with cones

“Nose cone cavity”

“Energy storage in LEP” lo=4a—>a=1,14 \ A
A, = 2.28a Optimum Q for 8 =34°| N/
Q=0.318(1/6) Qupezer =0.1095(2/8) | cone somt touch

a spherical “A/4-resonator”
F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity structures 35



Mode chart of a
brick-shaped cavity — Version 1

L

# | The resonant wavelength of the
o H resonance calculates as

J’l.r mnp
Ay = 2

a1 0IR ORORO)

for a E,or a H,, wave with p
F'—:I—-l"'c half waves along the c-direction.

"l.l\""" \i\

Py =
N

2
™

... Degenerate modes

[N

ey :
g @& ad 1 ¥ % [ i

Ala—
Attention: The chart is only valid for a:b = 2:1

Techniques of Microwave Measurements by Carol G. Montgomery,
1st ed., 1947; by permission, McGraw-Hill Book Co., N. Y.

()

~~

D Ly

Reprinted from Meinke, H. and Gundlach, F. W
Taschenbuch der Hochfrequenztechnik,S.469
Erste Auflage, Springer-Verlag, Berlin (1968) and
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Mode chart of a Pillbox cavity —
Version 1

]
(7))
=
R
c
mo o)
=9 c
O 3
25 9
nVQMnMUT% ©
O B c =0 © © ©
T<HeE NN
olcus Lrne
rted enAOhh
o — C —=
=9 >+ 0 = ..
>0 8P« S 3'g 9
Oc=Tuw ST T
i
.
- - -
.,.,...,...........,f..!r ~ N ..1\
..av e /uﬂ%. &
7/% /ﬂ. e
D, ..w/ Qonw.*
‘IR VYA Z
BTN TR < &
BN /// g
z./.v/yf \\ww.//,
NN TSAN I
S \ IS
SRR
N
// /M /././.r/ S
./f / r/y/ __.n..w
IR ,i.w $56% 3 9o
a

‘A "N 0D Y00g |IIH-MeIDIN ‘uoissiuiad Ag ‘L¥6T **pa I1ST

‘AlawoBIuoN "9 |0JeD AQ Sluswalinsealy aABMOUDI JO sanbluydal

pue (896T) ullag ‘Belsp-1abulids ‘ebejny a1s.3
T/, S™IuysaizuanbalyyooH Jap yonquayosel
“M 4 ‘Yoe|puns pue ‘H ‘ajuls\ woly pauliday
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Mode chart of a Pillbox cavity —

version 2

/ =

Cylindrical cavity with radius a,
height = h and resonant
wavelength Ay

H stands for TE and

E for TM modes.

Techniques of Microwave Measurements by Carol G. Montgomery,

Reprinted from Meinke, H. and Gundlach, F. W
Taschenbuch der Hochfrequenztechnik,S.471

Erste Auflage, Springer-Verlag, Berlin (1968) and

1st ed., 1947; by permission, McGraw-Hill Book Co., N. Y.

Example:

Eoo: (2a/05)?~0.6 > Ay~ 2.6a
H,;;: h =2a

H;,: h =4a

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Cavity structures 38



Mode chart of a Pillbox cavity —
Version 3

r I

5 | fm/{/ﬁm

| %

3 28] // Moy
. e
§ TZU : /"//// 51
T
5 o / / Hi
L < 1,5 /; ////
LS
g1 W i =
'§§ § o ] Eo1g
%% 0,5/
§
o UU 1 2 3 (A o

A =1, ... free space wavelength (0./c)? s

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

Cavity structures

Caution! Here,
c refers to the
length of the
cavity NOT the
speed of light!
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Higher order Mode chart of a Coaxial line

cutoff frequency

Ak ..

German textbook...

Ha1
_—

A\
| |
| (Bunyial- ¢506)
T T 7 (ewem |
]|._| |||||| = e =t e = o || gy
| ﬁ-. i T S (Bunyia1 -5 0L)
) » |
4 _
V' T _
B B ,ﬁ , _ (J3}18)UBUU] 3UY0 Yok )
i a4

(986T) uliag ‘Bejap-1abuuds ‘abejiny auBIA
T.1°'S™IuyosaizuanbaijyooH Jap yonquayosel
“M 4 ‘yoe|puns pue "H ‘a)uls\ wol) pajuliday

02 03 04 05 06 07 08 09 10
d/i

01

Cavity structures
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Skin-effect and scaling
laws for copper

£

(M5)*10°°|

| — Ainm

Skin-effect graph, plot
for copper at room
temperature and no DC
magnetic field

frequency / Hz

Plotted are the wavelength A in [m], the
skin depth & in [um] and the ratio (1/8) * 108 for copper.
Conductivity of copper: ¢ = 58*10% S/m

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

Cavity structures

>
)
e
o
=y
5>
=Z 1
©g o= |[——
R 'O 9 O S 7z-f G
z s83 H
L %>m C
£ a0F - A=—
SEc P32 f
CSCECU
580935
co5fS Examples:
§38Qo
. T o=0 f A 8 (copper)
19?2% ............
;E S ®© = 1 GHz 0.3m 2 um
SGSsE :
sIE38 100 MHz 3m| 6.6um
=sns2
E-Ocu'“"“ 1 MHz 300 m 66 um
98@8; : ER : FR - EEE : ER rgrmmmm—g
=356 o I PP o fPEfi P i 50 Hz 6 000 km 9.3 mm
TLE S 10 P jiiiii Poi o iiiiii HER I BB Piid
2o 8. ¢ 6 7 8 9 10
ESTET 10 10 10 10 10
QHEOC o
Vads'sS 0on
X—OQOF -4

Mo =41 - 107 Vs/Am
£, = 8.854187 - 1012 As/Vm
c~3-108m/s

41



Decibel (1)

. The Decibel is the unit used to express relative differences in
signal power. It is expressed as the base 10 logarithm of the
ratio of the powers of two signals:

P [dB] = 10-log(P/Py)

. Signal amplitude can also be expressed in dB. Since power is
proportional to the square of a signal's amplitude, the voltage in
dB is expressed as follows:

V [dB] = 20-log(V/V,)
* P, and V, are the reference power and voltage, respectively.

& A given value in dB is the same for power ratios as for voltage
ratios

. There are no “power dB” or “voltage dB” as dB values always
express a ratio!!!

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Decibels 42



Decibel (2)

¢ Conversely, the absolute power and voltage can be
obtained from dB values by

P [dB] V [dB]

P=P,-10 © , V =V,.10 ®

¢ Logarithms are useful as the unit of measurement
because (1) signal power tends to span several orders of
magnitude and (2) signal attenuation losses and gains
can be expressed in terms of subtraction and addition.

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Decibels 43



Decibel (3)

¢  The following table helps to indicate the order of magnitude
associated with dB:

. Power ratio = voltage ratio squared!

¢ S parameters are defined as ratios and sometimes expressed in
dB, no explicit reference needed!

power ratio V, I, E or H ratio, S;

-20 dB 0.01 0.1
-10 dB 0.1 0.32
-3dB 0.50 0.71
-1 dB 0.74 0.89
0dB 1 1
1dB 1.26 1.12
3dB 2.00 1.41
10 dB 10 3.16
20 dB 100 10
n*10dB 10" 102

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Decibels



Decibel (4)

Frequently dB values are expressed using a special
reference level and not Sl units. Strictly speaking, the
reference value should be included in parenthesis when
giving a dB value, e.g. +3 dB (1W) indicates 3 dB at P, =
1 Watt, thus 2 W.

For instance, dBm defines dB using a reference level of
P, =1 mW. Often a reference impedance of 50Q is
assumed.

Thus, 0 dBm correspond to -30 dBW, where dBW
iIndicates a reference level of P,=1W.

Other common units:

= dBmV for the small voltages, V, =1 mV

=  dBuV/m for the electric field strength radiated from an antenna,
Eo,=1puV/m

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Decibels
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Basic equivalent circuits

' ) N
Voltage source, @ Current source, 7 . H
impedance =0 ﬁ impedance = oo \Y —
O —o
(a) (b)

¢ Often an equivalent circuit with elements in series is used (a)

¢ However for our purpose a circuit with parallel elements (b) Is
preferable since an efficient acceleration of a beam requires the
maximum possible voltage and such a circuit has maximum
Impedance at resonance

¢ Hence the cavity is a transformer with maximum impedance
seen by the beam

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Equivalent circuit
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Equivalent circuit (1)

The generator may
&= ZSh . deliver power to R,
! and to the beam, but

Z =7 =

input resonator

o also the beam can
deliver power to R,

and Rg!
Zg o Rg

Generator V,

The beam is usually
v considered as a

O current source with
infinite source
impedance.

4

Ideal transformer

(no parasitic elements |
hidden in the coupling loop)

C p D4 -L

Lossless resonator

= C H R, Voear Beam

R, = resistor representing the losses of the parallel RLC equivalent circuit (resonator losses)
1

We have Resonance condition, when @l =——

1 1 1

- Resonance frequency: @y = Zﬂfres = ﬁ = fres = o r —LC

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Equivalent circuit 47




Equivalent circuit (2)

. Characteristic impedance “R upon Q” X = R —w. L= 1 —JL/C

res
(R/Q) is independent of Q and a pure geometry factor for any cavity or Q Wy o5
resonator! This lumped element formula here assumes a HOMOGENEOUS
field in the capacitor !

* Stored energy at resonance W = CVC2 _ LIZ V... Vohtage at capacitor
? ? Lc ... Current in the coil
e  Dissipated power 5 V©
2R
* Q'faCtor Q _ R _ a)resW <. W ... stored energy
X P ernrnee P ... dissipated power
. . . .. V 2 over period
¢  Shuntimpedance (circuit definition) R= -5
Tuning sensitivi Af__1AC_ 1AL
& uning sensitivity : > C >5[
. _ ) R
. Coupling parameter (shunt impedance k "R
input

over generator or feeder impedance 2)

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Equivalent circuit 48



The Quality Factor (1)

¢ The quality (Q) factor of a resonant circuit is defined as the ratio of the
stored energy W over the energy dissipated P in one cycle.

— a)resW

°="p

¢ The Q factor can be given as

Q,: Unloaded Q factor of the unperturbed system, e.g. an isolated
cavity without external loading

Q,: Loaded Q factor with measurement or power supply circuits
connected

Q... External Q factor of the measurement circuits without cavity

¢ These Q factors are related by

1 1 1
= +
QL QO Qext

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Equivalent circuit
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The Quality Factor (2)

¢ Q as defined in a Circuit Theory Textbook:

_ Wy L
R

Q

¢ Q as defined in a Field Theory Textbook:

energy stored in the resonator
energy dissipated per period

=27

¢ Q as defined in an optoelectronics Textbook:
|4
Q=—2
Vi

v, = the resonant frequency
vy, =" full -width at half (power) maximum" (FWHM = 3dB point)

Reprinted from Madhu S. Gupta, Educator‘s Corner, IEEE MicroWave Magazine,

Volume 11, Number 1, p. 48-59, February 2010.
See also: G. Dome, CAS (CERN Accelerator School), Oxford, June 1992
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Input Impedance: Z-plane

Alm{zZ}

f= f(:3dB)

f _sqs) = lower 3dB point

Z( 44| =0.707R=R/+/2
(-3c8)

f >0

N
f= f(—3dB)

f 34, = Upper 3dB point

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

Equivalent circuit

>Re{Z}

The impedance Z for
the equivalent circuit is :

Z(a))z T

1

+ja)C+_1
R JoL

51



Input Admittance: Y-plane

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

’ f = f(tSdB) ] )
Evaluating the admittance Y
Y sy = 1/ R)YL414 = (1/ R)V2 for the equivalent circuit we get
f="fe Y:£:£+ja)C+_i
Z R jol
45° 1 1
o > Re Y =—+ j(@C ——
{Y} +i(eC-—1)
1 1 f f
=—+] ( =)
R RIQ f. f
f=1"
' (-3dB)
f=0

Equivalent circuit 52



Example: Measurement of Q with VNA In

Reflection
Small C adjustable for critical coupling
C Coax +But how?
- . S1OTE ¢ This is the recipet:
Port 1 Port 2 > Get the resonance
== frequency and read out

the 3dB-points
-~ Calculate Q = f J/Af.

3dB herel —

(only for critical
coupling)

¢000ps? Not so
straightforward?

NOT here!

Classical mistake!

Stop 18 MHz

) 18 M
Mezs [ Stop |[ExtRer

1: see also chapter on Smith chart
F. Caspers, S. Federmann; JUAS 2013 RF Engineering Equivalent circuit 53



3 dB bandwidth

In the Z-plane (= impedance) |Z| reduces to 0.707 to the value at resonance.

The real part of Z becomes 50% of the real part of that at resonance.
The phase deviates +- 45 degrees from the phase at resonance.
0.707 in voltage = unit voltage — 3dB (decibel)

0.707 in voltage = 50% in power since power ~ V?

The Q factor of a resonance peak or dip can be calculated from the center
frequency f . and the 3 dB bandwidth Af = f "5 — f,s, as Q= f /Af.

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Equivalent circuit
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Simulated data

Cavity response vs. frequency Data represented in Smith Chart
Top: logarithmic magnitude
Bottom: phase F=Tlom|
+j1.0
f = f(—sde) f = f(—SdB)

20 log, (Z/R) / dB

(o)
@
©
N
2
©
9 i i : _ f+ -j1.0
3.9 0.95 1 1.05 1.1 f f(—3d5)
frequency / Hz x 10° Shown is the model of a Ferrite loaded cavity:

R=200 kQ, Q=50, f,..=1 MHz

Decibels and Smith Chart are discussed in detail in Part Il.
F. Caspers, S. Federmann; JUAS 2013 RF Engineering Equivalent circuit 55



Transients on an RC-Element (1)
I(t)

10

I 0<t<T
1(t)=< " |
0 otherwise

A voltage source would not work Build up

here! Explain why:. o 06F 1k ~(L-etT) —
SotfiNc N
_ D1 63%of LN
7= RC ... time constant ' © maximum
. C' - H H H
V, =I,R ... maximum voltage o . 2 4 6 \ 8 10
Ut 37% of
maximum

F. Caspers, S. Federmann; JUAS 2013 RF Engineering  Behavior in time and in frequency domain 56



Transients on an RC-Element (2)

—| le— AT = OZT

F. Caspers, S. Federmann; JUAS 2013 RF Engineering  Behavior in time and in frequency domain
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Response of a tuned cavity to
sinusoidal drive current (1)

Drive current |

TH]

M In the first moment, the

05 | cavity acts like a capacitor,
o\ IR as seen from the generator

o5 L HIRIRE (compare equivalent circuit).

i | b The RF is therefore short-

0 1 2 3 4 5 6 7 8 9 10 Circuited

Drive Current |

Cavity response U

T

In the stationary regime, the
M inductive (wl) and
. capacitive reactances
( (\M(\ (1/(oC)) cancel (operation at
VIW AP resonance frequency!).
IWJV All the power goes into the
v shunt impedance R => no
J b more power reflected, at
T least for a matched
tr generator...

il

Cavity Response U

F. Caspers, S. Federmann; JUAS 2013 RF Engineering  Behavior in time and in frequency domain 58



Measured time domain response of a
cavity

¢ Cavity E field (green trace) and electron probe signal (red
trace) with and without multipacting. 200 us RF burst duration.

see: O. Heid, T Hughes, COMPACT SOLID STATE DIRECT DRIVE RF LINAC EXPERIMENTAL PROGRAM, IPAC Kyoto, 2010

F. Caspers, S. Federmann; JUAS 2013 RF Engineering 59



Numerically calculated response of a

cavity in the time domain

Excitation signal o
. ” 2 &
n“ﬁ.ufl I M E’l”n'n t i =
Uw ! 210°
3 3
E Observation pt. g
: e ;
-1 . | |
M \ 9 0.5 1 1.5 2x10'
wmﬂﬁl | | t (89) (178)  (267)  (356)
”WW \ U Time step (number of periods)
o, (f » — 1 )
_[ﬂf - A, ’
E=Egsinwt-e "’ 2In 4.

see: |. Awal, Y. Zhang, T. Ishida, Unified calculation of microwave resonator parameters, IEEE 2007
F. Caspers, S. Federmann; JUAS 2013 RF Engineering
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Response of a tuned cavity to
sinusoidal drive current (2)

Differential equation of the envelope V... envelope amplitude
(shown without derivation)' C... CaVIty CapaCItance
1 ... drive current
V=—=(I ——) = —(IZ -V) Z... cavity impedance
2C 22C R... real part of cavity
_ Impedance
V., V., l,Z are complex quantities, evaluated This t value refers to the 1/e
at the stimulus (drive) frequency. decay of the field in the cavity
_ N or the voltage at a lumped
For a tuned cavity all quantities become real. element. Sometimes (rarely)
In particular Z = R, therefore one finds t,, referring to the
, 1 energy with 2t,,= .
V=——(IR-V)
2RC T = 1/f The voltage (or current)
— time constant becomes decreases to 1/e of the initial

value within the time r.

t=2RC= ZQQC—2Q Q _QT~

......... see also: H. Klein, Basic concepts |
o, ~ft n~ Tl "

. " Proceeding Oxford CAS, April 91
"Q over &t periods CERN Yellow Report 92-03, Vol. |

F. Caspers, S. Federmann; JUAS 2013 RF Engineering  Behavior in time and in frequency domain 61



Beam-cavity interaction (1)

Cavity response in Bunched beam b(t) with bunch length t,,
time domain c(t) bunch spacing T and beam current |,
from one very short

bunch

stepheight o5 1 15 2 25 3
AU - q/C 1 1 1 1 1 1 1
remnant voltage

from previous :
bunches \ |

t/t
Resulting response for bunched beam obtained by convolution of the bunch sequence

with the cavity response r(t) = b(t) ® c(t)
Condition that the induced signals in the cavity add up:
cavity resonant frequency f. must be an integer multiple of bunch frequency 1/T

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Beam-cavity interaction

0 0.5 1 15 2 2.5 3
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Beam-cavity interaction (2)

For a quantitative evaluation the worst case is considered with the
induced signals adding up in phase.

Two approaches:

¢ Equilibrium condition: Voltage drop between two bunch
passages compensated by newly induced voltage

The g q 1

Uende T :Ustep:Uend _E — Uend:El—e_T/T

¢ Summing up individual stimuli
q -Tlz 2T/t 1
U,,==—@@+e " +e +..) ==
= )=t

Approximation for T/z << 1:

1-e" =1-(1-T/r+..)=T/z

U, ZEL:E&ZZREZZR%

— CT/z C T T

where |, is the mean beam current.

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Beam-cavity interaction



Beam-cavity interaction In
Frequency domain

¢ Frequency domain

beam spectrum B(f)
sin(nt, f)

B(f) =21,
b

cavity response C(f)

Resulting spectrum
obtained by multiplication
R(f) = B(f) * C(f)

21,

N

|0|
0

9

0
_ ac We see strong central line with two
TN ° ™ _ sidebands. This is AM modulation.
/ Where do you find this AM
P / modulation in the time domain?
A4 )
0

F. Caspers, S. Federmann; JUAS 2013 RF Engineering
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Typical parameters for different

cavity technologies

Cavity type

R/Q Q R

Ferrite loaded cavity
(low frequency, rapid cycling)

4 kQ 50| 200 kQ

Room temperature copper cavity
(type 1 with nose cone)

192 Q| 30 *10° | 5.75 MQ

Superconducting cavity
(type 2 with large iris)

50Q | 1*10° | 500 GQ

F. Caspers, S.

Federmann; JUAS 2013 RF Engineering

Beam-cavity interaction
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Different definitions of the
shunt impedance r

Four different parameters
=> confusion can be maximized by
using 24 = 16 different definitions...

Example: Pillbox cavity

r=3.3 MQ
L=0.2m
cos(p) = 0.866

transit-time factor T = 0.756

(T and ¢! defined later in more
detail, see transit time factor
slides!)

Linac and electrical definition most
often used.

Linac definition:
12

P= U? with the peak voltage U

Electrical (or circuit) definition for
circular machines uses the
effective voltage U => factor 2
72
p_Y”
2R therf signal

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

_ Full correct_shun_t _ cos(¢) _ T _ L LI_NA_C value

impedance designation included | included included definition
r (electrical circuit def.) 0 0 0 0 3.3MQ
R (Linac def.) 0 0 0 1 6.6MQ
r/lL 0 0 1 0 16.5 MQ/m
ﬁﬁ;e(ggec?g shunt 0 0 1 1 33.0 MQ/m
V;?;;(_T_I)ectrical circuit def. 0 1 0 0 1.88 MO
RT?(Linac def. with T) 0 1 0 1 3.77 MQ
rT2/L 0 1 1 0 2.86 MQ/m
RT?/L 0 1 1 1 5.72 MQ/m
r cos¢) 1 0 0 0 2.47 MQ
R cosp) 1 0 0 1 4.95 MQ
r cosXep)/L 1 0 1 0 12.37 MQ/m
R cosXp)/L 1 0 1 1 24.75 MQ/m
rT2cos?(¢p) 1 1 0 0 1.41 MQ
RT2cos(o) 1 1 0 1 2.83 MQ
rT2cos?(p)/L 1 1 1 0 7.07 MQ/m
RT2cos?(¢)/L 1 1 1 1 14.14 MQ/m

1: ¢ refers to the phase of the particle in the centre of the cavity w.r.t.

Beam-cavity interaction

Cos(¢) =1 is very often used these days
66




Electromagnetic scaling laws

A cavity of a given geometry can be scaled using three rules:

. The ratio of any cavity dimension to A is constant. To put it
another way, all cavity dimensions are inversely proportional
to frequency

& Characteristic impedance R/Q = const.
* Q*o/A=const.

The skin depth & is given by

s= |2
woU

with the conductivity o ,the permeability u, and the angular frequency w=2xf.

1
Note that it is proportional to \/—
fo

For instance, in copper (G¢opper = 5.8*107 S/m) the skin depth is =9 mm at 50 Hz,
while it decreases to = 2 um at 1 GHz.

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Scaling laws
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Scaling of a pillbox-type cavity

Starting point: SUPERFISH simulation results for a cavity of a given geometry with
copper walls. Parameters: f = 3030 MHz, Q, = 9625 and R = 631 kQ

Question: What are the characteristic parameters (Q, R/Q, 1) of a cavity of similar
shape, that operates at a frequency of 814.5 MHz, built with steel walls?
(Gcopper = 28 MS/m, here we assume Gy~ 2 MS/m)

Answer: For the first cavity we find

Skin depth o, = 1.195 pum,

Resonant wavelength A, = c¢/f; = 98.97 mm,
Q,*oc,/A;=0.1162

For the larger steel cavity all dimensions have to be scaled by the inverse frequency
ratio f,/f,, which gives a factor of 3030/814.5 = 3.72
=> )\, =3.72 1, = 368 mm

The characteristic impedance remains unchanged.
R,/Q, =R,/Q, =632 * 103/ 9625 = 65.56 O

The skin depth for steel at 814.5 MHz is 6, =12.5 um.
Using Q, * o,/ A =Q, * 5,/ A, we find Q, = 3420

Finally, the shunt impedance gets
R, = (Ry/Q;) * Q,=65.56 * 3420 = 224 kO

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Scaling laws
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Simulation Tools

¢ Poisson Superfish (poisson equation; poisson = fish in French)

¢ Microwave Studio, Mafia (Maxwell’s finite
Integration algorithm), http://www.cst.com

¢ Ansoft HFSS (High frequency structure simulator),
http://www.ansoft.com

4 GdfidL (“Gitter drauf fertig ist die Laube” — no joke, really true!)

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Simulation techniques
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Simulation Techniques (1)

¢ Frequency domain analysis

CST Microwave Studio 2009, HFSS 12.0
Uses a tetrahedral mesh

Maxwell’s equations solved in frequency domain for one
frequency point at a time

Frequency sweeps take very long time, very powerful PC or
computer cluster needed!

Applications: quite universal

¢ Time domain analysis

Microwave Studio
Space is discretized by a rectangular mesh
Excitation of structure with time domain pulse

Transformation to frequency domain by Fourier Transform =>
entire frequency range with only one run => fast!!!

Bad convergence for resonant structures, since pulse does not
decay fast

Applications: Waveguide transitions, connectors, antennas, but
no resonant structures such as cavities!!!

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Simulation techniques
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Simulation Techniques (2)

¢ Eigenmode analysis
=  Microwave Studio, Mafia, HFSS, Superfish ...
m Allows to calculate eigenmodes of resonant structures

m  Used for instance to determine resonant frequencies of
cavities, including higher order modes

The Mesh

¢ Space discretized by a mesh

¢ Mesh width in the order of a tenth of the wavelength in
the material

¢ Successive mesh refinement to improve precision

¢ EXxpert systems or user determine critical regions
where mesh needs to be denser

¢ Magic T shown below: Roughly 10° mesh cells and a
:‘jew %eé:onds to minutes simulation time on a present-
ay
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3D Simulation examples

¢ A Magic T with
Microwave Studio
4.3
= Arrows show the

E field of the
TE,, mode

m Power goes in at
the front port

= How much power
gets out by the
other ports?

¢ A T-junction with
HFSS 9.0

= Junction (H-
plane) with
conducting iris

=  Magnitude of
TE,, electric field 1:Due to the iris, the field is not symmetric!
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Nose cone cavity: field pattern

type-1 cavity with all _ _
symmetries exploited entire type-1 cavity

——————
= —
> — nose cone
beam)_ y L equatorial conducting
beam pipe plane

¢ The electric field lines are plotted

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Simulation techniques
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Superfish: 2% D simulation*

Mesh view

Increasing mesh density

<€

nose cone

beam
beam pipe

Calculate resonant modes using
eigenmode analysis

Use symmetries to reduce the
number of mesh points!!!
m rotational symmetry around axis

m left-right symmetry by defining
metallic boundary (electric field
lines perpendicular to this plane)

1:The name Superfish is derived from the Poisson equation (poisson is French for fish)
Why 2 %2 D? 2 D for the rotational symmetry of the object ¥z D for using electric and magnetic symmetry planes

This example is a very old simulation from around 1980
F. Caspers, S. Federmann; JUAS 2013 RF Engineering
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Higher order modes (HOMS)

Slightly different cavity:

126 MHz 288 MHz 406 MHz
)

-

<
L

//ké’

il

beam

équatorial conducting
beam pipe plane

Higher order modes in a 100-MHz cavity.
All these modes are TM type modes. This is due to the boundary condition:

electric wall in equatorial plane.
references: G. Rogner, CERN report SPS/SME/Note 86-65
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Transit time factor (1)

const. electrical field,

The “voltage” in a cavity along
the particle trajectory (which
coincides with the axis of the

cavity) is given by the integral

--------- — - along this path for a fixed

moment in time:

e.g. Ey;o mode (E, = E,=0)

_________

_________

_________

_________

—————————

—————————

Cavity gap =

lengthL <

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

V:IEZ(z)dz

But: the field in the cavity is
varying in time:
E,(z.)=E,(2) f (1)

=E, (z) cos(at + @)

Thus, the field seen by the
particle is
L/2
V =E, Icos(a)t+(p) dz

—-L/2

Beam-cavity interaction
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Transit time factor (2)

The transit time factor describes the amount of the supplied RF-
energy that is effectively used to accelerate the traversing particle.

V V ...voltage seen by a particle

T:—,\ —

~

V V ...reference voltage

relative loss in
accelerating voltage

Usually, as a reference the moment of time is taken when the longitudinal
field strength of the cavity is at its maximum, i.e. cos(¢)=1. A particle with
infinite velocity passing through the cavity at this moment would see

~

V =E,L

Now the particle is sampling this field with a finite velocity. This velocity is
given by v = fc. The resulting transit time factor returns therefore as

atr eI

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Beam-cavity interaction 77
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Transit time factor (3)

Example: Cavity gap length L= Ai,/2
Ao = 1m corresponding to f = 300MHz
particle velocity v=c or3=1

1 El(2)
Eo=1VIm —gK— r----===mmmmmmmopommmm s !
N ] i  “blue area”
=V =15V ! :
; ; = zforv— oo
A 4 E E > z
“Aold Ao/4 = 0.75m
corresponding to m/2
A (only for v = c)
Eo=1VIm —fx— :
0 Field strength seen by
the particle
“green area” |= 2
A 4 > t
t =-n/2 t=mn/2
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Acceleration

We have “slow” particles with B significantly below 1. They become faster
when they gain energy and in a circular accelerator with fixed radius we
must tune the cavity (increase its resonance frequency).

When already highly relativistic particles become accelerated (gaining
momentum) they cannot become significantly faster as they are already
very close to c, but they become heavier. Here we can see very nicely the
conversion of energy into mass. In this case no or little tuning of the
resonance frequency of the cavity is required. It is sufficient to move the
frequency of the RF generator within the 3dB bandwidth of the cavity.

Fast tuning (fast cycling machines) can only be done electronically and is
Implemented in most cases by varying the inductance via the effective u
of a ferrite.
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Tuning of cavities (1)

M 1AW 1AC 1AL

Slater’s perturbation theorem: oW - 2 oL

with W designating the energy
stored in the cavity (see also slide equivalent circuit (2))

¢ Inductive tuner
= In regions of high magnetic field

® increases resonant frequency (AW < 0)

2 2
AW :_%; dw =—%dv

¢ Capacitive tuner
= In regions of high electric field
m decreases resonant frequency (AW > 0)

ACU? g,6,E*

AW:T; dW = dv
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Tuning of cavities (2)

. Operational tuning * Initial tuning during manufacture
= paddle tuner = Bumping, dummy tuners
= bulk tuner = modification of joint sizes or plating
capacitively loaded thickness
M4 coaxial cavity \
" 7 ¥ Sropren o HAGNETIC PROBE
paddle v TO RETAIN K AND SHORT
tuner” %—E-@ Ny OAS
COUPLING CELL
beam
> . i - . ) . b
—t—y | —— |
: L | . CELL
“ =t BEING
bUIk W rugsll-:;:su TU“E!'2
tuner” g —j e 3 N\
T ¢ L= == T, 1 i
(": |
. Tuning by global deformation
= mechanically (SC cavities)
= thermally ; : (@)
0123456 .’6
Source of right image: G.R Swain et al., "Cavity tuning for S ' MAGNET1C L
the LAMPF 805 MHz Linac", 1972 Linac Conference, p. INCHES AND SHORT S END DETAIL - NOSE
242 STRETCH ING TOOL
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Coupling cavities to the
outside world (1)

. Direct coupling (DC coupling)

Generator (tube) has to "see" a certain
voltage U

GRID
basic A/4 - resonator

“Wideroe” or
M2 structure

Source: M. Puglisi: “Conventional RF cavity design”
CAS "RF engineering for Particle Accelerators", CERN 92-03, Vol. 1
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Coupling cavities to the
outside world (2)

. Inductive coupling
Generator requirement:

U =+2PZ

P ... required power
Z ... optimum load resistance

Induced voltage in loop:

d
U :ﬂOEIHdS
S

. Capacitive coupling
Generator requirement:

| =+v2P/Z

Induced displacement current
d
U =¢,— [ Eds ;
dt

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Coupling and Tuning



General example

A single-cell configuration: 114-MHz room temperature cavity of CERN
PS. Type | profile with nose-cone to optimize shunt impedance

)| 3 e 1: higher order mode

| F N
- (HOM) coupling loop
N\ which serves for
2 | N eliminating beam-
| I induced power
Z 2: HOM filter
g 3: HOM power
/ , guided towards load

K and dissipated

E|

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Different forms of cavities
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Different forms of the
pillbox cavity

[1] L b [1] ”
S TLLILLITSLEETSy ‘
” ’
v

‘
A
4
7
:
A
v
o
A
’
7
’
E
A,

7
7
]
5
7
’
4
/
il
?
1
H
2
4
7
/]
4

nose-cone cavities disc-loaded cavities

Cross section of a radial cavity Four different cross sections of
fundamentally similar cavities. In spite of

their similarity they have been given
different names...

Source: M. Puglisi: “Conventional RF cavity design”
CAS "RF engineering for Particle Accelerators”, CERN 92-03, Vol. 1
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The coaxial (TEM-mode)

i/
//////////ﬂ/’///////’/Wf//////////ﬁ///////i

7
Z
Z
,4

V//j?////////////f/////////////////////]'/Xf’/:d
G

7

7

basic A/4 - resonator

Source: M. Puglisi: “Conventional

///////’//f////////!////////’/f///////&’/////f

72

cavity

L=gA/2

AL i tidZs,

Il W:’-’" I
7 i a

NN

QRTINS

.‘If‘
v S

\\

TRRNNRRRNN P20
RN IR L 0NN

R

Z
/%f/////////ﬁf

modified A/4 - resonator for
acceleration in fA/2-mode
RF cavity design”

Ll

CAS "RF engineering for Particle Accelerators", CERN 92-03, Vol. 1
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7 %

A e NN
DONN

“Wideroe” or A/2 structure

works for $=0.2-0.4
does not work for f=1 as we
are in a quasi-static case
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Spiral resonators

¢ For small B relatively low RF
frequencies have to be used

¢  Drift tubes are mounted on
A/4 lines acting as A/4
resonators (will be treated in
second part of lectures)

¢ Long A/4 lines coiled up to

make structure smaller NN 4 -
A B =5.4 % power resonator

Spiral resonator. Split-ring resonator.

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Different forms of cavities
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Ferrite loaded cavities (1)

* Tuning possible by choosing an appropriate static or slowly varying

magnetic bias field => differential u adjustable. Bias field and RF
field are parallel.

B versus H with added AC field K, versus H
TesIBo 1000
4
ad | £
P! < 100 —
|| 2
L =
B t =
oc | ™
4 : | 10 >
||
L
/ /—4 o An e AAm
10 100 1000
H [A/m]
A period of the AC field corresponds to one Bias B field parallel to RF magnetic field
round in one of the little hysteresis loops. in above plot
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Ferrite loaded cavities (2)

This is essentially a A/4 cavity with
magnetically variable length.

Ferrite toroidal discs,
interleaved with copper sheets
on “equipotential lines” for

cooling.

ceramic window

Pictufe: K Kaspér (GSI)

Bus bars to supply the DC bias, the
DC field is parallel (azimuthally)
to the RF field.

Source: H. Damerau (CERN), private communication
Cauvity in the SIS (Schwerlonen Synchrotron)
at GSlI, frequency range from 0.8 — 5.4 MHz
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Ferrite loaded cavities (3)

Tunable cavity for TRIUMF (Three
Universities Meson Facility, Vancouver)

. Ferrite loading designed by LANL (Los Alamos).
makes line
electrically longer => RORKIIXOL X ceramic window
cavity size can be ) QRN K
P N e (X
reduced - -

¢ Bias B field in ferrite

orthogonal to RF | =
magnetic field beam
r'S tunable between 46 —_— ACCELERATING GAP —>

and 61 MHz by r
variable bias field

sANEEEREE
XAREEEENR

. Q K . . .
XIHBERRRISS— (o rite toroidal discs

' ' v II000000
In this mode of operation of orthogonal O €
bias, the DC field is orthogonal to the RF AT F I FIFIIIURR
field. The u of the ferrite can be varied in
a more efficient way as Compared to From: ISK Gardner: "Ferrite dominated

parallel magnetic bias. cavities" CERN 92-03, Vol. Il [2]

——— bias coill

000 0.0.0.0.0.0.0.0.0.9.1

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Different forms of cavities



f
|

RF pc:)wer

(—[:-)_
1

/
[
f

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

RF window

8

An RF window for a 114
MHz LEP cavity

On which side is the
vacuum?

How does the structure
continue on the left side?

5: Ceramic disc
6: Coupling loop
7: Vacuum seal

A: Pressurized side (air)
B: Cavity side (vacuum)
C. Cooling water ducts
D: Inner conductor

E: Outer conductor

Different forms of cavities



“Kilpatrick” voltage breakdown (1)

The maximum E field achievable is limited by a process known as RF breakdown.

The Breakdown voltage is given by
~1.710°

W.E?.e B =1.8.10"

where W [eV] is the impact energy of the electrons and E the electric field [V/m]
(W = E * gap width for DC, W < E * gap width for RF).

. High power effect

. Destructive!!
. Breakdown voltage proportional to square root of frequency
100000

— 10 GHz /
10000 4 —1GHz _—

—— 100 MHz /7//
1000 | ——10MHz // ==

Ref.: W. D. Kilpatrick, Criterion for vacuum
sparking designed to include both Rf and DC,
The Review of Scientific Instruments, Vol. 28,

No. 10, 1957

— —air

100 Breakdown voltage
given in plot for
vacuum (solid lines)

10 /é and in air (dashed

P line)

Voltage [kV]

/
-~

1

0.1 1 10 100 1000
Gap width [mm)]
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“Kilpatrick” voltage breakdown (2)

107 T T T T T T
10° 4
™ Fic. 1. W is the
ko' . mazximum ion energy
) at the cathode, in
_ _ electron volts. For
S 3 Possible Spark Region dc, W corresponds to
g or - the applied voltage,
b and W/E is the gap
] spacing for plane
0tk . _ parallel fields. For
z No-Spark Region rf, W is a function of
frequency and gap
! (see text).
T -1.710° 7
2 E 14
W-E“-e =1.8-10
10°} .
1o~ 1 L. 1 1 N . 1 1 i
0-? 1o~ 1077 [ 1078 1074 10~3 10-2 107! 10° 10' 102 10?
W/E {CENTIMETERS)

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

Ref.: W. D. Kilpatrick, Criterion for vacuum
sparking designed to include both Rf and DC,
The Review of Scientific Instruments, Vol. 28,
No. 10, 1957

Voltage breakdown & Multipactor
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Multipactor (1)

A Basically,

. Electrons get accelerated in
an electric field

EE()Sin(wU . When they hit the wall,

secondary electrons are
freed

. If the electric field changes
sign as it is the case for RF
fields, the secondary
log(V) electrons will eventually see
an accelerating field

.. . Therefore, at least for some
distinct frequency bands and
accelerating voltages,
resonance effects can be

expected
== V ... gap voltage
log( f* w) f ... RF frequency
W ... gap width
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No multipactor for very
small gap width or

very high fq\ Multipactor (2)

Peak Mode oider  T-20 [ns]

Voltage /.Jb\ I 5 I 9434
10000 e
Fi PO
. TS
B
4
A LA
/
| v 7 ,’ ‘ o
1000 7 / 7 17
() i B 17
o ;.f P
£ 2T AT
- = o
> | 75 TV
x ~ N1/ ./
[ OQ»V 7
(O] ([ /x
(a 100 ‘// Vg ) ! .
S i
i 7 ;
7/ ¥ 7
Vi A1 L
” -
L} . ]
ik - 11 0 100
1 ' J_I j ﬁecrﬁapmcnh [GHzmm]

frequency gap width f*W [GHz*mm]

0 00033 O 001 O 033 O 01 0 33 50.1 20.33
gap width / wavelength w/A

More formally,

Multipactor is a resonant
avalanche discharge,
typically a low-power effect.

The basic "two-point"
resonance condition is met if
the time of flight of an
electron between electrodes
equals an odd number of RF
half cycles

Other necessary condition:
The coefficient of secondary
electron emission must be
larger than 1. This
corresponds to an energy
range between 50 eV and
5000 eV for copper surfaces

Multipactor calculator available at
http://www.estec.esa.nl/multipac/
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RF systems

RF systems

L T~

Single cavity

Multiple cavities

/\

Individual RF sources

Common RF source

T

Standing wave cavities

Travelling wave cavities

F. Caspers, S. Federmann; JUAS 2013 RF Engineering
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Standing wave cavities

. The only possible phase differences between the
SW fields in lossless cells are 0° or 180°.

. For N cells there are N possible longitudinal
modes. Practically used modes:
m  0° (zero mode): Gap distance BA with =
v/c. Structures: Alvarez Drift Tube Line

(DTL) < B > beam axis
+E +E +E
= 90° (m/2 mode): Distance active cell to 0 0 0
coupling cell BA/4 or BA/2. Structures: Side ¢ ¢ ¢ ¢ ¢
coupled, Disk and Washer l l
—E -E
+E +E +E
m 180° (mr mode): Gap distance BA/2. I T I
Structures: Wideroe, superconducting
cavities (LHC, TESLA), Interdigital (IH) 1 1
—E -E
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Travelling wave cavities

Phase difference between adjacent cells can be chosen arbitrarily to
assure synchronism with beam. Values around 2n/3 give best
compromise between structure length, group velocity (filling time)
and overall dissipation.

Without beam loading, almost the full input power is dissipated in
the absorber.

The field decay due to attenuation of the structure can be taken into
account by designing "constant gradient® rather than constant
geometry structures.

There exists a specific amount of beam loading for which all RF
power is transmitted to the beam, resulting in zero power dissipated
in the absorber =>"fully loaded" structure.

Repercussion of beam loading and structure transients on generator
IS minimized.
Structures

Loaded waveguide (generally used in electron linacs, e.g. CERN
LIL, CLIC ...), Parallel bar

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Multiple cell cavities
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Examples (1)

. Standing wave cavity in multicell
configuration

. This superconducting cavity was
used in CERN’s LEP

. "Type II" profile without nose-
cone to avoid multipactor and
reduce r/Q

AN
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Examples (2)

. Travelling wave cavity

. Below: An ALVAREZ structure (Drift
tubes with interposed quadrupole
magnets), used in the CERN 50 MeV
Proton LINAC
Frequency: 202.56 MHz

guadrupole
magnet
Input \
T =50 keV g% T=58llj\;|pel<}
B = 0.03996 -
| PR B = 0.31405
BA =59.1 mm . . . _ BA = 464 mm
N F[ﬁ][ﬁﬁ][][h[]ﬁ][] 3
oo oo o o a &
0JO)
0JO)
OJO)
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Side coupled structures

¢  Cavity geometry A 7 //
changes to optimize
shunt impedance — —

e Highershunt o —
impedance =>
higher accelerating
gradient

. Side coupled cavity
configuration for
optimum shunt Beam
Impedance Channel

Source: E.A. Knapp and W Shlaer: Design
and initial performance of a 20MeV high-
current side-coupled cavity electron
accelerator, 1968 Linac Conference
Proceedings, p. 635 to 649

Accelerating
Cavity
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The IH structure

. IH stands for Interdigital H mode

. Interleaved fingers “adapt” the deformed H
(TE) mode that is usually deflecting

. Inside the resonator tank cylindrical cavity drift

tubes of varying length (matching the ion
velocity) are mounted alternating on opposite
sides. The magnetic field lines are parallel to
the beam axis and the induced currents flow
azimuthally on the wall, creating electric fields
of alternating direction between the drift tubes.
This field forces the ions forward.

. The big pot is necessary for transverse
focusing.

Properties of the structure on the right:
E., =300 keV, E,, = 1.1-1.2 MeV
Electrode voltage V. =4.05 MV
Tank lengthL=1.5m

Number of gaps = 20

Peak power consumption Wo, = 36 kW Source: fy.chalmers.se/subatom/f2bfw/poster97_ps_pic/
ihstructure.ppt
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A disc loaded waveguide structure

CERN LIL (Linear Injector for LEP), operating frequency 2.98 GHz

\

.

\ N %
= N | ¥V
p— AL
AN G \_/
1
i
\\ ,/: /\
= N
‘\

1

/

— The cavity resonance frequency can be changed
ol by punch-tuning (dimple tuning) at these spots.
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TEM transmission lines (1)

Transverse electric modes (TEM) can propagate on any structure with at

least two conductors

Given a structure with
C’ ... capacitance per unit length in Faraday per meter [F/m]
L’ ... inductance per unit length in Henry per meter [H/m]

Typical values for an air filled TEM line (not necessarily coax): C' =30 pF/m

It then follows

characteristic impedance Z = Vase _ L 1z]=0

1
wave

1 G lv]=m/s

velocity of propagation v

If 1, =¢, =1 (vacuum or approximately air), then the velocity of
propagation is equal to the velocity of light ¢, ~3-10° m/s

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Transmission lines
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TEM transmission lines (2)

Formulae for the characteristic impedance Z can be found in many textbooks
(e.g. “Reference Data for Radio Engineers” or others). From a known Z the
values for C’ and L’ can be deduced by

1 100,/& F
C'=— C'= = [c]=P
\éz - for "normal"cable (z, =1) \/EZ 4m
L'=— Ve J1_nH
il L= 7 [L]=nH/

For coaxial cables: Z = &GOIn(Bj
\/ &, r
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TEM transmission lines (3)

Coaxial cable with minimum loss:

D .
— 1+ — Rs Surface resistance
oo = RS (C,‘r . d yo 1

" 7D In(Dj R = " os
d
D
14+ —
f =ag ZoD d
RS &, |n(DJ
d

Reprinted from O.Zinke, H.Brunswig,
Lehrbuch der Hochfrequenztechnik, p.222

F. Caspers, S. Federmann; JUAS 2013 RF Engineering
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TEM transmission lines (4)

Applied to 50-Ohm-lines (the impedance mostly used) one finds

Vacuum or air Polyethylene (PE)
g, 1 2.26
v (m/sec) Co~ 3-108 0.665 c,
L’ (nH/m) 166.7 250.6
C’ (pF/m) 66.7 100.2
R/r 2.30 3.50
inner conductor AIR
outer conductor \\/ ‘
/
— r k— inner conductor
R
outer conductor
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Transmission lines (1)

* Coaxial lines

frequency range: 0...10 GHz

largest practical size: 350 mm for outer conductor, 150 mm for the
inner conductor

power rating: for CW operation at 200 MHz: 1 MW

low-pass line, upper frequency limit given by moding
relatively high attenuation

power limited by inner conductor (high field => thermal load)
in general easier to handle than waveguides

. Waveguides

frequency range 0.32...325 GHz (standard guides)
largest practical size: 590 mm x 298 mm

power rating: 150 MW peak at 310 MHz

low attenuation

bandpass, low frequency cut-off determined by dimension
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Transmission lines (2)

H+5 type tem no. Center conductor [7] Dieleciric [F] Screen 1 [ Sereen 2 [4] Jadket Cable growp®

Curves Weight | Operafing | Max

Eres Dim. Dim Dim. | Cover | Dim. |Cover Dim. ka/ kag operafi

poge | Design Mat. mm Mat,  [mm Magt. |mm % mm [% Mat mm Colow J100m QLY frequency | cimp | domp
G_03z1z-m 2ial0ons Strand 19 [Cula 020 JERE 295 | Cafia 340 P8 PURT 495 | blodk .40 25 1 uz uz
RG_SE_C/U 2510015 Strand 19 [ Cula 020 JRE 295 | Cafa 340 P8 FYCE (L) 495 | block 370 25 1 Uz Uz
RG_SE_C/M01 22510350 Strand 19 [ Cula 020 JRE 295 | Cafa 340 P8 FYCE (L) 495 | block 370 25 1 Uz Uz
RG_SE_C/LLOS ek | e Strand 19 [ Cula 020 JRE 295 | Cafa 340 P8 FYCE (L) 495 | blun 370 25 1 Uz Uz
RG_SE_C MDA 22510007 Strand 19 [ Cula 020 JRE 295 | Cafa 340 P8 P 495 | block 370 25 1 Uz Uz
RG_SE_C/LO7 22511244 Strand 19 [Cula 020 JFRE 295 | Cafa 340 P8 FCE (LM 425 | gmy jro 25 1 7 7
RG_SB_C/LEE 2281a07 Strand 19 [Cula 020 JFRE 295 | Cafa 340 P8 FCE (LM 495 | recd jro 25 1 7 7
RG_EE C/usab 23024284 5 Strand 19 |CuAg  |090 JFRE 295 | CoAg 340 P4 FCiuL) 495 | blodk 3o 25 1 uz uz
G_03232 2251012E and | Srandd Ca 025 JERE 295 | Ca 340 25 FyC 500 | blodk 370 25 1 7 7
G_03242.1 22512108 ® Strand7 Culin 020 JERE 295 | Cafia 340 P8 LSFHY 495 | blodk 390 25 1 uz uz
G_03272 22511434 Strand7 Cu 095 JFE 195 | Ca 340 P8 pel 500 | bload 3.50 25 2 uz uz
G_05232 22510174 Strand7 Cu 150 | BE 4 B0 | Ca 540 9% FYCE (L) 740 | block FF0 is 1 e
RG_213_U 22510052 Strand7 Cu 285 JFE 725 | Cu B10 P8 FYCE(LM] | 1030 | block 15.30 50 1 Uzg |UzE
RG_213_Lo1e 22510053 Strand7 Cu 285 JFE 7id | Ca B10 P8 FYCE(LM] | 1030 | block 15.30 50 1 Uzg |UzE
ROG_213_U0d 22510055 Strand7 Cu 285 JFE 725 | Cu B10 P8 P 10030 | block 15.30 50 1 Uzg |UzE
G_O7242 22511834 Strand7 Cu 225 JFE FI8 | Cu B10 P8 LSFH1 1030 | block 15.30 50 1 Uze |UzE
RG_ZIB_U ZEE100AS Winn Cu 500 JFRE 1730 | Cu 18.40 P8 FYC2ILM] | 2200 | blodk &4 20 1o 1 sy

* for svitable connedars
a] precision type: impedance 5021 L2
Byt recognised [see UL types page 117}

1 Low Smoke Free of Halogen [LSFH) ace. waste ele il and elecironic e quipment [WEEE) and re an of the use of certain hazanda bhaances [RaHS) diredive
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Transmission lines (3)

Attenuation

Standard RF coax cables, single screen, 50 £

typical values at +20 °C ambient femperature

300 | 1 1
RG_58_C/U G_ﬂﬂ:ﬂ;\{)f ‘_,..--"'"
RG_58_C/U-00 | X""
RG_58_C/U-05 -
RG_58_C/U06 | ,,....--""""" G_03972
100 e ﬁ_ :;j_ifu —— RG_58_C/U07 _..--”‘T# =F — -
_174_ RG_58_C/U-22 _—
- 1 == / . — | — —
RG_174_A/U-50 RG_58_C/U-62 "o A
|
s [ G.0222 —F—+Hb—=—E—— S I
G_022320% ! . e -
G_0223201 T » \\ G_03212:01
_ — G_02242 :;{..-— | - [ '___a-‘—""" G_03232 -
5 ot J__,,..r-{' » G_0323201
= =
= —— / _ﬁ-\\
=
5 ]
R
5 | "-—\
8 o
I — .
5 \‘\ ,— \\
= ol ~
e | ™ S
sl T — __|_Es\____ G_05232 |
— ‘/,,r""' RG 213 U
| RG_213_U-01
"’.ﬂ"' | #___..--"‘\ | RG_213_U04
f_.-""' < G_07242
/ " | RG_218_U |
| | |
1o 50 100 500 1000 2000 3000
Frequency [MHz]
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BODD

3000

500

Powar W)

100

Transmission lines (4)

Power

Standard RF coax cables, single screen, 50 €2

typical values at +40 °C ambient temperature

| RG_218_U [ I [
B [ - i | | [
R T T
— ————b-rq_:——-———ks_zm_u -—|——————————
— RG_213_U-01
I [ RG_213_U04
G
""‘"—--..,H‘""' | e e G_05232
I-..-_“

/i

RG_174_ASU ]
RG_174_AS-60 —
_ - 1 RG_174_U |
G_02232
G_02232.01 =
- G_02232.00
—
— G_02242
] | ‘hé
1 ]
RG_58_C/U —— —— i —
_ | —resecreom A _/?,_" | [ I ) I
RG_58_C/U-05 — — ! — G o372
RG_58_C/U06 / :
RG_58_C/U0F  G_03212:01 | et
RG_58_C/U22 —G 03232 | h'"“--..____'
RG_58_C/U42  G_03232.01 K [ —
R || &omaz0s
1 ] 1 1
10 50 100 500 1000 2000
Frequency [MHz]
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Striplines (1)

A stripline is a flat conductor between a top and bottom ground plane. The
space around this conductor is filled with a homogeneous dielectric material.
This line propagates a pure TEM mode. With the static capacity per unit
length, C’, the static inductance per unit length, L’, the relative permittivity of
the dielectric, g, and the speed of light ¢ the characteristic impedance Z, of
the line is given by

220 T |

t/b= 0.25
' 0.20
_ L 200 | 0.15
0= ; 0.10
C 0.05
180
C 1
Von = = —. % 160
VE, L'C S
1 N 140
ZO - r o~ &
C'e 120
100 \\ NN %
80 \\\\X\\I | ] ]
0.1 0.2 030405 081.0 2.0 3.0 4.0

w/b
Characteristic impedance of striplines
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Striplines (2)

For a mathematical treatment, the effect of the fringing fields may be
described in terms of static capacities. The total capacity is the sum of the
principal and fringe capacities C, and C;.

—
- <=}

8

Ct :Cpl +Cp2 +2C,, +2C,,

C; stands for fringe field capacity,
C, stands for principal capacity
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Striplines (3)
Coupled striplines (in odd and even mode):

N\ W S\ME

W

|t

NN PN ZA RN
Axis of even Axis of odd
mode symmetry mode symmetry

1 94.15Q
)\\\8 .S N | N } N For 7 \/T —2 —I [1 tanh(ZbD
J T T

e )
w

——LMA-— \ P s i ZO,Odd = 1 . w In 2 194 1SQ S
& N N Ve W e L Sl 1+ coth(”)
T 2b
side-coupled broad-coupled

This formula for side-coupled
structure only.
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Microstriplines (1)

A microstripline may be visualized as a stripline with the top cover and the top
dielectric layer taken away. It is thus an asymmetric open structure, and only
part of its cross section is filled with a dielectric material. Since there is a
transversely inhomogeneous dielectric, only a quasi-TEM wave exists. This has
several implications such as a frequency-dependent characteristic impedance
and a considerable dispersion.

@ Mechanical construction @ Static field approximation

Wave

. 7 O
Metallic strip: p /' €
v

w

/ Groundplane: p
/ Vo ——
/

7 gy
/V Séjbstratae: Seﬁ
/ rtan o, x

Z1E, off

[———

———— Y

Note: Quasi-TEM wave due to different dielectric constants in different
parts of the cross-section. We do get longitudinal field components.
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Microstriplines (2)

Frequency-dependent
characteristic impedance

1) / 0.1

?200 '_ZU_ ZI%PLZ 0.3
Q // |

= 100 ——0¢

(Pl)
Z

80 / )
60 —

40 —————— =
3
20 6
10

10:

8r, eff

5
0 002 004 006 008 0.1 012 0.14

Effective permittivity

10
'1'60
L — 1 —F— — 3
9 B _—’é—'—‘
N i e
/ // 0.1
_— _—
6 éé/
5

|=

——

=

0

F

h=0.635mm (25mil) —=

h=1.27mm (50mil) —==
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Microstriplines (3)

Planar transmission lines used Var_ious transm!ssion _Iines
in MIC (microwave integrated derived from microstrip
circuits) .

1 ZZZ1 l 8[‘ 8["' h
{ g, { e . { TINVERTED MICROSTRIP SUSPENDED MICROSTRIP

MICROSTRIP SLOTLINE I 3 8I’2
Z=ZZ1 vard) ZZ71 ZZz71 771 i grl g
{ & f e & { MICROSTRIP WITH OVERLAY
COPLANAR WAVEGUIDE COPLANAR STRIPS 1;97‘2! 1 £ ! |8r2
€1 INVERTED STRIP
STRIP DIELECTRIC WAVEGUIDE DIELECTRIC WAVEGUIDE
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Slotlines (1)

The slotline may be . ®
considered as the dual Well
structure of the microstrip.
It is essentially a slot in
the metallization of a
dielectric substrate. The
characteristic impedance
and the effective dielectric

E-Feld ;o
i —— === H-Feid

e

I
"
i o

constant  exhibit similar AR
dispersion properties to / Al fe—sr2 }mm

. . t:
those of the microstrip — s e tangee
line.

(a) Mechanical construction

(b) Field pattern
(TE approximation)

(c) Longitudinal and
transverse current
densities

(d) Magnetic line current
model.
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Slotlines (2)

A broadband (decade bandwidth) pulse inverter. Assuming the upper microstrip
to be the input, the signal leaving the circuit on the lower microstrip is inverted
since this microstrip ends on the opposite side of the slotline compared to the

input.
:”_\‘
' ,' Microstrip
I —f
I 1
| |
| I
I 1
I
i 1 Slotline
I 1
Microstrip I
I 1
' I Two microstrip-slotline
'," N transitions connected back to
\ ’,' back for 180° phase change.
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Amplifiers (1)

¢ Semiconductors
m Bipolar transistors
m Field effect transistors
= many others

¢ Frequency range: 0...100 GHz
¢ Power range: from close to thermal noise level to many kW

¢ High reliability, but lifetime not infinite (thermal fatigue, metal
migration, etc.)

¢ Often unforgiving, failure is normally definitive

¢ Inherently low-voltage, high current devices compared to
tubes

¢ Low to medium gain
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Amplifiers (2)

¢ Gridded Tubes (electron tubes)
Frequency range: 0...0.5 GHz (tetrodes), 0...3 GHz (triodes)

¢ Power range:
m for CW (continuous wave) up to 30 MHz: 1 MW
= at 300 MHz: 200 kW
m pulsed at 200 MHz: 4 MW

Medium reliability, lifetime cathode limited to 5000...40000
hours

Relatively robust
Inherently medium to high voltage, low current devices
Density modulated

High gain at low frequencies, medium gain at high
frequencies

¢

¢

*® & o6 o

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Active elements 121



Amplifiers (3)

& Klystrons
Frequency range: 0.3...10 GHz
Power range:
s CW at 350 MHz: 1 MW
m pulsed at 3 GHz: 30 MW
Medium reliability, lifetime cathode limited
Needs expert care
Inherently very high voltage device
Velocity modulated
Very high gain (=40 to 60 dB, about 10 dB per passive resonator)
Tend to be noisy (acoustically and electrically)

* o

® & 6 6 ¢ o

Others
Travelling wave tubes, magnetrons (Microwave ovens!!), Gyrotrons
& 2-beam accelerators (CLIC)

* o
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Transistors (1)

Example: a field effect transitor (FET)

Structure of an advanced High Power and Low Distortion
pulse-doped MESFET GaAs FET
Depletion
AlGaAs Stop Layer

Undoped GaAs Buffer (p’)
cap layeyr (xA, n=1E15) Doping layer (BOA, n=2.7E18)
S.1. GaAs sub

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Active elements
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Transistors (2)

A typical data sheet of a Medium
Power GaAs FET

» Up to 2.5 GHz frequency band
* Beyond 22 dBm output power
* Low distortion characteristics Maximum Available Gain VS. Frequency
* Low power consumption 40 4
» High power gain

» Low-cost plastic mold package
» Low thermal resistance lead

Vps=6V, Ipg=100 mA
30

Applications

 Driver amplifier preceding final
power amplifier for DECT

20 -

Maximum Available Gain (dB)

10 1 1 1 1 1 1 1 ] 1 —
0 1000 2000 3000 4000 500C

Freq (MHz)
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Transistors (3)

Transistor scattering parameters

They will be covered in detail in the second part of this lecture...

The input and output reflection
Si,and S,

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

The forward transmission S,; and the
backward transmission S,,

+90°

‘ 4Gz

|
n

0.1 0.8) \B12

+180° Scale fot | SI12 | 0°
~ 2.4GHz
8|
-90°
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Gridded tubes

Filament burns off electrons
acceleration in DC field
density modulation by grid

=> voltage controlled current
source

*® & 6 o

Anode | » é

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

A medium power external
anode transmitting tube

'
N

g

CERAMIC
ENVELOPE —=

RADIATOR FOR

FORCED AIR
COOLING\ =

\

GRID wmes/\\

EXHAUST TUBULATION

PROTECTIVE CAP

FILAMENT
TERMINALS
A

GRID
TERMINAL

GRID
SUPPORT

FILAMENT

I
Ny

FILAMENT

Active elements

CENTER
SUPPORT
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Klystrons (1)

Filament (electron gun) velocity modulation extraction of high
emits electrons in first cavity intensity RF field in
\( second cavity
drift space ]
CONTROL GRID EUE&IIEER BUNCHED CATCHER
! H /\ ELECTRONS Shils
CATHODE _ | i /\'.
iIIIIIIIlIIlIiIIII ot & g L L '1_ COLLECTOR
{r.t‘i:liil'llil:i .l r— . . o ls ANODE
l?llilllill-!i-i'-l:-—w—bﬁ l.l II.!l FPLATE
; — - | & { !
1:‘.,‘:1....'.":..:-—; . . il-:n
ililll:lilllllli:ll'i'_" Ir:
j joo0
ACCELERATOR
GRID
* RESOMANT RESONANT
‘aan CAVITY YYD CAVITY
INPUT OUTPUT
acceleration in
DC field :
RF Input RF output
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extraction of high
intensity RF field in

Klystrons (2)

EF Field

second cavity

bunching cavity

accelerating
DC field

2nd
Cavity

)
-89 g L 2 HWD‘E

/_L\Ano de

1y

),

Accelerating
. E-field

EF Ot

EEIn

—> RF output

<—— RF input

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

electron source
(heated)
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|OT — Inductive Output Tubes (1)

A Light for Science

IOT - Inductive Output Tubes or klystrodes

TV-10T from
E2V

TV IOT: typically 60 kW at 460 — 860 MHz

+ |OT developed for accelerators [Thales, CPI]:
80 kw CW at 470 — 760 MHz
n=70% <= operation in class B
Intrinsic low Gain =20 ... 22dB = P,, = 1 kW
Compact, external cavity = easy to handle
. BUT: low unit power = power combiners

turopean Synchrotron Radiation fFacility

SRF'2009 — 18th Sept. 2009

History of the 10T:

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

~ tetrode ~ Klystron
(_% e
- Collector N
fode DriftTube  1ailPIPE
Cathode / J "
Connd\w:j
Grid /
9
Focus Electrode - —_A
- Ceramic Window -'
S e IoT

Pole piece

[www.cpii.com/eimac/PDF/Theory.PDF]

= Often with external in-air cavities allowing easy IOT exchange

*1.3 GHz IOT for cw X-FEL Linacs & ERLs
=16...20 kW
n=55t065% [Thales, CPI, E2V]
-No adequate klystron on the market
*Superiority of IOTs:
=Higher efficiency

= ess amplitude & phase sensitivity to HV
ripples

=No collector overheating after loss of drive
=Expected lower costs

Tutorial: RF Power Sources J. Jacob, slide 15

www.bext.com/iot.htm
Active elements
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Inductive Output Tubes (2)

0T —
s===:= [OT RF Power Sources
= for Pulsed and CW Linacs

_rir}n.l.' & Power Industries
5’amc division
——— ANODE SUPPLY
- "

-+ : —_—
o

GRID " ¢-(=)—i¢ o

i — e

BIAS

I

RF/
SOURCE ftﬂ'.-".»".o".p":".ﬂ"ff
/ o ANODE
CATHODE
= TS ourpur
RESONATOR
CONTROL SCREEN GRID
GRID

An IOT 1s a stmple device
Active elements
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|OT — Inductive Output Tubes (3)

= e [OT RF Power Sources
= for Pulsed and CW Linacs

I SEE— L 1]
Communications & Power Industries

division
This computer graph shows the equipotential lines
mside the collector assembly and the resulting

distribution of the spent electron beam.
Collector1 C0||e§tor3
Anod\ Drift Tube Tallpipe \
Cathode _
) 0
v i
| N
Focus Electrode—d \ﬁ
Ceramic Window
Pole piece T
Koo Colle!:torz
Active elements
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— Inductive Output Tubes (4)

=== |0T RF Power Sources
for Pulsed and CW Linacs

Communications & Power Industy

(¥
Eimac division

Output power vs. drive power
(normalized to point of maximum efficiency)

0.8
0.6 | / I 10T
04 | _~
0.2 | =
0 ) '!'-T : : : : : : :
0O 02 04 06 038 1 12 14 16
Comparison of amplifier characteristics:

IOT vs. klystron

Active elements
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Comparison of solid state and vacuum technology for
RF power generation (1986)

Solid state devices move
steadily up in frequency

Abbreviations:

X Field: crossed field,
especially magnetrons

TWT: Travelling wave tubes
CC TWT: coupled cavity TWT

CW or Average Power (W)

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

1068

10°

104

103

102

10

0.1

0.01

r—
r NEIEIERR
KINEEEDERN
E 5 “““"420‘\ Solid State
N Combiners
oo"’@
L Solid State %o"/ Single
/Dominates °f,‘-, . ‘ Junction
7
////// AN
]
0.1 1 10 102 103
Frequency (GHz)
Ref.: Gilmour, A S, Microwave Tubes, Artech
House, 1986
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Comparison of solid state and vacuum technology for
RF power generation (2009)

A Light for Science

RF power sources for accelerating cavities

g ——————4 PPM o
‘I‘ ——— ] g
10000 N |v||3||( = Pulsed Klystrons (2
?_ Diacrode

S 1000 ——L T [Trlg 4 b4 N
E — %‘\ tﬁ_ CW Klystrons H | o
— —— Tetrodes N | H| o
s 100 = |OTs - S

o Ii \\
o \ <
g 10 Y >5
& X 600 3 >
1 \ O
! Transistor amplifiers :
01 ~ 300 W/ unit
0.1 | LI I J
10 100 1000 10000 100000
f [MHz]

turopean Synchrotron Radiation Facility SRF'2009 — 18th Sept. 2009 Tutorial: RF Power Sources J. Jacab, slide 4
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Introduction of the
S-parameters

Abstract—This paper discusses the physical meaning and prop-

* The first paper by erties of the waves defined by
Kurokawa 9 — Vi+Zil, b _Vi-4 |,
i ! i
¢ Introduction of 2\|ReZ| 2\|Re Z|
power waves where V, and I, are the voltage at and the current flowing into the

instead of Voltag e ith port'of a junction and Z, is the impeda'nce of the circuit conn.ecte.d
to the ith port. The square of the magnitude of these waves is di-
and current waves rectly related to the exchangeable power of a source and the re-
USing so far (1965) flected power. For this reason, in this paper, they are called the
power waves. For certain applications where the power relations are
of main concern, the power waves are more suitable quantities than
the conventional traveling waves. The lossless and reciprocal condi-
tions as well as the frequency characteristics of the scattering matrix
are presented.
Then, the formula is given for a new scattering matrix when the
Zs are changed. As an application, the condition under which an
amplifier can be matched simultaneously at both input and output
ports as well as the condition for the network to be unconditionally
stable are given in terms of the scattering matrix components. Also a
brief comparison is made between the traveling waves and the power
waves.,

K. Kurokawa, ‘Power Waves and the Scattering Matrix,’
IEEE Transactions on Microwave Theory and Techniques,
Vol. MTT-13, No. 2, March, 1965.
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Example: A generator with a load

Zs=50Q 1]
0
b
V(t) = V,sin(ot i
Y oSNl i Vy Z, =500
Vo=10V | oad
| impedance)
0
W/
1
L, |
¢ Voltage divider: Vi=Voo—5—=3V
L, +Z;

¢  This is the matched case, since Z5 = Z,. Thus we have a
forward travelling wave only, no reflected wave. Thus the
amplitude of the forward travelling wave in this case is V,=5V,
a, returns as 5v/+/50Q (forward power = 25v?2/50Q = 0.5W)

. Matching means maximum power transfer from a generator
with given source impedance to an external load

¢ Ingeneral, Z =27
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Power waves (1)

a;
Vit lZ, Z5=50Q =i 1
Loz 7,
b. = Vi—- 1,4, V(t) = Vsin(wt) i _
ooz, V, =10V |V, Z, =500
where the characteristic i I(rlgsg dance)
impedance Z, =7 ¢ ’
- <!
Definition of power waves: b, |
* a, Is the wave incident on the termination one-port (Z,)
* b, is the wave running out of the termination one-port
. a, has a peak amplitude of 5 V/sqrt(50€2)
¢  What is the amplitude of b,;? Answer: b, = 0.
. Dimension: [V/sqrt(Z)], in contrast to voltage or current waves

Caution! US notion: power = |a|? whereas European notation (often): power = |a|?/2
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Power waves (2)

This is the definition of a and b L 2\/270
(see Kurokawa paper):
L 2z,

Here comes a probably more practical method for determination. Assume
that the generator is terminated with an external load equal to the
generator impedance. Then we have the matched case and only a
forward travelling wave (no reflection). Thus, the voltage on this external
resistor is equal to the voltage of the outgoing wave.

. Uy incident voltage wave ( port 1) uine : f
= = = re
Y2z, JZo JZo Ui =Zo (aj +by) =Ui™ +U;
1 U_refl
refl i =—(a —bj)=——
U™ reflected voltage wave (port1) ' (Z, (2 ~bi) Zo

by = -
VZ0o VZo
Caution! US notion: power = |al? whereas European notation (often): power = |a|?/2
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Analyzing a 2-port

V(t) = Vsin(mt)
Vo=10V

ay

Z, = 500

. A 2-port or 4-pole is shown above between the generator impedance

and the load

. Strategy for practical solution: Determine currents and voltages at all
ports (classical network calculation techniques) and from there

determine a and b for each port.

. Important for definition of a and b:
The wave a always travels towards an N-port, the wave b always

travels away from an N-port
F. Caspers, S. Federmann; JUAS 2013 RF Engineering
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[ cacians

Test & Measurement
Application Note 95-1
S-Parameter Techniques

Another important advantage of s-parameters stems from

the fact that traveling waves, unlike terminal voltages and
currents, do not vary in magnitude at points along a lossless
transmission line. This means that scattering parameters can
be measured on a device located at some distance {rom the
measurement transducers, provided that the measuring device
and the transducers are connected by low-loss transmission lines.

Derivation | '
Transmission and Reflection
Generalized scattering parameters have been defined by When light interacts with a
K. Kurokawa [Appendix A]. These parameters describe lens, as in this photograph,
the interrelationships of a new set of variables (a; , bj). part of the light incident on
The variables aj and b; are normalized complex voltage waves the woman's eyeglasses is

reflected while the rest is
transmitted. The amounts
reflected and transmitted
are characterized by optical

incident on and reflected from the ith port of the network.
They are defined in terms of the terminal voltage V;, the
terminal current I , and an arbitrary reference impedance Z; ,

where the asterisk denotes the complex conjugate: reflection and transmission
. coefficients. Similarly,
V. +7:1. V. = 7. 1. scattering parameters are
= b, = L _—171 5 .
aj = i = (5) measures of reflection and
2 ‘Re Zi‘ 2 ‘Re Zi‘ transmission of voltage

waves through a two-port
electrical network.
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For most measurements and calculations it is convenient
to assume that the reference impedance Z; is positive
and real. For the remainder of this article, then, all
variables and parameters will be referenced to a single

positive real impedance, Z.

The wave functions used to define s-parameters for a

two-port network are shown in Fig. 2.

Zs
— 31
VS TWO - PORT
» b1 NETWORK
Figure 2

A -—

b, —

Two-port network showing incident waves
(a1, ap) and reflected waves (bq, bp) used in
s-parameter definitions. The flow graph for

this network appears in Figure 3.
10
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S-parameters

A paciars

Test & Measurement
Application Note 95-1
S-Parameter Techniques

Scattering parameters
relationship to optics
Impedance mismatches
between successive
elements in an RF circuit
relate closely to optics,
where there are successive
differences in the index of
refraction. A material’s
characteristic impedance,
Lo, is inversely related to
the index of refraction, N:

€ _1

O 77 — N

377 N

The s-parameters sq1q and
S»o are the same as optical
reflection coefficients;

S12 and s»q are the same
as optical transmission
coefficients.
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The independent variables a; and as are normalized
incident voltages, as follows:

_ Vi +I1Zy _ voltage wave incident on port 1 Vil
24/ 2 A2y Az

_ Vo +1pZp _ voltage wave incident on port 2 _ Vi (7)

d = =
©n \Zo JZo

ai

Dependent variables by, and bs, are normalized reflected voltages:

Vi -11Zy _voltage wave reflected from port 1 _ Vg (9)
2+/7 VA VA

_Vy -1, Zy _voltage wave reflected from port 2 V2

by

by (9)

11
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The linear equations describing the two-port network are

then:
by =sjja +spzay (10)
by =sprajtspar (11)
The s-parameters s, sp2, s21, and sy are:
b
S11= —1 = Input reflection coefficient with (12)
d1|,4,=0 the output port terminated by a
2 matched load (7] =7 sets ap=0)
S o= b_Z = Qutput reflection coefficient (13)
2z an with the input terminated by a
a1=0  matched load (Zg=Z( sets V¢=0)
Sp1 = b_2 = Forward transmission (insertion) (14)
ajq _0 gain with the output port
a42=Y terminated in a matched load.
by A -
S|p = — = Reverse transmission (insertion) (15)
an gain with the input port

a1=0 Yerminated in a matched load.

12
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A paciars
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Application Note 95-1
S-Parameter Techniques

Limitations of

lumped models

At low frequencies most
circuits behave in a
predictable manner and
can be described by a
group of replaceable,
lumped-equivalent black
boxes. At microwave
frequencies, as circuit
element size approaches
the wavelengths of the
operating frequencies,
such a simplified type
of model becomes
inaccurate. The physical
arrangements of the
circuit components can
no longer be treated as
black boxes. We have to
use a distributed circuit
element model and
s-parameters.
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Notice that

V
L7,
by I4 L1-72p
TR TV ARY (16)
1 I1_|_ZD 1 0
1
(1 +511)
and Z1=7Zp—=
(1=s11) {7)
where 21 = I—l is the input impedance at port 1.
1

This relationship between reflection coefficient and impedance
is the basis of the Smith Chart transmission-line calculator.
Consequently, the reflection coefficients sq; and sy, can be
plotted on Smith charts, converted directly to impedance, and
easily manipulated to determine matching networks for
optimizing a circuit design.

S-parameters

A paciano

Test & Measurement
Application Note 95-1
S-Parameter Techniques

S-parameters

S-parameters and
distributed models
provide a means of
measuring, describing,
and characterizing
circuit elements when
traditional lumped-
equivalent circuit
models cannot predict
circuit behavior to the
desired level of
accuracy. They are used
for the design of many
products, such as
cellular telephones.
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Another advantage of s-parameters springs from the
simple relationship between the variables ay, a, , by,
and by, and various power waves:

2
‘31‘ = Power incident on the input of the network.
= Power available from a source impedance Z.

a2| 2 = Power incident on the output of the network.
= Power reflected from the load.

‘b 1 |2 = Power reflected from the input port of the network.

= Power available from a Z source minus the power
delivered to the input of the network.

2
‘bz‘ = Power reflected from the output port of the network.,

= Power incident on the load.
= Power that would be delivered to a Z load.

Here the US notion is used, where power = |a|2.

. European notation (often): power = |a|?/2
These conventions have no impact on S parameters, only
relevant for absolute power calculation
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A cicicann

Test & Measurement

Application Note 95-1
S-Parameler
Techniques

D
Radar\\

The development
of radar, which
uses powerful signals
at short wavelengths to
detect small objects at
long distances, provided
a powerful incentive for
improved high frequency
design methods during
World War Il. The design
methods employed at
that time combined
distributed measurements
and lumped circuit
design. There was an
urgent need for an
efficient tool that could
integrate measurement
and design. The Smith
Chart met that need.
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The previous four equations show that s-parameters are
simply related to power gain and mismatch loss,
quantities which are often of more interest

than the corresponding voltage functions:

|5 |2 _ Power reflected from the network input
H Power incident on the network input
|s« ’ |2 _ Power reflected from the network output
e Power incident on the network output
|s |2 Power delivered to a Z() load
21 =

Power available from Z source

= Transducer power gain with Zq load and source

2 R
|512| = Reverse transducer power gain with Zg load and source

Here the US notion is used, where power = |a|2.
European notation (often): power = |a|?/2

17" These conventions have no impact on S parameters, only
relevant for absolute power calculation
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The Scattering-Matrix (1)

The abbreviation S has been derived from the word scattering. For high
frequencies, it is convenient to describe a given network in terms of waves rather
than voltages or currents. This permits an easier definition of reference planes. For
practical reasons, the description in terms of in- and outgoing waves has been
introduced.

Waves travelling towards the n-port: (a)=(a,a, 8.2,
Waves travelling away from the n-port: (b)= (bl’b27b3""bn)

The relation between a; and b; (i = 1..n) can be written as a system of n linear
equations (a; being the independent variable, b; the dependent variable):

one-port b =S,a|+S,a, S8, H+S,a,+...
two-port b,=S,a +3S,,a,+S,,a/+S,,a,+...
three-port b, =S;a +S,,a, +Sz,a,+S,,a, +...
four-port b, =S,a +S,a,+S;;8,+S,3,+...

In compact matrix notation, these equations are equivalent to

(b)=(8)a)
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The Scattering Matrix (2)

The simplest form is a passive one-port (2-pole) with some reflection coefficient T'.

(S): S11 — b1 = Sllai

With the reflection coefficient I' it follows that

b,

Sy =—=T

Two-port (4-pole)

(s){

S11
S21

S12
S22

bl — Sllal + Sl2a2
bz = S2181 + Szzaz

|

Reference plane

ai
.
-+
b; |
a. a,
> -
ee— —l
b b

A non-matched load present at port 2 with reflection coefficient T’ ., transfers to the

input port as T

load

Fin = S11 + S21

1-S,,T,

S12

oad
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Examples of 2-ports (1)

Line of Z=50Q), length |=A/4

. . 4 ~ ] b,
(s){o _,} b, =-Ja, " ” "
-1 0 b, =—Ja, b, —J 9
< < <
Attenuator 3dB, i.e. half output power
1
b =——a, =0.707a —
-3 3] NN s T
J2[1 0]y _ Lo _0707a,
\/E b, \/5/2 a,
< < <
backward
RF Transistor /transmlssmn
(S)— 0.277e_j590 007861930 al 1.92¢it4 b2
| 1.92¢%  0.848e7 > >
\

forward
transmission

A
©
()
\l
\l
CD\
3
o
o)
X
o
ml
E
D
nN

non-reciprocal since S;, # S,,!
=different transmission forwards and backwards
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Examples of 2-ports (2)

|deal isolator
0 0
()= 10 b, =a, Pt > —O‘b—>
1
T only forward ’

transmission

A wave can only pass from left to right through an ideal isolator

A possible implementation is the Faraday rotation isolator
presented on the following slide
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Examples of 2-ports (3)

Faraday rotation isolator

Transition from o ' 1
rectangular to_round : ,Br/
waveguide

Transition from
rectangular to round
waveguide

" Attenuation foils

The left waveguide uses a TE,, mode (=vertically polarized H field). After transition
to a circular waveguide, the polarization of the mode is rotated counter clockwise
by 45° by a ferrite.

Then follows a transition to another rectangular waveguide which is rotated by 45°
such that the forward wave can pass without reflection or attenuation.

However, a wave coming from the other side will have its polarization rotated by
45° clockwise as seen from the right hand side.
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Examples of 3-ports (1)

Resistive power divider a; 7 13 Z /3 b,
1 O o >
- - b, = _(az + as) b
011 21 1 a,
1 Z,/3
(S):E 101 b2=§(a1+a3) 0
110 1 5
b, = E (al + az) b
3-port circulator b
_ _ 2
— >
0 01 b =a,
(S)=|1 0 0 b,=a a,
0 1 0] b, =a,
. . . a, o
The ideal circulator is lossless, matched at all ports, 5 —_
but not reciprocal. A signal entering the ideal circulator ¢ <«
at one port is transmitted exclusively to the next port in b a
the sense of the arrow. 1 3
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Examples of 3-ports (2)

Practical implementations of circulators:

Stripline circulator

Ferrite

Waveguide circulator ground plates

A circulator contains a volume of ferrite. The magnetically polarized ferrite provides the
required non-reciprocal properties, thus power is only transmitted from port 1 to port 2,
from port 2 to port 3, and from port 3 to port 1.
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¢ The T splitter is reciprocal and lossless but
not matched at all ports. Using the
losslessness condition and symmetry
considerations one finds for E and H plane

splitters

Port 1

Port 3

<

Port 1

Port3 -t

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

The scattering matrix

H-plane splitter 1 -1 V2
Sy i 1 2
V2 2 o
Note: change in sign
of wave going left or
right
1 1 J2
: : 1
port 2 E-plane splitter Sg =5 1 1 =42
V2 -2 0
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Examples of 4-ports (1)

Ideal directional coupler
0 Jk J1-k?
JK 0 0
1-k? 0 0
0 1-k? jk

To characterize directional
couplers, three important
figures are used:

b
the coupling C=-20log =
a,

D =-201 b,
the directivity P =-20 %9l
the isolation | :_20|0910%
4
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0
1-k?
jk
0

F

~

b,

a

with k =

Picture from:

http://www.thetestequipmentstore.com/waveguide.htm
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Examples of 4-ports (2)

Magic-T also referred to as 180° hybrid:

O 0 1 1
(E-Arm)
(S):i O 0 1 -1
J211 1 0 0
1 -1 0 0]

The H-plane is defined as a plane in which
the magnetic field lines are situated. E-plane
correspondingly for the electric field.

(H-Arm)

Can be implemented as waveguide or coaxial version.
Historically, the name originates from the waveguide version
where you can “see” the horizontal and vertical “T".
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Evaluation of scattering parameters (1)

Basic relation:

bl = S11a1 + Slzaz
bz — SZlal + Szzaz

Finding S,,, S,,: (*forward” parameters, assuming port 1 = input,

port 2 = output e.g. in a transistor)

- connect a generator at port 1 and inject a wave a, into it
- connect reflection-free absorber at port 2 to assure a, = 0

- calculate/measure
- wave b, (reflection at port 1)
- wave b, (generated at port 2)

- evaluate
S,=—+ "input reflection factor"
a1 a,=0
b
Sy = —
81 a,=0
ZQZSOQ 4-port D U T

5 Z 2-port

"forward transmission factor"

DUT = Device Under Test

la

Directional Coupler )
prop. a, / proportional b,

=

Matched receiver
or detector
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Evaluation of scattering parameters (2)

Finding S,,, S,,: (“backward” parameters)

- interchange generator and load
- proceed in analogy to the forward parameters, i.e.
Inject wave a, and assure a, =0

- evaluate
S,=—" "backward transmission factor"
a, a,=0
S,, =—*% "output reflection factor"
a2
a;=0

For a proper S-parameter measurement all ports of the Device
Under Test (DUT) including the generator port must be terminated
with their characteristic impedance in order to assure that waves
travelling away from the DUT (b,-waves) are not reflected back and

convert into a,-waves.
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Scattering transfer parameters

The T-parameter matrix is related to the incident and
reflected normalised waves at each of the ports.

(bl] _ {Tn T }(aj

al T21 T22 b2

T-parameters may be used to determine the effect of a cascaded 2-port
networks by simply multiplying the individual T-parameter matrices:

b, a, b, a,
i P S @
=@l rol=11re] &= o =3 TO F—
§ a; b, dg b,
T-parameters can be directly evaluated from the
associated S-parameters and vice versa.
From Sto T: FromTto S:
[T]: 1 {— det(S) 811} [S]: 1 {le det(T)}
S21 - S22 1 Tzz 1 _T21
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Measurement devices (1)

¢ There are many ways to observe RF signals. Here we
give a brief overview of the four main tools we have at
hand

¢ Oscilloscope: to observe signals in time domain
m periodic signals
= burst signal

m application: direct observation of signal from a pick-up, shape of
common 230 V mains supply voltage, etc.

¢ Spectrum analyzer: to observe signals in frequency
domain
= sweeps through a given frequency range point by point

m application: observation of spectrum from the beam or of the
spectrum emitted from an antenna, etc.

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Measurement devices
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Measurement devices (2)

¢ Dynamic signal analyzer (FFT analyzer)
m Acquires signal in time domain by fast sampling
m Further numerical treatment in digital signal processors (DSPs)
m Spectrum calculated using Fast Fourier Transform (FFT)

m  Combines features of a scope and a spectrum analyzer: signals
can be looked at directly in time domain or in frequency domain

m  Contrary to the SPA, also the spectrum of non-repetitive signals
and transients can be observed

m Application: Observation of tune sidebands, transient behavior of
a phase locked loop, etc.
¢ Network analyzer

m Excites a network (circuit, antenna, amplifier or such) at a given
CW frequency and measures response in magnitude and phase
=> determines S-parameters

m Covers a frequency range by measuring step-by-step at
subsequent frequency points

m Application: characterization of passive and active components,
time domain reflectometry by Fourier transforming reflection
response, etc.
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Superheterodyne Concept (1)

Design and its evolution

The diagram below shows the basic elements of a single conversion superhet receiver.
The essential elements of a local oscillator and a mixer followed by a fixed-tuned filter and
IF amplifier are common to all superhet circuits. [super etepw dvvauic] a mixture of Latin
and Greek ... it means: another force becomes superimposed.

FF &mplifier M ixer Fitter IF &mplifier Demodulator Audio Amplifier

% DD

This type of configuration we find in
any conventional (= not digital) AM
or FM radio receiver.

Local Cacillator
The advantage to this method is that most of the radio's signal path has to be sensitive to
only a narrow range of frequencies. Only the front end (the part before the frequency
converter stage) needs to be sensitive to a wide frequency range. For example, the front
end might need to be sensitive to 1-30 MHz, while the rest of the radio might need to be
sensitive only to 455 kHz, a typical IF. Only one or two tuned stages need to be adjusted
to track over the tuning range of the receiver; all the intermediate-frequency stages
operate at a fixed frequency which need not be adjusted.

en.wikipedia.org
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Superheterodyne Concept (2)

RF &mplifier Mixer IF Filter IF &mplifier Demodulator Audio Amplifier

Dl

&

Local Cacillatar

RF Amplifier = wideband frontend amplification (RF = radio frequency)

The Mixer can be seen as an analog multiplier which multiplies the RF signal with the
LO (local oscillator) signal.

The local oscillator has its name because it's an oscillator situated in the receiver locally
and not far away as the radio transmitter to be received.

IF stands for intermediate frequency.

The demodulator can be an amplitude modulation (AM) demodulator (envelope
detector) or a frequency modulation (FM) demodulator, implemented e.g. as a PLL
(phase locked loop).

The tuning of a normal radio receiver is done by changing the frequency of the LO, not
of the IF filter.

en.wikipedia.org
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Example for Application of the
Superheterodyne Concept in a Spectrum
Analyzer

RF input _ _ _ Log Envelope
attenuator Mier IF gain IF filter amp detector

| PN g
g WA PSS e P

Pre-selector, or % ‘Ffliden
low-pass filter ilter
Local NS

Bt

oscillator

Reference

oscillator
J/L ”
Sweep )
generator Display

The center frequency is fixed,
but the bandwidth of the
IF filter can be modified.

The video filter is a simple low-
pass with variable bandwidth
before the signal arrives to the
Agilent, ‘Spectrum Analyzer Basics,’ vertical deflection plates of the
Application Note 150, page 10 f. cathode ray tube.
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Voltage Standing Wave Ratio (1)

Origin of the term “VOLTAGE Standing Wave Ratio — VSWR”:

In the old days when there were no Vector Network Analyzers available, the
reflection coefficient of some DUT (device under test) was determined with the
coaxial measurement line.

Was is a coaxial measurement line?

This is a coaxial line with a narrow slot (slit) in length direction. In this slit a
small voltage probe connected to a crystal detector (detector diode) is moved
along the line. By measuring the ratio between the maximum and the minimum
voltage seen by the probe and the recording the position of the maxima and
minima the reflection coefficient of the DUT at the end of the line can be
determined.

T

Eﬂ SWH-
J’ Meter

-
=il Voltage probe weakly
pUT | coupled to the radial

Zx @ electric field.

Cross-section of the coaxial
measurement line

RF source
f=const.

]

™ |||||||lll.JIII|IL‘|.I|||J||.||.j.|lll|||II TETT T A T reTs

Ui ?

3_
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Voltage Standing Wave Ratio (2)
VOLTAGE DISTRIBUTION ON LOSSLESS TRANSMISSION LINES

For an ideally terminated line the magnitude of voltage and current are constant
along the line, their phase vary linearly.

In presence of a notable load reflection the voltage and current distribution along
a transmission line are no longer uniform but exhibit characteristic ripples. The
phase pattern resembles more and more to a staircase rather than a ramp.

A frequently used term is the “Voltage Standing Wave Ratio VSWR” that gives
the ratio between maximum and minimum voltage along the line. It is related to
load reflection by the expression

Vmax - ‘a‘ +‘b‘ VSWR — Vmax — ‘a‘ +‘b‘ — 1+‘F‘
Voo =a] =] Vi [a]=[o] 1|1

min

Remember: the reflection coefficient I' is defined via the ELECTRIC FIELD of
the incident and reflected wave. This is historically related to the measurement
method described here. We know that an open has a reflection coefficient of
I'=+1 and the short of I'=-1. When referring to the magnetic field it would be just
opposite.
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Voltage Standing Wave Ratio (3)

r VSWR Refl. Power |-T'|?
0.0 1.00 1.00
0.1 1.22 0.99
0.2 1.50 0.96
0.3 1.87 0.91
0.4 2.33 0.84
0.5 3.00 0.75
0.6 4.00 0.64
0.7 5.67 0.51
0.8 9.00 0.36
0.9 19 0.19
1.0 Y 0.00

With a simple detector diode we cannot measure
the phase, only the amplitude.

Why? — What would be required to measure the

phase?

Answer: Because there is no reference. With a

0.5

maximum voltage over time
'_\

mixer which can be used as a phase detector when

connected to a reference this would be possible.
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The Smith Chart (1)

The Smith Chart represents the complex I'-plane within the unit circle. It is a conform
mapping of the complex Z-plane onto itself using the transformation

ro -7, Imag(D)
Imag(2) L+Z,

S—

Real(Z) Real(I")

—>The real positive half plane of Z is thus
transformed into the interior of the unit circle!
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The Smith Chart (2)

This is a “bilinear” transformation with the following properties:
= generalized circles are transformed into generalized circles

= circle - circle

= straight line - circle

= circle - straight line

- straight line = straight line
= angles are preserved locally

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

a straight line is nothing else
than a circle with infinite radius

a circle is defined by 3 points

a straight line is defined by 2
points

Smith Chart
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The Smith Chart (3)

Z

Impedances Z are usually first normalized by 2= 7
0

where Z, is some characteristic impedance (e.g. 50 Ohm). The general form of the
transformation can then be written as _— 14T

=—— resp. z=——
z+1 1-T

This mapping offers several practical advantages:

1. The diagram includes all “passive” impedances, i.e. those with positive real part,
from zero to infinity in a handy format. Impedances with negative real part (“active
device”, e.g. reflection amplifiers) would be outside the (normal) Smith chart.

2. The mapping converts impedances or admittances into reflection factors and vice-
versa. This is particularly interesting for studies in the radiofrequency and
microwave domain where electrical quantities are usually expressed in terms of
“direct” or “forward” waves and “reflected” or “backward” waves. This replaces the
notation in terms of currents and voltages used at lower frequencies. Also the
reference plane can be moved very easily using the Smith chart.
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The Smith Chart (4)

A This is the

LG ratio between
| backward and forward wave

ol

N S T
N ‘\\ 4 .\\‘ 4 I~

s
i

\\| (implied forward wave a=1)

it
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The Smith Chart (Abaque Smith in French)
IS the linear representation of the
complex reflection factor

r=2

l.e. the ratio backward/forward wave.
The upper half of the Smith-Chart is “inductive”

= positive imaginary part of impedance, the lower
half is “capacitive” = negative imaginary patrt.
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Important Points:

¢

¢

Short Circuit
'=-1,z=0

Open Circuit
I'=1,z—>w

Matched Load
'=0,z=1

OncircleI'=1

lossless element
Qutside circleT' =1

active element,
instance tunnel
diode reflection
amplifier

Important points

Short Circuit

_ Open Circuit

=00

for

F. Caspers, S. Federmann; JUAS 2013 RF Engineering Smith Chart

r=0
Matched Load
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The Smith Chart (5)

3. The distance from the center of the diagram is directly proportional to the
magnitude of the reflection factor. In particular, the perimeter of the diagram
represents full reflection, [I'|=1. Problems of matching are clearly visualize.

P =[af* -
-’

max source  “(mismatch)”
power loss

Here the US notion is used, where power = |a|2.
European notation (often): power = |a|?/2 KON
These conventions have no impact on S parameters, N N o B Y

only relevant for absolute power calculation N o e s g
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The Smith Chart (6)

4. The transition
impedance <~ admittance
and vice-versa is particularly easy.

F(1/2)_1/2—1_1—2 _(z-1
1/z+1 1+z z+1

r(l/z)=-I(z)
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Navigation in the Smith Chart (1)

in blue: Impedance plane (=2)

in red: Admittance plane (=Y)

Up Down
Red Series L | Series C
circles
Blue Shunt L Shunt C
circles
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Navigation in the Smith Chart (2)

_————

SIS Sa :
T, R AN Red Resistance R
W |arcs
LN K \
generator :
¥ , "._e'_:;--:;"' |
!
L \ )/ Blue Conductance G
' P arcs

Con- Transmission
centric | line going
circle Toward load
Toward

generator
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Impedance transformation by

The S-matrix for an ideal, lossless
transmission line of length | is given
Y 0 e/

et 0
where B =2xl1

IS the propagation coefficient with the
wavelength A (this refers to the
wavelength on the line containing
some dielectric).

dio—> ob,
e Bl
...... e r =T e—jzﬁl b1o < od,
in load e'iB'
How to remember that when adding a section of L :
line we have to turn clockwise: assume we are at I'=-1 N.B.: Itis supposed that the reflection factors are
(short circuit) and add a very short piece of coaxial cable. evaluated with respect to the characteristic

Then we have made an inductance thus we are in the upper ~ impedance Z, of the line segment.
half of the Smith-Chart.
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Al4 - Line transformations

Impedan_ce_ z A transmission line of length

|=1/4

transforms a load reflection I',_ to its
input as

_ —-j2pl _ iz _
1_‘in - 1_‘Ioad € - l_‘Ioad € - _Fload

This means that normalized load
impedance z is transformed into 1/z.

In particular, a short circuit at one end

Is transformed into an open circuit at

the other. This is the principle of A/4-
P e resonators.

Impedance

1z when adding a transmission line

to some terminating impedance we move
clockwise through the Smith-Chart.
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Looking through a 2-port (1)

In general:

N S,,S,.I[, Line A/16:
1-S,,I'

were [, is the reflection
coefficient when looking
through the 2-port and I',,4 IS
the load reflection coefficient.

in 11

The outer circle and the real
axis in the simplified Smith

diagram below are mapped to Attenuator 3dB:
other circles and lines, as can

be seen on the right.

z=0 o -Z =
z=1or
Z=50Q0
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Looking through a 2-port (2)

1 )| If Sis unitary )
Lossless . 1 0
Passive ] SS= 0 1 )
Circuit
- Lossless Two-Port
1 2
:522?& e Lossy Two-Port:
Circuit O: Is uncsi)tggllgonally :O
1 A . C. . 2
Active ) | tCtI\t/-e” |rcur[t. y
Circuit O: S po.er\'la y UI’.IS a. e D
(possibility: oscillation)

~ 00
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Example: a Step in Characteristic
Impedance (1)

Consider a connection of two coaxial cables, one with Z. , = 50 Q characteristic
iImpedance, the other with Z. , = 75 Q characteristic impedance.

1 )| Connection between |/ » a Zc,1 Zc,z a
a 50 Q and a 75 Q g <2
O: cable. We assume an :O
infinitely short cable 4b— —bP
_ length and just look at _ i 2
chl 5002 the junction. ZC:Z 30

Step 1. Calculate the reflection coefficient and keep in mind: all ports have to be
terminated with their respective characteristic impedance, i.e. 75 Q for port 2.

o _Z-Zci _75-50_ .,
' Z+Z., T75+50

Thus, the voltage of the reflected wave at port 1 is 20% of the incident wave and
the reflected power at port 1 (proportional I'?) is 0.22 = 4%. As this junction is
lossless, the transmitted power must be 96% (conservation of energy). From this
we can deduce b,2 = 0.96. But: how do we get the voltage of this outgoing wave?
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Example: a Step in Characteristic
Impedance (2)

Step 2: Remember, a and b are power-waves and defined as voltage of the
forward- or backward travelling wave normalized to+/Z. .

The tangential electric field in the dielectric in the 50 Q and the 75 Q line,

respectively, must be continuous. o
t = voltage transmission

Z.,=T75Q coefficient t=1+T in this
case.

This is counterintuitive,
one might expect 1-T.
Note that the voltage of

Z., =50Q :
|
|
|
|
|
: t the transmitted wave is
|
|
|
|

PE g =2.25 Air, g, =1

higher than the voltage of
the incident wave. But we
have to normalize to \/Z. to
get the corresponding S-
parameter. S,;, = S,, via
Eincigent = 1l reciprocity! But S;; # S,,,
E ~0.2 Etransmitted =12 I.e. the structure is NOT
reflected : ¢ Symmetric_
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Example: a Step in Characteristic
Impedance (3)

Once we have determined the voltage transmission coefficient, we have to
normalize to the ratio of the characteristic impedances, respectively. Thus we

get for 5
S, =1.2, /3—5 =1.2-0.816 =0.9798

We know from the previous calculation that the reflected power (proportional %)
IS 4% of the incident power. Thus 96% of the power are transmitted.

Check done S,% = 1_44% =0.96 =(0.9798Y°

5075
*? 50475

=-0.2 To be compared with S11 = +0.2!
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Example: a Step in Characteristic
Impedance (4)

Visualization in the Smith chart T T TS,

As shown in the previous slides the
voltage of the transmitted wave is with

t=1+1T1
V, = a + b and subsequently the current is
| Z=a-Dh.

Remember: the reflection coefficient I' is VAL AT SRR OSSR AL X T 7 iy
defined with respect to voltages. For NN Incident wave a =1 G507
currents the sign inverts. Thus a positive R BRSO
reflection coefficient in the normal I e cu i s o £
definition leads to a subtraction of currents A e

or is negative with respect to current.

Note: here Z,,.4 is real
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Example: a Step in Characteristic
Impedance (5)

General case

Thus we can read from the Smith chart
immediately the amplitude and phase of
voltage and current on the load (of course
we can calculate it when using the
complex voltage divider).

a
Zo=50Q =
A

|
|
Vs Z=50+j80Q
i (load impedance)
&
bE |
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Example: Determination of Q in the

Smith chart (1)

¢ This is “our” recipe: Put your network analyzer display format in Smith-chart.

C3 E5071C Network Analyzer

1 Active ChiTrace

£ Response 3 Stim

s

4 Mhrlanalysis S Instr State

P =11 smith (res/Im) Scale 1.000U [F1]

ER

Abart Printing

Frinter Setup. ..

Invert Image

Return

_~'/--_
Note: here the
I circle is in the
\ detuned open
\ position (i.e. Dump
\ series resonator) —_—
\h____,
Tr2 511 Log Mag 5.000dB/ Ref -15.00dE [F1]
10.00
5. 000
0,000 7
-5. 000 3dB here! 4
ALe (only for critical \
-15. 00y coupling)
e NOT here! 1
-35.00 Classical mistake! |
=40, 00

1 Start 14 MHz

IFEVY 500 Hz

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

Meas | “for |ERef| Sue | 2012-01-13 14:06
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Example: Determination of Q in the
Smith chart (2)

2. Move your graph in the Smith-chart to the so-called “detuned short position”.

3. For this, you display the imaginary part of S;; in Cartesian coordinates (lower
part of the display) and change the phase offset and electrical delay such that
the graph is symmetric to the abscissa and horizontal.

Hint: Put Markers on the plot to make sure that your graph is symmetric

CH E5071C Network Analyzer - &
1 Active ChiTrace 2 Response 3 Stimulus 4 MirfAnalysis 5 Instr State
PR 511 smith (ResIm) Scale 1.000U [F1 Del]

1 16.065000 MHZ -490.91 mu 496.02 mu SR R :
>2 16.132500 MHZ -484.82 mU -496,00 mU -~ Smith Chart D| I
3 16.097500 MHZ -8.9985 mU 33.104 mU .~

Short=>

™
‘.

=== = axis of symmetry

=" 118, 085000 migf 496.0z mu

200.0m |25 18 135300 MHoNas. Lod Im{S,,} Q'Ot
600. om | 1, <
400.0m |

00.0m |

0. 000 "
-200.0m |
-400. Om
~600. Om

800, 0m

Q S
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Example: Determination of Q in the
Smith chart (3)

3. Use markers (in S;; format) in the Smith-chart to read out the frequencies at points (1)
and (2), in the upper and lower halves of the circle, this is the maximum of |Im{S,,}|.

4. Calculate the difference in frequency Af, this is the 3 dB bandwidth of the loaded cavity.
5. Read-out the resonant frequency f,.. at point (3)

4. Now your formulae will give you the loaded Q: Q= f./Af.

>10 16.065000 MHz -50F.08 mu 496.95 mu_—
mu -496. 8Lm0
5. 380 mu

3| 16.100000 MHz -6. b1

Here:

Q. =16.1 MHz / 70 kHz
Q. =230

Note:

to determine the unloaded Q,,
the condition for placing the
markers (in impedance format)
in Step 3 is:

Im{Z} = Re{Z}

T~ All other steps stay the same.
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What about all these rulers
below the Smith chart (1)

How to use these rulers:

You take the modulus of the reflection coefficient of an impedance to be examined
by some means, either with a conventional ruler or better take it into the compass.
Then refer to the coordinate denoted to CENTER and go to the left or for the other
part of the rulers (not shown here in the magnification) to the right except for the

lowest line which is marked ORIGI

N at the left.

3 2.5 . 1.6 1.4 1.2 1.1 1 13
—— | II I I | II | II I II II I i I I II II 1 II | |I 11 II 1 1 I| 1 1 II | |I |I |I II II II I| i | I II | I| I| 111
=40 30 20 15 10 B G ] 4 3 2 1 1)1
0 3 4 a 6 7 & 9 10 12 14 20 30 == 0
| | N I I I U N [N [ S (S (I | | | | ] 1 1 1 | | 1 | | N
I I I I I I I I I | rr1r1r1r17 171717 17 1 17 17 17 17T T°71 [ I T 1T 1T 17T 17T 1T 1 I | | I T
1 09 o8 07 0.6 0.5 0.4 0.2 0.05 0.01 00
:!. 11 | Inigl | | IDiEI 11 1 i | | I | i 11 1 | i 11 | II:qu:I | | IDi3| 11 Iﬂizl | I | i 11 1 Il:::I 1

CENTER
. . . . . . 0.7 0.8 0.9 1
[N I Y O O [ (S S N I N N [ (S S N [ N N [ [ I [ (S S [N N O I [N B |
ORIGIMN
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What about all these rulers
below the Smith chart (2)

First ruler / left / upper part, marked SWR. This means VSWR, i.e. Voltage
Standing Wave Ratio, the range of value is between one and infinity. One is for the
matched case (center of the Smith chart), infinity is for total reflection (boundary of
the SC). The upper part is in linear scale, the lower part of this ruler is in dB, noted
as dBS (dB referred to Standing Wave Ratio). Example: SWR = 10 corresponds to
20 dBS, SWR = 100 corresponds to 40 dBS [voltage ratios, not power ratios].

10040 20 10 3 4 3 2.5 2 18 186 1.4 1.2 1.1 1 15
T T Y I O I R T N T T N T M N T S Y N A 1
T T 1T T T T T 1 1 T T T T T T I T | T T T T T T T T T T T
=40 30 20 15 10 B B 3 4 3 2 1 11
0 1 2 3 4 3 6 7 & 9 10 12 14 20 3040
I I T T T T A VI A T A A T A B B A B W M IR R T
N I B B e e B N Y Y B - —
1 09 08 07 06 0.5 0.4 0.3 0.2 0.1 0.03 0.01 0|0
| : 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 01
% ¢+ I+ ¢y 3811l

CENTER
. . . . . . T . 0.
I T T T T T T T T T T T T T T T T O O
ry
ORIGIN
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What about all these rulers
below the Smith chart (3)

Second ruler / left / upper part, marked as RTN.LOSS = return loss in dB. This
indicates the amount of reflected wave expressed in dB. Thus, in the center of SC
nothing is reflected and the return loss is infinite. At the boundary we have full
reflection, thus return loss 0 dB. The lower part of the scale denoted as
RFL.COEFF. P = reflection coefficient in terms of POWER (proportional |T'|?). No
reflected power for the matched case = center of the SC, (normalized) reflected

power = 1 at the boundary.

ac;li][lﬁli] 20

3 2.5 . 1.6 1.4 1.2 1.1 1 13
| 1 1 I I | 1 1 | [ [N [ N I (N I O N | | | 1 | | I I I | 111
| I'T 1T 1 I T 171 T I I I I T I T [ I I I I I T I I T I I I I
=40 30 20 15 10 B G ] 4 3 2 1 1)1
0 1 3 4 a 6 7 & 9 10 12 14 20 30 == 0
| | N I I I U N [N [ S (S (I | | | | ] 1 1 1 | | 1 | | N
I I I I I I I I I | rr1r1r1r17 171717 17 1 17 17 17 17T T°71 [ I T 1T 1T 17T 17T 1T 1 I | | I T
1 09 o8 07 0.6 0.5 0.4 0.2 0.1 0.05 0.01 00
1 . 0.8 . 0.6 0.5 0.4 0.3 0.2 0.1 01
L1 1 11 11 1 L1 1 1 11 1 11 11 1 11 1 1 1 1 11 11 1 L1 1 1 11 11 1 11 1 1 1 1
CENTER
. . . . . 0.6 0.7 0.8 0.9 1
,I‘ | [ I N [ [ [ [y (S [ [ [ [ O N O N O [ [ [ (N I [ [ I [ [ N I N N |
ORIGIMN
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What about all these rulers
below the Smith chart (4)

Third ruler / left, marked as RFL.COEFF,E or | = gives us the modulus (= absolute
value) of the reflection coefficient in linear scale. Note that since we have the
modulus we can refer it both to voltage or current as we have omitted the sign, we
just use the modulus. Obviously in the center the reflection coefficient is zero, at
the boundary it is one.

The fourth ruler has been discussed in the example of the previous slides: Voltage
transmission coefficient. Note that the modulus of the voltage (and current)
transmission coefficient has a range from zero, i.e. short circuit, to +2 (open = 1+I"
with I'=1). This ruler is only valid for Z,,,4 = real, i.e. the case of a step in
characteristic impedance of the coaxial line.

10040 20 10 3 3 2. . 1.6 1.4 1.2 1.1 1 15

R e T T S N S T A Wt et 1

=40 30 20 15 10 B B 3 4 3 2 1 11

0 3 4 3 6 T & 9 10 12 14 20 3040

N T I T T T T VI T T O A I I B B A B W N A I R N

1T T 1 T 1 T T T 111111 T rr 1 1T 1 r T 1T 1T T T T T 1T T 1T T T T 1 - —

1 05 08 07 06 0.5 0.4 0.3 0.2 0.1 0.05 0.01 0|0

:!. 11 | |I:Iig| | | |Di8| 11 |ﬂi?| 11 Iﬂiﬁl 11 |ﬂi5| | | |I:Ii4| | | |Di3| 11 |ﬂi2| 11 Iﬂill 1 | |ﬂ 1
CENTER

I T T T T T T T T T T T T T T T T O

ry

ORIGIN
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What about all these rulers
below the Smith chart (5)

Third ruler / right, marked as TRANSM.COEFF.P refers to thq tra tted power as
a function of mismatch and displays essentially the relation . Thus, in the
center of the SC full match, all the power is transmitted. At the boundary we have

total reflection and e.g. for a I value of 0.5 we see that 75% of the incident power is
transmitted.

TOWARD LOAD —= <«— TOWARD GENERATOR
1 1 15 1 7 5 4 3 2 1
| 1 I I Y Y I | | | | 11 1 1 1 1 1 1 | | | | | | | | | | | | | | | |
| I | T I T T T TTT [ I 1 | I | T 1 | | T 1 | | T I T TTT T T 1
1)1 1.1 1.2 1.3 1.4 16 18 2 3 4 3 10 20 e
30 =<0 0.1 0.2 0.4 0.6 0.8 ] 3 4 a 6 10 15==
11 | | 1 1 1 | | | | | | | S I I I [ [ I [ I A I I | | 1 1 | 1l 1 11 1 |
I'T T T T T TTTTTTTTTTTITTTTTTI [ | | I T T T 1T 1T | | T T T TTTT T TTTT T T TTIh 1
0 1.5 1.6 1.?;\1.8 1.9 2 2.5 3 4 5 10 ==
1 I':::I 1 1 ﬂl?g 1 1 IG.?EI 11 Iﬂig 1 ﬂig 'l 1 \“ |:III'F 1 |:IIIE 1 Dij 1 0i4 1 Di3 1 |:Ilh2 1 0i1 1 '::I:I
1
CENTER |
1 1.1 1.2 1.3 1.4 '.1.5,' . . . 1.
1 N TN N T T e S S T S T N A | W | S N N [ N I I[N A [ [ Y S N N [N N |
\‘\','
| I'|=0.5 Note that the voltage of the transmitted wave in

this case is 1.5 x the incident wave (Z,,,4 = real)
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What about all these rulers
below the Smith chart (6)

Second ruler / right / upper part, denoted as RFL.LOSS in dB = reflection loss. This
ruler refers to the loss in the transmitted wave, not to be confounded2 with the return
loss referring to the reflected wave. It displays the relation P, =1—\F\ in dB.

Example: [T =1/+/2 =0.707 , transmitted power = 50% thus loss = 50% = 3dB.

Note that in the lowest ruler the voltage of the transmitted wave (Z,,,4 = real) would
be V, =1.707 =1+1/+/2 if referring to the voltage.

) TOWARD LOAD —= «— TOWARD GENERATOR
1 | 1 IIC:I [ 1II:II I | | | | | I A I I I | 1 1 | | 1 | | | | | | | | | 1 | 1 |
[ [ | [ [ ' T T T TT [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ T T I T TTTI T T T 1
11 1.1 12 13 14 16 1.8 2 A 4 5 10 20 e
/4
30 =40 01 02 04 06 08 1 1.5 2 {8y 4 3 6 10 15e=
11 | | 1 1 1 | | | | | | | | [ A I N I I B | | 1 1gl 1 111 | 1 1 1 | 1 11 ||
' T T T T T TTTTTTTTTTTTTTTTTTI [ I T T T 17T T 1T TT | Ii ‘IIIIIIIIIIIIIIIIII
0 15 16 1.7 1819 2 o2 3 4 5 10
1 I':::I 1 Iﬂl?g 1 1 IGI?EI 1 1 I'::jis-:i 1 ﬂig 1 |:III'F 1 I:IllE II Diail ﬂiq: 1 Di3 1 I:Ilh2 1 ':Iil 1 '::I:I
1 []
CENTER ! ,:
1
| 1.1 1.2 1.3 14 . G 1.7} 1.8 1.9
| I Y S I S S [ [ A [ N A U A U U S (N N I O N N O O N | I‘I l | N I N I N Y [ A O MO I |
\Vl
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What about all these rulers
below the Smith chart (7)

First ruler / right / upper part, denoted as ATTEN. in dB assumes that we are
measuring an attenuator (that may be a lossy line) which itself is terminated by an
open or short circuit (full reflection). Thus the wave is travelling twice through the
attenuator (forward and backward). The value of this attenuator can be between
zero and some very high number corresponding to the matched case.

The lower scale of ruler #1 displays the same situation just in terms of VSWR.

Example: a 10dB attenuator attenuates the reflected wave by 20dB going forth and
back and we get a reflection coefficient of '=0.1 (= 10% in voltage).

/ROWARD LOAD —> N ~— TOWARD GENERATOR
1 1 15 110\ 13\
| TR W I | | | | TN I Y O I () [V | | | | | | | | | | | | | |
[ T L [ [ ' T T T TT [ [ [ [ [ T Ty 1T [ [ [ [ [ [ [ T T I T TTTI T T T 1
11 . 1.1 1213 14 U6 48 2 3 4 5 10 20 e
30 =4 0 fiol 02 04 06 08 1! 115 2 4 5 6 10 150
11 | I - | | | | | | | | | I | l I I I | I I N N ) I A I | | 1 1 1 | 1 11 |
T T T i |HBL il ' TTTTTTTTTTTTTTTT I'_ [ [ [ 1 [ | il ' T T1 | T [ I T T TTTT ' TTTTI T T T TTIT 1
0lo 11} 12 13 14 15 16 17 819 2 2.5 3 4 5 10es
1 1 1 Iiﬂlgg: 1 1 Iﬂl?sl 11 I':::i.‘l:-:i 1 ﬂig =| =I:III? 1 I:II.B 1 Dia 1 ':]i4 1 Di3 1 I:Ilh2 1 ':Iil 1 '::I:I
H 1 1
CENTER | | | b
1 \LL1f 1.2 13 14 \1:51 1.6 1.7 18 1.9
| I I I I A | I N N [ Y N [ A [N U A N A A | | | I [ N S S A [ [ A A A A U A I O I A |
‘\," ‘\,"
Another Example: 3dB attenuator gives forth
and back 6dB which is half the voltage.
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Further reading

Introductory literature

. A very good general introduction in the context of accelerator physics: CERN
Accelerator School: RF Engineering for Particle Accelerators, Geneva
. The basics of the two most important RF measurement devices: Byrd, J M, Caspers, F,

Spectrum and Network Analyzers, CERN-PS-99-003-RF; Geneva

General RF Theory

. RF theory in a very reliable compilation: Zinke, O. and Brunswig H., Lehrbuch der
Hochfrequenztechnik, Springer

. Rather theoretical approach to guided waves: Collin, R E, Field Theory of Guided
Waves, |IEEE Press

. Another very good one, more oriented towards application in telecommunications:
Fontolliet, P.-G.. Systemes de Telecommunications, Traite d'Electricite, Vol. 17,
Lausanne

. And of course the classic theoretical treatise: Jackson, J D, Classical Electrodynamics,
Wiley

For the RF Engineer

. All you need to know in practice: Meinke, Gundlach, Taschenbuch der
Hochfrequenztechnik, Springer
. Very useful as well: Matthaei, G, Young, L and Jones, E M T, Microwave Filters,

Impedance-Matching Networks, and Coupling Structures, Artech House
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Appendix

¢ The RF diode

¢ The RF mixer
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¢

The RF diode (1)

We are not discussing the generation of RF signals here, Just the
detection

Basic tool: fast RF* diode
(= Schottky diode) |
In general, Schottky diodes are fast *-
but still have a voltage dependent “

junction capacity (metal — semi- *A typicaI_RF
conductor junction) detector diode

+Try to guess from the type of
the connector which side is the

Equivalent circuit: RF input and which is the output

Agilent 423B

fmmm—m = = h Diode < Bias Resistor
I ~ Diode
| impedance .
\ A J_ { Vltsleot
: RF b outpu
RF in m= 50 ! capa\gilfgis Video out = P
1 N T
N
7

4 ! ! < DG RF
Return Bypass

+*Please note, that in this lecture we will use RF for both the RF and micro wave (MW)
range, since the borderline between RF and MW is not defined unambiguously

F. Caspers, S. Federmann; JUAS 2013 RF Engineering RF diode
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The RF diode (2)

&> Characteristics of a diode:

¢ The current as a function of the voltage for a barrier diode can be
described by the Richardson equation:

[=AA"; exp —L’bﬂ [ exp NkT ]

where

A = area (cm?)

A** = modified Richardson constant (amp/oK)/cm?)
k = Boltzman’s Constant

T = absolute temperature (°K)

&B = barrier heights in volts

V = external voltage across the depletion layer
(positive for forward voltage) - V - IRg

Hs = series resistance

| = diode current in amps (positive forward current)
n = ideality factor

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

I
60 pA/div

- Typical
LBSD

Typical
Schnttky
Diode

Current

ldeal Commutator

Voltage
RF diode

V
50 mV/div

¢The RF diode is NOT an
ideal commutator for
small signals! We cannot
apply big signals
otherwise burnout
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The RF diode (3)

¢ Ina highly simplified manner, one can approximate this

expression as:

Vy
[=Is [ exp 0028 ~1 oV,

.. junction voltage

¢ and show as sketched in the following, that the RF rectification is
linked to the second derivation (curvature) of the diode

characteristics:

If the DC current is held constant by a current regulator or a large
resistor, then the total junction current, including RF, is

I =1lp=icos wt

and the |-V relationship can be written

Is + lp + icos wt
w=ammn(5+”j m)
S

lp +1Is icos wt
= 0.028Ln( ) + 0.028Ln
Ig fg + /g

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

If the RF current, i, is small enough, the IN-term can be approxi-

mated in a Taylor series:
[r’cos ot i2cos? ot ]
h+ls 20p+1g? =

/g + r’g
V,=0.028Ln /— +0.028
S

= Vpc + V, cos wt + higher frequency terms

If you use the fact that the average value of cos? is 0.50, then
the RF and DC voltages are given by the following equations:

= = [ =Rgi
lg + /g s
0.028 7
RF diode 200



The RF diode (4)

* This diagram depicts the so called square-law region where the output
voltage (Vyig4eo) IS Proportional to the input power

500.0

Since the input power is
proportional to the square
of the input voltage (Vge?)
and the output signal is . 4
proportional to the input '

power, this region is . ///
called square- law region. '
g 9 Without |aiq||:}aardeEd oLin/ear Reglon

load
0.05
In other words: //
2 /

Vi~V 0.005
Video RF 50 40 30 20 10 0

Input power (dBm) ¢-20 dBm = 0.01 mW

50.0

LBSD

Output voltage (mV)

* The transition between the linear region and the square-law region is
typically between -10 and -20 dBm RF power (see diagram)
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The RF diode (5)

¢ Due to the square-law
characteristic we arrive at the
thermal noise region already
for moderate power levels (-
50 to -60 dBm) and hence the
Vyigeo disappears in the
thermal noise

¢ This is described by the term

tangential signal sensitivity
(TSS)

where the detected signal

(Observation BW, usually 10
MHZz) is 4 dB over the thermal
noise floor

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

Output Voltage

Signal

Signal on
aignal & Noise

Off i
l Output

4dB | g

/1

Moise Output

Time

4 If we apply an RF-signal to the )

detector diode with the same
power as its TSS, its output
voltage will be 4 dB over the

thermal noise floor.
_J

-
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The RF mixer (1)

¢  For the detection of very small RF signals we prefer a device that has
a linear response over the full range (from 0 dBm ( = 1ImW) down to
thermal noise (= -174 dBm/Hz = 4-10% W/Hz)

¢ This is the RF mixer which is using 1, 2 or 4 diodes in different
configurations (see next slide)

¢ Together with a so called LO (local oscillator) signal, the mixer works
as a signal multiplier with a very high dynamic range since the output
signal is always in the “linear range” provided, that the mixer is not in
saturation with respect to the RF input signal (For the LO signal the
mixer should always be in saturation!)

¢ The RF mixer is essentially a multiplier implementing the function

f (1) - f5(t) with f,(t) = RF signal and f,(t) = LO signal

a, cos(2af.t + @) -a, cos(2af,t) = %ala2 [cos((f, + f,)t+¢@)+cos((f,— f,)t+¢)]

¢ Thus we obtain a response at the IF (intermediate frequency) port
that is at the sum and difference frequency of the LO and RF signals
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¢ Examples of different mixer configurations

A. Single-Ended Mixer

The RF mixer (2)

Sig Input o—
Coupler
LD Input o—

Matching
Network

B. Balanced Mixers

Sig Input o—
JdB

Hybrid

LD Input o—

; iki o
E _mnf*

Sig Input o—
idB
Hyhrid

LO Input &

$——o [F Dutput
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C. Double-Balanced Mixer

o 5ig Input

A typical coaxial mixer (SMA connector)

RF mixer

204



The RF mixer (3)

¢ Response of a mixer in time and frequency domain:

Input signals here:
LO =10 MHz
RF = 8 MHz

Mixing products at
2 and 18 MHz

plus higher order terms
at higher frequencies

F. Caspers, S. Federmann; JUAS 2013 RF Engineering

Ideal Commutator Realistic Diode
Time Domain Time Domain
. *,I A il .~,I Y (b) i
L’L ' [ IR .'I|.I r
I _I:J 1 _I.E ulu IJ .I.‘l II1 IIu I‘ ‘ -'u ‘ ul ‘h‘. I!.Ill :Iu ‘II | | II_ .I‘ | II..I r )
ldeal Commutator Realistic Diode
Frequency Domain Frequency Domain
| 4 .
*IF % -
'3 gra] o
g -m 1
re”| Lo S |
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Dynamic range and IP3 of an RF

mixer
¢ The abbreviation IP3 stands for the
third order intermodulation point TYPICAL 2-TONE 3-ORDER
where the two lines shown in the NPT ISTERCEPT PO 18
right diagram intersect. — L \\ K N
. . a0 H
¢ Two signals (f,,f, > f;) which are Derd ORDEA M OUTPUT \)/
closely spaced by Af in frequency g 0 vl
are simultaneously applied to the Y “’MTJ;_
5 @
DUT. : A
¢ The intermodulation products b // f’ 50 = 28 suppression
appear at +Af above f, and at —-Af = v }5__,_
below f, E // :
¢ This intersection point is usually not 3 _, fo e
measured directly, but extrapolated = f”
from measurement data at much 20 R
smaller power levels in order to 140 /|
avoid overload and damage of the 0 L 40 00 0 20 40

RF INPUT POWER, EACH TONE, dBm

DUT
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Solid state diodes used for RF
applications

¢ There are many other diodes which are used for different applications
in the RF domain

oL bbb l

Varactor PIN  Step Recovery Mixer Detector TED Parametric Tunnel
Diodes  Diodes Diodes Diodes Diodes amnlifier Diodes Diodes

* TransferredElectronDievices

¢ Varactor diodes: for tuning applications

¢ PIN diodes: for electronically variable RF attenuators

¢  Step Recovery diodes: for frequency multiplication and pulse
sharpening

¢ Mixer diodes, detector diodes: usually Schottky diodes

¢ TED (GUNN, IMPATT, TRAPATT etc.): for oscillator

¢ Parametric amplifier Diodes: usually variable capacitors (vari caps)

¢ Tunnel diodes: rarely used these days, they have negative

impedance and are usually used for very fast switching and certain
low noise amplifiers
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