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INFN Frequency spectrum
o
Frequency (Hz)
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Wavelength (m) r’:A‘pproximate band designatioil\ I

L-band 1-2 GHz
S-band 2-4 GHz
C-band 4-8 GHz
X-band 8-12 GHz
Ku-band 12-18 GHz
K-band 18-26 GHz

Ka-band 26-40 GHz
U-band 140—60 GHz

Optical freguencies. ) much
shorter than the component
dimensions.

Low frequencies: )\ so large
that the phase variation across
the dimensions is little.

Geomeftrical optics regime

Phase of the voltage and currents changes significantly over the physical lenght of the device,
microwave components are distributed, the lumped circuit element approximation are not valid.

CERN Accelerator School and Slovak University of Technology, Senec, June 2012 3
L. Celona, Fundamentals of Microwave Engineering & RF Coupling issues



Electrical Model of a Transmission Line

INFN
o
i(z,t)
Q \
\
i (z.1)
V(z,

_ - ) o,

g — [= 1L+ GA2V, + Chz =2
iz e al
=WV V. =V + RAC, , + LAz
" RAz LAz * ot
vet) GA CAz____ v(z+Azt)

o | ‘o
< Az >
= series resistance per unit lenght, for both conductors, in Q/m.
= series inductance per unit lenght, for both conductors, in H/m.
= shunt conductance per unit lenght in S/m.
= shunt capacitance per unit lenght in F/m.
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INFN Wave equation - Propagation constant
o’V. I,
= yW.=0 —F-y'L.=0
o ) oz 1

Y = .J(R + jwL)(G + jwC) propagation constant

Vi(z,t)= (Vyexp( —yz) + Vgexp( +¥z)) X exp( jwi)
I(z,t) = (Igexp( —y=) + Igexp( +¥z)) X exp( j@t)

|

wave travelling along +z direction wave travelling along -z direction

o is called attenuation constant [dB/m]

y=J(R+joL)-(G+jaC)=a+jp

B is called phase constant [radians/m]

2n

- wt—pz wt+ pz

V)=V, e * &/ 1V e /@ M=2n = r="—

I(z):IJe_“Zoe’(“’t Py I e™ - e/t B
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INFN Characteristic Impedance

Istituto Nazionale
aaaaaaaaaaaaaaaa

Ve Vo~

Ly=— Z,=——, [, has negative sign
L lo

V(Z) — I/O+e—oz . ej(a)t—ﬂz) + I/O—eoz . ej(at+ﬂz)

](Z) — (VO+ /ZO) Lo % ej(at—ﬂz) n (VO_ /ZO) L% . ej(am,[fz)

7 = o [R+joL 7 - o |R+ joL
0" T+ : 0 - .
I G+ joC I G+ joC
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éﬂ’” DDDDDDDDDD Terminated lossless transmission line
© g - o—= L | |
Vi V@)=V ey e
i I Zy " [y = 1 Zy) e+ (Vg 1 Zy) e
«y
C )
> 7
-d 0
Voy V., +V, Z -7,
@Z:O ZL: (): 0+ O_Z() — I/O— ~“L 0 I/()
100) V5 -V, Z, +Z,
_ Ut i . il
F_I/O__ZL_ZO Viz)=V, -[e’”” +1"-e™]
Ve Z,+Z, ](Z):%’[ejﬂz_r'ejﬁz]

The amplitude of the

0
reflected wave normalized to the amplitude

of the incident wave is known as reflection coefficient

ZL:ZO j F:O

NO REFLECTIONS (maximum power delivered to the load)
MATCHED LINE
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INFN Standing Waves
o
If Z #Z, z :
O O
ZO ZL

“ d - Z =0

V(z)=V; e +V; e At z=0
; i - e Vo =TV" = Z,—2Z,

1) =y 1 Zy) e +(Vy 12,) ¢’ Y Z,+2,

Along the transmission line:
V=V'e” +TV e/ (byadding and substracting: TV, e ")

V=V (1-T)e” +2V,T C(’i( 2 )

traveling wave standing wave
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V=V'e*+TV e

VSWR =

The VSWR is always greater than 1

RL =-20 log‘l“‘

%

max __

Voltage Standing Wave Ratio (VSWR)

1.5 T

Vo) 1 N S
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L5
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Incident wave
Reflected wave

Standing wave

L. Celona, Fundamentals of Microwave Engineering & RF Coupling issues

0.5
Position

CERN Accelerator School and Slovak University of Technology, Senec, June 2012




éu/m Input Impedance of a Transmission Line
«—Z
o o
o o— !
“ d > z=0
towards load —
— 1 —7Z
Z]N towards generator I = L 0
V(Z):VO+,[8—J)BZ _|_1-*,ejﬂz] ZL +ZO
I(z) = Yo, e —T-e]
Zy
—2jpd ;
7 _V(—d)_Z 1+1-e _y Z, + j/Z,tan Bd
IN

I(=d) '1-T-e¥¥ Tz 4+ jZ tanfd
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X—

Q

ZO ZL

e

d

x=0
towards load — 5

FG +——towards generator I = Zy — Zo
ZL + ZO
V(z)=V, -[e”*+T-e"]

Wave has to travel
Z down and back

V [+t iBd) »
__ _ reverse _ 0 — —J
I I, [+ g iBd) Ie
forward gen 0
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Impedance and Reflection

There is a one-to-one

correspondence between I';
and Z,

_ZBd Re{l“} g = LG —Zy

Za+Z,

§ 1+T,
.I-: ZG — ZO G
. 1-Tg
1+ FLG_J 2pd
ZG =2, .
1- FL c 12pd
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Focus on "special lenghts”

For a general transmission line with lenght:
|l=nL/2
Lin=1L,

meaning that a half-wavelenght line does not alter or
transform the load impedance

= 1/4 + n\/2

Such lines are called quarter wave transformers since they
have the effect of trasforming the load impedance in an
inverse manner depending on the characteristic impedance of
the line.

CERN Accelerator School and Slovak University of Technology, Senec, June 2012 13
L. Celona, Fundamentals of Microwave Engineering & RF Coupling issues



CN/FN nnnnnnnnnn Incident and Reflected Power
Zo ZL
o o |
< d >
z=—d z=0

1 . 1 V+ 2 . ‘ ‘
p= —RC{V(Z)I(Z) }: —.2 Re{l —Te 7 +Te* 7V (z)- ‘F‘z }
2 2 Z,
1V ’ o 1 ’ [ ’
P=—-1—-(1-|1)= -0
2 Z, 720 2 \Z
forward power reflected power
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INFN Incident and Reflected Power

= Power does not flow! Energy flows.

» The net rate of energy transfer is equal to the
difference in power of the individual waves

= To maximize the power transferred to the load we

want:
FL — O
which implies:
ZL — Zo

When Z, = Z,, the load is matched to the transmission line
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INFN dB and dBm

A dB is defined as a POWER ratio. For example:

[yg = 1010g( Prev ]
Peyr

= IOIOgOF‘Zj

= 2010g(m)

A dBm is defined as log unit of power referenced to ImW:

P
Pigm =10log| ——
m
ImW
CERN Accelerator School and Slovak University of Technology, Senec, June 2012 16

L. Celona, Fundamentals of Microwave Engineering & RF Coupling issues



INFN Load Matching

What if the load cannot be made equal to Z, for some other
reasons? Then, we need to build a matching network so that the
source effectively sees a match load.

| © o O
PS ZO —> M ZL
| o o— o—

I'=0

Typically we only want to use lossless devices such as
capacitors, inductors, fransmission lines, in our matching
network so that we do not dissipate any power in the network
and deliver all the available power to the load.
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Normalized Impedance

It will be easier if we normalize the load impedance to the
characteristic impedance of the transmission line attached to

the load. ) :é:r s ix
L ZO L L

LY

.

Since the impedance is a complex number, the reflection
coefficient will be a complex humber

C=T, +T,
1-I7 T 2T,
L= ~ . XL = 2 2
(1-T, ) +17 (1-T. ) +T,
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INEN Smith Charts

Istituto Nazionale
aaaaaaaaaaaaaaaa

The impedance as a function of reflection coefficient can be
re-written in the form:

1-T>-T7 y
— r l ~ F . L
g (1-T.F +T; " 1+,
X, = =) (C.-1F +| T ——

(1-T ) +17;

C=|-"t_0 c=[1L
1+r, X,

1
radius = L
1+r, X,
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INFN Smith Chart - Real Circles
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Smith Chart Example 1
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Smith Chart Example 2
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INFN Admittance

A matching network is going to be a combination of elements
connected in series AND parallel. .
14

Impedance is well suited when working
with series configurations. For example: Z)

Impedance is NOT well suited when working
with parallel configurations. Zi | |2,
VAVS
7, =122
Zl + Zz

For parallel loads it is better to work with
admittance. | Y, Y,

Y= —
I=yv ‘17z Y=Y +Y;

O
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INFN Impedance and Admittance Smith Charts

* For a matching network that contains elements
connected in series and parallel, we will need two
types of Smith charts

> impedance Smith chart
» admittance Smith Chart

= The admittance Smith chart is the impedance
Smith chart rotated 180 degrees.

» We could use one Smith chart and flip the reflection
coefficient vector 180 degrees when switching between a
series configuration to a parallel configuration.
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INFN Admittance Smith Chart

Y . 1-T
y:—:YZOZg+]b y:—

Y, 1+T

1

CERN Accelerator School and Slovak University of Technology, Senec, June 2012 27
L. Celona, Fundamentals of Microwave Engineering & RF Coupling issues



NN Admittance Smith Chart Example 1

Given:
y=1+]l

What is I'?

* Procedure:
» Plot 1+j1 on chart
- vector =0.445 /64°

* Flip vector 180 degrees
['=0445/-116°
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NN Admittance Smith Chart Example 2

Given:
I'=0.5/+45° Z, =50Q

What is Y?

* Procedure:
* PlotT

» Flip vector by 180
degrees

- Read coordinate
y=0.38—-30.36
1

Y=— (0.38-10.36
509( j0.36)

Y =(7.6— j7.2)x10> mhos
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FN Matching Example
| © N —O0—
P, Zy =500 — M 1000
| O o— o |
I'=0

Match 100Q load to a 50Q system at 100MHz

A 100Q resistor in parallel would do the trick but 3 of
the power would be dissipated in the matching network.
We want to use only lossless elements such as inductors
and capacitors so we don't dissipate any power in the
matching network
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= We need to go from
z=2+j0 to z=1+jO on
the Smith chart

= We won't get any
closer by adding
series impedance so
we will need to add
something in parallel.

= We need to flip over
to the admittance

chart

Matching Example

CERN Accelerator School and Slovak University of Technology, Senec, June 2012
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NN Matching Example

= y=0.5+)0
= Before we add the
admittance, add a

mirror of the r=1
circle as a guide.
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NN Matching Example

= y=0.5+)0
= Before we add the
admittance, add a

mirror of the r=1
circle as a guide

= Now add positive

Imaginary {Hm%
A "'fT]'J.—"-,!—_f
admittance. i

CERN Accelerator School and Slovak University of Technology, Senec, June 2012 33
L. Celona, Fundamentals of Microwave Engineering & RF Coupling issues



NN Matching Example

= y=0.5+)0
= Before we add the
admittance, add a

mirror of the r=1
circle as a guide

= Now add positive

Imaginary
admittance jb = jO.5
jb=30.5

jo.s .

—— = 12n(100M Hz
50Q J ( )C
C=16pF

O
16pF —— 100€2
O
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NN Matching Example

= We will now add
series impedance

= Flip to the
impedance Smith
Chart

= We land at on the
r=1 circle at x=-1
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INFN Matching Example
(Pt
= Add positive
Imaginary

admittance to get to
z=1+j0

x=jl.0
(j1.0)50Q = j2m(100M Hz)L,
L =80nH
80nH
of Y Y
lepF ——
o,
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Chart
37

Impedance
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ion would

have also worked
32pF
| |
I

= This solut

Istituto Nazionale
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Reflection Coefficient (dB)

.........

Matching Bandwidth

uuuuuuu

60 70 80 90 100 110

Frequency (MHz)

120 130 140 150

Because the inductor and capacit
impedances change with frequency, the

match works over a narrow frequency Impedance
range Chart
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INFN Matching with lumped elements

The simplest type of matching network is therefore the L section which uses two
reactive elements to match an arbitrary load impedance to a transmission line.

- Rl I . :
| & ‘ jB \ [I_zf
- l.__.r_'

M
B
EJL

|
=

(a) (b)

L
|

If 2=Z,/Z, is inside the 1+jx circle on the Smith chart the solution (a) is used.
If 2=Z,/Z, is outside the 1+jx circle on the Smith chart the solution (b) is used.

If the frequency is low enough (frequencies up to 1 GHz) lumped capacitance and
inductance can be used.

There is, however, a large range of frequencies where this solution may be not
realizable. This is the main limitation of the L matching section technique.
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INFN Analytical solution

If Z,>Z,(implies that z _is inside the 1+jx circle on the Smith chart)

B X, +R,/Z, \/Rj +X}-R,Z, Positive B=capacitor

= R+ X’ Negative B=inductor o jX =
1 Xz, Z » . Z | B | 2
X=—¢—10_20 Positive X=inductor |
B R R,B : == l

Negative X=capacitor

If Z,<Z,(implies that z is outside the 1+jx circle on the Smith chart)

X=%R (Z,-R,)) - X,

- JX |
pos @ RIR ﬁﬁ == Zﬁ
tad =

0

Two solutions, but..one may result in a significant smaller value for the reactive
components and may be preferred due to the matching bandwidth or VSWR on the
line.
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INFN Example

38.8 nH
s & Match a series RC load with impedance
Zy=100Q 0.92 pF = Z, =200-;100 Q 200+j 100Q to a 100Q2 line at 500 MHz
. Solution | F
€;=0.92 pF  L,=38.8uH
2.61pF
S | 9 C,=2.61pF  L,=46.1uH
Zo= 10080 46.1 nH Z; =200— 100 £2
¢ Solution 2 %

Solution 1 is slightly better than solution 2.

Irl os

0 0.25 0.5 0.75 1

fIGHz)
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INFN Single stub tuning
L-/mi nnnnnnnnnnnnn

rrrrrrrrrrrrrrrr

An important matching technique uses an open-circuited or a short-circuited

transmission line (a "stub”) either in parallel or in series with the fransmission
line at a certain distance from the load.

' 5 » e _
—] L
}’{J ¢ } YL ZI_I Z‘ ) Z 1
s | F .

Open or | / (_L, &Y
shorted | , C)_pe_n or
stub , Shorted

stub

Two adjustable parameters: distance (d) from the load, susceptance or reactance
provided by the shunt or series stub.

Shunt. select d so that the susceptance seen is Y,+jB and add the stub with susceptance -jB.

Series. select d so that the impedance seen is Z;+jX and add the stub with impedance -jX.

Tuning circuit very easy to implement

CERN Accelerator School and Slovak University of Technology, Senec, June 2012 42
L. Celona, Fundamentals of Microwave Engineering & RF Coupling issues



All together!
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0.0444

d, =0.328—0.284

J1.33=0.353\

d, =(0.5-0.284)+0.171=0.3871

Add a lenght of stub with susceptance

Solutionl) |

0.147)

0.353A

Solution2) |
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)
Frequency response

Two possibilities: it is normally desired to keep the matching stub as close as possible to
the load to reduce the losses caused by a possibly large standing wave ratio on the line

between the stub and the load.

0.796 nH

- ) 3RTA —
50 £2 Y,
jl-.“--- H
» >t

Solution 1 has a
significantly better
banadwidht than solution 2.

|
44
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Istituto
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Double stub tuning

NNNNNNNNN

The single stub tuning is able to match any load impedance to a transmission
line, but suffer of the disadvantage of requiring a varianle length of line
between the load and the stub.

Upen |
or

short |

Design of matching with double stub tuner, or multiple stub tuner is far away
from the scope of this course.
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INFN The Quarter wave transformer

Simple and useful method for matching a real load impedance to a tfransmission line.
It can be extended to multisection design for a broader bandwidth.

Drawback: QWT can only match a real load impedance.

A complex load impedance can always be transformed to a real impedance by using an
appropriate series or shunt reactive stub.

- QY__

f . At f, N4, g =2RAT

Zo [T 4L ' L At fo+Af l2a\4 A4 2
Z, + jZ tan S Z;
ZIN — Zl . > ZIN -
Z, + jZ, tan fl Z,

Togetr=0 — Z, =Z, — Z,=Z,-Z,

Geometric mean of load and source imp.
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N Mismatch vs. frequency

INFN
(Pt
3 | L
70 ;
Z, .z >z
o
‘ZL - Zo‘ ) T f
[ ———"|cos@ with 0=— —
rl=> 7z [cos 6) T
For ® near n/2

If we set the max value of Reflection Coefficient
I, that can be tolerated, the bandwidth of the

m
matching transformer is:

20,
T

A 2(f, - f) 40, 4 2.Z,Z,
= =2-—"= 2——cos
/1 rz \Z Z\

Jo Jo u

47
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INEN E xample
o
i L fO: 3GHz
70 o
Z,=50Q | Z, > 7,2100

Determine the percent bandwith for which the SWR<1.5

Z,=:Z,-Z, =22.36Q

For this value of Z; L=A/4 at f;=3GHz. A SWR=1.5 correspond to:

— A 4 22,2,
I = SWR -1 =02 f 2—00{ - ] 0.29 =29%
" SWR+1 VI-T; 12, -2,
& =870 MH:z
0
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INFN Multisection transformer
o
3 0 g 0 g 0 g 3 0 R
o o o o Lo a
ZO I i i i i ! !
I N A oA
DD D o
N equal sections of tfransmission lines
ZL r'eal

Z monotically decreasing: Zy> Z> Z,> Z3>... > Zy
. 26 —4j6 —2 jNO
(6), by properly choosing the I'y, and using enough sections.
Commonly used:

We can synthesize any desired reflection coefficient response as a function of frequency

Binomial transformer (maximally flat design)
Chebyshev (equal ripple) transformer

L _______________________________________________________________________________________________________________________________________________|
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INFN Binomial Transformers
o
Z, T | | e
) Z, Z, Zs

___{;_______

Q i

| E@ |
For a given number of sections, the passband response is as flat as possible

D

Zn

__0Y__

et
A

near the design freguency (maximally flat design)

This kind of response is designed, for a N sections transformer, by setting the
first N-1 derivatives of the reflection coefficient to zero

where:

A=

[@)=A1+e %" AZCN ~2Jn0

2_N ZL_ZO C’/]l\]: N!
Z,+7Z, (N —n)!n!
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e Binomial Transformers Bandwidth

If we set the max value of Reflection Coefficient ', ;that can be tolerated,
the bandwidth of the matching transformer is:

m

v v 1 r /N
I =2 -‘A‘-cos 6 = 0 =acos§ —

N _2(fi=1) _,_ 40, _,_ 4| 1(L,
£ f T x T xl2\ 4
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Tables

INFN
N=2 N=3 N=4

VAN A ZZy  ZalZo Ly DfZe  ZalZy ZilZy ZalZo Zaldy  ZalZo

1.0 1.0000 1.0000 1.0000 1.0000 1.0000) 1.0000 1.0000 1.0000 1.0000

1.5 1.1067 1.3554 1.0520 1.2247 14259 16257 1.135] 1.3215 1.4624

2.0 1.1892 1.6818 1.0907 1.4142  1.8337 1.0444  1.2421 1.6102 19150

3.0 1.3161 2.2795 1.1479  1.7321 2.6135 1.0718 14105 2.1269 2.7990

4.0 1.4142 2.8285 1.1907 2.0000 3.3594 1.0919 1.5442 25903 3.6633

6.0 1.5651 3.8336 1.2544 24495 47832 1.1215 1.7553 34182 5.3500

3.0 1.6818 4.7568 1.3022 2.8284 6.1434 1.1436  1.9232 41597 6.9955

10.0 1.7783  5.6233 1.3409 3.1623 7.4577 1.1613 20651 4.8424 8.6110

N=5 N=6

VAR LHlZy ZalZy ]2y Zalia  Zs|Zo L2y Z3]Zy  ZalZy  ZalZo  Zs/Zo ZelZn
i.0 £.0GOG 1 .Gaaa 1.0G60  1.,0000  1.000G {.00660 {.000G 1.0000 1.600G  (.0060  1.006G0
1.5 1.0128  1.0790 1.2247 1.3902 1.4R10 1.0064 1.0454 1.1496 1.3048 1.4349 1.4905
2.0 1.0220 1.1391 14142 1.7558 1.9569 1.0110 1.0790 1.2693 15757 1.8536 1.9782
3.0 1.0354  1.2300 1.7321 24390 2.8974 1.0176  1.1288 1.4599 2.0549 26577 2.9481
4.0 1.0452  1.2995 2.0000 3.0781 3.8270 1.0225 1.1661 1.6120 24800 34302 39120
6.0 1.0596 1.4055 2.4495 4.2689 5.6625 1.0296 1.2219 1.8573 32305 4090104 5.8275
8.0 1.0703 14870 2.8284 53800 7.4745 1.0349 12640 2.0539 3.8950 63291 7.7302
10.0 1.0789 1.5541 3.1623 64346 92687 1.0392 1.2982 2.2215 45015  7.7030  9.6228
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NN Example (analytical solution)
Design the 3 sections transformer, calculate BW per I',=0.05 |
r | | |

ZO:].OOQ )i Zl i ZZ i Z3 ZL=5OQ

Iy

I

©

¥

Ay,

1/N
YAREEYA
A=2"N=L _Z01-0.0417 £:2—iacos l(r—’") =0.71
Z,+7, f, 7 2 4
v v v
cj:izl Cf:i:3 cjzi:3
210! 21! 2
1/3 1
Z 50 e
n=0; InZ =mZ,+2"C2InZLt=mn100+27>(1)In—=4.518;  Z, =91.7Q
Z, 100 Greater BWIII

n=1; InZ, =z +2_NC13]11%:1n01.7+2_3(3)1n%:4.26; 7, =70.7Q

o

n=2;, InZ,=InZ,+2°"C; m%:mo.nz*(l)m%ﬂm; Z, =54.5Q

o
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INFN Example with tables

Design the 3 sections transformer, calcula‘re BW per I',,;=0.05

; A > :
o i i |
Z,=100Q ) ; Z, ; Z, ; Z, : Z,=50Q
0 o o E
OIS VDI R DR N D I
e
N =2 (V=23
T e pp—
X.’__ ',’IZU Z| ','{Zn Z}I.-‘;Z() Zt ,/Zn Zg ‘.’an Z1 /Zu 0.3
1.0 1.0000  1.0000 1.OOOO  1.0000  1.0000
1.5 1.1067 1.3554 1.0520 1.2247 1.4259
G 11892 1.6818 L0907 14142 18337 e
T P
2
3
0.1 \\{¢
Z,
Z =—20_ =91.680
1.0907
Z 0
Z,=—22_=70.71Q 13 E:
1.4142 !
Z, Greater BWIlI
Z,=—20 _ =54530
1.8337
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Istituto Nazionale

INFN Chebyschev Multisection matching transformers

\\\\\\\\\\\\\\\\

In contrast with binomial transformers, the chebyschev ones optimize bandwidth
at expenses of passband ripple.

T,(x) &

ﬁi

Design procedure based on Chebyshev polynomials:

Ti(x)=x
T,(x)=2x" -1
T,(x) = 4x’ —3x
T,(x)=8x*-8*+1 7

1.5

T,(x)=2xT,_(x) =T, ,(x)

i

For -1«x<1, | Tn(x)|<1. In this range the polynomials oscillate be‘rweeﬁ +1. This is the equal

ripple property and this region will be mapped to the passband of the matching
transformer.

For |x|>1, | Tn(x)|>1. | Tn(x)| increases faster as h increases. This region will map to the
frequency range outside the passband.
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Istituto Nazionale
aaaaaaaaaaaaaaaa

INFN Chebyschev Multisection matching transformers

T,(x) 4

We need fo map:  6,,to x=-1 and n- 0, to x=1

T, (secB, cos@)=secH cosO

T,(secO, cosfO)= sec’ 0, (1+cos26)-1 Often used for
T,(sec, cos 0) = sec’ O, (cos 30 +3cos @) —3secd, cosd D.c., filters..

T,(secO, cos ) =sec’ O (cos46+4cos20+3)—4sec’ O(cos20+1)+1

T,(x) =2xT,_(x)—T, ,(x)
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INFN Chebyschev Multisection matching transformers

~ Istituto Nazienale
rrrrrrrrrrrrrrrr

[(0) = Ae V°T,, (secd, cos O) where — A=21"%0 l

- Z, +7Z, .TN(secé?m)

Now if Iy, is tha maximum allowable reflection coefficient in the passband then A=T,,
since the maximum value in the passband of Ty(secH,cos 0) is the unity.
Then 0,,and fractional bandwidth are given by:

sec, =cosh iacosh Ll2=2
N VA A

£:2_49m

Jo T
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Tables

N:Z ‘_:\'7___3 . s -
[ = 0.05 Ty =0.20 [ = 0.05 I'm =020
VARPAN Lty Dafdy fdy 22y fdy &l Zafde Zy|Zs ZafZy /
1.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1
1.5 1.1347 1.3219 1.2247 1.2247 1.1029 1.2247 1.3601 1.2247 1.2247°9%
2.0 1.2193 1.6402 1.3161 1.5197 1.1475 14142 1.7429 1.2855 1.4142 1__
3.0 1.3494 2.2232 1.4565 2.0598 1.2171 1.7321 2.4649 1.3743 1.7321 2.18
4.0 1.4500 2.7585 1.5651 2.5558 1.2662 2.0000 3.159] 1.4333 2.0000 2
6.0 1.6047 3.7389 1.7321 3.4641 1.3383 2.4495 4.4833 1.5193 2.4495 3.
8.0 1.7244 4.6393 1.8612 4.2983 1.3944 2.8284 5.7372 1.5766 2.8284 3.
10.0 1.8233 5.4845 1.9680 5.0813 1.4385 3.1623 6.9517 1.6415 3.1623 6.'1
N =4
L =005 T, =020
VAR Zi|Zo ZafZy ZafZe ZafZo Loy ZafZe ZafZa ZalZo
1.0 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
15 1.0802 1.1742 1.2775 13772 1.2247 1.2247 1.2247 1.2247
2.0 1.1201 1.2979 1.5409 1.7855 1.2727 1.3634 1.4669 1.5715
3.0 1.1586 1.4876 2.0167 2.5893 1.4879 1.5819 1.8965 2.0163
4.0 1.1906 1.6414 24369 3.3597 1.3692 1.7490 2.2870 2.9214
6.0 1.2290 1.8773 3.1961 4.8820 1.4415 2.0231 29657 4.1623
8.0 1.2583 2.0657 3.8728 6.3578 1.4914 2.2428 3.5670 5.3641
10.0 1.2832 22268 44907 7.7930 1.5163 24210 4.1305 6.5950
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Example with tables

Y

Z;

Z3

SR T &

oo >

R T &

¥

Design a transformer with maximum reflection coefficient equal to 0.05 (A=I",=0.05).

7, =7,-1.1475=57.37Q
Z,=7,-1.4142=70.71Q
Z,=7,-1.7429 =87.15Q

N=2 ; N=3
e = 0.05 P 2 (120 (_ D I,
Zj’_ Jf" Zu Z'. _!"' Zﬂ Zl { ;’:l.'s Z'. { ZG Z1r Zn | Z', { Z{\ Z}_ { Z{-. Z},-"Zu | (.'f [ Z-:_x
1.0 1.0000 1.0000 1.0000 1.0000 | 1.0000 1.0000 1.0000 1.0000
1.5 1.1347 1.3219 1.2247 1.2247 ‘ 1.1029 1.2247 1.3601 03
¢XID)] 12193 1.6402 | 13161 1.5197 | 1.1475 14142 1.7429 | |
1 |Z, -7
secd = cosh| —acosh L —011=1.395=6, 6 =44.2°
N I' |Z,+Z,
A 460
—f: ——2=1.02=102%
fo T
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INFN Tapered Lines

As the number of the discrete sections increases, the
step changes in the characteristic impedance become ‘___/—‘2L
I

smaller. Thus, in the limit of an infinite number of Z 2w
sections, we approach a continuosly tapered line.

By changing the type of taper, we can obtain

AT
different passband characteristics. - —

1t ,od. (Z | i
Az — AZ(Z) F(Q)ZEJ.O e 25 Eh’l(z—de z 2+ Az

0

Yy

Three special cases analyzed in the following:
*Exponential taper

*Triangular taper

For a given taper lenght the kipofstein impedance taper is the optimum in

‘KlOPfenSTei“ TGPBP the sense that the reflection coefficient is minimum over the passband.

It is derived from a stepped Chebyshev transformer as the number of sections increas to infinity.

rqY
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Istituto Nazionale

Impedance (Z) and Admittance (Y) Matrices

This linear two port "black box" can be fully described if we
know how the voltage and the current at port 1 relate to the
voltage and the current at port 2.

Il ——} + + -P 12

Vi Vs
Vi=z 1 +2z,1l, L=y V+y.),
V,=z,I, +2z,,1, I, =y, + 25,0,

v]=[z]/] 7]=[r]¥]

z(j and yij characterize the properties of the black box.
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mf:?u | Impedance (Z) and Admittance (Y) Matrices

................

+ 12
Vo

Il__} +
Vi

We need 4 measurements to determine [Y] or [Z]:

M=zl + 2,1, L=y W+ 5V,
Vy=2z,1,+ 2,1, L, =y, V +z,,0,
Open output (I,=0) Short output (V,=0)
4 V, 1, 1
z B =— i = — - =
11 I Zy1 2 Y1 v Vo1 7
Open input (I,=0) Short input (V,=0)
4 v, /, L,
z . =— e = — ——
12 2 Z5, I, Y12 v, Z5, v,
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INEN S matrix
(Pt
%/ Vo=s V" +s. V'
@ Vi —s <y , 1 1171 127 2
v, ) L
Vie— — s - + +
- Vy, =8,V +5,,0,

It is helpful to think about travelling waves along a TRL!

¢ = V" Means we are sitting and measuring the receding voltage

y  p+  waveat port I, while the driving source is at port j.
J

S11=£+ when V] =0 321=V—2+ when V=0
1 1

the input reflection coefficient the input tfransmission coefficient

_ y- )
S12 :VLJF when I/1+ =0 APy :_2+ when I/l =0
2

2
the reverse transmission coefficient the reverse reflection coefficient
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Istituto Nazionale

\\\\\\\\

Normalized Scattering (S) Parameters

NNNNNNNN

Since measuring voltages and currents at microwave frequencies
becomes unpratical, the S- parameters are related to the incident

and reflected power.

The S matrix defined previously is called the un-normalized
scattering matrix. For convenience, define normalized waves:

v Vi
a, = bi =
27 27

0, 0,

Where Z ; is the characteristic impedance of the transmission
line connecting port (i)
la;|2 is the forward power into port (i)

|b,|2 is the reverse power from port (i)
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rrrrrrrrrrrrrrrr

Normalized Scattering (S) Parameters

The normalized scattering matrix is:

b, =s,,a, +5,,a,
b, = s,,a, +,,a,

Where:

' Energy conservation:
0] for a loss less network
Si SUM(Sij)-1

If the characteristic impedance on both ports is the same then
the normalized and un-normalized S parameters are the same.

Normalized S parameters are the most commonly used.
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INFN Normalized S Parameters

al - - - bZ
S>1
Siu ¥ 4555
b, S12 q
< < < 2

sy; and s,, can be thought of as reflection coefficients
S,1 and sy, can be thought of as transmission coefficients

s parameters are complex numbers where the angle

corresponds to a phase shift between the forward and reverse
waves
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INFN Why S-parameters?

- S-parameters are a powerful way to describe an electrical network

- The ease with which scattering parameters can be measured makes them
especially well suited to describe transistor or other active devices.

* S-parameters change with fregency / load impedance / source impedance /
network

* The most important advantage of S-parameters stems from the fact that
travelling waves, unlike terminal voltage and currents, do not vary in magnitude
along a transmission line.

- Sy, is the reflection coefficient

» S, describes the forward transmission coefficient (responding port 157)

- S-parameters have both magnitude and phase information

- Sometimes the gain (or loss) is more important than the phase shift and the phase
information may be ignored

- S-parameters may describe large and complex networks
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Examples of S parameters

Amplifier

Isolator

()

s]=
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INFN Lorentz Reciprocity

Istituto Nazionale
rrrrrrrrrrrrrrrr

If the device is made out of linear isotropic materials
(resistors, capacitors, inductors, metal, etc..) then:

s]" =[]

or
Spi =Sij o for 1]
This is equivalent to saying that the transmitting pattern of an
antenna is the same as the receiving pattern
reciprocal devices: transmission line

short

directional coupler
non-reciprocal devices: amplifier

isolator
circulator
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INFN Lossless Devices

The s matrix of a lossless device is unitary:

s [s)=[1

2
1= ) Isi;
Z L) for all

1
2
IZZ‘Si,J" for all
]

Lossless devices: transmission line
short
circulator
Non-lossless devices: amplifier
isolator
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Istituto N,
dddddddd

aaaaaaaa

Network Analyzers

wwwwwwww

Network analyzers measure S
parameters as a function of
frequency

mj s

B o P
ek T F
gl CC

Tmimemi,

At a single frequency, network
analyzers send out forward
waves a; and a, and measure the
phase and amplitude of the
reflected waves b; and b, with
respect to the forward waves.

I
SO OHED)

b; by
S11 = a0 $21= o
lay=0 lay=0
b; by
S12 = s $22 = a
2 a1=0 2 a1=0
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INFN Network Analyzer Calibration

Istituto Nazionale
aaaaaaaaaaaaaaaa

To measure the pure S parameters of a device, we need to
eliminate the effects of cables, connectors, etc. attaching the
device to the network analyzer

Connector Y Connector X

| | | I
| | yle | I
| A i i > I
: Ya1 ! S21 ! v Xa !
| = = | = = = j > = o |
| | | I
| | | I
1 ¥ Y 1 k2 L J 1 Y

: Y1 s Yoz, 511 2522 | X11 4 X221
| | | :
:-1 Ye < < : Ye < < :-1 A/ < < y
| Yio | | S12 | r X12 :
| h | |

[ [ YX12 I :
| | | I
| | | I

/ N

We want to know the S parameters at
these reference planes

We measure the S parameters at these
reference planes
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INFN Network Analyzer Calibration

= There are 10 unknowns in the connectors

= We need 10 independent measurements to
eliminate these unknowns

» Develop calibration standards

> Place the standards in place of the Device Under Test

(DUT) and measure the S- parameters of the standards
and the connectors

> Because the S parameters of the calibration standards
are known (theoretically), the S parameters of the
connectors can be determined and can be mathematically

eliminated once the DUT is placed back in the measuring
fixtures.
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INFN Network Analyzer Calibration

= Since we measure four S parameters for each
calibration standard, we need at least three
independent standards.

= One possible set is:

O O [ ] . 0 1
Thru S|= 1 0
O O | _
Short [S] =
O O B O - 1_
— _ J o1 —_
0_/10 Del ClY* [S ] _ O C
0_/10 ToriQdegrees e_J ot 0
«— T  ———
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INFN Waveguides

The mathematical solution to the waveguide problem is tedious. In order to find
the various field components in a rectangular or circular guide six differential

equations have to be solved.

Assuming that: a)waveguide region is source-free, b)z direction propagation

(inifitely long structure), c) time harmonic fields with exp(jwt) dependence, d)

perfectly conducting wall, the Maxwell equation can be rewritten as: .,

VxE=—jouH E(ry.2)=[e(xy)+ze.(x. )] " 4

A
VXHZjCOEE H(x,y,Z)I[h(x,)/)‘FZhZ(X,y)]'e_jﬂZ h&///;

EX
TEM waves Ez=Hz=0 A
TEM wave has no cutoff and can exist when two or “““H—W l ‘
more conducors are present. 7 /
TE waves Ez=0 Hz=0 Y W/
TM waves Ezz0 Hz=0 "
Cutoff!

Z
TEM Wave
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Rectangular Waveguide

No TEM waves can propagate!

/ Boundary conditions
L VXE:_]CO'UH x=0,x=a E =E =0
VxH=jwek y=0,y=b E =E =0
! metal wall
TE,,, waves Ez=0 Hz=0
E - ]a),Lzmﬂ A cos mx sin? nny oI H = J,Bizﬂﬂ A sin mix cos 2 i’lﬂy -
kb a b kla a
E :MA mm cos —— }’lﬂy —jpz H :]ﬂ?ﬂ. ”ﬂy —jﬁz
g kla a b Y kb a
E =0 H.=4, cos 2 cos I it
a

=k’ -k =\/k2—(ﬂ] —(%j B>0 for propagation k>kc=\/(maﬂj —(nbﬂj

k:%z wave number
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INEN Propagation constant and cutoff frequency

Each mode (combination of m and n) has a cutoff frequency given by:
e CET)
e Zﬁ\/a - 27[@ a b
At a given frequency f only those modes having f>fc will propagate! The

contrary will lead to an imaginary B meaning that all field components will
decay exponentially from the source excitation (evanescent mode)/

The mode with lowest cutoff is called dominant mode, if a>b the lowest fc

occur for the TE;; mode: P 1
clo =~
2a+ gu 5> B
E =E =H,=0 . ¥ N I Direction of
» wua’|4,| b A1 J = : propagation
=————Re
H._=A,cos—e* " 47’
2.3
_ P=R|4|p+dsld 1t
H_ = ‘]'BaAlosin e =Rl ( 2 2r !
7 4 R ( 2, 3 2) I!')
; a,=———12bx’+a’k®) Np/m
— joua o c 3 1
E, = J OH A sin e i a’bPkn % ———n-» £ [inGs
7 ——w—— Hlines
t =0
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INFN Rectangular Waveguide
(Pt
VxE=—iout Boundary conditions
ﬂ/ .]
- V % H:ja)gE x=0,x=a Ey=E2=O

y=0,y=>b E =E =0

a TM,,, waves Ez # 0 Hz=0
! metal wall
E = —],fm B, cos % gin 2 ot H_= ]a)fn” B, sin > cos 22 gt
kla a b kb a
E, :—],fmern sin 772 cog 1Y o H :MA cos 12 in 1Y g
kb a b ! kla a
E =B, smm—sinnﬂy I H_ =0
a b

2 2 1 mi 2 T 2
B = kz—kCZ:\/kz—(ﬂj —(%j B>0 for propagation W Jom= r\/( ) ( )

a

Fields are zero if the indexes m or n are zero!
The lowes TM mode that can propagate into the waveguide is the TM,;.
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INFN Field lines for some low order modes

[EEEELY]

i
II;E A
3

BT

S e

Xy 1
Ry r7m| I g IR E | g g
I.}ﬂ &:_ = -Eu- ey -y - LRL] ]
e ANanpN | AV
|3 : | L3 ?
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N Other parameters

INFN
o
Z _ _Ey _ Ex _ k77
“ H H,6 P n=Aelu
wave impedance
—F E
Zy=—2>=— _ P medium intrinsic impedance

MoH  H&  k
The guided wavelenght is the distance between two

A= A equal phase planes inside the waveguide

Phase velocity

80
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NN Table of rectangular waveguide

WG EIA-WR IEC-R Fc1, GHz Flo, GHz Fhi, GHz Fc2, GHz A, in B, in A, mm B, mm
00 2300 3 257 0.32 0.49 513 23.000 11.500 584.200 292.100
0 2100 4 281 0.35 0.53 562 21.000 10.500 533.400 266.700
1 1800 5 328 0.41 0.625 656 18.000 9.000 457.200 228.600
2 1500 6 393 0.49 0.75 787 15.000 7.500 381.000 190.500
3 1150 8 513 0.64 0.96 1.026 11.500 5.750 292.100 146.050
4 975 9 605 0.75 1.12 1.211 9.750 4.875 247.650 123.825
5 770 12 766 0.96 1.45 1.533 7.700 3.850 195.580 97.790
6 650 14 908 1.12 1.70 1.816 6.500 3.250 165.100 82.550
7 510 18 1.157 1.45 2.20 2.314 5.100 2.550 129.540 64.770
8 430 22 1.372 1.70 2.60 2.745 4.300 2.150 109.220 54.610
9A 340 26 1.736 2.20 3.30 3.471 3.400 1.700 86.360 43.180
10 284 32 2.078 2.60 3.95 4.156 2.840 1.340 72.136 34.036
1A 229 40 2.577 3.30 4.90 5.154 2.290 1.145 58.166 29.083
12 187 48 3.152 3.95 5.85 6.305 1.872 872 47.549 22.149
13 159 58 3.712 4.90 7.05 7.423 1.590 795 40.386 20.193
14 137 70 4.301 5.85 8.20 8.603 1.372 622 34.849 15.799
15 112 84 5.260 7.05 10.0 10.519 1.122 497 28.499 12.624
16 90 100 6.557 8.20 12.4 13.114 .900 400 22.860 10.160
17 75 120 7.869 10.0 15.0 15.737 750 375 19.050 9.525
18 62 140 9.488 12.4 18.0 18.976 622 311 15.799 7.899
19 51 180 11.571 15.0 22.0 23.143 510 255 12.954 6.477
20 42 220 14.051 18.0 26.5 28.102 420 170 10.668 4318
21 34 260 17.357 22.0 33.0 34.714 340 70 8.636 4318
22 28 320 21.077 26.5 40.0 42153 280 140 7.112 3.556
23 22 400 26.346 33.0 50.0 52.691 224 112 5.690 2.845
24 19 500 31.391 40.0 60.0 62.781 188 .094 4.775 2.388
25 15 620 39.875 50.0 75.0 79.749 148 074 3.759 1.880
26 12 740 48.372 60.0 90.0 96.745 122 .061 3.099 1.549
27 10 900 59.014 75.0 110 118.029 100 .050 2.540 1.270
28 8 1200 73.768 90.0 140 147.536 .080 .040 2.032 1.016
29 7 1400 90.791 110 170 181.582 .065 033 1.651 826
30 5 1800 115.714 140 220 231.428 .051 .026 1.295 648
31 4 2200 137.242 170 260 274.485 043 022 1.092 546
32 3 2600 173.571 220 325 347.143 034 017 864 432
5 2 - 295.071 325 500 590.143 .020 010 508 254
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INFN Circular waveguide

TE,,, modes

P P

E :_li (Acosng—Bsinng)J (k.p)e” H :_ki(Asinn¢+Bcosn¢)J;(kcp)ejﬁz
P

c

2
— jbn . _is
E,= k—’u(Asmn¢ Bcosng)J, (k p)e ™ H,= kal’i — (k. 7°

E =0 H_, =(Asinng+ Bcosng)J (k. p)e

J,(x) is the n-order Bessel function of first kind

J(x) is the n-order Bessel function derivative of first kind

B=Ak> -k = sz B>0 for propagation N

where p,,. is the mth root of J,(x)

Jem =2 r 5 mr Cutoff frequencies
n=0 n=1 n=2 n=3 n=4 n=>3 n=6

m=1 3.8318 3.0542 42012 53175 6.4155 7.5013

m=2 7.0156 5.3315 6.7062 8.0153 9.2824 10.5199 11.7349 ..
m=3 10.1735 8.5363 9.9695 11.3459 12.6819 13.9872 15.2682 --
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INFN Circular waveguide

T™M,,, modes

E, = _ki(A sinng+ Beosng)J (k.p)e™ H = Jkaz):jl (Acosng— Bsinng)J (k. p)e *

P

— jpn : i -7 ) : 4
by = kaﬂ (Acosng—Bsinng)J,(k.p)e”  H, = ;{“’5 (Asinng+ Bcosng)J. (k. p)e

¢ c

E_=(Asinng+ Bcosng)J (k p)e’” H.=0

J,(x) is the n-order Bessel function of first kind

J(x) is the n-order Bessel function derivative of first kind

B=Jk> =k = |k —(Mj B>0 for propagation N
a
_ ko D

where p,,. is the mth root of J,(x)

Jem = e 2mja Cutoff freguencies
n=0 n=1 n=2 n=3 n=4 n=>35 n=6

m=1(2.4049) 3.8318 5.1357 6.3802 7.5884 8.7715 9.9361

m=2 55201 7.1056 84173 9.7610 11.0647 12.3386 13.5893 -
m=3 8.6537 10.1735 11.6199 13.0152 14.3726 15.7002 17.0038 --
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INFN Field lines for some low order modes

Dristributions
H'ch.:w along Pt Iicl:lawlalrmg
This Plane This Plane

s a7 v )i _'_.'ii-'}: e r.;.r:E l‘_;.-"...-_-a-“‘,:,’:_ ‘;A_:_‘I :‘l:::::::"'ﬂ_::::r:

(E2DCEY e - B T e

B ey | SRS feg e e e R

(Ve | S | Wy B | T

(C—A (T A=Y . G FET gjele TAS we Sl 0, Sl
TE,, TE,, TE,, TE;,, TE,

. Vool
! I S N O
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Circul ides tabl
Frequency Frequency Range Circular Waveguide Cover Flange (Brass) Flange Type
Band Diameter, Inches (mm) MIL-F- 3922 UG

LOw 8.2-9.97 1.0%4 27.79) .
X MID 85116 0.938 (23.83) 0 Square
T 2l UG39 4
HIGH 9.97-124 0.797 (20.24)
LOW 124-159 0688 (17 48)
K MID 134180 0.5%4 (1508 53005 Square
. sl 934 (15.08) UG-1666IL <
HIGH 15.9-18.0 0.500 (12.70)
LOW 175205 0.455 (1156
K MID 20-245 0.396 :1036) 4001 S
-24. . IR UG-5951L Square
HIGH 24-26 5 0326 (833
Low 265-13 0.315 (8.00)
K MID 13-385 0.250 (6.35 34003 S
: = D0 (E35) UG-5951 A
HIGH 36540 0.219 (5.56)
Low 33-385 0.250 (6.35) 67B.006
5-4 . .
Q MID 36543 0219 (5.56) UG Round
HIGH 4350 0.186 (4.78)
LOW 4043 0.210(5.33) 67B007
U MID 4350 0186 (4.78) Round
UG-383U-M
HIGH 50-60 0.165 (4.19)
LOW 50-58 0.165 (4.19)
W MID 5868 0.141 (358 7008 Round
Salltil) UG-385
HIGH BB-T5 0125 (318
LOW 60-66 0136 (345) 67R.008
E MID 66-88 0125 (318 Round
UE-387I0
HIGH 88-90 0.0% (239
Low 7588 0.112 (2.84) 678010
W . Round
HIGH 83-110 0.0% (239 UG-387IU-M
Low 90-115 0.089 (2.26)
F Round
HIGH 115-140 0075 (191) UG-387T/U-M
LOW 110-140 0.073 (185 -
D - Round

HIGH 140-160 0.059 (1.50) UG-38TIU-M

LOW 140-220 0.058 (147) -
G Round

HIGH 170-260 0.049 (1.25) UG-387IU-M
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INFN Microwave coupling to plasma source

0 o~ 1 . e e

Placec | e ood voltage insulation

concentrating the electric field

behind the ===  up to 100 kV at the center of the plasma
bend in = chamber
order to =
g\é(cr)ri\ggaenéue = It is used to measure the
to the back- = = joelie die i reilegiee Adjusts the modulus/phase of

: power : :
streaming aE the incoming wave to match the
electrons I plasma impedance

Waveguide /Coax Adapter
Excytes the TE;; dominant
mode in WR340 waveguide

= “
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Matching transformer coupled
to the plasma chamber

Four step double
ridges

S, Vs FREQUENCY FOR THE
TWO STRUCTURES

0*'"ELECTROMAGNETIC FIELD
@ 2.45 GHz,

0.1+
ol i 500 W
@_0'1 /’ E 6
= =
©02 — TRIPS Transformer TR
—— VIS Transformer
0.3¢
o4l 2 —— WR248 Waveguide
. — TRIPS transformer
‘ | — VIS transformer ‘
-0'3.2 24 26 2.8 3 DO 20 40 60 80 100
Frequency [GHz] Plasma chamber axis [mm]
VIS TRANSFORMER 10 % ENHANCEMENT
INSERTION

LOSS 0.0085 dB @ 2.45 GHz

WITH VIS TRANSFORMER

E Field[¥/m]

4. AAARE+BA5
9. 5750e+00Y4
8, To00e+0aY
8, 1250e+00Y4
7. 5E0RE+DAY
6. G750E+00AY4
£, Z500e+0aY4

5. B25He+E0Y4
5., ABEA £+EA4
Y4, 3750e+00Y4
3, 75E0e+EAY

6. 250@e+803
0, 06 e+Eag

TRIPS
ELECTROMAGNETIC
FIELD @ 2.45 GHz, 500

E Field[¥/m]
1. ABARE+BA5
9. 3758e+E@Y4

8, 750e+EAY
&, 1250e+0aY
7. 5@00e+0aY4
B, 5750e+0@Y4
i, 2500 E+0aY4
5. 6258+604
. BE0Ee+EaY

4, 3750e+8A4
3. To00e+0aY
3, 1250e+0@Y4
2, 5E0RE+DAY
1., 6758E+0aY4
1. z50Be+paY

E. 2500e+803
@, BBEE e+ 600

VIS
ELECTROMAGNETIC
FIELD @ 2.45 GHz, 500
W
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Microwave resonators

Used in a wide variety of applications: filters, oscillators, frequency meters,
tuned amplifiers, etc...

The behaviour near resonance is very similar to the lumped element resonators.

1
Z =R+ jol ———
N / joC

< +Q

=7

)
P, :%VI :%ZW\I\Z :%\1\2(R+ja)L—j%J

Py =P, +2joW, —W,)

loss

(a)

When resonance occurs the
average storage electric and
magnetic energies are equal

0, =—F—

O=w average energy Sstored _ co(Wm N WE) /P,

energy loss/second

1 ol
o,RC R

At resonance: Q=

1 1 1

Fractional BW: BW = —
h
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Istituto Nazionale
\\\\\\\\\\\\\\\\

Rectangular waveguide cavities

Usually short circuited at both ends forming a closed box or a cavity.
Power dissipated on metallic walls as well as in the dielctric filling the cavity.

Cutoff wavenumber and resonant frequencies

b

o2 <(5) (&) /!

2 2 2
S PR
" oreu, 27en \\ a b d

Q for TE;p mode ,/“'

(kad)' b 1
27°Rg  2I°a’h+2bd’ +1’a’d + ad’
abda)g‘EO‘z
=

0=
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INFN Circular waveguide cavities
(Pt
£y =—r \/ Pun | .[17] Resonant frequencies TE, mode ki
2r\JE 1, a d
jp— \/ Pus | (%) Resonant frequencies TM,, mode
2r\JE . a d

J,(x) is the n-order Bessel function of first kind

J(x) is the n-order Bessel function derivative of first kind

Q evaluation

| o\
0 woW (ka)Y nad ol
o a Y2 1 s a8 2 Lo
P, P ) Ry ad 1—|—( Han ) = ( Ba* ) ( | n- )
5 = v T T
2 {Punr;‘ I'J.ﬂ e [pHHJ.J
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