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@ Introduction i An Electro-Magnetic Beam MonitorCO)

The CERN Accelerator School

control
/ coaxial signal cable system
EM beam —'f RF & Analog Digital Signal | (LAN)
pickup [ { I,/,/ ( Signal Processing
I | S Conditioning
=0)| i o(dhro
i A“ —— bunched beam
®» * “» e ™~
ATV (with EMfield) {3hko) RF measurement
iy Ly mEy RF Measurement Instrument, e.g.:
\ metallic beam pipe (vacuum) Techniques apply spectrum analyzer,
oscilloscope,

A EM beam pickup, e.g. for diode detector, etc.

i Beam intensity monitoring
U Beam pickup based on toroidal transformer, wall-current monitor
I Beam position / orbit and/or tune monitoring
U Beam pickup based on button-style or other electrostatic, stripline, resonant cavity, periodic RF coupler, etc. electrodes
A Transmission-lines
I Usually, coaxial cables to transmit the signals from the beam pickup to the read-out electronics
U Also used for calibration, trigger and clock signals
A RF signal processing

i Analog components for signal shaping and conditioning
a Amplifier, attenuator, filter, hybrid coupler, RF diode & limiter, signal splitter & combiner, transformers & balun, etc.
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@ Introduction i RF component characterization (O

signal measurement
generator instrument

/V\

DUT

| T

DUT stimulus DUT response
signal signal

DUT: Device Under Test

Vector network analyzer
(VNA)

The CERN Accelerator School

A Characterization of RF components and
subsystems on the test bench
i Not limited to beam instrumentation and
accelerator RF systems

u fast kickers and
other beam manipulation devices,

U beam-coupling impedance measurements
U of accelerator vacuum components

A Signal generator
I RF sine-wave (with modulation, sweep),
pulse, arbitrary waveform
A Measurement instrument
I Oscilloscope, spectrum analyzer,
vector voltmeter, diode detector
A Most popular:
All-in-one DUT characterization by the
Vector Network Analyzer (VNA)
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@ Introduction i What are Radio-Frequencies? OO

The CERN Accelerator School

RADIO FREQUENCY SPECTRUM
300 Hz 3 KHz 30 KHz 300 KHz Free s pace

e wavelength:
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TP Y0 S = We care about
SR e RF concepts
- ~MICROWA If the physical
10em tom 1o dimensions of

GHz 3THz 30THz 300THz 3PHz 30PHz 300PHz 3EHz 30EHz 300 Em\SOUO EHz
N

an apparatus
s {7
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—— INFRARED —Clof Tmme T oRave | | omben |

- | | RF frequencies typically utilized
1mm 100pm 10pm 1gm 100 nm 10 nm 1inm 100pm 10pm  1pm 100 fm In accelerator applications
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@ Introduction i Beam Signals D
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A Single point charge A gin time and frequency domain
I Circulating in aring accelerator at constant, relativistic velocity with J|| ‘—
.O

H A i - -
it) T« ]T t < |4 | I(F) il | T ] -l N .
LN Fourier trans. or 1 LY
‘ spectrum analyzefr
> >
0 0 1 2 3 4
. timze c‘)T'?( : harmonic numbefQ "Q"Q
A Many particles, single bunch, e.g. protons, = , Gaussian distribution
i(t) [A] I(f) [As]

. - — e . i— t[ns
-2 1 2 (sl
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Introduction 7 Beam Signals (cont.) D

The CERN Accelerator School

O

A Normalized representation on a logarithmic amplitude (magnitude, modulus) scale

i Typical magnitude spectrum N S L R S S S
U As itwould be observed with a spectrum analyzer ™~ “"-\ ;
I\ i
g . sl NG T
| L | . T F['- (zln] _ ~ _
ol . = — 0=250ps N
‘On Qe :S_é -100 — o=500ps \
cveo, -
revolution harmonics, hereE AEAAOA AQ  p mit'Od _1s0|
i Spectrum of repetitive bunches of same shape and intensity 00 05 10 15 a0
U Fourier series expansion . . (Jo & f [GHz]
g - - o Y e
£ ] ] m Hi (J o)< o 4 |
1 1 I
A Beam bunches have different distribution functions and length
i Electron bunches are typically 100e61000x shorter compar e
i 1lon bunches can be 10€61000x | onger than relativistic prec
i Longitudinal ©particle distribution vary depending on par

U Gaussian (electrons), parabolic, Tsallis g-Gaussian, cos?, etc. (hadrons)
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Introductioni fi d Bdee-pee] , or not COO)
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A dezi-Bel: 1dB =0.1 B (Bel) I
I Logarithmic scaling to compare large, e.g., power ratios: ”—. ” 11 c<|—>
I orlarge ratios of other quantities, e.g.: _ 3 T
voltage ratio: rm ” | | —
|7l i
e Qo PpM ,g current ratio: b ” 11 T
TR0 PHAMMIP AT

¢ M0 PTMT P

p O pTT X 0P @
605 xr xc I d=y =
0 Qo x¢ xp8 p ”‘ T
"
6Q6 XT® XTX P -—___ The ™ |ratio (half power)is a
¢CmM6 mip T common specification for the bandwidth
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@ IntroductioniT AdBo i s not A dBYN
A dBm is defined as a logarithmic power unit 1 ||-
i basedondBand |}, g O ”' = ”_>
: : : u
A dBm can also be used as logarithmic voltage unit
I Only for sinusoidal waveforms! T
i e.g. ford drrgll 8 T ™ || o | | G ——
>
B NETEL T m
010 & pwW X381 Yw
¢ M0 & p T Ot W C8® Tw
M0 d ™ O X G
prsE ps  Xm4d bobean )
©Qo0 a TAW TTOPW
ol = O O (T=19)
¢méa  ptw (AW T Trall
@20 a PE W CCTW
PCRAO G P Qw CCqd w
pXROEa T T8 T & @ <«——— noise power in a bandwidth || 57 5 »at room temperature
— PTT W
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@ Part I: Transmission-lines 0D

The CERN Accelerator School

A outline and Learning objectives

I Introduction and some minimum theoretical background

I Reflections effects of pulse signals on transmission-lines
due to characteristic-termination impedance mismatch

I Standing waves on transmission-lines for continuous wave (CW) sinusoidal
signals, definition of the reflection coefficient

I Relation between reflection coefficient, standing wave ration and return loss
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Transmission-lines D

The CERN Accelerator School

ol |

0000066

|

outer |, dl !

¢ \ equivalent
conductor cicuit of i
inner
conductor lossless fe—— dl —

TEM transmission-line

A RF signal power is transmitted by transmission-lines, e.g coaxial cables

I The cross-section geometry and dimensions of TEM 2-conductor transmission-lines
defines their characteristic impedance <

U which then is the reference impedance of an RF system, which in most cases is 4t
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Transmission-lines (1)

Semi-rigid
coaxial cables iz e
0.1410, S MA,

RG-type
coaxial cables

Low-loss, high-power
air coaxial
transmission-line

corrugated
coaxial cables,
foamed PE & air

goe

The CERN Accelerator School

PCB microstrip-line (TEM)

-
o seee® o
m‘ii'oo- :
- -

4
w
o
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Transmission-lines (2) D

The CERN Accelerator School

O

A Transmission-lines transport RF energy (waves) between components
and sub-systems and exist in a large variety. Most popular are
i Coaxial cables, always in TEM operation below the TE11 cut-off frequency
U Popular connectors are BNC (Bayonet Neilli Concelman), N-type and SMA (Sub-Miniature version A)
U There exist a large variety of coaxial cables and connectors for HOM-free operation up to p p Oa
i PCB (printed circuit board)-based planar quasi-TEM transmission-lines
U Popular are microstrip, stripline and coplanar-waveguide structures
i Rectangular waveguides, usually in TE10-mode operation
U For low-loss (high-power), high-frequency RF signal transmission
U Clumsy and expensive, however, for some applications the only solution
A Strictly speaking: Transmission-lines are 2-dimensional objects with infinite length
i The cross-section geometry defines the characteristic impedance 4t
A TEM transmission-lines (coaxial cables, PCB planar lines) operate
from DC (direct current: 3 ) to afrequency given by the 1st higher-order mode
i Various frequency depended losses contribute,
therefore, high insertion losses at high frequencies
A Rectangular waveguides do not operate at DC or low frequencies!
i Instead utilize the TE10 mode for the signal transmission
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@‘m Transmission-lines (3) D
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A TEM: coaxial cable, PCB stripline, micro-stripline, co-planar waveguide, etc.
I butalso, TE/ TM: waveguides (rectangular, circular, elliptical)

A Transport RF energy (EM waves) from a RF source to a load.
A Physical length JHbecomes relevant for

yl 5 o A Q transmission-line,
/Jtm—h x EQB EXAAOA | At" (;il':‘ here: TEM coaxial
) s o re A e s 1L
B 0 A0 ADAING A A U = ha
-”' .s ~ e A s N~ N - s
O —— OAIl TTAE@IUP A C/
NI F%

A Reflections occur if the load impedance 2
IS not matched to the characteristic
impedance i of the TL AL

L, L, d 10A & AROET 1
T OA £ ABDET 1%

Remember:
The characteristic impedance @ is
defined by the cross-section geometry
and is typically a real number with the unit m

n L =| e Cd =|_ _
i mT ©fF (FO

RF source with losses no losses

Ou
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@ Transmission-lines i Coaxial Cables 0D

The CERN Accelerator School

A The characteristic Impedance is defined by the cross-section

geometry:
Lo W) 2 @
ZyE, \W o E, M
A The attenuation losses in the propagation constant s
are dominated by the material properties:

i Propagation constant; [ » O

I Attenuation constant: » Ji )m | |
U The attenuation losses are dominated by conductor and dielectric

losses
For inner and outer conductor in copper:
I Conductor losses: H |‘(|.]>Z I VE» <_ i) 4 | | | = PX Gp T M
Bl ~
v T
N S () i ¢ e W [T
(surface resistance) Y L IL ("-7-)

i Dielectric losses: | _ ZPREE H, 4 a0 'm & BE <+ B |m

a with:, . .. . . .¢o

N~ s Zz A oA Z = s A
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TL: Signal visualization in time-domain D

The CERN Accelerator School

Circuit JS1

-File -Edit Draw Scopes Options  Circuls A Circuit simulator applet:

Reset

[ Run/ST0P. T Load file:
: ldeal TL_DCswitched_Z050-RL.txt

R source U Change the load resistor value:
B 50 Current Speed RL - 50’ 100’ 25 q.

U Operate the switch and observe
the signals at the beginning, and

at the end of the transmission-
Current Circuit: |ine.

Simulation Speed
Il

L

LV

N
==
v

50 Ohm tranmission-line RLe i Load file:
Ideal TL_pulsed Z050-RL.txt

U Change the load resistor value:
RL =50, 100, 25 q

U Observe the signal waveforms!

—os Can you predict the values?!

S P I (Press Run/STOP and hover with
the mouse over the waveform)
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TL: Operating with sinusoidal signals (FD) de @

The CERN Accelerator School

2

Ly 'ncidentwave:q g *’ K For a single frequency,

— = reflected wave: T o

load continues wave (CW) signal
on atransmission-line |
i Superposition of forward =|=ﬁIF F#r
and backward bh>mR®
AL traveling waves

Z t standing waves
A Reflection coefficient

ﬂ f>- I . T
+ &L, &
4 L 1 A

! \ |
waves E-fields voltages impedances

transmission-line

source
(sine-wave 2o
generator)

A

—

—

|
— —

V@)
>

—

here:

W CX for a 0.0 0.2 0.4 06 038 1:;) .
lossless TL ocation 2/A Z s related to @he
- impedance ratio: 45 74 e

Q) gl | ‘ | ‘ ‘ h . .
U Theload impedance w can be
complex
0 Z IS a complex number

A Reflections also originate due to
e discontinuities of the TL along »
—m’2"

location z/A reflections! EM-field effect!

‘‘‘‘‘
......

1380
a !

‘‘‘‘‘

.....

phase £V(z)

standing waves
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Part Ill: Scattering Parameters 0D

The CERN Accelerator School

A A few notes on electrical networks
I Electrical network composed out of lumped and distributed elements
I Two-port RC-filter example using admittance (Y) parameters

A Introduction to scattering (S) parameters
I General concept of incident / reflected waves scattered at the ports of an RF network
i Reference impedance i
Z -portand -port S-parameters

I Properties of the S-matrix: reciprocity, symmetry, losses
U with more examples in the backup slides

I A few S-matrix examples for RF networks with -, -, - and -ports
I S-parameters in practice: the SnP Touchstone file format
I General = -ports
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Electrical Networks (1) D

The CERN Accelerator School

O

A The electromagnetic behavior or RF circuits and systems, like any other

electrical [/ electronics circuit or system ca
Eo i .
Ler —ho o1 o b Ty T Ll

I These equations need to be solved, taking all the boundaries and materials into account

A However, this is far too complicated and inconvenient for most practical situations!

i simplified electrical network description based on approximative lumped or distributed elements

U With given characteristics and values of each circuit element represented by a symbol in an electrical
network, following the laws of Ohm and Kirchhoff. Here some examples:

lumped, passive, linear lumped, active, distributed, passive,
| non-linear linear
resistor 'Y inductor v capacitor o transistor 'Y transmission-line "Yu
Q0 QU
U U,_‘ o, "_ —
| 2 Qo == * °qo >|~ L by
S
g 1 ___ T
""""""" - o0 F k npn transistor
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@ Electrical Networks (2) 0D

The CERN Accelerator School

X Complex electrical, electronics and RF systems are divided into functional blocks, i.e.,

networks, with = -ports, each port has two terminals
I Thetwo-port network is most popular, typical examples for two-port networks are filters,

attenuators, amplifiers, etc.

I parameters ) i}
L0 0 " O " O

" D G D G W W

-~ — O ww wow o o
wl 2-port network l(ﬂ 0 vw wow O O
160 35 26 ‘0, 'O dependent w Iy @ )

W, w: independent

A The characteristic behavior of the = -port network is defined by a set of =parameters,

linked to their ports.

I Atwo-port network has four parameters as port voltages ( , v ) and port currents (k, b),
two are independent, the other two are dependent parameters.

I Various combinations of dependent and independent port voltages and currents exist,
accordingly various = = matrix definitions for linear = -port networks exist, known as -, i

, } and ]| - parameters.
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Electrical Networks (3) D

The CERN Accelerator School

2

It is more convenient to express the parameters for linear networks in the frequency domain

i Avoids solving differential equations! Example: Simple RC two-port network
U Only for time-invariant and linear networks!

linear two-port

0O ] O O [®) (W parameters: W parameters:

o— —_ -« <+« ~ ., o
| ,,Y,‘,), Y L. =1 . & P[®P 21 o P P2 Y
o ¢ —0

Voltage/current-based network parameters fail at high frequencies!
I Now voltages and currents are a function of frequency (or time) AND space: ohy, Eoh
U Originating from time/space varying EM-fields
I Example: RC two-port network embedded between transmission-lines
U While itis still possible to solve the network problem, it becomes complicated and cumbersome based on wand 'O
I The circuit may become unstable or might be damaged, when operating on a short or open end for
characterizing the network parameters
I Due to parasitic effects, a reliable measurement of qand Lbecomes almost impossible.

A Resolution: RF scattering parameters based on power-waves
for linear networks which include distributed elements
I The magnitude of a traveling wave is independent of the location »in alossless transmission-line
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@ Principle of Scattering (S)-Parameters 0D

The CERN Accelerator School

A Analogy to optical waves

I Light falls on a car window
U Some parts of the incident light is reflected
(you see the mirror image of my house)

U Other parts of the light is transmitted
through the window
(you can still see objects inside the car)

I Optical reflection and transmission coefficients of

the window glass define the ratio between reflected \
and transmitted light. 5

A Similar in RF networks:
The scattering (S)-parameters of an
= -port RF network (DUT) is characterized by
Incident and reflected / transmitted (power) waves.
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@ Generalized S-Parameters D
K for an arbitrary = -port microwave or RF network are defined by a set of

normalized complex voltage waves:

W
incident wave at port 'Q reflected wave at port Q ~ %
’ ” e ’ . , , (6} > - W
PRGN CIC NS . O 0 G5 ‘ o}
" " W conjugate
/P @ /P ® " " J y
C‘/P W ‘/P W complex W

I asincident =|=;;;;;and reflected / transmitted +k;;;;;power waves

at the ¥ bort of the network, defined by the terminal A Y
voltage :and current |= and an arbitrary reference impedance £ 00§( T
U Please note the complex notation implies linear, time-invariant networks §&)
describe in the frequency-domain
A Today, for most practical casestheRF net wor k, al so call ed fi®deyv
characterized by a vector network analyzer (VNA), connected with coaxial cables
(transmission-lines) with a characteristic impedance of 4 to the ports.
i Usually the S-parameters are defined for a port reference impedance: & 4
i  Some VNAs with a physical reference impedance of & allow a mathematical port

impedance conversion to adapt to a port reference impedance <&
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S-Parameters i -port 0D

A Electrical / electronics networks

76
;

E = -port electronics circuits

Defined by voltages |t © or o:: <«
and currents £ o or «atthe port terminals

Characterized by circuit matrices, e.g., &, L, | etc.

A RF / microwave networks

Z

E = -port RF DUT circuit or subsystem, e.g., filter,
amplifier, transmission-line, hybrid, circulator, resonator,
etc.,
which may include distributed elements
Defined by incident =|=;;;co and reflected / transmitted
waves 1Jrco at areference plane v(physical position) at
the ports.

Characterized by a scattering parameter (S-parameter)
matrix of the reflected and transmitted power waves,
typically as a function of the frequency l Zxo

Normalized to a reference impedance
of typically 4

The CERN Accelerator School

DUT
? L (device under test)
j\ - e.g., any
: ) complex
load -

pd

y
0

}
I ¥

1-port RF network (DUT) example

A S-Parameters allow to characterize
the DUT with the measurement
equipment located at some
physical distance

A Al high frequency effects of
distributed elements are included
with respect to the reference plane

1
1-1 &eference plane
(port 1)

|
'JL Tl
Dt

|

T
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S-Parameters 1

&

-port (1)

goe

The CERN Accelerator School

AT , EE)  DUT |
; o (e 1+
27 \ A —> — <
- i |2
AL i i
1® Do =
v ‘H‘ i v v j_
10 20
: ! port 1 t2
A Analysis of the forward S-parameters: Ao PR
_H_ I Independent
] T ki T 1T7WH "HHIIHTHTHE Hi "Hi jparameters:
T & Ly £
] i— K "HU "LTTHHT LT CTEHE T T
T I Dependent
Z -port networks still can be fully characterized parameters:

with a -port VNA, but always remember:

I Terminated unused ports
in their characteristic impedance!

—
—
=

—
=
—

November 181 290, 2025, CAS Beam Instrumentation, Split, CroatRF Measurement Techniguie$1. Wendt



@ S-Parameters i -port (2) D

The CERN Accelerator School

,, G===i DUT d? Lo
/7/ A -H_ é = l_|| I < /'7// (
- E 1L 2 7 T
AL i i AL
5 4] | e—— )
i L4 v Ji_ v
1o 20
: i port 1 ort2 i
A Analysis of the reverse S-parameters: P Pe e
_H_ I Independent
] T kKT "7 TITAMHD "HHD IHTHTHE Hi "HD parameters: .
AL
=|= L:l JL , =|= + ™ r T LdL
] ii KUHTHI I 1T TR T T B B
T i Dependent 3 Tr"l'-n- AL
I Examples of 2-ports DUT: filters, amplifiers, parameters: \/lF \/:Ii__
attenuators, transmission-lines (cables), etc. rall L
I ALL ports ALWAYS need to be terminated _H_ T T —

in their characteristic impedance!
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@ S-Parameters i -port (3) 0D

The CERN Accelerator School

A Linear equations for a & 0‘;’\/3 port 1 PRV port 2
-port network (DUT): ‘|Jr -|| =|= -|| =|= > > P
o ol Pl " , W ¢
. b4+ 4] <8 £ { { } 5
| X <
W Y
] K i T 17N7WH "HHD SHHHE (HE HTD 7 signal flow granh (SFG)

| AROOOA AL B e
v ryap o ”m g (T 7w = argry @3 T e ‘I A I A . X th % %
KT T 0 HHD HHETHERTAHTH) A %rtZ:%WI (b‘*’ @

_H_

FTraT g Ty uryg mayp o [ N LT L L T T4 n'ﬁe!!’g’??'
K "Hi “ITTHTEHU 7T o 0 THT) R Uy AT 61 EGOET 1
a3 EI QL&‘O()'ET I o
K "I "HHUNHAT i@ DR I *HAT | AAOOOA]L AT OO
y,

+ +

_H_
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S-Parameters i = -port

oo

The CERN Accelerator School

A Reflection coefficient and impedance at the “#bort of a RF network (DUT):

IH 1=
] —

Z—A AEGEEA EEGCDAAADEADT OO

A Power reflection and transmission for a s -port network (DUT):

~ ~
€

| _” | 1T "I "HTHHE FRACHH "1
N TTTET W WA T

with all ports terminated in their characteristic impedance ®
and®

Here the US notion is used,
where power |®] .
European notation (often):
power || g

These conventions have no
impact on the S-parameters,
they are only relevant for
absolute power calculations
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The Scattering Matrix D

The CERN Accelerator School

A Waves traveling towards the n-port: FH GhEhbBF)
A Waves traveling away from the n-port: () @k Rl RlF /8 4L)

A The relation between  and 4.(:' &8 ) can be written as a
system of = linear equations
(0w the independent variable, @ the dependent variable)

one-port w Y& YD Y®| YO E
two-port @ YO YO YO YO E
three-port @ Y&® Y& Y& Y& E
four-port ® Y® YO YO Y& E

I in compact matrix form follows

P dh&@
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@ S-Matrix Examples 1 -port 0D

The CERN Accelerator School

A Examples for -port S-matrices are any simple, passive (complex) impedances 2t

I Any R, L, C,RL, RC, LC and RLC circuit or any combinations of those elements leading to a
single port network, which of course also my include distributed (transmission-line) elements

i ASpecial 0 cases ar e
U®w w t Y m(matched, ideal termination) L
U mt Y p (ideal short) (-”) -” o
0w Bt 7Y p (ideal open)
i IfH | an active element is involved, e.g., a reflection amplifier
A Strictly speaking, a simple RF resonator,e . g . , -bao xiop iclalv i-poyt, | s a

I One coaxial or waveguide port as RF power coupler, plus two beam (waveguide) ports.

A However, for many practical cases it can be treated as -port
i The mode of interest,
e.g., TMO010, is trapped with no or negligible fields contribution near the beam-ports

I We consider only a single coupler to characterize,
e.g., the TM010 mode in terms of a -port S-parameter measurement
U Typically applying an RLC-parallel equivalent circuit
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S-Matrix Examples 1

A Ideal (matched: &£ 4L ) transmission-line of length /b

b (. o = ﬁ’):

T For alossless transmission-line: | T t

i Foralossless lineoflength/b ¥ : (Y (n 1}

A ldeal attenuator

4 (
1
“¥attenuator: v Y
y P8
P Q Y
v C_Qw o
p Q p o 6

E ofo

' | Qf propagation constant
| . attenuation constant in [Np/m]
I ¢ “T_: phase constant [rad/m]

Y IY 1l p

~
E)

0 T

ptmt T :attenuationQ phQN s

3Q6 ¢ m | Q@Jw: attenuation in dB

I 1Q attenuation in neper

(30 (B
“ _attenuator: : Y —
~ Y C w
P Q.  o—agMANT—3
Yoo o 4
P o ‘{$ ?\’ Y =
vy P n o— o @
4 po C

-port

goe

The CERN Accelerator School

signal flow graph (SFG):

port 1

port 2

6V
»

W

q "

>

N
w

o4
o

l;‘
0V

SFG example: 3 dB attenuator

port 1 port 2
p @ Q, pig |®
V¢
2 < <
Vo w Q prc |6
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@
S-Matrix Examples i -port D
A Ideal amplifier (gain stage) port 1 port 2
' ® To p 71 :voltagegain' p » 1 >
(‘”) ( ) C c¢ml @ 7T :voltage gainin dB
A Low-noise RF transistor
3 Datasheet Avago VMMK-1218:
(—”) ( ! "Q p OO v mAY ¢U6b
8 ® ¢do ¢masd port 1 port 2
i Avago VMMK-1218 > o8 © -
I E-pHEMT GaAs FET ' ) b
U The S-parameters are different at other frequencies X Q@
and operational conditions A . @‘ (S
U The transistor requires impedance matching networks at in- and
output
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@ S-Matrix Example 7 -port 0D

The CERN Accelerator School

A 1deal directional coupler coupling coefficient:"Q |—|nll’§26 cn i QO
\ input port 1 port 2 transmitted
— —
<)
— —_—
isolated coupled
/ port 4 port 3
I Operating at the center frequency
I Figures of merit (ideal, lossless): A 3 )\!’4 N (O,
[%4 y 14 3 o 5 5 P ” o n 0
U Coupling factoroy N1 Qo pm | Q X ) QO QJ Ma“]_] line <
. - ”n 3 . 5 5 3 ” |
U Insertion loss { pl QI) Q6 no losses: _________i _________
i Couplingloss 0 pt I ¢ @OMW) Q6 O r U | -
i} . . . a,~  Coupledline o
i Coupler with losses, imperfections, etc. S : O
Q double}jsymmetry 4

| Isolation & pt 1@ Fu) [QdNG pit 1 Q7o) [Qd https://en.wikipedia.org/wiki/Power
U Directivity 'O j pt I COI0O) ol T QOT0) p i €O ) Q6 _dividers_and_directional_couplers
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The ideal Directional-Coupler 0D

The CERN Accelerator School

P Q w" wmd

.

port 2

port 1

17— ——n7 —

port 2

port 3 port 4 port 3 3-section port 4
, . . planar TEM directional coupler
. single section
Q™ T $lanar TEM directional coupler 1S31|/k
1.0}
A Theideal coupler is matched: Y f .
: 0.8 electrical length:
A The transfer functions are: o ; ‘ b
YE YO YO Y QOE+ 06 — N6/ =
7 — [ =
Vvp QAI-©O E+ oal with: _ -
\/p_7§ — single section
Y= YEH YEH YO —— . 02| — 3-secti
Vp QAT-0 ®ET S-sgetion
Y Y Y Y I : rr|!2 T 3r|r!2 2 o
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@ S-Parameters in Practice 0D

The CERN Accelerator School

A In practice, S-parameters are a function of the frequency: 4 |}
I Some instruments or applications can also provide time-domain S-parameters

A In most real-world practical situations, S-parameters are acquired by a
measurement, e.g., characterization of a RF component or sub-system by a VNA.

I By characterizing the DUT over arange of frequencies, l] i l l] 1 4N steps of l

A Also, numerical RF analysis tools (Qucs, ADS, Microwave Office, etc.)
generate S-parameters through linear RF circuit / systems simulations.

i Numerical EM software tools (CST, HFSS, etc.) and PCB tools (Cadence Allegro)
can also generate S-parameters

A Both application types, VNA measurements and RF/EM simulation software
exchange S-parameters on a file basis

I The SnP Touchstone ASCII file format is de-facto the industry standard for S-parameters
I Example Touchstone s2p file:
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SnP Touchstone S-Parameter Files 0D

The CERN Accelerator School

O

® @

'S2P File:
#Hz S dB
2000000000
2000100000
2000200000
2000300000
2000400000
2000500000
2000600000
2000700000
2000800000
2000900000

2001000000
2001100000

Measurements: S11, S21, S12, S22:
# format

R 50
-2.5430779
—-2.5365531
-2.5314419
-2.5216722
-2.5178108
-2.5327342
-2.5191193
—-2.5219827
-2.5198817
-2.5370498
-2.5363033

7 RA17419

BRSTM_refIine_2-4GHz_2000

'Keysight Technologies,P5024A,MY5810@247,A.15.29.07«
'Date: Wednesday, October 06, 2021 16:19:17
'Correction: S11(C 2-Port )
1§521(C  2-Port )
1S12(C 2-Port )
1522(C 2-Port )

—-88.497566
-88.473915
-88.471634
-88.617905
-88.521271
—-88.484985
—-88.462044

~88.44445 —

-88.588783
-88.496101

—-88.544846
22 N7A0A

-18.274168
-18.266272
-18.280306
-18.269596
-18.257862
-18.263821
-18.262426

¢-port VNA file

Touchstone v1.1 example file
A v2.0 is different, file ext. *.ts

38.763039 -18.26178 38.742687 -2.4251425 -85.792152

38.606499 -18.269154 38.716461
38.559021 -18.258684 38.624985
38.352692 -18.266785 38.342678
38.298622 -18.275055 38.266792
38.31945 -18.27046 38.20409 -2

-2.4215624
-2.4253747
-2.4210978
-2.4244151

-85.861908
-85.806236
-85.8368

-85.914787

.4263382 -85.85775
38.195797 -18.246525 38.250874 -2.3989511 -85.885635
18.253748 38.216946 -18.245417 38.138355 -2.4155877 -85.859711

-18.255999 37.902744 -18.257757 38.035915 -2.415241 -85.887199
-18.256392 38.004234 -18.258446 37.872906 -2.4170656 -85.854294
-18.252661 37.830475 -18.259445 37.925297 -2.4102871 -85.901245

12 274784 27 T7AI1R12 12 2R2AR 7 TATR?D 2 _A1K5924A1 QK Q772KR17

frequency "QsY JdB]” "Y [deq]
The file name extension specifies the number = of ports
I Attention: NOT equal to the number of columns! The carriage return (CR) is different between slp, s2p and s3p, s4p files!
The comment header (!) includes general information, e.g., type of instrument, measurement time, etc.
The format line (#) defines the format (mag[dB],angle[deg], mag/angle, real/imag), stimulus units and the reference impedance
The column delimiter varies, e.g., space, comma, semicolon, etc.
i Column order in the example file: f S11dB S1la S21dB S21a S12dB S12a S22dB S22a

ToToTo o
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General = -Ports 0D

The CERN Accelerator School

O

A A general = -port may include ports of different technologies, i.e., waveguides, as
well as TEM transmission-lines, such as coaxial lines, microstrip lines etc.

I In the frequency range of interest different modes may propagate at each physical port,
e.g., several waveguide modes in a rectangular waveguide and/or higher order modes in

a coaxial line..
0
: i/ﬂ

I The number of modal ports needed —

I Each EM-mode must then be represented
by a distinct modal port.

U This is very important in EM-simulation
to ensure the absorption of the energy for all modes!

generally, increases with frequency, physical ,, 0
as more waveguide modes can propagate. ‘ @ o-port
TEM Hio Hy1,x Hap - - X y
ror feaanty P Hoy
Number of ports | 1 | 2 1456|780l

'O HO : ahwypolarization of the O circular mode
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Part IV: RF Measurement Methods 0D

The CERN Accelerator School

A Overview of RF measurement instruments

Oscilloscope, spectrum analyzer (SA), signal (FFT) analyzer,
slotted measurement line, vector network analyzer (VNA)

A The super-heterodyne receiver principle

Modulation, down-conversion, mixer, spectrum analyzer block schematics

A S -parameter measurements with the VNA

Simple measurement setup, VNA block schematics
VNA calibration

Features of modern RF measurement equipment
Synthetic pulse measurements with the VNA
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RF Measurement Methods (1) D

The CERN Accelerator School

There are different options to observe RF signals
Here some typical measurement tools:

A Oscilloscope: to observe signals in time-domain
I periodic signals
I burst and transient signals with arbitrary waveforms

I application: direct observation of signals from a beam pick-up,
from atest generator, or from other sources

I visualizes the shape of a waveform, etc.
I limited performance for the evaluation of non-linear effects.
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@ Cathode Ray Tube (CRT) Oscilloscope 0D

The CERN Accelerator School

time base waveform
TIME/DIY X-POS 5pot moves TG, s | Tektronix 710mscopﬁ 1.'
¥ acmoo rccn T ' : .l".fﬁfl‘ °..W,,.I
® O / V \/ i ~’.-—.~l" @ i
Electron 1 { spot blanked out ‘
= durm ‘fiyback
Gon ™ — gl |
=y vz
|

e Y fortunately, or unfortunately,

ac.fde.

switch . .
any [ | thisgood olt | mes ar e
signal waveform

electron SCREEN
beam

NAWAWA
IVAVAVA

YOLTS/DIV ~ Y-POS

Fluorescent

Deflection Fereen

System
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@
Today: Digital Storage Oscilloscope (DSO) 0D

The CERN Accelerator School

O

100 GHz bandwidth
24q GaS{s 8SFiIIoscope

éand digital signal gen'e
(AWG: arbitrary waveform generator) (LeCroy)

Device Under
Test (DUT)

50 GS/s, 10-bit AWG (Tektronix)

A Signal processing based on fast ADCs and DACs
i Similar Al ook and feel o as analog oscill oscope:

u 8 é 1-Bit multi-GS/s ADCs, still, be aware of aliasing effects!
U Fast sampling oscilloscope require sufficient memory resources.

A AWG or pulse generator & digital oscilloscope:

Time-domain (TD) test setup

I Device under test (DUT) characterization and trouble shooting
U Impulse, step, or arbitrary waveform (e.g., beam signal) as stimulus signal
U High impedance probe for measurements on the printed circuit board (PCB)
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@ RF Measurements Methods (2) D

The CERN Accelerator School

A RF detection (Schottky) diode (RF power meter) _ wf
I Supplies arectified (video) output signal proportional f 20/
I to the RF signal level é 0 RENS
i Delivers no frequency or phase information but operates over & | ¢ i iy il
a very broad frequency range few MHz to many GHz, | Y
and up to ~60 dB dynamic range. I T B

time [ns]

A Spectrum analyzer:. t o obser ve frequenpeyaldonsaini n kaonf ashi on
I sweeps in equidistant steps through a given frequency range

I application: observation of spectrum from the beam, or from a signal generator or RF

source, or the spectrum emitted from an antennato locate EMI issues in the accelerator
tunnel, etc.

U Also, DUT characterization in the laboratory, e.g., noise figure measurement on amplifiers (requires a noise
source), intermodulation measurements on amplifiers (requires two RF generators).

I Requires periodic signals
I Assumes time-invariance of the measurement object (DUT) throughout the frequency sweep
I Large dynamic range!
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@ RF Measurements Methods (2) D

The CERN Accelerator School

A Spectrum analyzer: t o obser ve frequapeyabdbnsaini n kaoinf ashi on
I sweeps in equidistant steps through a given frequency range

I application: observation of spectrum from the beam, or from a signal generator or RF
source, or the spectrum emitted from an antennato locate EMI issues in the accelerator
tunnel, etc.

U Also, DUT characterization in the laboratory, e.g., noise figure measurement on amplifiers (requires a noise
source), intermodulation measurements on amplifiers (requires two RF generators).

I Requires periodic signals
I Assumes time-invariance of the measurement object (DUT) throughout the frequency sweep
I Large dynamic range!
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RF Measurements Methods (3) D

The CERN Accelerator School

A Vector signal analyzer (VSA), sometimes called FFT analyzer

Acquwes the RF signal, after down-conversion to an intermediate (IF) signal,
in time-domain by fast sampling

Further numerical treatment in digital signal processors (DSPs)
Spectrum calculated using Fast Fourier Transform (FFT)

Combines features of an oscilloscope and a spectrum analyzer:
Signals can be observed directly in time-domain, or in a frequency-domain like fashion

Contrary to the SA, also the spectrum of non-periodic signals
and transients can be measured

Application: Observation of tune sidebands, transient behavior of a phase locked loop,

single pass beam signal spectrum, etc.

Digital oscilloscopes and FFT analyzers share similar technologies, i.e., fast sampling
and digital signal processing, and therefore can provide similar measurement options

U The digital oscilloscope directly digitizes the RF signal

Y i mited dynamic range, | arge i nstantaneous bandw
U The FFT analyzer digitizes the down-converted IF signal
Y | arge dynamic range, but (still) I imited instant
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@ RF Measurements Methods (4) D

The CERN Accelerator School

Tools to characterize RF components and sub-systems:

A slotted coaxial (or waveguide) measurement transmission-line

I For study and illustration purposes only 1
not anymore used in todayod6és RF | aboratory envir

A Vector Network Analyzer (VNA)

I Combines the functions of a vector spectrum analyzer (FFT analyzer),
a RF sweep generator, and a S-parameter test set (directional coupler)

I Excites a Device Under Test (DUT, e.g., circuit, antenna, amplifier, etc.) network at a given
sinusoidal continuous wave (CW) frequency, and measures the response in magnitude and
phase => determines the S-parameters

I Covers a selectable frequency range by measuring step-by-step at subsequent frequency
points (like a spectrum analyzer, again requires the DUT to be time-invariant!)

I Applications: characterization of passive and active RF components, also in time-domain and
Time Domain Reflectometry (TDR) by iFFT of the Sij or Sii measeurement, etc.

U Also, power sweep measurements (p'‘Q dcompression point),
4-port VNAs enable virtual ports: e.g., single-ended / differential port DUT characterization.

I The VNA is the most versatile and comprehensive tool in the RF laboratory!
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A RF signals are continuous wave (CW),sinusoidal signals
:

®
RF Signals & Modulation, without Math! 0D

The CERN Accelerator School

Often, a high frequency carrier is modulated with low frequency information
i Modul ati on appears fdAnaturallyo in ri
U Modulation is also provided through the LLRF system to the accelerating structures

ng accel
AM: Betatron oscillations

er
FM: Synchrotron oscillations
time domain
FM modulated carrier
modulation index 8 = 1.50
Mmhﬂ
{ms)
AVAY) Al
frequency domain
100 - »
modulated carrier spectra (magnitude)
o e bandwidth {(98% of power) =500 Hz  number of sidebands = &
sof (FHLH IS ::":: | : ..: I:I .': 5 _=-::::_:.::Z-".::..-._-':...:_':_ Fhd 5 f 'E
PREEREEAIVU Y U W W W YTy Re = =
2 il SIS
: : - = —  f (Hz)
) 0 5 10 15 20
o T 5000 a0 RS A
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@ A (too) simple Radio Receiver D
N

0D @8 >

broadband
low-noise RF amp
e.g., 87-108 MHz

tunable RF amp demodulator audio amp
narrowband

band-pass filter

Aéor: How does a otraditional 0 anal og radio

I It was, and still is, difficult to make precisely tunable narrowband, band-pass filters
for high frequencies (~100 MHz)!!

i high frequency low-noise amplifiers are expensive!
i high frequency demodulators are not trivial.

I direct detection of radio and RF signals is challenging!
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@ The Super-Heterodyne Receiver D

The CERN Accelerator School

\/ frequency mixer

o 9 "0

broadband

low-noise RF amp Lirr:g_rr(;vgg?iﬁcelr IF amp demodulator,
e.g., 87-108 MHz P e.g., FMPLL or
e.g., 10.7 MHz + 90 kHz AM diode detector

runable A Introduce a non-linear element: the (frequency) mixer!
u T N N
local oscillator (LO) i odownnverto the RF band

e.g., 97.7-118.7 MHz to a fixed ointer mediafliqolfired
I requires atunable local oscillator (LO)

I well manageable IF section:
U narrowband band-pass filter(s) (BPF) and amplifier(s)
I RF telecommunication standard

I Often multiple mixing stages are used in modern
RF instruments, e.g., spectrum and network analyzers
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@ The RF Mixer as Down-Converter D

The CERN Accelerator School

(e = i(&)=|=|< Vo) =| - |==| cLl9 g (9 (4

A 1deal mixer: |I- B- B

d |= Q3 = i@ e vl
C(L{d =yl i[(7<0=|=| ©J p« (¥4, ¥4 p| uppersideband
i nli[@m%q o4 p< (¥4; ¥4 Y] lowersideband( al so cadblaed

A The mixer is based on non-linear circuit elements

30

. i e.g., thediode § /
25} :
l| 5 .J E ll:JJ In( 7 ll 7 ! . Y _ Schottky diode /
A . @ 0Q P 3 Sl ) ideal diode f?é;’i?):]d /
Frequency conversion = sl | A
- heterodyne receiver U popular is the 2 10} i .
< I’I L l - y double-balanced £ : /
Z - B :homodyne, demodulator mixer 5 s 4
1 . (18 :
A Real-world mixer: B-- ok- B, | e | | |
'I' I m f r n . -1. -0.5 0. 0.5 1.
age eque Cy .I=J'I l }: l|==| voltage Vj [V]
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@ Simplified Spectrum Analyzer D
K based on the super-heterodyne principle

RF input pre-selector, or : : : log envelope
attenuatorﬂ low-pass filter mixer IF gain P IF bandwd;f: amp detector
RF R
input ) \
/ / /
local ‘ video
oscillator Switchable BW of the bandwidth
IF filter and video BPF
(analog or digital)
allows to improve the
Sweep reference signal-to noise (S/N)-ratio disol
generatorﬂ oscillator 'SP ay( 4 ~N
1 | 1
A | ik
/ \——
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E@V Vector Signal Analyzer (VSA) or FFT Analyzer QOO

The CERN Accelerator School

digital data stream

Ll Ally S
1”T ]“I ”I )O frequency-domain

E “““““““‘.\ (", )

_1lll,m_ll

analog IF waveform

|
1
|
> ;
|
1
|
I
|
1
mixer ! X
V4 : O 52
RF . . b,
in)put. /P(]_’[ \ ]_’ modulation-domain
1 ( \ \
/ o ! R
anti-aliasing , )
filter ; ()
local I
oscillator S Y,
: digital down-converter: —\
. quadrature demodulator o AA
: & digital CIC/FIR filters — ‘
l Q
RF & analog ' ! ' digital TV .
signal processing ! signal processing \ — J — .)
time-domain code-domain
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Modern Spectrum (RF Signal) Analyzer

KEYSIGHT = UXA Signal Analyzer weous 20e800M:

KEYSIGHT st 5 o Z: 40
' Cowr CCor RCal
> Asgn Ught Freq Ref x4 ()

1 CO0 W
10 Moas Time

4,148 p =3 120 kMz
)
Spactrum

Scale/Div 20.00 dB Ref Value 5.00 dBm

Ctr: 28000000000 GMz
Res BW: 3,771 kMz Info BW: 800.00 MMz

5 CCO Frame Summary ¥

Power pet RE
406 31 ol

Dec 11, 2020
M5022 A

O Meas Sotup

Asen 10 68 Trig Free Run Caror Red Freq: 78 000000000 GHz Component Carrier
Pro: It off, LNA off #IF Galn -8 00 °C Info: Upink, 8 CCs, SISO e g
YW Path FByp, On
#PNO. Best Wido

"

hoCatonns

99 subcarriers

Component
Camers

4.143 Start: 0.00 symbols P =3 120 kMz Meas Time
'
Raw Main Time Channed
Scale/Div 20.00 ¢8 Ref Value 65.00 dBm Profie

Width: 800 MHz ‘
Start: 0.00 ns Stop: 22.00 ms| B

6 CC Sumenary v

Num RB TAE (max) 1 twoen CCY1 &
Total Channel Power: -7 90 dBm
Total Channel Power (Actve) -7 90 dBm
CHPICHP(ACtive) EW Freq Ermor ‘Y"':"’” 3ok
e
3791 9B 981 7 mHz 0 000 ppm
9B 7400 mMz 0003 ppe

170 w17 04 dBe (5 a8 £ 4 miz 0002 ppm
AT A ———
- ‘

bl

—
A

———rd

o0

The CERN Accelerator School
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Example: E-cloud investigation in the SPS de @,

The CERN Accelerator School

O

A Electron cloud beam studies in the SPS (CERN) T courtesy F. Caspers

high-resolution measurement color-coded spectogram display
of the detected beam signal of 200 measurement traces
: Agilent  98:16:27 11 Jun 2083 [ RMS:5 Range: -20 dBm
Cntrl 2.499934857 GHz
Fief -43 dBm #Atten @ dB -115.1 dBm
18 |
dB/ Marker| Count: Hiden Res EH F
iy i
Span 100 kHz || I"
38 Hz VEBH 38 Hz Sweep 9.991 s (1000 pts) | i I I SN
A:\TRACE49.CSV file saved e TimeLon 50 mSec
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How to measure S-Parameters? 0D

The CERN Accelerator School

O

DUT = Device Under Test

Y v m 4-port DUT
$ z 2-port detector
RF source directional coupler 0
= "Ill ¢ A < |||" =
detector detector swap DUT
6 &+ o 4 for"Y and"Y
A Performed in the Afreqguency domaino

I Single or swept frequency generator, stand-alone or as part of a VNA or SA
i Requires a directional coupler and RF detector(s) or receiver(s)

A Evaluate{ and{ ofa2-port DUT
i Ensure =|= , 1.e., the detector at port 2 offers a well-matched impedance

i Measure incident wave £ and reflected wave 4
at the directional coupler ports and compute for each frequency

I Measure transmitted wave -H— at DUT port 2 and compute
A Evaluate{ and{ of the 2-port DUT

i Perform the same methodology as above
by exchanging the measurement equipment on the DUT ports

_H_

AH== ==
_H_
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®
The Vector Network Analyzer (VNA) 0D

RF
source w 2
—switch L[//P( ] l: [j
IF gr|r;=|= E

™~

The CERN Accelerator School

\

directional directional
couplers ;Jplers
ortl ort 2
P P A 2-port VNA
coaxial coaxial i Simplified block schematic
cable cable
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Fun with the VNA! D

The CERN Accelerator School

2. LCD Screen 3. Active CH/Trace Block 6. Hard Disk Drive (Option 017 User only)

¥

e guvvy |l

£4 3

- SED 4. Response Block

—— 7. Navigation Block

— 8. Entry Block
SEOF UTRRR 5. Stimulus Block
b 10. Mkr/Analysis Block

ooooooooooooooooooooooooo

9. Instr Siate Block

12. Front USB Port

1. Standby Switch 11. Test Ports

13. Ground Terminal 14. Probe Power
A Thel ook a n betwiean & NAS vary between manufacturers and models
I Concepts and operation is still very similar
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@ VNA Calibration (1) de @,

The CERN Accelerator School

A calibration is not necessary for pure frequency or phase measurements
A Before calibrating the VNA measurement setup,
perform a brief measurement and chose appropriate VNA settings:
I Frequency range (center, span or start, stop)

I Number of frequency points
U Can be sometimes increased by rearranging the VNA memory (# of channels)

I IF filter bandwidth
I Output power level

A calibrate the setup, preferable with an electronic calibration system
If more than 2 ports are used!

I Each port and combination needs to be EM error adapter /ﬂ\
calibrated, with the cables attached —> > >0 >
I Choose the appropriate connector type and sex YO 0 0 v
I The instrument establishes a correction matrix Y
and displays the O0CALO statu < = <
P y ; = \_ 0) - \ )
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VNA Calibration (2) D
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-10 T T T T
— 50 S;, w/o calibration
=20 f=] e 50 S;; w/calibration

Amplitude (dB)

70 | 1 | |

Frequency (GHz)

A Calibration improves the measurement performance

I Return loss improvement by typically 20 dB. Enables mdB accuracy measurements!

I Full 2-port or 4-port calibration with manual calibration kits is prone to errors,
better use electronic calibration systems.

I Changing VNA settings after calibration will cause the instrument to inter- and extrapolate,
and the calibration status becomes uncertain!

A cables need to be included in the calibration!
I However, changing coaxial connector types usually not!

I Special VNA cables allows the adaption of different connector types and sex,
without requiring a re-calibration of the setup!
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