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RF Measurement Instruments

¢ Oscilloscope
m Time domain, arbitrary waveforms, direct digitalization

¢ Spectrum analyzer (VSA, FFT)

s Frequency domain, down-convert to IF -> digitalization

¢ Vector network analyzer (VNA)
m Device (DUT) characterizing, frequency and time domain (via iDFT)

¢ VSA & VNA are based on the super-heterodyne concept

= Down-conversion AN
to an intermediate fie = far £ fio audio amp
frequency (IF)

m Utilizing a mixer,

broadband
€.0. based O n low-noise RF amp fio IbF ”S"OWb?’I]cd IF amp demodulator,
e.qg. 87-108 MHz and-pass titer e.g. FM PLL or

tunable
local oscillator (LO)
e.g. 97.7-118.7 MHz
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Transmission-lines & VSWR

outer

¢ TEM transmission-lines, e.g. coaxial cable th

m Characteristic impedance, typically Zo = 50 Q, o
Is defined by the cross-section geometry. conductor —dz—

= Needs to be terminated with Z; = Z, to operate without reflections
_EIY b Z,-1Z,

a_ZL+Z0

reflection coefficient;

- Einc

m For steady-state sinusoidal signals, and Z; + Z,, the superposition of
forward (incident) waves (a) and backward (reflected) wave (b) result in
standing waves along the transmission line with voltage maxima V4,
and minima V,,,in.

¢ Voltage Standing Wave Ratio (VSWR)

Viarl _lal 16| _1+]T]

[E=Y
1

VSWR = = = g
\Vinl ~ lal —|b] ~ 1 =T s — ,
=
gos \V 7
: V/ v
S \
OO 0.2 0.4 0.6 0.8
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The Smith Chart

* gives a lot of confusion...[’
& The Smith chart is a conformal mapping of the

Circuit
Z = o0

r=+1

complex Z-plane on the I'-plane 7Z—17,
by applying the transformation: — ﬁ
¢ The Z-plane 7 14T + 4o | /
IS normalized:| z = —
3{Z} Z ZO 1—-T Matched Load
A _
2 :
R{Z) R(Z)
\4
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S-Parameters — Introduction (1)

¢ Light falling on a car window:

m Some parts of the incident light is
reflected (you see the mirror image)

m Another part of the light is
transmitted through the window
(you can still see inside the car)
¢ Optical reflection and
transmission coefficients of
the window glass define the
ratio of reflected and
transmitted light

¢ Similar:
Scattering (S-) parameters of
an n-port electrical network
(DUT) characterize reflected
and transmitted (power) waves
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S-Parameters — Introduction (2)

¢ Electrical networks

m 1...n-ports circuits

m Defined by voltages V,,(w) or v, (t) and
currents I,(w) or i, (t) at the ports

m Characterized by circuit matrices,
e.g. ABCD (chain), Z, Y, H, etc.

¢ RF networks

m 1...n-port RF DUT circuit or
subsystem, e.g. filter, amplifier,
transmission-line, hybrid, circulator,
resonator, etc.

m Defined by incident a,(w,s) and
reflected waves b, (w, s) at a reference
plane s (physical position) at the ports

= Characterized by a scattering
parameter (S-parameter) matrix of the
reflected and transmitted power waves

= Normalized to areference impedance,/Z,
of typically Z, = 50 Q
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S$11 =

b,
aq

DUT
(device under test)

e.g. any

complex
load Z

[’ i1-1" reference plane
(port 1)

1-port DUT example

*

*

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

All high frequency effects of
distributed elements are
taken into account with
respect to the reference
plane



S-Parameters — Example: 2-port DUT

_ DUT —)
ZS =7 i ‘ | /)
i ) & Q I_1> 1 <_2 Doy 7 (
o 1 7 2 7
Z S V4
VO @ 0 2 Vl - Vz L [] ZL =ZO
S
v by iV a \ A
o >0
port 1 port2i m Independent parameters:
. inc
¢ Analysis of the forward S-parameters: e Em ) S
b, NN 7
S11 = - = input reflection coefficient
1], _
. gz (Zyp=29=a; =0)
Sy = — = forward transmission gain = Dependent parameters:
a
Haz=0 VO =1, 7,,

s Examples of 2-ports DUT: filters, amplifiers, b, =

attenuators, transmission-lines (cables), etc.

PT—Zo

refl

m ALL ports ALWAYS need to be terminated p. V2 _ V2= laZo
in their characteristic impedance! ? JZo 2./Z,
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S-Parameters — Example: 2-port DUT

jp i DUT _az Zs = Zo
l 1= — =4 ( (
1 7 27 by Vo
ZO ZO r\j
ZL = ZO V1 — Vz S
512 22
AR Wit v
\'1’ 2,\’
port 1 port 2 = Independent parameters:

¢ Analysis of the reverse S-parameters:

b |
Syy = a—z = output reflection coefficient Vi Vo +1,Z
2 . a,» = =
; gt (Z,=Zy>ay =0) Tz 2,/Z,
S12 = — = backward transmission gain = Dependent parameters:
a, a;=0 V11‘efl V1 3 1120
m n-port DUTSs still can be fully characterized by = =
with a 2-port VNA, but again: sz’l 2\ Zo
don’t forget to terminate unused ports! vt v, - Lz,
b, = -
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S-Parameters — Definition (1) [2-port]
¢ Linear equations for the 2-port DUT:

by =811a4 +S12a;
b, =8;1a4 + S,2a,

= with
b, 1
S11 = — = input reflection coefficient
a, a,=0 __impedance
bZ measurements
Soyp = — = output reflection coefficient
gz a1=0 :
2 o :
Sy = — = forward transmission gain
a, il _ transmission
bl measurements
S1p = — = backward transmission gain
az a1=0 -
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S-Parameters — Definition (2) [n-port]

¢ Reflection coefficient and impedance at the nt"-port of a DUT:

Vi
S =bn=In Zozzn_z():l.,
n

. + nn . . Vn . . . th
n = Zo>—— with Z,, = — being the input impedance at the n*""port
1-S,, I,

EE— ] —

¢ Power reflection and transmission for a n-port DUT

S |2 = power reflected from portn
nn -

power incident on portn

|S.,.;n|?> = transmitted power between ports n and m

with all ports terminated in their characteristic impedance Z,,

and Z, = Z, Here the US notion is used, where power = |a|?.
European notation (often): power = |a|?/2
These conventions have no impact on the S-parameters,
they are only relevant for absolute power calculations

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt 11




The Scattering Matrix (1)

¢ Waves traveling towards the n-port:  (a) = (aq, a,, a,, ...a,)
¢ Waves traveling away from the n-port: (b) = (b4, by, b, ... b,))

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

one-port b =S,.a|+S,,a,HS.a,HS,a,+...
two-port b,=S,a +S,,a,[+S,a)+S,,a,+...
three -port b, =S,,a +S,,a, + S;.8,+ 5,8, +...

four -port b,=S,a +S,,a,+S,8,+S,,8,+...

m in compact matrix form follows
(b) = (S)(a)
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The Scattering Matrix (2)

¢ The simplest form is a passive 1-port (2-pole)

($) =811 = by=811a4|

a

reference

plane

= with the reflection coefficient: b,
=511 = a4
¢ 2-port (4-pole) DUT: '

b,

S11 S12 b, = S{1a, + Sy2a,

(5) = | = al’
521 S22 by = 83101 + 8220, | -

= An unmatched load, present at port 2 with a reflection coefficient Ij,uq4

transfers to the input port as:

$21T10adS12

i =811+

1-— SZZFload
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2-Port Examples

Transmission-line of Z =50 Q, length [ = A/4 Portl: ;0” 2
. . aq —J 2
(S)=[0 _]] blz_]aZ »> » >
—j 0 b, = —ja, b4 —j a,
< < <
Attenuator 3 dB, i.e. half output power
1
by =—a, = 0.707a
1 1 2 2 a b
2
bz — = R 0707a1 b a
V2 ) IS Ee) i
RF Transistor | £ Rgﬂ;"ﬁ;‘;on
(s) = [0-277€775%" 0.078e/%* ] a4 19207+ 07
1.92e764 0.848e¢ /31 loz7ze 5
IorwarO_I | b, 0.848e /318 | a,
: : ransmission
non-reciprocal since S;, # Sy4! < 0.075;]-930 <

= different transmission forwards and backwards

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt

14



Examples of 3-ports

Port 1: Port 2:
Resistive power divider aq Zy/3 Zy/3 b,
==>=" >
1 — S
b, = 7 (a, + a3) by a,
1[0 1 1 1 Zo/3
(5)251 0 1 b2=§(a1+a3) ;
1 1 0 1
bs = E(al +ay) Port 3: as T l b4
3-port circulator b
2
Port 2: — >
0 0 1 b1 = a3 a,
=1 0 0f br=a
O 1 O b3 = a2 Port 1: POI’t 3:
The ideal circulator is lossless, matched at all ports, 4 3 \) &
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
CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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4-Port Examples

Ideal directional coupler

0 jk A1 —k? 0 |
'k 0 0 V1 —k?2 b
= with k = |2
v1-—k? 0 1 jk a1
0 V1 —k?2 jk QI
To characterize directional = ol
couplers, three important figures : “’1‘9‘9
are used: 2 -l Pt
. b
the coupling ¢ = —20 logy, Z2 \ (‘*
a;
the directivity p — _2( log ﬁ
10 b2 bZl l l lb4
the isolation Coupled Isolated

a;
I =-20 10g10 i
by
CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt

16



S-Parameters — Summary

¢ Scattering parameters (S-parameters) characterize an
RF component or system (DUT) by a matrix.
® n Xn matrix for n-port device
m Based on incident (a,,) and reflected (b,,) power waves

¢ ALL ports need to be terminated in their characteristic
(reference) impedance Z,

m For aproper S-parameter measurement or numerical computation all
ports of the Device Under Test (DUT), including the generator port,
must be terminated with their characteristic impedance to assure,
waves traveling away from the DUT (b,,-waves) are not reflected twice
or multiple times, and convert into a,,-waves.

(cannot be stated often enough...!)

¢ Typically the S-parameters, and therefore the DUT is
"measured” and characterized in the frequency domain

m S-parameters, as wells as DUT circuit elements are described in
complex notation with the frequency variable w = 2nf

m Frequency transformation (iDFT) allows time domain measurements
with a "modern” vector network analyzer (VNA).

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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How to measure S-Parameters?

Zs =500 — DUT DUT = Device Under Test
2-port
detector
Directional Coupl
Irectional coupler o bz

detector detector
xa; ORI B

¢ Performed in the frequency domain
m Single or swept frequency generator, stand-alone or as part of a VNA or SA
m Requires a directional coupler and RF detector(s) or receiver(s)

¢ Evaluate $;; and S, of a 2-port DUT
m Ensure a, =0, i.e. the detector at port 2 offers a well matched impedance

m Measure incident wave a4 and reflected wave b, by
at the directional coupler ports and compute S11= an
for each frequency 1la,=0
m Measure transmitted wave b, at DUT port 2 $). - ﬁ
and compute el ey =
az=

¢ Evaluate §,, and S, of the 2-port DUT

m Perform the same methodology as above by exchanging the measurement
equipment on the DUT ports
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The Vector Network Analyzer (VNA)

RF
source

CTRL
Sig Proc
IF by IF b, Display
directional
LO couplers
source /

IF a, IF a, ¢ 2-port VNA

m Simplified
Porth Port 2 block schematic

a b,

cable

G——
b4 a;
CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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Fun with the VNA!

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

(== !Q[»g zzzz.z]!

00 SECTRTR 4. Response Block

7. Navigation Block

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

ooooooooooooooooooooooo

@ @ @ —_ @ 9. Instr Siate Block

: 12. Front USB Port T
fwe.ee: 1. Standby Switch 11T Eons
13. Ground Terminal 14. Probe Power

¢ VNAs vary between manufacturers and models
m Concepts and operation is still very similar

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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VNA Calibration (1)

¢ Calibration is not necessary for pure frequency or phase
measurements

¢ Before calibrating the VNA measurement setup, perform a
brief measurement and chose appropriate VNA settings:

= Frequency range (center, span or start, stop)

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

m |F filter bandwidth
= Output power level

¢ Calibrate the setup, preferable with an electronic
calibration system if more than 2 ports are used!

m Each port and combination needs to be Ideal Error Device
calibrated, with the cables attached hezs, Deviee:  Newporle  Hngler e

= Choose the appropriate connector type and sex a1, L €10 apuy

m The instrument establishes a correction matrix e@ @1 )
and displays the "CAL” status.

I'm bl €01 bour [P pyrp

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt 21



VNA Calibration (2)

— 50 S,, w/o calibration
--------- 50 S,, w/calibration -

Amplitude (dB)

¢ Calibration improves the measurement performance

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

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

m Change VNA settings will cause the instrument to inter- and
extrapolate, and the calibration status becomes uncertain.

¢ Cables are included in the calibration

m However, changing coaxial connector types not.

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

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt 29



Synthetic Pulse TD Measurements (1)

¢ Based on an inverse discrete Fourier transformation (iDFT)
option in the VNA

Complex conjugate = Measured LP-mode BP-mode Measured
Ly | alug
Extrapolatod 0 fma.’c f 0 fmzn fmaﬂ:

m Low-pass mode: Impulse or step response, relying on equidistant samples
over the extrapolated (to DC) frequency range.

e The VNA does not measure at DC!

e Manually match frequency range and # of points for DC extrapolation,
e.g. 1...1000 MHz -> 1001 points, to enable extrapolation exactly to DC,
or let the instrument chose the extrapolation settings automatically

m Enables time-domain reflectometry (TDR)
e Very useful on portable VNAs, troubleshooting RF cable problems
m Band-pass response (no DC extrapolation)

m Allows time-domain gating and de-embedding of non-resonant sub-
systems, e.g. measurements on a PCB

m Limited to linear systems

m Select the "real” format for §,; or S,; for time-domain transformations!
e or dB magnitude to detect small reflections in TDR analysis
CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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Synthetic Pulse TD Measurements (2)

unlimited frequency range

A

truncated frequency range

FD TD
4‘ 1T
> |
0 0
VNA Port Irregularity
=

=

TDR impulse res

CAS2019, Slangerup (Denmark), June 2019

ponse

Time signal
of [interest

]| Open m

FD
A
: >
~Af/2 0 Af/2 0
sin(Afmt
Af mt
VNA Port Lrregularity

SEE388E8538ka8pb88ss
cBbbb5bbobbbbbb565050

—Al

/\" : /\r\'/\ f\'
] "\fﬂ “Mﬂ ) W M”ﬂo

smoothlng window
functions

Ref. Plane

i] Open

TD?R step responsfe
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An Example — Pillbox* TMy,o Elgenmode

¢ Characterize the accelerating TMy0 mode
of a cylindrical cavity with beam ports

m The TMy,o does not have to be the lowest frequency mode

¢ Compare the measured values of f,.s, Qo and R/Q
= with an analytical analysis of a perfect cylinder (no beam ports)
= with a numerical analysis *normal conducting!

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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Excite the Modes while Measuring $44

sliding
capacitive pin

antenna probes
the E-field

Cutplane Name: Cross Section &
Cutplane Mormal:  1,0,0
Cutplane Position: 0

2D Maximum [¥/m]: 6.319e+06
Frequency: 0.7820707
Phase: 0

CAS2019, Slangerup (Denmark), June 2019

10222
9293
8363 —

743¢ —
6505 —|
5576 —
4646
3717

2788

1859
929
0

Cutplane Name: Cross Section C
Cutplane Normal: 0,0, 1
Cutplane Position: 0

2D Maximum [Afm]: 10.13e+03
Frequency: 0.7820707
Phase: 90

rotating 'ﬁ
inductive loop ¥
antenna probes

the H-field

¢ S;1 measurement with tunable coupling antenna
m E-field on z-axis using a capacitive coupling pin
e Center pin, e.g. of semi-rigid coaxial cable

m H-field on the cavity rim using a inductive coupling loop
e Bend the center conductor to a closed loop connected to ground

RF Measurement Techniques, M. Wendt
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Measurement of Frequency and Q-value

F 5
4
TE Mo, o |
2 - TMo10 S11 (reflection)
mode mode 5 \\
O ~ g “
g [~ 3dB here . T / ~_
- only for critical s | 521 ~ /
K coupling < 20 .l
i (transmission) \
-25
s NOT here! ) [y
S21

4 35 '
E;eo 762 764 766 768 770 772 774 776 778 780 760 762 764 766 768 770 772 774 776 778 780

. Frequency (MHz) Frequency (MHz)
classical mistake!

¢ ldentify the correct (TMy19) mode frequency

m Introduce a small perturbation, e.g. metallic rod or wire on the z-axis
and observe the shift of the mode frequencies

¢ Calibrate the VNA and measure S

m Tune the coupling loop for critical coupling

m Display the resonant circle in the Smith chart
using a sufficient number of points
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The Equivalent Circuit of a Resonant Mode

Zinput = Zresonator =
¥ L

Illlll I
Illlll I
7 7

7
Z; =R, 0 |:>
VNA
AV, reference

Vo plane after
calibration ‘//

\ 4 \ 4
19

AN
Y Y\
AN

t~
|
)
1

=

|

=
>

4

Generator Ideal transformer

here: VNA (no parasitic elements |
' hidden in the coupling loop)

here: coupling loop or pin

Lossless resonator

¢

R = Rgj,: shunt resistor, representing the losses of the resonator

— 1
We have resonance condition, when (] = —
wC
1
- Resonance frequency: Wyos = 2T ros = == =| fres =

LC 2V LC
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Input Impedance in the Complex Z-Plane

3{Z}

f = f3ap): lower 3 dB point

f = fres

> 3{Z}

The impedance Z for
the equivalent circuit is:

Z(w) = T

) 1
§+]G)C+jw—ll

f = f3am): upper 3 dB point

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt



Useful Formulas of the Equivalent Circuit

R 1
¢ Characteristic impedance "Rover Q" Xx=—= — — |L
P 0 e

C VC L IL V¢ ... Voltage at the capacitor

¢ Stored energy at resonance

2 2 I; ... Current in the inductor
2
¢ Dissipated power P =33
| R b= wres U o LLTTD U ... stored energy
¢ Q-factor I x 2N e B tigEated

....... power over 1 period
4--[(.2-.-.-':;-..----- R VZ

¢ Shunt impedance (circuit definition) @zﬁ ....... 0 " 20U
res

Af 1AC 1AL

f  (ZeC C@® 2¢@

¢ Coupling parameter (shunt impedance g2 = -
over generator or feeder impedance) v Rinput

“ tune for critical coupling
CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt 30
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The Quality Factor (Q-Value)

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

energy stored WyesU
energy dissipated in 1 cycle P

¢ The Q-factor of an impedance loaded resonator:

= Qo: unloaded Q-value of the unperturbed system 1 1 1
= Q,: loaded Q-value, e.g. measured with the = +
impedance of the connected generator Q. Qo Qext

m Q.. external Q-factor, representing the effects
of the external circuit (generator and coupling circuit) tune k for

' itical ling:
¢ Q-factor and bandwidth critical coupling

m This is how we actually "measure” the Q-factor! QO o Qext
fres | . = Qo= 20,
Q= f with: fpw = fi348 — f-3a5 With @, being our
BW measured Q-value

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt 31



Q-factor from $1; Measurement

r————————————————  _ _ — — — arbitrary coupling (here: over-critical)
08 3{Z}(f)
" f for a resonator
' ’ﬁ in critical coupling
0.4
= / detuned
€ " g short ) e .
3 o ——— position [/, S i S owe
E 02 " 5 1,
< i (Z=0)\
-0.4 / A1 ft
v Qo = p

o0 fa AT JB

-0.8

-1
7725 773 7735 774 7745 775 7755 776 7765 777 777.5
Frequency (MHz)

¢ Correct for the uncompensated effects
of the coupling loop

m Electrical length adjustment: ”straight” J{Z}(f)
¢ Adjust the locus circle to the detuned

short location \
= Phase offset Frequency marker points in the Smith chart:
¢ Verify no evanescent fields * f12: 3{S11} = max.to calculate Q,

penetrating outside the beam ports _ _
= i.e. no frequency shifts if the boundaries atthe ¢ f34' ¥ =R L jto calculate Qex

beam ports are altered * fse R{Z} = J{Z} to calculate Q,

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt 32



R/Q Measurement — Slater’s Theorem

¢ Remember from the equivalent circuit: -
transit time related

V%lCC
R 2P; Ve o \
5 B wresU/P o ZwresU with: Vacc = jEZ(Z) 3 A

= V,. IS based on the integrated longitudinal E-field component E,
along the z-axis (x =y = 0)
¢ Based on Slater’s perturbation theorem:
Af 1 2 2
=1 oo (KB |" + T 1HL2) — 2 (KE|E) | + KEIEL12)|
res

m Resonance frequency shift due to a small perturbation object, expressed
in longitudinal and transverse E and H field components

m k: coefficients proportional to the electric or magnetic polarizability of
the perturbation object (here: only k{f for a longitudinal metallic object)

¢ E-field characterization along the z-axis -
2 1
E(2) =\/Af(z). -1 with: kf=§l3 [sinh‘1 <£E>]

R kfeo (metallic ellipsoid, e.g. syringe needle
of half length 1 and radius a)
CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt



R/Q Measurement - Bead Pull Method

Af

¢ E-field characterization by evaluating Fles =200 g

m The frequency shift (811 reflection measurement with a single probe)
or

m The phase shift ¢ at f,.s (§21 transmission measurement with 2 probes)

¢ Exercise with a manual bead-pull through a known cavity
m requires: fishing wire, syringe needle, ruler and VNA

m Compare the measured E, at the maximum f or ¢ shift (in the center of the
cavity) with the theoretical estimation (e.g. numerical computed value)

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt 34



Where to go from here...?!

¢ Setup your own mode characterization experiment
m Start with a simple analytically solvable structure,

e.g. brick-style or cylindrical (”pillbox”) resonator e
m Unfortunately you need to go through the math b ¢
of the modal expansion of the vector potential W...© a
Laplace equation: A= e ko: free space wave number
2 :
AW + kie,.1,' ¥ = 0 ko = 21 //10 Ag: free space wave length
Product ansatz (Cartesian coordinates): separation condition:
2 2 tandi
Y =Xx)Y(y)Z(2) ki + k3 + ki = kje . o
General solution (field components): (J

W= {A cos(k,x) + B sin(kxx)} {3 cos(kyy) + D Sin(kyy) {E cos(k,z) + F Sin(kzz)}
Ae~Tkx* 4 BeTIkxX Ce JkyY 4 Do Tkyy Ee Ikzz 4 FeJkz2

«

Eigen frequencies: travelling
waves

Co (mn)z nm\¢ pm\? | mim nm pTT
e R o ROl R
Jmnp 2TE, U, a b c X a Y b £

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt 35



Pillbox Eigenmodes

¢ Same procedure, but now with cylindrical functions

Product ansatz (cylindrical coordinates): separation condition:
= 2 2 _ 1,2
¥ = R(p)F(9)Z(2) 12 + 12 = Ke,p,
standing
General solution (field components): waves

w — { A ] (k-p) + B Ny, (k,-p) }{C cos(me) + D sin(mcp)} {E cos(k,z) + Fsin(kzz)}J
AHP (eyrp) + BHD (kpp)J U Cemim® 4 Pe=ime feother 4 fer e

travelling

Jms No, H,(,,}’Z): cylindical functions (Bessel, Hankel, Neumann) e

see Abramowitz and Stegun
Eigen frequencies:

] 2 f o\ 2
_ Co Jmn pTT 21 _ Co Jmn pm 2
fTanp—ZTl'Erﬂr\/<T> +(h) fTEmnp_zn_srur\/<r> +(h)

jmn being the nt*root of J,(x)  j/.,being the nt*root of J/,, (x)
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Compare your Results

¢ Analytical — Numerical — Measurement

m Thereis also an analytical expression for the R/Q of the TMy;, mode of a
cylindrical resonator:

.2 (Jo1h :
R 47 sin (TF) smz(l. 2024 h/r) n= Ho 377 O
o . ~ 128 = 2
Q Jo1™JiUo1) /r /r
. 2
m ...and for the Y A skin depth: § =
Qo as well: Qo = Y ll g h] B WyesOU

m There are student versions for 3D numerical EM software available
e Visualize E and H fields to ensure you got the expected results!

m Remember: f,.c and R/Q are only determined by the geometry of the cavity,
the Q-factor however depends on the material properties (conductivity!)

e The results of the Q-factor may vary between measurement and computation
Don’t forget to compute the values of the equivalent circuit!
m Make use of mode charts to understand the order of the eigen-frequencies

If the phase-shift method is used to measure the R/Q with the bead-pull, set
the VNA to "Zero Span” at fryo10 and use a very weak coupling to stay
precisely on the eigen-frequency

e Compare the measured phase before and after the bead-pull! If the value has
changed the phase drifted because of temperature effects!
Perform the bead-pull at a faster pace!
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Beam Coupling Impedance

¢ The wake potential

m Lorenzforce on g, by the
wake field of q:
— d_) —> _ES —
F=—p=q2(E+c0ez><B)
dt
s Wake potential of a structure,
e.g. adiscontinuity driven by q4

+o0 (orL)
w(x1,¥1,%X2,¥2,5) = 0 f dz[E(x2,¥2,2,t) + o€, X B(x2,¥7,2,0)]
—oo (or 0)

Beam coupling impedance
m Frequency domain representation of the wake potential

t=(s+z)/c

=+ oo
1 -
Z(x1, Y1, %2, Y2, @) = "o j ds W(xq,¥1, X2, Y2, 5)eT#/0
0

= Can be decomposed in longitudinal Z, and transverse Z
components (Panofsky-Wenzel theorem)
2kloss,iQi

m Resonant structures, it" mode: R.,:=Z,: =
sh,i II,i )
wl
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Stretched-Wire Z, Measurement

¢ Formulas:

VNA = Normalized B
S21 meas electrical length: A
& —OP]1 P20— Zo = Lumped impedance formula

1-821 o<1
Z, = Zzpipe S
21 L < Dyipe
m Log formula
Z" = —ZZpipe ln521
Improved log formula

/\/\/\ _ln521
/ VZ" = _ZZpipe In 521 (1 +J 20 )
Ronatch ) Rinatcn = Zpipe —Zo
stretched wire Pimt = Transmission S
\ \ coefficient Sy = 21L.DUT
e @ S21,REF
ANN— -10dB
£

I-lOdB |——'\N\,

m Circular beam pipe

\ / ] impedance

: D...
absorbing foam 7 . = nB ~ 60 O |n ¢
pipe 2”\/ Er dwire
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| could not cover everything...

Other VNA “goodies”...

= 4-port VNA with "virtual” ports, e.g. differential S-parameters

m Power sweep for 1 dB compression point RF amplifier analysis
Spectrum analysis

= Modulation, demodulation

= Intermodulation measurements (IP3) and other non-linear effects
m Noise and noise figure analysis

More on wakefields and beam impedance measurements
m Introduced the stretched wire method, but what about Z,?

Material and surface characterization
Measurements on waveguides and periodic structures

A few more examples are found in the Appendix
m Also, please study the supplied reports
m Try to setup and execute some of the CAS RF experiments
m Watch the movies mentioned on slide 26!

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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More Options to learn...

S'hls CAS RF practical training

= If you did not sign up for RF, pass by
our training room and have a look...

¢ CAS Special Topic: RF
s March/April 2020, Kaunas, Lithuania

¢ JUAS

m Open air tutorial session in Archamps

) /S (nice weather in February!)
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Appendix A: Definition of the Noise Figure

-_SJ/N,_ N, N, _GN+N; GKkTB+N,

"S. /N, GN GKTB GkT,B GKT,B

F is the Noise factor of the receiver

S; is the available signal power at input

N;=kT,B is the available noise power at input

T, is the absolute temperature of the source resistance

N, Is the available noise power at the output , including amplified
Input noise

N, is the noise added by receiver
G is the available receiver gain
B is the effective noise bandwidth of the receiver

If the noise factor is specified in a logarithmic unit, we use the term
Noise Figure (NF) oW

® 6 ¢ o o

® 6 ¢ o

NF =101g dB

0 0
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Measurement of Noise Figure
(using a calibrated Noise Source)

Calibrated
Ty, T- Source

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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Examples of 2-ports (2)

Ideal Isolator

0O O
S)= =
©)-{; o -
\ only forward

transmission

Faraday rotation isolator

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 unhindered.

* Attenuation foils

However, a wave coming from the other side will have its polarization rotated by 45° clockwise as seen from the right

hand side.

CAS2019, Slangerup (Denmark), June 2019
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3-Port Examples (2)

Practical implementations of circulators:

H Port 3

Port 2 Stripline circulator

Ferrite

Waveguide circulator = Port3  ground plates
Port 1 g

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.

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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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 2
R H-plane splitter ] L il o
i : ! S Vg 2
f 220
Port3 18-
Note: change in sign
: . of wave going left or
. — right
I o |: prim———
: ' : . 1
Port 1 A port2 E-plane splitter Se = —
==
Port3 =f--f- V2 -2 0
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4-Port Examples (2)

Magic-T also referred to as 180° hybrid:

0 0 1 1 Port 4

(E-Arm)
(S):i O 0 1 -1
J2i11 1 0 0
1 — B

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

- 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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Pathing through a 2-port (1)

In general:

S,,S,.I" Line A/16:

Bp=S, +-12-2rL
in 11 1—822FL

were T, is the reflection

coefficient when looking through e /8 0 I,

the 2-port and T4 IS the load

reflection coefficient. %
—[Cl=T, e %

The outer circle and the real axis
in the simplified Smith diagram
below are mapped to other Attenuator 3dB:
circles and lines, as can be seen
on the right.

CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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Pathing through a 2-port (2)

1 | If Sis unitary
Lossless . 1 0
Passive 0] SS= 0 1
Circuit
- Lossless Two-Port
1 || Lossy Two-Port:
Lossy K <1
Passive [ LINVILL
Circuit Krower >1
unconditionally stable
1 | Active Circuit:
Active [ I Ko 21
Circuit
KROLLET <1
potentially unstable
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Appendix C: T matrix

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

(blj — [Tn le}(azj

ai 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:

2 SN s DU oy Y
rl=frolre]l pol-T1fe] & o 5 1o =
. a, b2 as b4

T-parameters can be directly evaluated from the associated S-
parameters and vice versa.

From StoT: FromTto S:
—det(S) S T, det(T
[T]:i[ (S) 11} [S]:i[ 12 ( )}
S21 _822 1 T22 1 _T21
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Appendix D: A Step In
Characteristic Impedance (1)

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

1 )| Connection between a |/ » a Zc,1 Zc,z a
50 © and a 75 Q cable. L -—
[ We assume an infinitely j)
short cable length and <-b— —5>
— just look at the junction. == i
Z.,=50Q]] j Aeial o) i 2

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.

R T
L Z4wZi,75+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 0.2%2 = 4%. As this junction is lossless, the
transmitted power must be 96% (conservation of energy). From this we can deduce
b,% = 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 traveling wave normalized to +/Ze.

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

must be continuous. e e
t = voltage transmission coefficient,

L., =150 in this case: t=1+T

gy This is counterintuitive, one might

= expect 1-I". Note that the voltage of
the transmitted wave is higher than
the voltage of the incident wave. But
we have to normalize to /Z. to
evaluate the corresponding S-
parameter. S,, = S,; via reciprocity!
But S;; # S,,, I.e. the structure is
NOT symmetric.

Z.,=50Q

PE ¢, = 2.25

-

I/incident :1 l'
=0.2 v

=12

transmitted ~

I

reflected
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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

S, =1.2, /?—g =1.2-0.816=0.9798

We know from the previous calculation that the reflected power (proportional T?) is 4%

of the incident power. Thus 96% of the power are transmitted.

Check done S ,° = 1.44% =0.96 = (0.9798)°

~ 50-75
2 50+75

=—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:

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

Vi=a+b,witht=1+T

and subsequently the current is
| ¥a="a b

Remember: the reflection coefficient I is
defined with respect to voltages. For currents
the sign inverts. Thus a positive reflection
coefficient in the normal definition leads to a
subtraction of currents or is negative with

respect to current. NS = 1_-;;;::,,; =

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
Z5=50Q =
o
N
| V1 Z = 50+i800Q
| (load impedance)
o)
B
bE |
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Appendix E: Navigation in the Smith Chart (1)

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

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

+ circle > straight line a circle is defined by 3 points
- straight line - straight line s e o .
a straight line is defined by 2

- angles are preserved locally e
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Navigation in the Smith Chart (2)

in blue: Impedance plane (=2)
ra i in red: Admittance plane (=Y)

Up Down

HIIRAT G : AN Red Series L | Series C

Series C circles
e Blue Shunt L Shunt C
: circles

iz |-z

= = S
N 5 e
UJ,“N—;_;]}%\M)“;

e
10 — Vo )
70 T i %
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Navigation in the Smith Chart (3)

O
O c
i o ol ©
) c "D (0]
O s oo =
= 5 == &
a > £E0PPHw
1% e Qnugaae
0 c S oS =Sc
Q o - C O 0O|lo
o O =+ Flo
S)
= O
& LS —
o2 o o o=
¥ < 0N O oo
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Appendix F: The RF diode (1)

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

¢ Basic tool: fast RF* diode
(= Schottky diode) g

¢ In general, Schottky diodes are
fast but still have a voltage
dependent junction capacity
(metal — semi-conductor junction)

A typical RF detector diode

Try to guess from the type of the
connector which side is the RF input
and which is the output

Equivalent circuit:

. N Dinde < Bias Resistor
r——— - —-—-=-- l )‘%
Diode .
: impedance ! Video
\ w— < output
RF in »- 50 (% i = PF bypass
1
N - -

capacitor Video out m=
_____ J T DC RF

rd

4 + < Return Bypass

AN S

*Please note, in this lecture we will use RF (radio-frequency) for both, the RF and the microwave
range, since there is no defined borderline between the RF and microwave regime.
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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 (—%‘;_B)[Ip

where
A = area (cm’)

HkT

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

Hg = series resistance

| = diode current in amps (positive forward current)

n = ideality factor

CAS2019, Slangerup (Denmark), June 2019

I
50 pA/div

- Typical
LBSD

Typical
Schn:::'rth»r
Diode

Ideal Commutator

Current

Voltage

RF Measurement Techniques, M. Wendt

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)

¢ This diagram depicts the so called square-law region where the output
voltage (Vyigeo) IS proportional to the input power

Since the input power
IS proportional to the
square of the input
voltage (Vi) and the
output signal is
proportional to the input
power, this region is
called square- law
region.

In other words:
o 2
VVideo VRF

Output voltage (mV)

500.0

50.0

5.0

0.5

0.05

0.005

Without

////
Square

// law loaded

Linear Reg

7

on

-50 -40

-30 -20
Input power (dBm)

-10
-20dBm =0.01 mW

¢ 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 V4o, disappears in the thermal noise

. ! %” Signal 5%:;”
¢ This is described by the term = Off i
: : el > Signal & Noise
tangential signal sensitivity (TSS) = l N Oumt
where the detected signal 2 v I‘:ﬁ?\- NN
(Observation BW, usually 10 MHz) T | /
IS 4 dB over the thermal noise floor Noise Output

Time
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Appendix G: 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 = 4-10-21 W/Hz)

& It is called “RF mixer”, and uses 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
multlpller prowdmg a very high dynamic range since the output signal is always in
the “linear range”, assuming 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(2f.t + @) -a, cos(24f,t) = —;—ala2 [cos(( f, + f,)t+¢@)+cos((f,— f,)t+¢)]

. Thus we obtain a response at the IF (intermediate frequency) port as sum and
difference frequencies of the LO and RF signals
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The RF mixer (2)

¢ Examples of different mixer configurations

A. Single-Ended Mixer

Sig Input o—
Coupler

LO Input o—

C. Double-Balanced Mixer

Matching
Network

F Output

B. Balanced Mixers

Sig Input  o—

3 dB % j oe
s = B
Sig Input o— =
;Egd i "l 5 Foupu
LD Input & % 180"
+A typical coaxial mixer (SMA connector)
CAS2019, Slangerup (Denmark), June 2019 RF Measurement Techniques, M. Wendt
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The RF mixer (3)

¢ Response of a mixer in time and frequency domain:

Ideal Commutator Realistic Diode
Time Domain Time Domain
{a.’ ;3 1' IIII / Ir I H| I" | | :b] 3
+Input signals here: “L’L I TR A A h
¢LO =10 MHz o ‘ H ‘ |
*RF = 8 MHz ‘ ‘ ‘ ‘ ‘
..: I :; L'I4 :IlE L'IH II 'I'.' Ill IIB II! ‘ 2 | '.I 'I..‘l Il:l II I | II: 'Ii | II!I 'IH 2
Ideal Commutator Realistic Diode
) Frequency Domain ) Frequency Domain
(e} | | d ]
+Mixing products at T = j
2 and 18 MHz and Bl B !
higher order terms at highel (U | £l '
frequencies 7 o | ‘ il ‘ | _
- @ = = Q‘ &0 .F.L' Ib L} '.‘_'I o é = i I &
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The RF mixer (4)

Dynamic range and IP3 of an RF mixer

*

CAS2019, Slangerup (Denmark), June 2019

The abbreviation IP3 stands for

third order intermodulation point,

where the two lines shown in the

right diagram intersect. Two signals
(f,.f, > f,) which are closely spaced

by Af in frequency are simultaneously
applied to the DUT. The intermodulation
products appear at + Af above f,

and at — Af below f;.

This intersection point is usually not
measured directly, but extrapolated
from measurement data at much
lower power levels to avoid overload
and/or damage of the DUT.

TYPICAL 2-TONE 3rd-ORDER
INFUT INTERCEPT POINT, +16dBm

IF OUTPUT POWER, EACH TONE, dBm

40

20

=]

-100

-120

-140

/.-"

| | /
# DESIRED IF QUTFUT \ / /
L~

O3rd ORDER IM OUTPUT .\/_‘?’
7T
1
_ ﬂ-fw/—ﬁf
@ /
Cé),/ /
/ .Fr -17 - (-89} = 52dB suppression
/ !J' IM3 Level = -52dBc
// }5_4
e /
E{ -72dBe
/
/
ﬂ -82dBc
/|

-80

50 -40 =20 0 20 40
RF INPFUT POWER, EACH TONE, dBm
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