Component characterization

relative measurements
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Outline

Introduction

Reflectometry
+ SWR measurements
» Coupler reflectometry

« Measurement of transfer functions
* The network analyser
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Introduction : an example

P

@ » Wattmeter P1=10x1.2 mW
P2=9+1.1mW

P2

( ; P1-P2=1 mW
DUT — \Wattmeter

P2/P1=0.9 mW

Thus relative measurement are needed
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Component characteristics

« A component is defined by its scattering
matrix

* An "s" parameter is the ratio between two
signals

 This ratio should be obtained by comparison,
not by computations in order to minimize
errors

 Two distinct cases : reflexion and
transmission
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Reflexion measurements
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Transmission measurements
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Anja Skrivervik

Comparative measurements

Search of minima and maxima
Combining signals (sum or difference)

Obtention of zeros and subsitution
measuremnts

Coherent frequency change and low
frequency measurements
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A short interlude : detectors

metal
métal
s oxyde (810 7)

jonction A Xz

/ B ==
i semiconducteur
— semiconducteur e
L T Shanh WO
‘\'\T\"‘:H\ \\\\\\-\'L\\\x\ﬂb“"‘—-&.‘ ”}étﬁl ’
diode a pointe diode de Schottky

point diode Schottky diode
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Detectors

Schottky
diode metal

n-semiconductor
n+semiconductor

metal
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Detectors

Thus, for u =u; cos wt

The current will have a contiuous
term given by

4 64 2304

L [(aul P ()t (o)

Thus Ic is proportional to P :
Quadratic detector

I=1

S
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Detectors

i)

i(u)

The detector itself has a low pass equivalent circuit
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Detectors

A DETECTOR
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Modulator

T1kHz or ‘
27.8 kHz .
square signal

on the generator side

on the detector side
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Detectors : modulation

modulated modulation
RF  ——p] I

Modulated detection



Detectors : modulation

- Advantages :

 the band pass filter is tunable, and can be very
selective

* The amplifiers are coupled in AC and not in DC,
which takes care of the drift problems

* Do not forget to adjust the frequency of the
filter or of the modulating signal !
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Measurement of the reflexion coefficient
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The good old method : the VSWR

meter
Transmission line
— — DUT.
A
The voltage along a tranmission
line can be expressed as the
Yl sum of an incident and a
reflected wave
Z
o

U =E(ai+bi)=ﬁ(a +5 a)

Ul(z):\/ZTial(z)[lJrs e’ ]

‘Ui(z)‘zﬁ‘a z)‘\/[1+|s |cos ¢+2,Bz] |S | sin ((p+2ﬂz)
‘U (z)‘z\/Z_‘a z)‘\/1+|s| +2|s11|cos(§0+2,6’z)
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VSWR : definition

Extrema of |Ui :

Umpax = @‘ai‘(1+‘5ii‘) at ¢p+2pz; =2nrx
Unin = Zei lai|(1=|si|) at ¢+2Bz; =(2n+1)7

Anja Skrivervik E P F L
18



511 =1
511=0.4

s11=0

V|
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Measurement of the VSWR

* vary z
 vary 3 (thus the frequency)
 vary both
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Slotted line

appareil de mesure T

=

sonde

fente
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Slotted line
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Slotted line

Sk 4
- IR
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Slotted line

il
- /\/\
Umin .

M Zm ZM z

Anja Skrivervik E P F L
25




Anja Skrivervik
26

slotted line

Yiui

- T
n élément a
U mesurer
I
fiui
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I
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|
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slotted line

The slot mode

S T e S SN A e e e |
E E‘
\

A

appareil
de mesure

coaxial slotted line

P P
g ’
; 1
/ %
N O
[
]
¥
[
e ¥
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Measurement procedure

Find a maximum of the voltage by moving the
probe in the line

Adjust the needle on the display to the max.
by adjusting the gain

Move to a minimum

Read the VSWR on the display

Take care to stay in the quadratic zone of the
detector. If it is not possible, use a
substitution procedure with a precision
tunable attenuator !
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Phase measurement

Vv

[

élément 4
mesurer

bul

g 1r

Anja Skrivervik

we know that the minimum at z,
corresponds to ¢=r. Thus Bz_=nmx.

The phase ¢ of the unknown
reflection
coefficient is then given by

0=2p(z.-z,)*(2n-1)n=4n(z.-
Z)hgtt2nm

=PrFL



Special case od large VSWR

o

d ~
V2 Unic \< vswr = A /nd

Umin -
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Modern reflectometry

» Using one coupler
» Using two couplers
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The microwave coupler : a short reminder
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Outline

Theoretical approach
|deal coupler
Real coupler

Applications :
» Hybrid ring
» Hybrid coupler
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4-port scattering matrix

S0 S Sn S General

adapted and reciprocal
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flow chart
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* % *

Sy 0 8y 8|S O Sy sy |0 0 0
% * % o

Sy Sy 0 sy sy sy 0 sy |0
* * *

Anja Skrivervik : P :



What does it mean ?

* * .
8381, +558,, =0 (line3x column4) XS,

* * .
813853 8,48, =0 (linelx colunmn2) XS,

%k
313

2 2
514‘ _‘S23‘ ):O
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fstsolution:  EONSEEORSIEAD
thus : _

0 s, 0 s, ;F\ /V__’
S12
O S23 O S34 as b4
:_:/ 834 \
sy 0 sy 0] <+
b; $34 a,

Anja Skrivervik
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* 2 2
S13 (‘514‘ _‘S23‘ ) =0

2 nd solution : \Sm\ =\S23\

selection of reference planes : s, =s,, =j/f

2 2 2 .
S| 1S3 +S14‘ =1 (linel x column]l)

S| FUSys| |8y, =1 (line3x column3)

2 2 ‘2

thus : Si2 =954 =&  with adequate ref. planes
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2nd solution

§1,8,, +5.85, =0=a (S24 + S;) (linel x column4)
S138, + 8,8, =0= ,B(S; —S24) (line3x column4)
O O S13 O B O Slz O S14 7]
0O 0 0 s, s, 0 s, 0
s, 0 0 0 0 s, 0 s,
0 s 000 sy 0 s, 0
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ldeal coupler

S = O O

0 s, 0 s,//0 s, 0 s,] [1 0
s, 0 s, O0]s, 0 s, 0 0 1
0 s, 0 s,(0 s 0 s 0 0
s, 0 s, Oflsy, O s, 0] [0 O
2 2 . % % O
Sp| TS| =1 S1pS53 TS1483 =
2 2 ) * * O
Spl TISx»| =1 SipS14 T3Sy =

Anja Skrivervik
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ldeal coupler

witr - (prn)=m+(y+6)+2nm

and a> 3 by convention
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symmetric coupler
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asymmetric coupler

w=0,0=rx
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Coupling : LC = -20log10 3

Summary : ideal coupler

: >
Attenuation : LA = -20log10 o a=p
input
P ~ 1 . 2 through
N
isolated coupled
input 1 2 through
isolated coupled

Anja Skrivervik
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real coupler

o azf

 Attenuation : LA = -20log,, o

» Coupling : LC =-20log,, B

» Isolation : Ll;, = -20log4q |S34]

» Isolation : LIl,, = -20log;|S44|

» Directivity : LD,; = LI,5-LC = -20log, [s34|/B
» Directivity : LD,, = LI,,-LC = -20log [S24|/B

Anja Skrivervik E P : L
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example : 10 dB waveguide coupler
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Microwaves

example : magic T

Anja Skrivervik E P F L
48



M/\G

nnnnnnnnnnnnnnnnnnnnnnnnnn

example : magic T combined with 10dB
coupler
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Example

LC[dB] p Q. LAdB]
40 0.01  0.99995  0.0004
30 0.0316 09995  0.004
20 0.1 0.995 0.04

10 0.316 0.4 0.45
3 0.707 0.707 3



Directivity : measure of quality

* Microstrip hybrid coupler : 30 dB
» Multinole waveguide couplers : 40 dB

- Waveguide couplers used in metrology : 50-
60 dB

Anja Skrivervik E P F L
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Couplers used in measurement

Anja Skrivervik E P : L
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Reflectometry

* with 1 coupler
- amplitude measurements

» with 2 couplers
* precision measurements
* phase and amplitude measurements

Anja Skrivervik E P : L
54 i



Anja Skrivervik E P : L
55 I



b3 : 5 b30: o
30 o4 30 o4
s32 s32
O O
2 1 2 ) -1
at s21 al s21

by = 57158304 - by, = —S5153, 4

Anja Skrivervik E P F L
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real coupler

* Sii, S13, S24 <<1, but non equal to zero

* we need :
» coupling LC=-20logf
* isolation L113=-20log|s13|
. L114=-20log|s24|
* The quality of the coupler is given by
* directivity LD13=LI13-LC=-20log|s13|/p
. LD24=LI24-LC=-20log|s24|/3

Anja Skrivervik E P : L
57 i



a s21
by = al(S21SiiS32 T S31]

Anja Skrivervik
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1 coupler reflectometry

831 1S non negligible at the numerator if sii <<1

 s311s negligible at the denominator if the
couple is of good quality : 5 5y,

1l
b;. $>153

» The phases of the signals are not known

Anja Skrivervik E P F L
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1 coupler reflectometry

* For a weak coupling (LC large) S21 = 1
* The error term is directly the directivity of the

: LD [dB]

10
- 20
- 30
- 40
- 50
- 60

Anja Skrivervik
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|S31/332)]

0.3162
0.1
0.03162
0.01
0.003162
0.001
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2 coupler reflectometry

Tbr Tbs

b, As,+B

S

b _CSZ.Z.+D

r

Anja Skrivervik
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A= 5,583, = 53,5,
B=s,
C =5, =545
D=s,

Use adapters to put
B=C=0
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2 coupler reflectometry

@ amplitude measurement

used for feed back

Tbr Tbs

Anja Skrivervik E P : L
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2 coupler reflectometry

@ ratiometer
Tbr Tbs

Anja Skrivervik E P : L
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2 coupler reflectometry

zero detector

+

ale\] = Al >=— [A 2

Anja Skrivervik E P : L
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2 coupler reflectometry

network analyser

Anja Skrivervik
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Tbr Tbs
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Transmission measurements

(Attenuation measurements)

Anja Skrivervik E P F L
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Transmission measurements

 Attenuation (very common)
* Phase (more seldom)

Anja Skrivervik E P : L
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Causes of attenuation

* Absorbtion in the component
* Mismatch of the component

Anja Skrivervik E P : L
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Attenuation

D ~ LA=-10 Log(P2/P1) dB

SBE

=PrFL



20Q
70Q

> 300

200
70Q

100Q

N

P2

Anja Skrivervik
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Attenuation : example

LA=-10 Log(P2/P1) dB

a)Rg=20Q

2
Pl=( 100 j30=120W
30

2
P2 :( 100 j 30:ﬂW
20+30+100 3

0 14=10Log9=9.5dB

=PrFL



Attenuation : example

20Q
70Q

LA=-10 Log(P2/P1) dB

P1 b) Rg=70Q

<> o bl a0

200 100 )

70Q 100Q Pl :( j 30=30W

- — 70 +
100 V.. 30
P2 %) :( j 30=—W
() iy S 70+30+100 4
LA=10Log4 =6dB
?;Ua Skrivervik E P F L




e-lPl e-JPl
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Methods

* Direct measurement
* Substitution measurement

* Measurement through reflection
measurement

Method using couplers

Anja Skrivervik E P : L
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E DUT : >| /7
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Direct measurement

The detector should be adapted (use
attnenuator or isolator)

The detector should be quadratic (limited
dynamic range)

The connexions should be reproductible
(sometimes difficult)

The generator should deliver a signal which is
stable over time

Cheap , but not very precise and quite limited
cPrL
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Substitution measurements

@ w |

Precision | |
attenuator

The precision attenuator (rotative blade)
allows a measurement precision od 1-2%,
over a 60 dB dynamic range

Only for wavguides
No precision attenuators for coaxial cables

=PrFL



Measurement through reflection

measurement
a4
—_— 7
DUT %
-
b1
short circuit
1) the device is matched but reciprocal
1,
| b1 Pec="1
- -
P S
21 bl
2 2
P =""=5821Pcc =521
dy

LA = —1010g|p|+1010g|pcc| = —1010g|p|

1 1 1

¢ =5arg(p)—5arg(pcc)imz =5arg(p)+

Anja Skrivervik —
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Measurement through reflection
maaciirament

%
DUT %
.‘—
b1 moveable short circuit

2) the device is mis-matched but reciprocal

ay . 52.1
P As>o Pec=exp(jw)
b1 $21
-4 -
p
y
P=—=85* "y
al 1— S21 C

f(y) is a circle on the Smith chart

2 Siaven cpe
;‘\gJaSkrlverwk hPI L



al-e —K ? =K load

Same principle than reflectometry

Anja Skrivervik E P : L
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Network analyser measurements

Anja Skrivervik E P F L
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o L w e

oscillateur commande
local a automatique |

commande de gain H L
automatique [~ = - scilloscope

| A . |
br

Anja Skrivervik E P F L
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Network analyser (principle)

l; =20 MHz L, = 300 kHz

Us=Uo|p|cos(wt+e) Us=Uo|p|cos(w t+¢)

b Py lplsing
R % R R
'
VvV

oscillateur commande
local a automatique

commande de gain H L
automatique ™~ | | 7 @ = - scilloscope
| Iplcose

A .
br

r=Uocos(wyt) Ur=Uocos(m, t)

Anja Skrivervik E P F L
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Analog NWA

Anja Skrivervik
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Anal

og NWA

u"l H__.__H.H_,l._..“|.+“.++|+..|”.u..-u.--u--B"nl-.---------Hir-nq--uiui-----.i---nlu-lu-lu-
4 H
FIRST CONVERTER : AUTOMATIC GAIH SECOND CONVERTER PHASE AND AMFLITUDE OFFSET :
RF TO HIGH IF . CONTRIL HIGH IF TO LOW IF H
' () [Priase vermieR *
r mazm 057 - o B :
FIRST I IF MHz SECOND AL
WIXER . AMPLIFIER MIXER r
: L/f :
L) L]
. BAGD W
L] L)
: ﬂ
L] #*
: *
: H
[ R EEEEE :
[ [}
o |ETABILITY ;
. .
y 0O :
" ¥ :
:
AUTOTUMING .
Leal [ AGE + o :
OECILLATOR = CECILLATON :
T kHz .
® 1"-‘ r:
L3 % .
e :
. HAm:?E AL :
: a CHANNEL
. LEWEL .
LA R E R EERENRNR) :
= -
- *
* [
: 0-2d6 0O-9dB 0~ G0UE H
: AGC COMTINUDUS 1-dBVSTEP 90 JBSTEP .
AF BFUT | znam FRE ¥
FINST s | Mk IF Mt BECOND - /?' .
— MIKER + AMPLIFIER MIXER ‘
: kM L
TEHI . *
- » r :
H iy .l'I ’ M
: i i ¢ :
: o] O O :
. Hm? BNFL AWPLITUDE *
n H SLPPLY VERNIER TEST CHANNEL .
s H GalN 8 :
rﬂiUHEﬂ e T T T T L L L L L L T T P T T R R R
LRI |

Anja okrivervik
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FHASE
REFERENCE

PHASE SIGNAL
FOR MODEL
B3 PLUG-M

| TEST CHAMN |

OUTRUT |

AMPLITUDE
SIONAL

FOR MODEL
BANIA FILLG N

PFHASE-
AMPLITUDE
SIGMAL FOR
PRCICIE L B 140,
PLLG-IN
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Calibration : the old analog way

S11 512
REFERENCE ﬁiﬁ'ff REFERENCE “:,ELE‘E“
LINE EXTENSION Jﬁq, EXTENSION
! REFERENCE Y I REFERENCE
i S TNCIDENT 1068 -1 INCIDENT 10 ¢
| | Q [mﬂmnm | | Q larEnuaTion
RE 37 PP I I T
INPUTY NP | -

PORTI

TEST

10 4B
| & Lsponn
I I >
: st
, CHAN

|
1 PR :I o
| I L 3POR 2 | L Vsponr2
|I,£||mua ! | § Itm,uig": |
Tt I -ﬁJ AR B R
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591
SEFERENCE “Eﬁﬂ“
LINE EXTENS 10N
REFERENCE
CHAN

-
|
T e A

INFUT L

N7
I+
ET a % 10 d8

(S ]

— o = e e —

10 4B
'L' s A D
I ‘I l L*
: QUTPUT TEsT
| CHAN
b
: :_ —; PORT 7
i | nos
L"T:_J I__}:._J

S22
REFEIIHMJ;-IEE "‘ﬁﬂ“
EXTENS ION
{ 1 |
) S
— INCIDENT
Ty Qlammianion 10¢B
¥ > K

INPU L] |__J

KEFERENCE
CHAN
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Calibration : the old analog way
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EPFL
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Digital Network Analysor

al
.7
synthétiseur e /} ° /'_i

R—I"

A/D

A—>| traitement

o

affichage

port 1 port 2

t DUT !

e cpes
QgJaSkrlverwk hPI L



Errors

« 1. Systematic errors:
- Component imperfections
- Time invariant and predictable

« (Can be characterized and taken into account
mathematically during the measurements

« 2. random errors:
 vary randomly with time
« cannot be eliminated with calibration

- due to noise, connexion repeatability, cables
(flexion), etc.

» 3. Errors linked to drift

* Due to variations in the instrument after calibration
* Due mainly to temperature shift

» Can be eliminated by a new calibration

Anja Skrivervik E P : L
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Microwaves fand NAntennas Group

Errors and calibration : the 12 error
terms

ANALYSEUR DE RESEAU

COUPLEURS COUPLEURS

TRANSITION TRANSITION

)I—g TERMINAISON

COMMUTATEUR

Anja Skrivervik E P F L
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Errors and calibration :

the 12 error

terms
EXF F : forward
3 R : reverse
» r < D: directivity
EDF ESF = - ELF X : Isolation
Slz T : transmission
R : reflexion
L : match of the load
ELR+ Sy +Szz E * +EDR R
“ %
ETR S12
E4
f

Anja Skrivervik
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SOLT calibration (Short, Open, Load,

Trough)

UNCORRECTED  RESPONSE ONE-PORT

u

DUT

® Convenient
e Generally not accurate ] our
& Noerrors removed

thru

& Easy to perform

# Use when highast
accuracy is not required

@ Remaoves frequency
rEsponse ermr

Other

Drift

EITDrS:

Random [Noisa, Repeatability)

ENHANCED-RESPONSE

® Combines response and 1-port

® Corrects source match for
transmission measurements

o [
=
o=

] put

@ Forreflection
measurements
@ Need good termination
for high accuracy with
twao-port devices
® Removes these emors:
Directivity
Source match
Reflection tracking

FULL TWO-PORT

SHIORT ZHORT

LoD LowD

= s
OPEN I:h ‘:‘ OPEN
.

thru

o out

& Highest accuracy

» Removes these arrors:
Directivity
Source, load match
Reflection tracking
Transmission tracking
Crosstalk

source : Agilent application note Nr 5965-7709E

Anja Skrivervik
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SOLT calibration : 1port model

Errar Adapter
AF in Ideal _ [m=——————

— —

E; = Dirsctivity

| !
! r
*l) : Ey E, L1 sn, Eqy = Hetlection tracking
i | Ey = Source Match
511 Sy ‘ I
M - | I 5§11y = Measurad
I Eﬁl i
-------- 51 1'| - AE‘IUBI
To solve for error terms, we :
measure J standards to generate T L
J equations and 3 unknowns 1-E5 S11A

o Assumes good termination at port two if testing two-port devices

o It using port 2 of NA and DUT reverse isolation is low (e.g., filter passhand):
« assumption of good termination is not valid
« Two-port error correction yields better results

source : Agilent application note Nr 5965-7709E EPFL

Anja Skrivervik
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SOLT calibration : 1port model

I
=

data before 1-port calibration

. .

—
'
—

g :
@ _ i
2 C =
E 40 - 2
S \ - 1.01
60 — data after 1-port calibration N
— 1.001
6000 - 12000
source : Agilent application note Nr 5965-7709E
Anja Skrivervik g pp E P F L
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© SOLT calibration : 2 port model

Reverse model
Forward model

N Port 1 Port 2
> Er7
Ex Port 2 »
| . | 8 — |
+ iy - . 2
S Er bs - & S = E ln}
I : - b : A A g - iy
c:l|| Sas LY ™
[ A ™
| EL E, Biz,
" Ex
S1a, -
it i o (
Eﬂ' = de dlrﬂﬂilv“}f EL - FWd |Dad mﬁt(“'h 1 il | Yaam - Fp ! I Sl I B X Yigm— B
i i Il # A ] 1 [} ]
Es = fwd courco match Etr =fwd transmission tracking i1 = Fr T ™ Fpp'
Ent = fwd reflection tracking  Ex = Iwd isclation H PO L, et - TP 1 ] P B E Say 7 Ex Sz T Exr
_ Epr " Eypls S e Ly, by
Ep = rev directivity EL =revload match A% ol s i
Es = rev source match ETr = rev transmission tracking Sap =y S1a-Ep'
" 5 ¥ v = [ e el [} I
Enr = rev reflection tracking ~ EX = rev isolation 4 e gart —rATRLN
Ll ) ”
~3 s i Ep J.\H_'l'.‘."m Ep £5) Ir"r'}"‘:m by =By
Egr Epr’ Lyr fr’

« Each actual S-parameter is a function
of all four measured S-parameters (FATEE “"]'m”‘u,-n !
« Analyzer must make forward and reverse
sweep to update any one S-parameter
« Luckily, you don't need to know these St b0\ S = b Shm = x| Siam = £y
equations to use network analyzers!!! ' ' '

S — En' Nopyy =Ly S — by’
-fhli|> ..;Ir [F] F.'I :f.l."‘ 2l 'u“ I 2 1 )

Anja Skrivervik
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A A TRL (Trough, Reflect, Line) calibration

THROUGH « Used for non coaxial or
| non waveguide
measurements

* 16 measurements for
12 unkown parameters

« =>redundancy ! We
need not to know the
standarts very precisely

+ measurements of incident signals
+ measurements of isolations with
matched loads

Anja Skrivervik E P F L
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