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Analizator mreze

Merenja u visokofrekvencijskim elektricnim mrezama
analizatorom mreza

Karakterizacija linearnih i nelinearnih osobina uredaja

Pocinje se od osnova RF (linija prenosa, Smitov
dijagram, refleksija, S-parametri

Modelovanje greske, poboljsanje tacnosti, tehnike
kalibracije

swept-frequency, swept-power merenja
Filtri | pojacavaci
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KEYSIGHT

TECHNOLOGIES

Analizator mreze

Analizator mreze NIJE analizator raCcunarske mreze;
kada su nastali, nisu postojale raCcunarske mreze; to
su elektricne mreze (kola, komponente, uredaiji)

Your [EEE 8023 X.25 ISDN
? switched-packet data stream

o 5 running at 147 MBPS with
aBERG 1523 K10 7. |

T™ 2018



Integration

I Low

Koji tip uredaja?

KEYSIGHT

TECHNOLOGIES

Duplexers RFICs

Diplexers MMICs

Filters TIR modules

Couplers Transceivers

Bridges

Splitters, dividers Receivers

Combiners Tuners

Isolators Converters

Circulators

Attenuators VCAs

Adapters Amplifiers

Dpens, shorts, loads Antennas

Delay lines VCOs

Cables Switches VTFs

Transmission lines Multiplexers Oscillators

Waveguide Mixers Modulators

Resonators Samplers VCAtten's

Multipliers

Dialectrics

R L C's Diodes Transistors
Passive Device type
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Response tool

Simple
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KEYSIGHT

TECHNOLOGIES

Opticki i RF prenos

e Incident, reflected and transmitted waves
traveling along transmission lines

Gubici u materijalu,
deo svetlosti ¢e se absorbovati

Incident > et
— 1D :’ Transmitted

Reflected Lightwave Umesto svetlosti,

_ elektromagnetni talasi kod RF
DUT (Device Under Test)

= - DUT - -
):ﬁ/> u —)
RF




KEYSIGHT

TECHNOLOGIES

Zasto se rade ova merenja?

Lakse je testirati manje slozene sisteme nego ceo sistem!

— Verify specifications of “building blocks” for more complex RF systems

— Ensure distortionless transmission m"m |||||’-|®
of communications signals

-- linear: constant amplitude, linear phase | constant group delay
-= nonlinear: harmonics, intermodulation, compression, AM-to-PM conversion

— Ensure good match when absorbing
power (e.g., an antenna)

Komponente su sastavni
blokovi slozenih sistema

(mikser, pojaCavac, filter).
Da odgovara simulaciji!




| amplitudska | fazna karakteristika

KEYSIGHT

TECHNOLOGIES

321
1. Complete characterization g s
of linear networks I 2
- -4 - -
Sy
2. Complex impedance needed 4. Time-domain characterization
to design matching circuits
Mag A
.
3. Complex values needed Time
for device modeling
High-frequency transistor model 5 UEﬁtﬂr'E"Ur GﬂrrEﬁtiﬂn
Error
Baze m——ww'__w_l_‘vjr"r* 1 it * ]\
% T GD Callactor
Measured

? Emifter
T™ 2018
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KEYSIGHT

TECHNOLOGIES

Merenja refleksije | prenosa

— What measurements do we make?
-- Transmission-line basics
-- Reflection and transmission parameters
-- S-parameter definition
— Network analyzer hardware
-- Signal separation devices
-- Detection types
-- Dynamic range
-- TIR versus S-parameter test sets
— Error models and calibration
-- Types of measurement error
-- One- and two-port models
-- Error-correction choices
-- Basic uncertainty calculations
— Example measurements
— Appendix TM 2018 10




Prenosni medijum

KEYSIGHT

TECHNOLOGIES

+

Low frequencies
— wavelengths > > wire length
— current (I) travels down wires easily for efficient power transmission
— measured voltage and current not dependent on position along wire

High frequencies

— wavelength = or < < length of transmission medium

— need transmission lines for efficient power transmission

— matching to characteristic impedance (Zo) is very important
for low reflection and maximum power transfer

— measured envelope voltage dependent on position along line

— * /

T™ 2018
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KEYSIGHT

Karakteristicha impedansa TECHNOLOGIES

— Zo determines relationship between voltage and current waves

— Zo'is a function of physical dimensions and &
— Zois usually a real impedance (e.g. 50 or 75 ohms)

Twisted-pair \ 15
i_\ \ Wauegmde/
Ly 12 b=
@ . 50 ohm standard

attenuation is lowest at
77 ohms

Coaxial

normalized values

S h
£
"h >

power handling capacity peaks

\'\ p ,-’ 25 W at 30 chms
W\ 06 -

= 1 1 1 1 | 1 1
Coplanar Microstrip 10 20 30 40 50 60 70 80 90 100

characteristic impedance
for coaxial airlines {ohms)

12
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KEYSIGHT

TECHNOLOGIES

Maksimalni prenos snhage

Load Power
(normalized)

Rs
"\, WWA
% RL For complex impedances, maximum power
transfer occurs when Z1. = Zs* (conjugate match)

0 Rs +X

. VYL
0.8 S — X
0.6 ‘\""‘--._

. ]
04 T~ RL
0.2

n | CTTRTFITTN EFRTTRTTT] L R R ML R (NTETIF TN TH T ATIFATATT]

b 1 2 3 4 5 6 7 8 8 10
RL /Rs
Maximum power is transferred when RL = RS

13
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KEYSIGHT

TECHNOLOGIES

Prenosna linijja zatvorena sa Zo

Zo = characteristic impedance
s = Lo of transmission line

W=
J7 AV
S RVAVA
<:: Vien = 0! (all the incident power
IS absorbed in the load)

For reflection, a transmission line terminated in Zo
behaves like an infinitely long transmission line

14
T™ 2018



KEYSIGHT

TECHNOLOGIES

|
Prenosna linija zatvorena sa kratkim Mf

spojem ili otvorenim krajevima

V inc > \_/\/\
\/\/\ Ven  In-phase (0°) for open,
out-of-phase (180°) for short

For reflection, a transmission line terminated in
a short or open reflects all power back to source

15
T™ 2018



Prenosna linija zatvorena sa 250

KEYSIGHT

TECHNOLOGIES

/s =70

L=
AN

Standing wave pattern does not
go to zero as with short or open

e
i %zl=25§z

T™ 2018
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KEYSIGHT

Karakterizacija TECHNOLOGIES
Incident > B
R —~ Transmitted
Reflected B
A
REFLECTION TRANSMISSION
Reflected _»‘-'\ Transmitted B
Incident ) Incident R
SWR Retum . / \\ Group
Loss Gain [ Loss Delay
S Parameters Impedance, Insertion
S11s Sgm Reflection Admittance S-Parameters re Phase
Coefficient R+iX, Sy1. 81z Transmission
- Coefficient
I, 2 G+jB -
17
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Parametri refleksije

KEYSIGHT

TECHNOLOGIES

i Vv Z - Z
cuitgon. TN PLO -
Return loss = -20 log(0), P-IT
Emay  Voltage Standing Wave Ratio
ol s R VSWR - E:?: - : _+pp
No reflection Full reflection
(Z1 = Zo) (Z1 = apen, short)
n I
TN 0
| vswh_ I -

T™ 2018
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Smitov dijagram

KEYSIGHT

TECHNOLOGIES

+jX

Rectilinear impedance plane

Smith Chart maps
rectilinear impedance
plane onto polar plane

Constant X

Z=1% Constant R
-
Z =0 (short) 7,= <O |open)
[=1Z:180° I'=120°

Smith chart

19
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KEYSIGHT

TECHNOLOGIES

Parametri prenosa

Incident Transmitted
- DUT —
V .
Transmission Coefficient = T - fransmitted = TZ(;:‘J
\Y Incident
Insertion Loss (dB) = - 20 Log Trans = -20lg T
V Inc
Gain (dB) = 20 Log i Y P
V Inc

20
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KEYSIGHT

TECHNOLOGIES

Linearne / nelinearne karakteristike

ACE Sin 3607 -1
“ ‘7\ Linear behavior:

— input and output frequencies are the same

_..LIH \_/ Time (no additional frequencies created)

\ — output frequency only undergoes
Sin 3607 = ¥ ohase shift magnitude and phase change
_ /t' o® 3600

\/’['u me T'I Frequency

-—=| Input -- O ot O----- T N S —————
‘ | ‘ {V\ Nonlinear behavior:
- — output frequency may undergo

f, Frequency Time
'J \A/ ime f[e[lu.gn[:'f shift I:E_g. with miIETSI

— additional frequencies created
(harmonics, intermodulation)

f Freguency

21
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KEYSIGHT

Linearne mreze TECHNOLOGIES

Linear Networks
Constant amplitude over bandwidth Linear phase over
of interest bandwidth of interest

i —

I
I
I
I
: Frequency
I

I

A

Frequency

Magnitude

Phase

22
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Promena amplitude
sa frekvencijom

KEYSIGHT

TECHNOLOGIES

F(t} = simwt + 1/3 sin 3wt + 1/5 sin bwt

Time — e

/> {z}

-

Linear Network

Magnitude

LA

Frequency Frequency

Time

A\.

-

Frequency

T™ 2018
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KEYSIGHT

TECHNOLOGIES

Promena faze

sa frekvencijom

F(t) = sinwt + 1/3 sin 3wt + 1/5 sin bwt

Linear Network

Time - -
e mi

Magnituce

| Freguency ‘
| - e -

Freguency | r v
] . 180° b Frequency
2360 °

24
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Promena u odnosu na linearnu
fazu sa frekvencijom

KEYSIGHT

TECHNOLOGIES

Use electrical delay to remove
linear portion of phase response
RF filter response Linear electrical length added . :
Deviation from linear phase
_ (Electrical delay function)
A A
=
f \\\ " N = ] =
2 N * = T 3
TN i 7 &
Frequency Frequency Frequency
Low resolution High resolution
25
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Promena grupnog kasnjenja

KEYSIGHT

TECHNOLOGIES

sa frekvencijom

Frequency (D t g

Group delay ripple

Group Delay (t } ¢ - Frequency
—d ¢ _ -l do
d 360 ° *df

(1) in radians/sec

(I) in degrees
f inHertz (=2 mf)

— group-delay ripple indicates phase distortion
q) in radians — average delay indicates electrical length of DUT
— aperture of measurement is very important

T™ 2018
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KEYSIGHT

TECHNOLOGIES

grupno kasnjenje bolje prikazuje
devijaciju fazne karakteristike

Phase
Phase

Group
Delay
I
I

Group Delay

= f

27

Same p-p phase ripple canTrl\t/lasz%llt8m different group delay




h, z,y, S parametri

KEYSIGHT

TECHNOLOGIES

H parameters
Vi = huli + hi2V2
I2 = hail1 + h2aV?2

Using parameters (H, ¥, Z, S) to characterize devices:
— gives linear behavioral model of our device
— measure parameters (e.g. voltage and current) versus frequency under
various source and load conditions (e.g. short and open circuits)
— compute device parameters from measured data
— predict circuit performance under any source and load conditions

Y parameters Z parameters

Vi =zl + z12l2
V2 = 2211 + 22212

I = yiVh + yi2Ve
l2 = yaiV1 + y22\2

v lv-o  {requires short circuit)

Vo Lo (frequires apen circuit)

T™ 2018
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s parametri, zato sto se
ne mogu meriti napon | struja

KEYSIGHT

TECHNOLOGIES

relatively easy to obtain at high frequencies
-- measure voltage traveling waves with a vector network analyzer
-- don't need shorts/opens which can cause active devices to oscillate or self-destruct
relate to familiar measurements (gain, loss, reflection coefficient ...)
can cascade S-parameters of multiple devices to predict system performance
can compute H, Y, or Z parameters from S-parameters if desired
can easily import and use S-parameter files in our electronic-simulation tools

SN

Incident Transmitted
d] I 7
S11  § 02
Reflected 0 _our O S 27
b 1 { Port 1 Port 2 Reflected

e 2 a7
512

“Transmitted Incident

b1=S811a1+S12 a2
b2 -S21a1 +522a2

N
«©

T™ 2018



s parametri, zato sto se

KEYSIGHT

TECHNOLOGIES
ne mogu meriti napon i struja
. S . b 7
Incident 21 Transmitted
d 1 1 >
Ly
S 1 B
Forward Reflected O our O z-| Load
b, & a =
i 3 v g fI.-?
e _ Rilﬂ{-t ted = - /
Incident ] |42 =() S, - Reflected ) h_?
g Transmitted b > ) B Incident T da, ayp=A)
o2 — —
Incident a; 1d=0 Transmitted hf
S = ' -
Incident a, [dy=0
ar=0 b,
Zo |I=% S 2
" A wr H (Heﬂented Reverse
< id )
b, Transmitted S 12 Incident
™ 2018
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S parametri, log razmera

KEYSIGHT

TECHNOLOGIES

S11 = forward reflection coefficient finput mateh)
S22 = reverse reflection coefficient foutput match)
521 = forward transmission coefficient {gain or loss)
S12 = reverse transmission coefficient (iso/ation)

Remember, S-parameters are inherently
complex, linear quantities -- however, we
often express them in a log-magnitude format

T™ 2018

31




Nelinearne mreze

KEYSIGHT

TECHNOLOGIES

Nonlinear Networks

— Saturation, crossover, intermodulation, and other
nonlinear effects can cause signal distortion

— Effect on system depends on amount and type
of distortion and system architecture

Vil At

| I

Freguency Freguency

T™ 2018
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KEYSIGHT

TECHNOLOGIES

Merenje nelinearnog ponasanja

Most common measurements:
— using a network analyzer and power sweeps
-- gain compression
-- AM to PM conversion
— using a spectrum analyzer + source(s)
-- harmonics, particularly second and third

-- intermodulation products resulting
. EL 0 dBm ATTEN 10 dB 10 dB 7 IV
from two or more RF carriers
.
L 1
OREh R I
L':' §FBS 258 of D_‘
L
1
Of Bf R
000 Oogoog PRIV, L N R P T
LUEEE ED!G‘{ e e
% CENTER 2000000 MHz SPAN 10000 kHz
LPE RB 30 H=z VB 30 Hr ST 20 sec

33
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Analizator mreze i spektra

Network and Spectrum Analyzers?

S

[ =
e --
— e

s Measures £ Measures

E known signal unknown

T i | signals
Frequency Frequency
Network analyzers: Spectrum analyzers:

— measure signal amplitude characteristics
carrier level, sidebands, harmonics...)

— can demodulate (& measure} complex signals

— are receivers only (single channel)

— can be used for scalar component test (no
phase) with tracking gen. or ext. source(s)

— measure components, devices,
circuits, sub-assemhblies

— contain source and receiver

— display ratioed amplitude and phase
(frequency or power sweeps)

— offer advanced error correction

34
T™ 2018



Blok dijagram analizatora mreze

KEYSIGHT

TECHNOLOGIES

Incident Transmitted

— e Ja;

>

Reflected
SOURCE l
XX & SIGNAL X
< SEPARATION é"—
REFLECTED TRANSMITTED
INGIDENT (R) (A} B)
RECEIVER | DETECTOR

PROCESSOR | DISPLAY

T™ 2018
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KEYSIGHT

TECHNOLOGIES

Analizator mreze

Generator signala

— Supplies stimulus for system

— Swept frequency or power

— Traditionally NAs used separate source

— Most Keysight analyzers sold today have
integrated, synthesized sources

oooooooo

%

36
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KEYSIGHT

TECHNOLOGIES

Analizator mreze

Razdvajanje signala

SEFARATION
L] e AT
T W a
— ||
| RECEIVER | DETECTAR |

. _ — ]
- measure incident signal for reference
- separate incident and reflected signals

splitter

§ X

directional Detector
colpler -

37
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Analizator mreze KEYSIGHT

TECHNOLOGIES

Usmeravanje signala

Directivity is a measure of how well a coupler
can separate signals moving in opposite directions

Zato sto razdvajanje
signala nije idealno

A
|
fundesired leakage signal) : ——

3
@ ] 25 > Test port

Directional Coupler

38
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Return Loss

[
=

60

Directivity error is the main reason we see a
large ripple pattern in many measurements of
return loss. At the peaks of the ripple, directivi-
ty Is adding in phase with the reflection from
the DUT. In some cases, directivity will cancel
the DUT’s reflection, resulting in a sharp dip in
the response.

DUT RL = 40 dB

\ Freguency

Data Min

Add out-of phase

{cancellatior)

e e

Directivity

T™ 2018
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TECHNOLOGIES

Data Max

Directivity

Add in-phase

Directivity

Device

Data = Vector Sum

39




Analizator
Detektori

Diode

—p—

WA
RF

mreze

Scalar broadband
(no phase information)

—— OC

AWM TUUL AC

Tuned Receiver
RF IF =F g £ F RF
ADC / DSP

t /]
1
' IF Filter

W

L0 TM 2018

KEYSIGHT

TECHNOLOGIES

T

|||||

//

Vector
(magnitude and phase)

40



KEYSIGHT

Analizator mreze TECHNOLOGIES

Sirokopojasni diodni detektor

WWWW ¥

— Easy to make broadband

— Inexpensive compared to tuned receiver

— Good for measuring frequency-translating devices
— Improve dynamic range by increasing power

— Medium sensitivity /| dynamic range

‘I‘ .

10 MHz 260 GHz 44
T™ 2018




KEYSIGHT

TECHNOLOGIES

Analizator mreze

Tuned Recelver

A «i— ﬁl—(mc;m | Uskopojasni detektor

— Best sensitivity | dynamic range

— Provides harmonic | spurious signal rejection
— Improve dynamic range by increasing power,
— decreasing |IF bandwidth, or averaging

— Trade off noise floor and measurement speed

‘ \‘|\

10 MHz TM 2018

-

26.5 GHz *2




Analizator mreze

Uporedivanje tehnika prijemnika

0dB

-50 dB

-100 dB

Broadband
(diode) detection

|

|

f

fl

\

i

\W

-60 dBm Sensitivity

— higher noise floor
— false responses

0dB

-50 dB

-100 dB

KEYSIGHT

TECHNOLOGIES

Narrowband
(tuned-receiver) detection

|
/
f \

/

\,

BT

< -100 dBm Sensitivity

— high dynamic range
— harmonic immunity

Dynamic range = maximum receiver power - receiver noise floor 3




KEYSIGHT

TECHNOLOGIES

Analizator mreze

Dinamicki opseg

Error Due to Interfering Signal

100 |

E error_ | " Dynamic range is
) |  very important for
L=
= - \ measurement
o N error
= S ; \‘--\\ ; accuracy!
\ ‘\\\ :
0.01 | | | | | | | | | \‘ |
i i i i i i i i x\‘\\

0 -5 -10 15 -20 25 -30 -35 -40 -45 50 -55 -60 65 -70
Interfering signal (dB)
44
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KEYSIGHT

Analizator mreze TECHNOLOGIES

T/R vs S-Parameter Test Sets

Transmission/Beflection Test Set S Parameter Test Set

Sourca Source M
TR = &

r r:- ﬂ Transfer switch

70| |gd 0%

~AdA =
Port 1 Port 2 Port 1 Part 2
puT d ouT
— RF always comes out port 1 — RF comes out port 1 or port 2
— port 2 is always receiver — forward and reverse measurements

— response, one portcal available |, ,015 — two pert calibration possible 45



Analizator mreze
Procesor — disple]

- Jab St S .
= = |
|
[ PROCESSOR | DISPLAY |
— markers
— limit lines

— pass/fail indicators
— linear/log formats
— grid/polar/Smith charts

KEYSIGHT

TECHNOLOGIES

46




Analizator mreze - automatizacija

Simple: recall states
More powerful:
— Test sequencing
-- available on 8753/ 8720 families
-- keystroke recording
-- some advanced functions
— IBASIC
-= available on 8712 family
-- sophisticated programs
-- custom user interfaces
— Windows compatible programs
-= PNA Series:

-- use any Windows-compatible program
-- e.g. Visual Basic, VEE, LabView, C* -, ...

-= ENA Series: VBA only

KEYSIGHT

TECHNOLOGIES

ABCOEFGHLIKLMNOPORSTUUWXYZO1ZA567EE + - [ = < = |

Nk S eaal |

1 ASSIGN EHpET14 TO 60O

2 OUTPUT @HpB714;,"SYSTPRES; “WaI"

3 QUTPUT @HpBT14:" ABOR::INIT 1:CONT OFF:* WAI"

4 QUTPUT @HpBT14;"DISP:ANN:FREQ1:MODE S5TOP"

5 OUTPUT @HpBT 14,"DISP:ANN:FREQ1:MOOE CSPAN"

& OUTPUT @HpBT14;"SENS 1:FRECCENT 175000000 HZ: " WA
7 OUTPUT @HpET14;" ABDR;:INIT 1:CONT OFF:INITY;*WAI

3 QUTPUT @HpBT14,"DISF\YINDT:TRAC:¥-AUTO ONCE"

& OUTPUT @ﬂ_l]@llal_;l';ﬂ;ﬂ.Lﬂl:MﬂHk1 on*
10 QUTPUT E
11 OUTPUT @
12 QUTPUT E
13 QUTPUT @ |§
14 QUTPUT ¢
15 OUTPUT &
16 END

W FaPer Sweep Meaz FomabMath Scals

S O

Maker Chan Cal Syslen Window  Help MEIED

il | [RREREE g 2= 1

=] HHHEEL J PIHT

T™ 2018




KEYSIGHT

RF vektor analizator TECHNOLOGIES

PNA series 8753ETJES series
— 3, 6,9 GHz - 2, 3 ports — 3,6 GHz - 50/75
— highest dynamic range — rich feature set

— advanced LAN connectivity
— Internal Windows automation
— program via SCP| or COM/DCOM

— frequency offset and
harmonic sweeps

ENA series E71 2ETIES series
— 3, 8.5 GHz B I1.3, 3 GHz - 50/75
—2,3,4,7,9 ports owest cost

— excellent RF performance - zarrt:jv;ha;n(lj o
— balanced measurements _ IB"I)\aSI CanL A’stectuon
— internal VBA automation !

4395A series NA/SA combination
— 500 MHz, 1.8 GHz

— Iimpedance-measuring option

— fast, FFT-based spectrum analysis
— IBASIC

E5100A/B

— 180, 300 MHz

— fast, small, economical

— for crystals, resonators, filters

48
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KEYSIGHT

Mikrotalasni vektor analizator TECHNOLOGIES

8720ET/ES series 8510C series
— 13.5, 20, 40 GHz — 110 GHz jn coax
— economical — modular, flexible

— fast, small, integrated
— test mixers, high-power amps

— pulse systems
— Tx/Rx module test

PNA series

— 20, 40, 50 GHz

— highest dynamic range and speed
— very low trace noise

— advanced LAN connectivity

— internal Windows automation

— program via SCPI or COM/DCOM

49
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Spektrum analizator, pracenje

RF in

KEYSIGHT

TECHNOLOGIES

NN 73(- .
77
IF
LO
DuT
Spectrum analyzer
TG out

7
e ©

f=IF

Tracking generator

Key differences from network analyzer:

— one channel -- no ratioed or phase measurements
— More expensive than scalar NA (but better dynamic range)

N
3 88288
1| [k = 88888
1 [—1 D EEE E
 — L e—

— Only error correction available is normalization (and possibly open-short averaging)
— Poorer accuracy

— Small incremental cost if SA is required for other measurements

T™ 2018
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Kalibracija — What measurements do we make?

— Network analyzer hardware
— Error models and calibration
-- measurement errors
-- what is vector error correction?
-- calibration types
-- accuracy examples

Systematic errors . . . .
— due to imperfections in the analyzer and test setup - calibration considerations
— assumed to be time invariant (predictable) — Example measurements
Random errors _ :
— vary with time in random fashion (unpredictable) Appendlx
x — main contributors: instrument noise, switch and connector repeatability
Drift errors

— due to system performance changing affer a calibration has been done
’ — primarily caused by temperature variation

KEYSIGHT

TECHNOLOGIES

N

Errors:
SYSTEMATIC
Unknown

Measured RANH&M peow

Data
DRIFT
51
™™ 2018




KEYSIGHT

Sistematske merne greske TECHNOLOGIES

Crosstalk

DII’ECII‘JIW _____
l .-"' -~ = ‘“*-

Frequency response
— reflection tracking (A/R) Source Load

— transmission tracking (B/R) Mismatch Mismatch

Six forward and six reverse error terms yields
12 error terms for two-port devices

52
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KEYSIGHT

TECHNOLOGIES

Tipovi korekcije greske

— response (normalization)
-- simple to perform

-- only corrects for tracking errors T ——
- stores reference trace in memory, thru
then does data divided by memory
— vector

-- requires more standards
-- requires an analyzer that can measure phase
-- accounts for all major sources of systematic error

| SHORT -
D H
OrEN - thrll
| LOATY h

53
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Korekcija greske vektora

KEYSIGHT

TECHNOLOGIES

— Process of characterizing systematic error terms
- measure known standards
- remove effects from subsequent measurements
— 1-port calibration (reflection measurements)
- only 3 systematic error terms measured
-- directivity, source match, and reflection tracking
— Full 2-port calibration (reflection and transmission measurements/
-- 12 systematic error terms measured
- usually requires 12 measurements on four known standards (SOLT)
— Standards defined in cal kit definition file
-- network analyzer contains standard cal kit definitions
-- CAL KIT DEFINITION MUST MATCH ACTUAL CAL KIT USED!
-- User-built standards must be characterized and entered into user cal-kit

T™ 2018
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TECHNOLOGIES

Model sa jednim portom

_ ldeal Error Adapter
RF in : ea RF in :-————1————|
> I - : E, = Directivity
S11, : 1E 3 | T sn, Eqxr = Reflection tracking
| | E. = Source Match
S11 Sty " I
M ! I 511y, = Measured
| Ear i
________ 511, = Actual
To solve for error terms, we S
1A
measure 3 standards to generate S11M = ED + ERT
J equations and 3 unknowns 1-Es S11A

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

— |If using port 2 of NA and DUT reverse isolation is low (e.g., filter passband):
-- assumption of good termination is not valid
-- two-port error correction yields better results

55
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KEYSIGHT

Jedno-portni — TECHNOLOGIES

pre | posle kalibracije

0
= 2.0
data before 1-port calibration -
20 -
= 1.1
2 _ E
@ - -
= - =
= w0 - =g
2 \ - 1.01
60 — data after 1-port calibration B}
— 1.001
6000 12000

MHz

56
T™ 2018



Sa dva porta KEYSIGHT

TECHNOLOGIES
Forward model Reverse model
- Port 1 Port 2
Port1  Ex Port 2 - | > |
> | . l | Sa1, | — b
? Ee I S-"‘n l Ep _bi & I S”.ﬁ Sﬁ?.ﬁ I +—
— En I Sqﬁ. S;-_:-n | Ay I & l
2 | | B 4 Sion
. ‘ E
Eni Siz, .
Ep = fwd directivity EL =fwd load match St =Ep S = Ept L Sam Ex | S By
Es =fwd source match Etr = fwd transmission tracking §iy, = T I Y T
Ent =fwd reflection tracking  Ex =fwd isolation H e tm = Epr o o Same = Ept o o o Stm = Ex Sz s Ex
. E v Egr' : L ke Err’
Ep = rev directivity EL = rev load match "”
Es = rev source match ETT = rev transmission tracking S21m — Ex Sy - Ep’
Ear = rev reflection tracking ~ EX' = rev isolation Gy, - e Y g ESTELY
h i 3 =0 - = . 3
T -“lla: Ep EgHl+ -‘:z.,.- f-n Eg')- EI,_'EJ._{I"”';; Ex _":-*"u.:; 1"-., )
— Each actual S-parameter is a function o o " .
of all four measured S-parameters i e L
i: > L
— Analyzer must make forward and reverse e St Ep,  SwmEp' L S Ey Sian = Ex’
sweep to upd S- far U Eert SRR Er T En
p to update any one S-parameter
— Luckily, you don't need to know these CRR Dy M D gy g, 2K ST X
. - _ “Jt “RT ' i 1T
equations to #se network analyzers!!! $22¢= 5 Soam—-Ep' . Sy —Ex Sizm-Ex’
1+ .EI#J[I"‘ . .EII F_EL £|r|: 5 A o ]
Egr Epy Ery Eyr
57
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KEYSIGHT

Preslusavanje TECHNOLOGIES

puT

— Can be a problem with: .
-- high isolation devices (e.g., switch in open position) oo
-- high dynamic range devices (some filter stopbands) | 4

|
[ - [ ] I — — — — ——
— |solation calibration

-- adds noise to error model (measuring near noise floor of system)
-- only perform if really needed (use averaging if necessary)

-- if crosstalk is independent of DUT match, use two terminations
-- if dependent on DUT match, use DUT with termination on output

Curenje signal
aizmesu test portova
za vreme emitovanja

= I - -

58
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Kalibracioni standardi

UNCORRECTED

— Convenient
— Generally not accurate
— No errors removed

KEYSIGHT

TECHNOLOGIES

RESPONSE 1-PORT FULL 2-PORT

SHORT SHORT m SHORT
-
H OFEN OPEN m OPEN

thru

= T =

vl

B

H
-[I UT |
— Easy to perform thru
— Use when highest ]
accuracy is not required — For reflection measurements ™ .

_ Removes frequency — Need good trerminﬂtinn for hjgh
accuracy with two-port devices

response error Hiah
— Remaoves these errors: — Highest accuracy
/ Directivity — Removes these errors:
Source match Directivity

ENHANCED-RESPONSE Reflection tracking Seurce, load match
Reflection tracking
— Combines response and 1-port Transmission tracking
— Corrects source match for transmission measurements Crosstalk
59
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KEYSIGHT

Kalibracija - zakljucak TECHNOLOGIES

) Test Set (cal type)
Reflection
TIR S-parameter
{one-port) (two-port)

OPEN

— Reflection tracking Qf Qf
— Directivity ng Qf

— Source match ‘\J?

— Load match ®

LOAD

Test Set (cal type)
Transmission TIR S-parameter
(response, isolation) ~ (twe-port)

Q{.ﬂ error can be corrected
— Transmission Tracking Qf’a ’ﬁ/ﬁl
error cannot be corrected
@ — Crosstalk Ve ‘i'f;a
# gnhanced response cal corrects for source #
(“’/,J match during transmission measurements — Source match (V) Qé;
— Load match "*-5///;
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Primer refleksije kod jedno-pornih

1B [=—]
=1888; e 8
ﬁv’lx FNIS(888" OBl e maton
i ‘E'c:r::: o oad match:
0 Ola oo coo 18 dB (.126)
%
|
Directivity: : : DUT

40dB(010)

16 dB RL (.158)
/ \ 1 dB loss (.891)

KEYSIGHT

TECHNOLOGIES

Remember: convert all dB valves to
linear for uncertainty calculations!

) (-dﬂ }
,ﬂ or ||]55._1.f!-a| =10 20

(.891)(.126)(.891) = .100

Measurement uncertainty:
-20 * log (.158 + .100 + .010)
= 11.4 dB (-4.6dB)

-20 * log (.158 - .100 - .010)
= 26.4 dB (+10.4 dB)
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KEYSIGHT

TECHNOLOGIES

Primer refleksije kod jedno-pornih

+ oslabljivac

Measurement uncertainty:
O [ —
Ol oao 5 -20 * log (.158 + .039)
¥ N 58380 ©sg = 14.1 dB (-1.9 dB)
é E S B8 222|| Load match: -20 * log (.158 - .039)
18 dB (.126) = 18.5dB (+2.5 dB)

: 10 dB attenuator (.316)

Directivity: SWR = 1.05 (.024)
40 dB (.010)
! ' DUT
- I
| = | 16dBRL(158) —
158 IN \: 1 dB loss (.891) oslabljiva¢
N I
1 \
o — o = — I
(891).316)(.126)(.316)(.891) - .010 Low-loss bi-directional devices
e e e e = e o = = == ”

generally require two-port calibration

(.891)(.024)(.891) = .019 ]
for low measurement uncertainty

Worst-case error = .010 + .010 + .019 = .039
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KEYSIGHT

TECHNOLOGIES

Transmission Example

Using Response Calibration

\
@ = > RL=184dB{(.126)

RL = 14 dB (.200)

Thru calibration (normalization) builds error into
measurement due to source and load match interaction

Calibration Uncertainty
= {1+ psp)

= (1 + (.200)(.126)
= +0.22dB
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Filter Measurement
with Response Calibration

KEYSIGHT

TECHNOLOGIES

DUT
Source match = 1 dB loss (.891)
14 dB (.200) 16 dB RL (.158) Load match =
18 dB (.126)
@ b \ = \ h‘j
] _I I =
! o m—————— - 76 (126).158) = .020
-— - ——p
’ ' (.126)(.891)(.200)(.891) = .020
\ e e e = == -
\
T N N N I EE I BN I BN BN N e e e e e e o e e e —
(.1568)(.200) = .032
Total measurement uncertainty: Measurement uncertainty
+0.60 + 0.22 = + 0.82 dB =1+ (.020+.020+.032)
- 065- 0.22 = -0.87dB =1+.072
- +0.60 dB 64
T™M 2018
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Measuring Amplifiers

KEYSIGHT

TECHNOLOGIES

with a Response Calibration

Source match =
14 dB (.200)

DUT

16 dB RL (.158) Load match -

18 dB (.126)

Total measurement uncertainty:
+0.44 + 0.22 = + 0.66 dB
- 0M6- 022 =

- 0.68 dB

(.158)(.200) = .032

Measurement uncertainty
=1+ (.020+.032)
=1+ .062
= + 0.44 dB

-0.46 dB
T™ 2018
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KEYSIGHT

TECHNOLOGIES

Filter Measurements Using the

Enhanced Response Calibration

Calibration Uncertainty
Effective source match = 35 dB! = (1£psp,)
= (1 + (.0178)(.126)
DUT = +.02dB
Source match = 1 dB loss (.891)
35dB (.0178) 16 dB RL (.158) Load match =
18 dB (.126)
‘ ::: }—- \ I——‘ 1
® \ \ "; Measurement uncertainty
[ J o— = =1+ (020+.0016+.0028)
—————— - - | (.126)(.158) = .020 =14+ 0746
— s ~ b
- f -—-— - +0.211d8B
/ < (.126)(.891)(.0178)(.891) - .0018 .0.216 dB
\ e e e = = = == === - ->
\ (.158).0178) = .0028
e e o e e e o e e e = e = e = = == -

Total measurement uncertainty:

0.22 + .02 = + 0.24 dB 66
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KEYSIGHT

TECHNOLOGIES

Using the Enhanced Response

Calibration Plus an Attenuator

10 dB attenuator (.316) Calibration Uncertainty

SWR = 1.05 (.024 linear or 32.4 dB) =(1%p5p))
Analyzer load match =18 dB (.126) = (1 + (.0178)(.0366)

= +.01dB
DUT
Source match = 1 dB loss (.891)
35 dB (.0178) 16 dB RL (.158) Effective load match = (.316)(.316)(.126) + .024
O = 0366 (28.7dB)
,\I — ~ 1
™y \ I \ f " |
] o—— easurement uncertainty
_,.' i - { (.0366)(.158) = .006 =1 + (.006+.,0005+.0028
- '4"' - - =1 +.0093
4 N (.0366)(.831)(.0178)(.891) = .000% = + 0.08dB
1 e e e s e e e s s e e —
5 (.158)(.0178) = 0028
I —

Total measurement uncertainty:

0.01 + .08 = + 0.09dB
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Calibrating Measurement

KEYSIGHT

TECHNOLOGIES

Uncertainty After a 2-Port

Calibration
Corrected error terms:
(B753ES 1.3.3 GHz Type-N)
Directivity = 47dB
Source match = 36dB
Load match = 47 dB
Refl. tracking = .019dB
Trans. tracking = .026 dB
Isolation = 100 dB

DuT

\ 1 dB loss (0.891)
16 dB RL (0.158)

Reflection uncertainty
)

=1 lm

B SI la i{E‘ﬁ + Sllr.':E.'S' + Sllr.lsllfrEF, T SI Iu“ o ERT ”

= 0158+ (.0045+ 0.158* #0158 + 0.891°*.0045 + 0.158*.0022)
=0.158 £.0088 = 16 dB +0.53 dB, -0.44 dB (worst-case)

Sjlm = th.l i th.l { EJ' Jllr SE]..' + S]]r.l E‘:u + Sj]..'S]l-.l E.ﬁ' Ef. + S:Lf Ee’. + {I i 'E?T ]}
= 0891+ 0891(107°° /0891 +0.158*%.0158 +0.891°*.0158%.0045 + 0.158*.0045+.003)
= 0.891 +.0056 = 1 dB +0.05 dB (worst-case)

Transmission uncertainty
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Comparison of
Measurement Examples

KEYSIGHT

TECHNOLOGIES

Reflection
Calibration type Measurement uncertainty
One-port -46/ 104 dB
One-port + attenuator -1.9/25dB
Two-port -0.44/ 0.53 dB

Transmission

Calibration type Calibration uncertainty | Measurement uncertainty | Total uncertainty
Response +0.22dB 0.60/ -065 dB 0.82 -0.87dB
Enhanced response +0.02dB +022 dB +024 dB
Enh. response + attenuator +0.01dB +0.08 dB +009dB
Two port - +005dB

69
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KEYSIGHT

TECHNOLOGIES

Response Versus 2-Port Calibration

Measuring filter insertion loss

CH1  §218&m Ilog MAG 1dBJ REF O dBE
CHZ  MEM log MAG 1 dBJ REF 0dB
]
Cor .~ After two-port calibration

‘ﬂfter response calibration

—‘Unnnrrented

Cor

r{r*’“wmw
l
. [

START 2 000.000 MHz STOP 6 000.000 MHz

¥
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KEYSIGHT

TECHNOLOGIES

ECal: Electronic Calibration

— Variety of modules cover 300 kHz to 26.5 GHz
— 2 and 4-port versions available
— Choose from six connector types (50 Q and 75 Q)
— Mix and match connectors (3.5mm, Type-N, 7/16)
— Single-connection

-- reduces calibration time

-- makes calibrations easy to perform

-- minimizes wear on cables and standards

-- eliminates operator errors
— Highly repeatable temperature-compensated

terminations provide excellent accuracy

} } } Microwave modules use a
J_ J_ transmission line shunted by PIN-diode

switches in various combinations

71
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TECHNOLOGIES

Adapters

reflection from adapter oo signal

leakage signal \ /
~—— l P measured -  Directivity + padapter * I:!‘.[111,]]'

A A
Coupler directivity = 40 dB b 3
_——— }{ —
: ............ ____:h Termination | DUT has SMA (f) connectors
Worst-case L APC-7 calibration done here
System Directivity Adapting from APC-7 to SMA (m]
AN
- Y

APC-7 to SMA (m)
28 dB %m SWR:1.08

APC-7 to N (f) + N (m) to SMA (m)
17dB [%H% SWR-1.05 SWR:1.25

APC-7 to N (m) + N {f) to SMA [f) + SMA (m) to (m)
SWR:1.05 SWR:1.25 SWR:1.15

14 dB
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TECHNOLOGIES

Calibrating Non-Insertable Devices

When doing a through cal, normally test ports mate directly
— cables can be connected directly without an adapter
— result is a zero length through — - —
What is an insertable device? "
— has same type of connector, but different sex on each port
— has same type of sexless connector on each port (e.g. APC 7)
What is a non insertahle device?
— one that cannot be inserted in place of a zero length through
— has same connectors on each port {type and sex)
— has different type of connector on each port
(e.g., waveguide on one port, coaxial on the other)
What calibration choices do | have for non insertable devices?
— use an uncharacterized through adapter
— use a characterized through adapter (modify cal Kt definition)
— swap equal adapters
— adapter removal

DUT
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TECHNOLOGIES

Swap Equal Adapters Method

Accuracy depends on how well the adapters
Port1 ] ] out Port 2 are matched - loss, electrical length, match
and impedance should all be equal

Port 1 Port 2 1. Transmission cal using adapter A.

d

-

Port 1 Adapter ] Port 2 2. Reflection cal using adapter B.

-
i p

Port1 ]| pur [ Adapter ] Port? 3. Measure DUT using adapter B.

74
T™ 2018



KEYSIGHT
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Adapter Removal Calibration

— Calibration is very accurate and traceable
— In firmware of 8753, 8720 and 8510 series

Also accomplished with ECal modules (85060/90) ik :3 - ot [ E et 2
— Uses adapter with same connectors as DUT

— Must specify electrical length of adapter to within 1/4
wavelength of highest frequency (to avoid phase ambiguity)

Port1 ] M':;:Lr Mﬂlﬂm Port 2 1. Perfl:-.rm 2-port cal with adapter on port 2.
Savein cal set 1.
Cal Set 1
Port 1 h Cal E: |:' AdapmrE Port 2 2. Perform 2-port cal with adapter on port 1.
Adapter .
Savein cal set 2.
Cal Sut 2
[CAL| [MORE] [MOOIFY CAL SET] 3. Use ADAPTER REMOVAL
[ADAPTER REMOVAL] to generate new cal set.

Part 1 outT Port 2 4. Measure DUT without cal adapter.
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Thru-Reflect-Line (TRL) Calibration

We know about Short-Open-Load -Thru (SOLT) calibration...
What is TRL?
— A two-port calibration technique
— Good for noncoaxial environments (waveguide, fixtures, wafer probing)
— Uses the same 12-term error model as the more common SOLT cal
— Uses practical calibration standards that
are easily fabricated and characterized
— Two variations: TRL (requires 4 receivers) TRL was developed for non-coaxial
and TRL* (only three receivers needed)
— Other variations: Line- Reflect- Match (LRM),
Thru-Reflect-Match (TRM), plus many others

microwave measurements
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Frequency Sweep — Filter Test

KEYSIGHT

TECHNOLOGIES

) . ' MAG } B/ F 0 .
CHI g 21 log MAL 10dB/ REF 0dBE CHI § 1 log MAG

5 dB/

REF 01 dB

Cor

69.1 dB || Stopband

rejection

..--"'""——F‘-_—'—

| '\ | Il II

START 300 000 MHz STOP 400,000 000 MHz CENTER 200,000 MIL

CHI 57 log MAG 1 dB/ REF 0 dR
-
Cot ;:I-=L—=‘-|I=l—w=g_"‘
1
mi:  4,000000GH: 0.16dB .Il
m2-ref: 2,145 234 GHz  0L.0D dB
raf ]

Cor

Insertion loss

START 2 000.000 MHz

T™ 2018
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SPAN 50,000 MHz
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Optimize Filter Measurements
With Swept-

PRm| =7

List Mode

KEYSIGHT

TECHNOLOGIES

Segment 3: 28 ms
{108 points, -10 dBm, 6000 Hz)

CH1 Soq  log MAG 12dB/ RBEFOdB

Linear sweep: 676

(201 pts, 300 Hz, -10 dBm)

Segment 1: 87 ms
(25 points, +10 dBm, 300 Hz)

'nﬁ

Swept-list sweep: 349 ms
(201 pts, variable BW's & power)

JW

ST#.HT 525.000 00O MHz |

Segments 2,.4: 52

Segment 5: 129 ms
(38 points, +10 dBm, 300 Hz)

STOP 1 275.000 000 MHz

ms

{15 points, +10 dBm, 300 Hz) 78
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Power Sweeps — Compression

Output Power (dBm)

KEYSIGHT

TECHNOLOGIES

Saturated output power

/

Compression region

Linear region
(slope = small-signal gain)

Input Power (dBm)

T™ 2018
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Power Sweep — Gain Compression KEYSIGHT

TECHNOLOGIES

CH1 §21 log MAG 1dB/ REF 32 dB  30.991dB

12.3 dBm
1dB
compression:
N NN N Y S T input power resulting
~\ in 1 dB drap in gain

START -10dBm  CW9302.7MHz  STOP 15 dBm
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AM to PM Conversion

KEYSIGHT

TECHNOLOGIES

Measure of phase deviation caused by amplitude variations

Amglt oty

Power sweep

AM

{dB)

FM

{deg]

Test Stimulus
AM - PM Conversion =

Mag(Pm_ |
W (deg/dB)

AM
(dB}

PM
(deg)

— AM can be undesired:
supply ripple, fading, thermal
— AM can be desired:
modulation (e.g. QAM)

Ampitude
} ]
/\/\/\/ Maw:,ﬁ M.-mr:l
= AM to PM conversion
Output Response T can cause hit errors
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Measuring AM to PM Conversion

i 1:Transmission Log Mag 1.0 dBf Ret 21.50dB
» 2:Transmission /M Phase 5.0 deg/ Ref-115.7 deg

| I I I
Ch1:Mkr1  -4.50 dBm 20.48 dB

Ch2:Mkr2 1.00dB  0.86 deg

» _,_________"L | /
//

PR T N
N,

Start -10.00 dBm CW 900.000 MHz Stop 0.00 dBm
Start -10.00 dBm CW 900.000 MHz Stop 0.00 dBm

T™ 2018
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— Use transmission setup
with a power sweep

— Display phase of S21

— AM - PM = 0.86 deg/dB
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Profesor dr Miroslav Lutovac
mlutovac@viser.edu.rs

Ova prezentacija je nekomercijalna.

Slajdovi mogu da sadrZze materijale preuzete sa Interneta,
struéne i nau€ne grade, koji su zasticeni Zakonom o
autorskim i srodnim pravima.

Ova prezentacija se moze Koristiti samo privremeno
tokom usmenog izlaganja nastavnika u cilju informisanja i
upucivanja studenata na dalji strucni, istrazivacki i naucni

rad i u druge svrhe se ne sme koristiti —
Clan 44 - Dozvoljeno je bez dozvole autora i bez placanja
autorske naknade za nekomercijalne svrhe nastave:

(1) javno izvodenije ili predstavljanje objavljenih dela

u obliku neposrednog poucavanja na nastavi;

- ZAKON O AUTORSKOM | SRODNIM PRAVIMA

("Sl. glasnik RS", br. 104/2009 i 99/2011)




