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Path Configuration: Standard Path

RF Path Configuration | Noise Path Configuration
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Path Configuration: Combine Path
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Balanced Measurements

TECHNOLOGIES

I,
5
Mixed-mode S-parameters
Measure S11 S12 S13 S14
Single-ended S-parameters §21 8§22 8§23 S24
S§31 §32 S§33 S34
S41 S42 S43 S44
vdiff A,B " V1
Simulate HYbrid Ba‘lun l Veomm ) c,D V2
to extract differential and common
vdiff T % % g DUT
| Vcomm T ,3 vi IVZ
Sooii Sopiz Spent Soei
Obtain S S S S
Mixed-mode S-parameters bp21 bp22 beal bz
(Balanced and Common-mode SCD“ Scmz Sccn Scc12
S-parameters
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Balanced Topology Setup

Balanced Setup o

Topology PortZ Offset Sweep E 3

Available Topologies

Topology BAL-BAL v

Balanced Port (+) VNA Port (-) VNA Port True Mode

1 BAL Port 1 Port 3 O
2 BAL Port 2 Port 4 ]
Custom 3 Unused ~ - 0
4 Unused O
Map physical ports on VNA to
balanced ports. If True Mode DUT
stimuli is used ports 1 & 3 and S N 2 BAL (+) — Port 2 v

2 & 4 must be used to form

the balanced ports (they don’t Port 3 cl1BALQ 2 BAL () — Port 4 »
share the same signal source)

oot |||
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Balanced Measurement Parameters

S-Parameter | Balanced IReceivers‘ Waves l Aux ‘ *
Available S-parameters I

for topology selected [Jsdd11  [Jsdd12 | [Sde11  []Sde12
(two balanced ports in \
this case) [J Sdd21 [J8dd22 | [JSdc21 [JSdc22

[ISed11 [Jsed12 [ISce11 [ISce12
[ Sed21 [JSed22 [1Sec21 []Sec22

COimbalt  Climbalz (1322

Topology...

New trace Channel 1 v |Window 1 >

Select All OK Cancel Apply Help
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S-parameter De-embedding
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De-embedding Techniques

Measurement Device Measurement
Plane Plane Plane
: « SMT . .
' ¢ Device ' '
Coaxial A
Interface

Test Fixture
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Coaxial
Interface

10




De-embedding Techniques

Coaxial
Interface

rrrrrrrr

Reference plane

with de-embedding

¥ R

SMT
Device

S

Input.s2p

Test Fixture

Output.s2p

Coaxial
Interface
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De-embedding Techniques
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Most
Accurate

o

A S-Parameter De-embedding

© Line-Reflect-Match (LRM)
© Thru-Reflect-Line (TRL)
@ Short-Open-Load-Thru (SOLT)

A\ Automatic Fixture Removal (AFR)

A\ Port Extension

Time Domain Gating

>

Most Simple

© = Pre-measurement error correction
A = Post-measurement error correction
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Fixture Generator

Active Channel 1

KEYSIGHT

S
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Fixture Generator de-embedding

File Edit View Add Block. -e-

Load S-parameter files
for de-embedding

(WA [ ZComersion ouT |
o o User = } o o1
[AEnebicBlockas  [Dw-Embed -
1
- | 26Hz
= 10
| S— | 2GHz
Fil
o MNAFmi 1GHe
Fienamo I-gwg.ymmmymw;wasga I
= = = =519 | wods,  [SetSme=0@DUT S
(] Enabile Extrapolation [JReverseFors
O o O o 4

2 Apply Factures | - concal

Help
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Fixture Generator Balanced de-embedding

Fixture Generator = o X
File Edit View Add Block.. g s
[WA] [ ZComersion | [BUT L

BAL1=p1&p3

: : A e (T BAL2 = p2 & p4

3 O o ] -3) User o3

4 o o O 4 o4

Measured

Active Channel |1 = Apply Fedures oK Cancel Help
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Embedding a network or a user s2p-file

Foblie Gineintie = 2 Load S-parameter files for embedding or
File Edit View Add Block. * select a pre-defined matching network
and specify component values

i ECorvarsion — Add Block
! e < } User 2 1o 1 e i} P 1 [AlEnsble Blockes  [Embed
J 0oF
0s
5 o [P 1 . 1 O [T g | oH
3
Filename 99999 THz
3 o O o o 3 OHr
2
26Hz
16GHz
1
La
o Ic
Active Channel 1 3 ElAppl Frtures oK
Soaroun. = s
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Automatic Fixture Removal (AFR)
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Automatic Fixture Removal Overview

DUT and Fixture

Simple fixture characterization process

. . . input input
Calibrate in coax with the reference planes at the _r - p—— ¥ g
inputs to your fixture Fixture Fixture

Measure one or more standards
*Replica of the fixture’s 2 port thru ‘
*Replica of fixture half terminated with an open or
short.
«Or, even faster! Measure the fixture itself before
the DUT is installed as an open standard. ®

Powerful features meet a variety of needs

«Single ended and differential devices

«Fixture left and right side can be asymmetrical

*Thru lengths can be specified or determined from open or short measurements.

*Band Pass time domain mode for band limited devices.

*Frequency extrapolation to match DUT

*Power correction compensates for fixture loss vs. frequency

*De-embed files can be saved in a variety of formats for later use in PNA, ADS, & PLTS

KEYSIGHT

TECHNOLOGIES

17
Automatic Fixture Removal (opt. 007)
» Assumptions: * Steps:
« Originally had to be Symmetric right to left 1. Calibrate at the cable ends
* Now it can be Asymmetric + 2. Measure fixture and save file
 inlength (2 - 2X thrus required) 3. Measure fixtured DUT
* in match (advanced gating) « 4. Remove fixture

KEYSIGHT
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Automatic Fixture Removal

* Open or Short

v

KEYSIGHT
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= = B = =
Automatic Fixture Removal: Describe Fixture
B
1. Describe Fixture ‘ 2. Specify Standards | 3. Measure Standards | 4. Remove Fixture | 5. Save Fixture ‘ )
Define If Fixture Is This 5 step wizard characterizes and removes the fixture effects from your measurement.
sing|e Ended or My fixture inputs are:
Balunced \_) © Single Ended
© Differential
My measurement is:
. . @ 1 Port Current Fixture and DUT Assumptions
Define If Fixture Should I A DUT 70: will be set to System Z0
Be Measured As a :
. © Multiport |4
1-port or 2-port Device
~) Advanced Settings
After fixture removal set Calibration Reference 70 to:
© "System 70"
© Measured Fixture Z0
©|50 Ohms
Set "System Z0" to Calibration Reference Z0
[T want to correct for Fixture Match A # B
[T] My fixture is band limited(use Bandpass time domain mode)
Net | [ Bt ][ Hep
KEYSIGHT
TECHNOLOGIES
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Automatic Fixture Removal: Specify Standards

-
1. Describe Fixture | 2. Specify Standards ‘3. Measure Standards | 4. Remove Fixture | 5. Save Fixture ‘ ~)

For my calibration standards I have:

¥ Open

B |
e .. Fishort
>

Define What Standard
To Be Measured —

~) Advanced Settings
My thru fixture has:
@ Known thru length = 0 ns
© Unknown thru length computed using reflects.

© Unknown thru length computed using fixtured DUT measurements.

Back ] [ Next J [ Exit ] { Help

KEYSIGHT 21
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Automatic Fixture Removal: Measure Standards
| 1. Describe Fixture | 2. Specify Standards | 3. Measure Standards | 4, Remove Fixture | 5. Save Fisture | o)
Measure or Load Cal Standards:
Fixture A Open Measure
B /
Measure Standard(s) -
~) Calculated Fixture Characteristics
Back P [ Exit Help
KEYSIGHT 22
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Automatic Fixture Removal: Save Fixture

[ e &
| 1. Describe Fixture | 2. Specify Standards | 3. Measure Standards | 4. Remove Fixture | 5. Save Fixture o)

Select File format to save fixture data:

® Touchstone
© Touchstone 2
Select How Ports @i
Should Be Defined For
The Saved Fixture i
(Port Numbering) [T LTS Format

@ PNA Format R

Choose port assignment for saved fixture files:

A7)

© ADS Format

Choose the directory and base names for saved files:

Save fixture files to directory: | D:\Training Material\AFR Browse...
with a file name: Fixture =

£ Save Fixture Files |

KEYSIGHT
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Intermodulation Distortion (IMD)

Measurement Application
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When two signals enter a nonlinear device...

What Is Intermodulation Distortion (IMD)?

f, f 2f, 3f,
S :
f, f 2f, 3f,
They mix with each other, 4 4 4 44
generating harmonics and IMD products 2M-f,  2Mf fitfy 2f+f, 26+,

KEYSIGHT
25
Swept IMD Measurement Parameters
» Tone powers
» Low tone, high tone, or average N N
* Measured at input or output ll— l:
* IMD products, absolute or relative to carrier
* Low tone, high tone, or average
. ond 3rd 5th 7th th [> I
2 ,3,5,7. or 9t order » »MTT TTh
* Measured at input or output
* Intercept point S =
* Low tone, high tone, or average e T — e | e
« Input or output referred I i
[ i3 [rorepover =] fws =] o =] fourouri=]
= =
nalNinte [ Create In New Window
r = [7 auto-Create Windows
Co 1 oy carel [
KEYSIOHT
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Path Configuration: Combine Path
Path Configuration - Channel _&J

| RF Path configuration | oise Path Configuration |

Port 4 Bypass Switch
"33 34| ( RearPanel
(& Thru Path

ouT2

®Srcz e
Panelload @
o B
Filiered = G

ow
HiPwr_J outa

Rear Panel
Jumper

e Combiner Path

ass Switch

(¢ Combiner Path
(" Thru Path

Port 1 Reference
Mixer Switch
e
Front panel
] Jumper [

=
Hi Pwr
i,
Filtered
(Ot

Port 2 Source
(" Src2 0UTL
(@ Srcl OUT2

Port 2 Bypass Switch

31 32| C RearPanel R2 B

(& Thru Path

Configuration

o] o] [
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IMD Example Measurement Of Amplifier

File  Trace/Chan Response Marker/Analysis Stimulus Utility Help

]
M5 1 1B Tr 2
IMD measuremel
parameters

If a frequency point
needs deeper
investigation use
“Marker -> SA”
function and a
spectrum analyzer
channel is created
with stimuli settings
copied from IMD
channel

Output spectrum

Active Window 1 B
Tr 5 R1LogM 1
i g
DUT input

spectrum = signal
from VNA to DUT

DUT input reflected
spectrum =
reflected IMD

0‘1L’w&r"““mlmmthmww-wfwww
p 11 z

No Cor LCL  2017-02-28 11:40

28

14



Mixer / Converter Measurements

KEYSIGHT
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29

Frequency Converting Devices

MIXERS AND CONVERTERS '
Mixer

. . ) Fin Fout
* Provide frequency translation: F  # Fj,

* Translate from RF to IF (down convert) or IF to RF (up convert) Lo
* Mixers:
« 3-port device (RF, LO, IF) -- can be passive (diodes and baluns) or active (e.g. Gilbert Cell)
» LO signal used to switch diodes or transistors on and off 3
* By definition: non-linear components, but expected to behave linearly t—é @_—ﬁ% ?F

- Frequency converters:

—>

» Combination of mixers, amplifiers, filters...
» May have single or multiple stages of conversion

* May contain embedded local oscillators (LOs)

rrrrrrrrrr
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Testing Approaches

* Legacy approach: separate signal generators and spectrum analyzer
» Transmission only (no reflection measurements)
» Magnitude measurements only (no phase or group delay information)
« Difficult and slow for swept measurements .

=

« Lack of vector error correction resulted in medium accuracy

* Modern approach: vector network analyzer (VNA)
» Transmission and reflection measurements with magnitude and phase
» Easy to perform fast, swept measurements (frequency and power)

» Advanced vector error correction yields high accuracy

rrrrrrrrrr

31

Why Mixers And Converters Are Hard To Test

» S-parameters defined as complex (magnitude/phase) ratios of incident (a,) and test signals (b,)
* When stimulus = response frequency, accomplished by receiver ratios like B/R1 (b,/a,)

* Converters: reflection is easy since F, = F,;, but can’t use direct receiver ratios when F,, # F_;

32
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Transmission Magnitude Measurements Are Easy

DIRECT RECEIVER RATIOS ARE NOT NECESSARY

* Measure input power in one sweep and output power in another sweep, then ratio two results
« Calibration based on power meters (very accurate)

» Key measurement is conversion loss (mixers) or conversion gain (converters)

» Can sweep frequency or power of input and LO

A A S21 = b,/a,
Conversi;n_l_o_ss_ T Conversi;n-l.o-ss- -.- ) l
‘y ------------- [SC21] = b,Vfa|
IF RF LO IF RF LO
Swept IF Fixed IF (swept LO)

rrrrrrrrrr

33

PNA-X — The Modern Choice

FULLY DDS BASED SOURCES AND LO ALLOW INDEPENDENT TUNING

L e LI e C ORI 2 2SN SOV SR Y e L [oapptrenn)
! i @ ORJT CI)-L?T RTAI BTCT

i
Source 3 ! i
T T |
| ! LO f
1 1
i 1
Source 1 ouT 1 ouT2
Pulse generators
OouT 1 OouT 2
Pulse :
w‘_E_@_l % modulator To receivers 1
Pulse

(< 13.5 GHz)

! Source 2

Test port 4 Test port 2

DUT L1 e 1 O Recaver [j’i

KEYSIGHT LY
i GIES

rrrrrrrrrr

Mechanical switch

34
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Understanding Phase Measurements

PHASE OF A SIGNAL REQUIRES A REFERENCE

. : . . A
* Phase of a signal is always relative to something
+ Pointin time : t
« Two signals _{(') .

* Point on the trace itself Time reference

» Mixer-output phase depends on phase of input and LO signals

¢ Ref phase =0
AW MWW
LO

KEYSIGHT

S
TECHNOLOGIES

L
L

Relative phase of two
signals at same frequency

35

File Conol Setup Measurs Analyze  Utlities  Help.

Comb Generator

» Provides broadband phase-calibrated frequency
spectrum to calibrate
the phase of the VNA receivers

* Driven from VNA's 10 MHz reference

¢ Calibration method is derived from electro-
optical sampling, and is traceable to NIST

» Same comb generator used with NVNA

# Agilent 19:48:32 Feb 2, 2012

Ref —30 dBm Atten 10 dB
lorm
Log

10
&/ T

#VAvg

WL S2]
$3 FC|
AR
£(F):
FTun
Snp

Start 1.00 GHz 2 Stop 50.00 GHz
#Res BH 300 kHz #UBH 1 kHz Sweep 127.4 5 (1801 pts)

KEYSIGHT

TECHNOLOGIES
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Mixer / Converter Measurements

With Embedded LO (S93084B)

RF > XHAH >
)

F

Embedded LO in DUT

rrrrrrrrrr

37

Embedded LO Problem For Delay Measurements

CANNOT LOCK INTERNAL DUT LO TO VNA

* Embedded LOs are common in satellite frequency converters (transponders)
 Lack of common reference signal means VNA receivers can’t tune to exact output frequency
* Result is unstable phase/delay measurements

e Solution:

» Set frequency of receivers close enough so phase-change
versus time is small compared to group-delay measurement time 10 MHz

* Normalize phase sweep-to-sweep

38
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Adjusting Receivers with Embedded-LO Application

Coarse-tune process:
« Set input to nominal RF frequency

* Calculate IF based on nominal DUT LO frequency

» Perform broadband receiver sweep
* ldentify center-frequency offset
 Adjust receiver tuning of PNA-X

[Al

Frequency offset

Expected signal —» 1 || «— Actual signal

B receiver sweep

KEYSIGHT

S
TECHNOLOGIES

Fine-tune process:

 Perform ratioed phase measurement
using R1 and B receivers

* Measure phase versus time

» Use slope to calculate fine offset for
receiver tuning

¢ A phase
A freq=————
Jreq 360-A time

A¢
At

B/R1 sweep

39

Embedded LO (S93084B)

Embedded LO X

[“]Enable Embedded LO
LO Search

Tuning Method

Tuning Point Middle Point
Tune every [1 sweeps
Broadband Search | 3.000 MHz
IFBW [30000kHz |
Max Ilterations 5 sweeps

Tolerance | 1.000 Hz

Broadband and Precise

Eoficol ol

Press “Find Now” to trigger
search for LO
LO Frequency Delta |-882.635 Hz 2] | Find Now 4

'Sweep:1 Broadband Swee

p
From:548500881.562000Hz T0:551500881.562000Hz
Found lo at A -881.562000Hz <—

~

LO found at ~-881Hz from

‘Sweep:2 Precise(CW) Sweep
From:0.000000s To:0.002057s

|Found lo at A -882.759000Hz

KEYSIGHT Default Graph...

TECHNOLOGIES

OK

specified LO frequency

Cancel Help

40
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Noise Figure Measurements

nnnnnnnnnn

41

Noise Figure Definition
DEFINED AS THE DEGRADATION OF SNR

_(SIN) - (N) _ N, +kT,BG

" (SJN,)  (GxN)  kT,BG

NF =10 x log (F) (noise figure)

(noise factor)

Test system is assumed to be 50 Q

42
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Noise Figure Measurement Techniques

—Y-factor (hot/cold source)
« Used by NFA and spectrum-analyzer-based solutions
« Uses noise source with a specified “excess noise ratio” (ENR)

« Measures noise figure and gain

lent Technologies

I +28V

346C 10 MHz —26.5 GHz
Diode off = T4
Diode on = T

That - ];old

290K

Excess noise ratio (ENR) =

—Cold source (direct noise)

« Used by vector network analyzers (e.g. PNA-X)
« Uses cold (room temperature) termination only plus separate gain measurement

« Allows single connection S-parameters and noise figure (and more)

43

KEYSIGHT
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Graphical Representation of Y-Factor Technique

T
o
=%
=
=X

Noise Power Out

APout
Pout (cold) f-----------> APin

= amplifier gain

Pin (cola) Noise Power In Pin (not
Noise added by amplifier

44
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Reflections due to non-50-ohm matches

AR REYSICHT

Ideal case:
50Q I (oUT)
Real world:

Y-Factor Method Mismatch Errors

DUT e g NOise Receiver

Not a problem with PNA-X
due to vector-error correction

DUT e g Noise Receiver

Re-reflection causes ripple-versus-frequency

45

Noise Power Out

Pout (cold) f-----------> f

Graphical Representation of Cold Source Technique

slope = known amplifier gain

K Pin (cold)

Noise added by amplifier

rrrrrrrrrr

Noise Power In

46

23



PNA-X’s Unique Source-Corrected Technique

— PNA-X varies source match around 50 ohms using an ECal module
(source-pull technique)

— With resulting impedance/noise-figure pairs and vector-error terms,
very accurate 50-ohm noise figure (NF5;) can be calculated

— Each impedance state is measured versus frequency

(21, F1), (25, Fy), o

Z’s measured during cal
F’s measured with DUT

rrrrrrrrrr

Example NF Measurements of Unmatched Device

5

45

4

PNA-X method using source correction

Y-factor method

; A Under-sampled |
v | i<—— Narrowband application broadband data

401 points Noise source: SNS 4002A (14 dB ENR)
0
050 269 488 7.06 925 1144 1363 1581 18.0
Freq (GHz)

rrrrrrrrrr




PNA-X N5244B with opt. 423, 029

Finputs
rearpanel gy L et e g 5 5 U — 2

oafo]efs]

Source 2 A g

outT1 E : : ouT2 L0
== Pulse @E
{—L % modulator

g

40
35dB [0 35 0B
5048 | su:m[,z’@ | 2
=

q| |2
6008 %] | 35d8
1 1 l LT T || | | ||
Test port 3

Test port 4 M Test port 2

Noise receivers
10MHz - 6-50
6 GHz GHz

Pulse
% modulator
el

¥

l Test port 1

rrrrrrrrrr
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Maury / Focus Tuner Control For Noise Parameters

Improve noise parameter accuracy compared to using ECal as an impedance tuner

» For unmatched devices with high gamma-opt
(optimum source impedance for minimum noise figure)

» Overcomes limitation of using ECal as a tuner
* PNA firmware directly controls tuner from NF application
» Electromechanical tuner provides:

* Much wider gamma spread

» More impedances (21 per probe) versus 7 for ECal

AR REYSICHT
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Path Configuration: Noise Path

RF Path Configuration| Noise Fath Canfiguration

Fort 4 Bypass

ort 3 Bypass
Switch

(=)

Fear ponel et 1 Refercne
Jumger " Wier Switeh

J9 Jg

Port 1 Noise Tuner Switch
SRC |
ouT (= External
 Intemal
=—a

[ Port 2 Noise Receiver Switch R

 Normal °
& Noise Receiver
=—dal

CPLR
THRU

Port 1 Bypass

Port 2 Bypass
Switch

Configuration

51
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ENR Measurement of a Noise Source 346C

File Instrument Response Stimulus Utility Help

--.. Marr 5

Tr 3] 0 0.200dB/ 15.

dB

4.354 dB
14267 dB

1]

# Frequency  Response #  Frequency  Response #  Frequency  Response

1 1000 GHz 145585 dB 6 6000 GHz 14.290 dB 1111000 GHz 14,897 dB

2 2000 GHz 14354 d8 7 7000 GHz 14,602 dB 1212000 GHz 14.975 &8

3 3000 GHz 14267 dB 8 8000 GHz 14.833 dB 13 13000 GHz 14.949 dB

4 4000 GHz 14.185dB 9 9.000 GHz 1492948 14 15000 GHz 1421248

5 5000 GHz 14.191d8 10 10.000 GHz 14.914 d8 15 16000 GHz 13,893 dB

13 | cn1 | intmg |@EEFED Bw=ik | C SNC 2P Move Trace command undone. LOL | 2018/03/05-14:57

PNA-X can be used to measure/calibrate ENR of Noise Sources and it displays
the ENR value directly during measurement

52
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Noise Figure Uncertainty Calculator

* Includes noise-source- and power-meter-based calibrations
* Includes vector and scalar calibration

» Shows uncertainty contributors and potential compression issues

37 Agilent PNA-X Noise Measurement Uncertainty Calculator =) Contributions to NF Uncertainty (2 Std Dev RSS)
n Progres i E| . 5
ons e | Ansao o | |ty | Sevoamuts| - S0
'Vector NF with Uncertainty Limits (2 Std Dev Monte Carlo); $2°
521 Uncertainty Lt
A Weasurement iter n i i w
@ — W L] I
i | ostormonuer | Y
- s I L]
= : |
— i Compression 20m
Vector NF Uncertainty [Data - i Ly | ——— B
I G| om &
-
5 ; |
= “NWVMWMJWMME e N e ——
T o
Do e o’ e .

KEYSIGHT
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Phase Noise Measurements With PNA

KEYSIGHT

TECHNOLOGIES
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What is Phase Noise?
Frequency Instability

Long-term frequency instability
S

e

time
(days, months, years)

* Slow change in average or
nominal center frequency

Short-term frequency instability

/ * Instantaneous frequency
fo A o~ variations around a nominal
center frequency
time
(seconds)

Phase noise is generally considered
the short-term phase/frequency
instability of an oscillator or other
RF/uW component

55

What is Phase Noise?

Ideal versus real-world signals

Ideal sinusoidal signal

V(t) = Asin(21Tf t)

where

A, = nominal amplitude
fo, = nominal frequency

S
/S

To

Time Frequency

Real sinusoidal signal

VI(t) = [A+E(W)]sin[2mf t+ ¢ (Y)]

where

E(t) = random amplitude fluctuations
¢(t) = random phase fluctuations

Time Frequency

56
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What is Phase Noise?

Power Spectral Density of noise Sidebands

» Phase fluctuation of an oscillator produced by
different random noise sources is phase noise

» Mostly concerned with frequency domain where
phase noise is simply noise sidebands or skirt around
“ideal” delta function from sinusoidal oscillator

» Because PN is symmetrical in magnitude around
center frequency, we can measure a single noise
sideband (SSB) as this will also represent the other
sideband

SSB

57

What is Phase Noise?

How to define phase noise measurements

Three elements:

» Upper sideband only, offset frequency (f,,,) from
carrier frequency (f;)

» Power spectral density, in 1 Hz BW

» PSD relative to carrier power in dBc

dBc/Hz @ offset frequency f, from
specified carrier frequency f,

Po

SSB (£(f))

1Hz BW

fo

I

fm (offs

et freq.)

58
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Importance of Phase Noise in Radar

Doppler radar fransceiver

. f S Target 1
Transmitter o AERDER I
s«— Doppler
i signal
/o
LO ’

i 3 /
Receiver A@f\ Stationary |/
Object [/

T 7 & o T i

Decorrelated clutter noise

Highest performance radar transceiver \
designs demand best phase noise to
find moving targets, fast or slow

‘ Better PN = lower skirt ‘
|

Better chance t‘:) find

Doppler reflection signals

Decorrelated

~
~
S

<« Doppler ~~=~.
signal

A
I
\
\
\/ clutter noise
f
.
S|

T+ f

lower €—— Vtarget —> Faster

59

Importance of Phase Noise in Digital Communications

QPSK Example

RF
90°

LO

Ideal QPSK constellation

W

% p ﬁ/

Degraded signal with phase
noise QPSK constellation

60




Two primary methods to measure phase noise

Direct-spectrum method

* By sampling the carrier, direct-spectrum method « Increased sensitivity obtained by nulling carrier &
immediately yields amplitude & phase information then amplifying & measuring phase noise of
* Employed in signal analyzers & some phase noise resulting baseband signal with high-gain, low
systems noise figure amplifiers

* Less sensitive than carrier-removal method « Both frequency discriminator and PLL/reference
because carrier limits ceiling of system components  source methods discussed next use carrier
* ADC full scale, receiver preamp compression level, etc. removal via phase detectors in quadrature

Awlop.ae Power Power
3225MH 225MHe  digialiF

Phase Detector

Phase noise

Phase noise

Oscillatorunder ~ Frequency 0 Hz Frequancy
test (DUT) Carrier removed with
only phase noise left
Power alDe

Preselactor

Froquency
Reference signal
at same carrier
frequency as
out

Sweep generatar

Display

Carrier-removal method (phase detector in quadrature)
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PNA Phase Noise Measurement Application
$930317B/S930321B

PNA/PNA-X: The first VNAs that have phase noise measurement
function, taking the advantage of the new, low-PN DDS source

Frequency range
*« 10 MHz to 70 GHz  S930317B for N522xB/4xB models

* 10 MHz to 125 GHz S930321B for N5290A/91A models

Offset frequency range
¢ 0.1 Hz to 10 MHz

Measurement parameters
« Phase noise, AM noise, residual noise, integrated noise and spurious

Phase noise measurement noise floor comparable with X-series SAs
(UXA/PXA)

34 seconds per sweep (1 Hz to 10 MHz offset)

No cross correlation available

62

31



Modulation Distortion — Complex Stimuli Measurements

KEYSIGHT

TECHNOLOGIES
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Error Vector Magnitude (EVM)

Most commonly used figure of merit for in-band distortion
« Traditionally, requires symbol demodulation of the modulated carrier (I/Q data versus time)

* 1/Q data typically plotted as

constellation diagrams _ _
Vec’lnurd@agglam Constellation diagram
or i cingram ® Symbols =
* Error computed from measured W2 [ sl.emm:} 0
H ® Decision points Q
I/Q symbol location compared to N kB & ey

an ideal reference waveform

—+ 0 (phase ref) 0 (phase ref)

Symbol trajectory T
between states 270

o 4
A,
o Error
«\":%a«y'\ vector
\ / EVM [n] :' I err[n]2 +0Q err[n]2
aa.,@“a '-_ S v where [n] = measurement at
O phase 2 f 0 the symbol time
error 2 i Error vector
phase lerr= Iref-1meas
nce
V0 refer® Qerr = Qref- Q meas

— Vo p—
i Source: Vector Signal Analysis Basics (5990-7451)
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Constellation Diagrams Provide Intuitive Look at Distortion
16QAM example

2assaaasiia

Distortion White Noise IQ imbalance Phase noise

Illustrations created with Keysight PathWave SystemVue Design (SystemVue) and VSA

65

More Bit-Per-Second Means More Stringent Distortion Specifications

Higher order QAM requires lower EVM to maintain acceptable bit-error rates

2 bits/sym 4 bits/sym 5 bits/sym 6 bits/sym
QPSK 16QAM 32QAM 64QAM
7 bits/sym 8 bits/sym 10 bits/sym

128QAM 256QAM 1024QAM

66
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Various Ways to Create and Analyze NPR Using Vector Signal Generators

UXA Wideband Signal Analyzer

BE

S EETTTT Q data

VXG Wideband Source

| Ns186aMxG I%

PNA-X VNA (use VSG
or external mixer for
carriers > 6 GHz)

ENA-X VNA with
built-in upconverter

67

Example Test Setup

Capturing the input and output waveforms

Vector Signal Generator s Sig 05
(e.9. MXG, VXG, °
PSG+ARB) Ref planes

—: i —~
> > |.
A INA :
Port 1 “R1” reference
coupler captures the Port 2 “B” test coupler
t input waveform captures the output
at b2 waveform
Waveform played /
back repetitively Calibration and deembedding bring

the reference planes to the DUT

68
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Data Acquisition

Coherently concatenated FFTs provide unlimited receiver bandwidth (requires repetitive test signal)

69

AN KEYSIGHT

Keysight Vector Network Analyzer Portfolio
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ENA Series

Keysight Vector Network Analyzer Portfolio

PNA-L

NA520xA PNA-X Pro
50 GHz) New!

AR REYSICHT

S T (1 {0 330 GHy)

ENA ENA mmWave VNA
E506xA/B E5080B N523xB (up to 1.5 THz)
(18 GHz) (53 GHz) (50 GHz) (70 GHz)

Testing in the field General-purpose, compact, portable Multiport, Production
g pure pactp test with scalability
P50xXA/B
(53 GHz)
Keysight
PI37XA/B .
(44 GHz) gt’ eamline P
eries
FieldFox N99xxA/B (54 GH M983xA (44 GHz)
relarox ee e %  mmWave VNA PXI" nMogoxa (53 GHz)

MI37xA (26.5 GHz)

71

mmWave solutions

Broadband solutions up to 220 GHz Banded solutions up to 1.5 THz

+ 1.0 mm connectors

« Signal Integrity

+ Active device measurements:
gain compression, frequency
converter, differential, spectrum

+ Waveguide

« Passive component test

« Active devices measurements:
Frequency converter, differential,
spectrum analysis, frequency
converter..

analysis, phase noise...

Device Characterization up to 1.5 THz

« On-wafer devices for 6G
applications

« High output power at 220 GHz
leveled power — 6 dBm (+5 dBm
available)

« >93 dB dynamic range

« Affordable
« S-parameters
+ Waveguide

170 GHz / 220 GHz 2-port broadband VNA using FormFactor probe

. . o Up to 330 GHz (V to J bands) for materials and antenna test
station for on-wafer device characterization

KEYSIGHT

TECHNOLOGIES

72
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Distributed Streamline Solution

FULL DYNAMIC RANGE AT ANTENNA PORTS (4-PORTS EXAMPLE)

Primary Unit Secondary Unit
LO out Port 2

Port 1

40GHz System Dynamic Range
122dB(spec) 134dB(typ) @ 10Hz IFBW

Source antenna

Maximum length of LO / HDMI cables ~15m, with longer cables
restrictions apply. Maximum loss ~23dB @ 20GHz for the LO cable

Trigger/Ctrl/Ref signals (HDMI cable)

LO (always <=20GHz)

USB3 to host PC

USB3 to host PC

KEYSIGHT

S
TECHNOLOGIES

73

=1 % B

Best
Display 12.1inch 12.1inch 12.1inch 12.1inch 12.1inch 12.1inch External PC 6.5 inch
touchscreen | touchscreen | touchscreen touchscreen touchscreen touchscreen
Source attenuators Yes Yes Yes Yes (opt x16) Yes Yes Yes No
Receiver attenuators Yes Yes Yes No Yes Yes Yes No
) Yes (Opt.120/140,
Internal bias tees Yes Yes Yes No No up 0 20 GHz) No
Internal pulse modulators Avsaou:nble Yes Yes No Yes Yes Yes No
Internal pulse generators Av:(;l;l:le Yes Yes No Yes Yes Yes No
GPIB Yes Yes Yes Yes Yes (Opt.172) Yes (Opt.172) No No
Handler I/1O Yes Yes Yes Yes Yes Yes No No
Parallel and serial DIOs for DUT No No No No Yes (Device test Yes (Device test I/0) No No
control 1/0)
Digital I/O for pulsed measurements Yesl /(opl).llse Yesl /(opl).llse Yes (pulse I/0) No VES (Alygl)icaticn Yes (Application 1/0) | Yes (w/ Y1731A) No
Internal DC sources Yes Yes Yes Yes Yes (Opt.175) Yes (Opt.175) No Yes
DC measurements Yes Yes (x2) Yes (x2) Yes (x2) gsf 1(;‘;) Yes (x4, Opt.175) No Yes
Maximum number of internal sources 4 3 2 1 2 2 2 1
Configurable test set Yes Yes Yes Yes (Opt.x16) Yes No No No
Internal combiner Yes up to 2 Yes No No No No No No
Low-noise recej er Yes Yes No No Yes No No No)

TECHNOLOGIES
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Optional Software Feature Comparisons (1)

=y =y =E =1 o 8

PNA-X PNA-X PNA PNA-L ENA-X ENA | Streamline | FieldFox
(NA520xA) | (N524xB) | (N522xB) | (N523xB) || (E5081A) | (E5080B) | (P50xxA/B)  (N99xx)

Feature

Automatic fixture removal

Time domain analysis

Enhanced time domain analysis with
TDR

Real-time S-parameter and power
measurement uncertainty

Basic pulsed-RF measurements

Advanced pulsed-RF measurements

Mechanical noise tuner control

Noise figure measurements

Impedance analysis

Modulation distortion analysis

Scaler mixer converter measurements

Vector mixer converter measurements
or Vector mixer characterization

Embedded LO capability

Gain compression application

Intermodulation distortion
measurements

Source phase control

TECHNOLOGIES
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Optional Software Feature Comparisons (2)

PNA-X PNA-X PNA PNA-L ENA-X ENA Streamline | FieldFox

Feature (NA520xA) | (N524xB) | (N522xB) | (N523xB) @ (E5081A) | (E5080B) | (P50xxA/B)| (N99xx)

Differential and 1/Q device measurements

Spectrum analysis

Active hot parameters

Fast CW measurements

True-mode stimulus

Material properties measurement w/
N1500A

PLTS for signal integrity

Automated Measurement Expert (AMX)

Multiport calibrated measurement (n>4)

Nonlinear Vector Network Analysis (NVNA)

Device Measurement eXpert (DMX) and
limit assistance

Built-in performance test software for
standard compliant calibration

Transportable, USB, network licenses

KEYSIGHT 76
TECHNOLOGIES *1: Supported software license types: fixed-perpetual, transportable-perpetual, fixed-1-year, and transportable-1-year only
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7

Dynamic Uncertainty for S-parameters

KEYSIGHT

EYSIGH
TECHNOLOGIES
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Current measurement model and uncertainty

(WITHOUT DYNAMIC UNCERTAINTY)

Raw DUT » Post processing of the data is required
Measurements to establish uncertainty.

» Uncertainty is based on published
specifications (Instrument, Calibration kit
& some cable definitions)

Calibration
Coefficients

Corrected DUT
Measurements

» Uncertainty data is static in nature.

» Does require programming to integrate
uncertainty into product data sheet

Uncertainty (d8)

KEYSIGHT

TECHNOLOGIES
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Dynamic Uncertainty Approach

THE NEW MEASUREMENT MODEL INTEGRATES

UNCERTAINTY

Raw DUT * The uncertainty is available during the
Measurements a
measurement

» Uncertainty is based on the actual
instrument and hardware being used

Calibration

Coeficients + Uncertainty data is dynamic and
changes as the conditions or device
changes.

* Produces data that can readily be
Soeated DT used for generating datasheets for the
product being tested.

KEYSIGHT 79
Application User Interface
PERFORM SYSTEM NOISE FLOOR & TRACE NOISE
CHARACTERIZATION
» inty. pace - = B » inty Manag pace 4 e
File - Edit - Repeatability - Noise - Cables - Plot - Help - File = Edit * Repeatability « Noise * Cables - Plot * Help =
E Py » = P it »
Uncertaint) Noise Characterizati UncartainyNotse Characterizati b
Hyp STEP 1: Noise Floor characterization e vt STEP 2 Tracs niofe chmmcierizabon, >0Bm)
T Connect Loads at ports 1 and 2 and press Start Measurements. “ B ey C 1 and 2 with SHORTs and tart ¥
Hea } N % xaf Measurement: 4 of 10 =
B el B
| = B |
®7m| VNAsetup ~Noise measurement setup- | | B VNA setup Noise measurement setup
351 IFBandWidth (Hz): 1000 IFBandWidth (Hz): 1000 7‘ Wasi  IFBandwidth (Hz): 1000 IFBandWidth (Hz): 1000 =
E357  Power (dBm): -5.00 Points: 801 Power (dBm): 0.00  Points: 801 =l 351 Power (dBm): -6.00 Points: 801 Power (d8m): 0.00  Foints: 801 ‘T’
25| Start(GHz):  0.010000000 Start (GHz):  0.010000000 | 35| Star(GHz):  0.010000000 Start(GHz): 0010000000 |
H240  Stop (GHz): zs.soaoooolﬁ: Stop (GHz):  26.500000000 ’*‘ 240 Stop (GHz): 26500000000 Stop (GHz):  26.500000000 1
B2 | ) = 2 E
:j: Start Measurements | Stop Measurement and Cancel 7; :‘ o Measrement Stop Measurement and Cancel | ¥
B -1 I 18
s o Cancel i = L ok
=@wa I B
e 4
T T -l | -
IIH o LLLI L) B - |
< I - Hesure otss: i i il i = Measiire Noise...

Step1 Noise Floor Characterization Using Load Step 2 Trace Noise Characterization with Short
Before starting the characterization set freq. range, number of points (~1600) and IFBW (from PNA GUI).
Normally full frequency range of the instrument/cables are used and the data is interpolated during DUT
measurement
No calibration is needed for Noise Characterization and the characterization is normally performed at the VNA
test ports (no cables).

KEYSIGHT 80

80
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Application User Interface
PERFORM CONNECTOR REPEATABILITY

MEASUREMENTS

L inty Manager- = mi4 =
File - Edit - Repeatability - Noise - Cables - Plot = Help -

)
3-8 Cables STEP 1: Connect a LOAD at port 1 and press Start Measurements. L‘]:B'"’
= B VNA P g
T ] | Measurement of Test Port repeatability
B porf J A
NA setip e e : Requires a standard S-Parameter
) ! T = ) :
:::;:?va::)‘-(i)ﬁowoopoims- 801 & ZI -1| calibration i i i i
e | * Uses thIS. F:a||brat|on to determine the
Stop (GHz): 26000000000 ¥ repeatability of the system
[ | * Uses a Load and Short
Start Measurements ‘ Stop Measurement and Cancel ‘ : ° At |east 10 lteratlons are recommended
u
I
oK Cancel 7‘:
B
Measure Repeatability... "5"DL L EL <l % - J‘;L@‘LL gn
Measure Noise... Frequency (GH)
KEYSIGHT 81
TEGHNOLOGIES
81
Trace 521
Trace Type Settings Add Trace
() Normal Coverage factor k(85%) ~ UMax
) UMax ) [/ Noise
. - UMi
) UMin ) || Repeatability E‘
@ UBars — [¥] Calibration
(") Shade
| Ellipses || Apply to all traces
oK | I Cancel l [ Help I
Select what uncertainty contributors that shall be accounted for, coverage
factor and how the uncertainty shall be displayed (Ubars, Shade ... ... )
Traces UMax/UMin can be used for testing towards a Pass/Fail limit
Uncertainty settings such as coverage factor and contributors are per trace
KEYSIGHT 82

TECHNOLOGIES
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Example Measurement of Filter

File Instrument Response Stimulus Utility Help

S osor (TR 3

S27UBar LogM 10.00dB/ 0.00dB

L HE—= iz
71 | cht || intig |(EEZEM BW=ik || C 2-Port LcL || 201a08m26-06:16

rrrrrrrrrr
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