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WHAT IS PHASE NOISE?

=N
+ Ideal Signal (noiseless)
V(t) = A sin(2nvt)
where vvyy
A = nominal amplitude fy f
v = nominal frequency T T
. Ti
* Real Signal _ Domain Fggrﬂf
V(t) = [A + E(t)] sin(2rvt + ¢(t)) v . .
[
where AN f
E(t) = amplitude fluctuations ==
o(t) = phase fluctuations '

Single_ Sideband _ Power _ related _to_1Hz _ P, ) [dBe(LH2)]
Carrier _ Frequency _ Power _P,

L(f,,)=10log(
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Pi-.;IASE NOISE - IMPORTANT FOR RADAR

Radar Applications — Moving Target Indication

¢

&

Target

Waa e w—

High phase noise in radar LO spreads clutter signal and \ B
masks desired low-level target response %’

The lower the phase noise the better is the resolution

ROHDE&SCHWARZ
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PHASE NOISE AND EVM PERFORMANCE

MultiView =2 Phase Noise X Spectrum VSA FRF: 140 GHZ

Ref Level 17.00 dBm Capture Length Modulation Result Length SGL

Freq 140.0 GHz Symbol Rate 0 Tx Filter R Result Range & 10 Count 10
Inp: Ex

1 Const I/é(Meas&Ref) 2 Result Summary -95 d BC/HZ a.t 100 kHZ Offset

Current
EV¥M RMS 6.53
Peak 18.31
MER RMS 23.70
Peak 14.75
Phase Error RMS 2.40
Peak -6.74
Magnitude Error RMS 5.02
: Peak e R
:Carrier Frequency Error -1848.17
Symbol Rate Error =
1/Q Skew -
Rho 0.995 752
1/Q Offset -49.39
I/Q Imbalance -51.36
Gain Imbalance 0.05
Quadrature Error 0.05
Amplitude Droop 0.000 126
-2.48 2.4 Power
3 Mag(Capture Buffer) 4 Symbols
+
0 0
16 0O
32
48
64
80
96
112
128
144

|G | =
1 = (O ) = [ [~

8000 sym
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PHASE NOISE AND EVM PERFORMANCE

MultiView &8 Phase Noise X Spectrum VSA FRF- 140 GHZ

Ref Level 17 dBm Capture Length 3 Modulation Result Length 0 SGL

Freq 140.0 GHz Symbol Rate Tx Filter R Result Range & 10 Count 10
Inp: Ex ¥ D

1Cun.stI./(E)(Meas&Ref) [low — hig 2 Result Summary -90 dBC/HZ at 100 kHZ Offset

Current

EVM RMS 11.35
Peak 37.48
MER RMS 18.90
Peak 8.52
Phase Error RMS 5.80
Peak 21.47
Magnitude Error RMS 5.20
1 Peak -16.91
:Carrier Frequency Error =-2129.26

Symbol Rate Error -
1/Q Skew -
Rho 0.987 306
1/Q Offset -41.58
1/Q Imbalance -52.93
Gain Imbalance 0.03
Quadrature Error 0.19
Amplitude Droop 0.000 017
-2.48 2.4 Power 8§.94

3 Mag(Capture Buffer) 4 Symbols

74| ar -

8000 sym
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PHASE NOISE AND EVM PERFORMANCE

MultiView =2 Phase Noise X Spectrum VSA FRF- 140 GHZ

Ref Level 17 dBm Capture Length Modulation _  Result Length 0 SGL

Freq 140.0 GHz Symbol Rate Tx Filter C  Result Range £ 10 Count 10
Inp: Extiix D

1 Constq{’/Q(Meas&Ref) [low  hig 2 Result Summary '85 d BC/HZ a.t 100 kHZ Offset

Current

EV¥M RMS 16.76

Peak 52.61

MER RMS 15.52

Peak 5.58

Phase Error RMS 9.00

Peak -31.09

Magnitude Error RMS 5.66

] Peak -19.85

:Carrier Frequency Error -1788.82

Symbol Rate Error ---

I/Q Skew -

Rho 0.972 721

I/Q Offset -61.38

I/Q Imbalance -50.08

Gain Imbalance 0.02

Quadrature Error 0.34

Amplitude Droop 0.000 013

-2.48 Power 8.83

3 Mag(Capture Buffer) ‘ T#Symbols

(Hexadecimal)
11 + 13 + 15

8000 sym
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PHASE NOISE AND EVM PERFORMANCE

MultiView =8 Phase Noise X  Spectrum VSA FRF: 140 GHZ

Ref Level 17 dBm Capture Length 2000 Modulation Result Length SGL

Freq 140.0 GHz Symbol Rate z Tx Filter R Result Range # Count 10
Inp: >

1 Const I/Q(Meas&Ref) 2 Result Summary -80 d BC/HZ at 100 kHZ Offset

Current

EVM RMS 28.29
Peak 77.64

MER RMS 10.97
Peak 2.20

Phase Error RMS 15.51
Peak 42.30

-Magnitude Error RMS 7.52

] Peak 23.97

:Carrier Frequency Error -2218.58

Symbol Rate Error

1/Q Skew

Rho

I/Q Offset

I/Q Imbalance

Gain Imbalance

Quadrature Error

Amplitude Droop

T 2. Power

3 Mag(Capture Buffer) C = ﬁlsymbols

(Hexadecimal)
ol RGN I U1 I PTE) RE B
2 3 2 2 1 3| 3

i
i

8000 sym
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RJ MEASUREMENT IN TIME AND FREQUENCY DOMAIN

Ideal Edge Acquired
Ideal Signal Real-world Signal Positions Waveform
V(t) = Agsinwgt V() = (4o + E®) sin(wot + (1)) T
— T /
Where: Where: N
Ao = nominal amplitude E(t) = random amplitude changes e N e TES|
wp = nominal frequency @(t) = random phase changes
Time domain JiTIE(In) = (tn - tREFn)
NA N ANAAA
N VLA o
YRVAVRY UL
VvV VL yyyyl
v\ VY VYV Tref; Trefy Trefy Trefs
Py

P

Total Jitter
(M)

Frequency domain

Random Jitter
(RJ)

Data-Dependent Jitter Duty-Cycle Distortion Periodic Jitter
(DDJ) (DCD) ((3)]

- ten <J_I'LI'LL>+ ter - ter <J_I_>+ ter

PDF PDF
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B EUSM
COMPARISON OF MEASUREMENTS European Sales Mesting

COMPARATIVE MEASUREMENT OF A SIGNAL FROM SIGNAL GENERATOR October 23 to 27, 2017

2017-05-16
09:50:09

- . ' o | Horizontal
MultiView || Phase Noise = | spectrum i I g Ooo ¥ 100
Signal Frequency 999 55929 MHz  RBW 10.0 % SGL
Signal Level -0.84dBm XCORR Factor 10
d&  Meas Time ~18s Meas: Phase Noise
1 Noise Spectrum ®1Clrw PN Smth 1% Spur 608 @24vg PN
TiHz 10 Iz 100 Kz TMHz 10 MRSpot Noise [T1]
a 100.000 i 87.52 dBg
00 kHz  -94.75 dBc/Hz|
50 o 10.000 kHz 93,61 d
100.D00 kHz 93.65 dBe/Hy| T
80 dn OO0 MHZ 92 35 i) — %3l Of P
000 MHZ - 146,08 dBo/H] 13:33 deps FrTmag(Track1)
o 1NN MEE 117,00 dBgk B 10011477 Stz RBW. Hz
- ;80 g [Time-interval error(Jitter)
- - bt PR S S S P PR S S S S R P 1 bt [8 ps/div 0s
R e e e St - ichiwfm1
-100 e -100 i
-110 : H £ T i ‘\ 110 dacy Time-interval err:
| S ps/div
120 t t ; Ry 2! IChiwfm1
-130 2 2 - : - : - 130 déie]
\
140
Nidds B
20 _iaooo |
100.0 Hz Frequency Offset 100.0 MHz R I i : i
e e - e
L ——— Gifset \ o ! Jiter — :
1 1 999,666 kHz -33.73 dic 463 ps g
1 Total Discrete Jitter 463 ps
3 Integrated Measurements
Range |Trace| StartOffset | Stop Offset Weighting | IntNoise | PM | FM/zam | Jitter. [=]
1 100.000 Hz 100.000 MHz PLL 867kHz -20.62 dBc 2.68 °/46.73 mrad £3.357 kHz 7.437 ps 4 E = il
. Lonoonus vononnns Snonde: - CISSU. |
b . . ® ]
L A Characteristics of R&S°FSWP and R&S*

Date: 16 MAY 2017 12:39.08

jitter measurement
R&S*FSWP
< bfs

R&S*RTO

600 fs (jitter noise
floor)

Sensitivity

ROHDE&SCHWARZ
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ACCELERATION OF ELECTRONS - VISUALIZATION WITH
FIELD LINES Watch the alternating field line direction.

The electrons can only be accelerated in a cavity
if the field shows from the right to the left.
Synchronization is required.

SV YV VYV VY

Electrons do not ’\./\/\MA./\

occur one by one.

The electrons are Source:

provided in groups http://tesla.desy.de/new_pages/4211_Cavity_design.htm|
= electron bunches Modifications by R&S, 5SIC

ROHDE&SCHWARZ
11 PTB Seminar 15.5.2024


http://tesla.desy.de/new_pages/4211_Cavity_design.html

AGENDA

Introduction

= Phase Noise — a crucial parameter for many applications

Phase Noise Measurement techiques
= Spectrum anylzer
= PD or PLL method
= Direct demodulation with FSWP

= Architecture of the instrument

= Cross correlation technique

= Additive/residual phase noise measurement

ROHDE &SCHWARZ @
4
12 PTB Seminar 15.5.2024



PHASE NOISE MEASUREMENT WITH SPECTRUM ANALYZER
FSW-K40 / FSV3-K40 / FPS-K40

* 2 modes:
1.) ,.Swept®: ,classical“, display spectrum trace right of carrier logarithmic
2.) ,1Q FFT": run signal processing on captured IQ data

* ,lIQ FFT* is more powerful, offering:
- Higher measurement speed _
- Much better frequency tracking and correction function local : Mited by

- AM rejection (measure ONLY phase noise, REMOVE AM noise) OScillator | o
- More measurement results (e.g. level variation, frequency vs time)
(,/IQ FFT" uses the same signal processing DLL as used in the FSUP)

Performance li

Performance

= 5 B . S ’—‘ ama- ‘ | = . — '—‘ H .7 —— e *
ROHDE&SCHWARZ
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Phase Detector Method - PLL Method

W @

Reference Source

TS

ROHDE&SCHWARZ
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R&S FSWP - PHASE NOISE AND VCO TESTER

1 Signal- and spectrum analyzer and phase noise tester in one box
1 Phase Noise Measurement fast with unrivalled sensitivity
1 typ.-172 dBc/Hz at 1 GHz and 10 kHz offset
I Real demodulation
1 AM noise and phase noise measurement in parallel
1 Cross correlation for increased sensitivity
1 Correlation gain indicator
1 Frequency range for phase noise measurement up to 50 GHz
1 Up to 325 GHz with external mixers

1 Scalable RBW:

1 0.1% to 30% to optimize performance/measurement time
1 Ultra small RBW 0.0003% for detection of very small spurs

I Measurement of pulsed phase noise by push of a button

1 Internal source (up to 18 GHz) for residual/additive phase noise
measurements
= Without ext. phase shifter , just connect the DUT

1 Ssignal and spectrum analyzer
= 320 MHz analysis bandwidth

ROHDE&SCHWARZ
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DIFFERENCES: R&S FSW-K40 - R&S FSWP

fa
Spectrum Spectrum Phase NS 's‘le,,/
Analyzer Analyzer Analyzer ’
FPS & K40 FSW & K40 FSWP
v v v

Measure Phase Noise

Pulsed Phase Noise x v
Measure VCO's (phase noise) 4 v v
Dedicated VCO Measurements x x 4
Cross Correlation (improve phase x x v
noise performance)

Sensitivity (1 GHz, 10 kHz Offset)  -110 dBc/Hz -135 -172 dBc/Hz

dBc/Hz

AM Noise Suppression 4 v v

AM Noise Measurement x x v
Additive Phase Noise x x v

ROHDE&SCHWARZ
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ANALOG SIGNAL PATH

Ref > ADC |11 | | 16bit
ffi: 1 J—' ® 1;' 20 log 2%¢ + 10*log 100MHz = 176 dBc/Hz
Synth M L Oh et ]
Chan. 1 ADC | Q1
Ly 101 ® I: 1.Q
7y
} | fancl FPGA PC
RF In ATTEN <]
ADC |12
o J—’ 0% %>’ 2,
Chan. 2 X A L »
15> a2 A 02 foc2 —>
Synth L ADC | Q2
Chilr:]. 2 ® > 2,Q i’
Ly LO2 A

100 Msamples/s,

fapc2

» Two loosely coupled reference sources (PLL bandwidth < 0.1 Hz)

» Analog I/Q mixer with low- or zero-IF

— IF depends on frequency offset to be measured

— Optimized to avoid spurious emissions

18 PTB Seminar 15.5.2024
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Digital Signal Path - FM Demodulator

» N lQfor Offsets > 30 MHz

Pul
NCo > De:;csfm
Decimate
" ' ED
o V] - ! PRF X
)

Q' Equalizer [—3)] ® 3 Squeich [} Fiker

100 MS/s ~

&

Decimate

For Pulsed Phase Noise

+JQ(I)I

4>[

AN

Q) +JQ(I) d/dl( )

» PM signal has phase wraps at £11. No filtering or FFT possible. FWQVL *JV* e

» FM demodulator preferred to digital PLL due to its simplicity PhaseWraps
» FM demodulator frequency response decreases with 20 dB per decade toward DC

— Analog FM demodulators are insensitive close to the carrier

— White noise, e.g. quantization noise, must be hold below the FM slope

— 48 bit signal dynamic do the job!

ROHDE & SSCHWARZ ®
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PARALLEL MEASUREMENT OF AMPLITUDE AND PHASE
NOISE

Signal Frequency 100.00001 MHz RBW 3.0 %

Signal Level ¢ XCORR Factor 10

Att ( Meas Time ~7 28
1 Phase Moise

Phase Noise
0]0,(0)

Fl equency Offset

ROHDE&SCHWARZ
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High end References for small Offsets

R&S FSWP-B61 vs Standard FSWP-B60
Start offset 1 Hz, correlation factor = 1

Offset frequency from the carrier
0.01 Hz 0.1 Hz 1Hz 10 Hz 100 Hz 1 kHz
1 MHz -60 -105 | _118 | 118 | -136 ~136 ~148 ~148 —166 ~166
10 MHz -40 -86 ~115 | 106 | -132 —130 —142 —140 ~160 ~158
100 MHz 20 66 95 | -86 | -117 ~116 ~140 | -136 ~166 | -163
1 GHz 0 -46 —75 | -66 —97 —96 ~120 ~116 ~150 ~143
3 GHz +10 -36 —65 | -56 —87 —86 ~110 ~106 —140 ~133
7 GHz +17 -29 58 | -49 —80 —79 ~103 —99 ~133 —130
10 GHz +20 -26 55 —46 —77 —76 -100 -96 -133 -128
16 GHz +24 -22 51 | -42 —73 —64 —96 —92 129 | -124
26 GHz +28 -18 —47 | -38 —69 —60 —92 —88 ~125 —120
50 GHz +34 -12 —41 | -32 —63 —54 —86 —82 ~119 ~114

ROHDE & SSCHWARZ ®
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FSWP-B61 - Specification

Positive Numbers for Phase Noise?
* 0.01 Hz causes +20dB to get dBc/Hz
* Real demodulation — what happens, if deviation of phase modulation is increased?

*  Application note:
https://www.rohde-schwarz.com/applications/r-s-fswp-validity-of-positive-phase-noise-values-white-paper_230854-831492.html

Multiview | Phase Neise  * |[ Spectrum MultiView | Phase Noise | ~
Rel Level 2.00 dbrm REW 5 He SGL Rl Lavel 2 00 40
At 12 7 - Are 128 SWT 101s(

ROHDE&SCHWARZ
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FFT and Cross-Correlation

» Spectrum is divided into half decades (1 Hz to 3 Hz, 3 Hz to 10 Hz, ...)
» Result is the magnitude of cross-correlation averages

From FPGA
(A
‘ XCOR |—» Average » >
<)
v
K

XCOR |—» Average —»|

uondalag Inds
Buiyroows

XCOR —» Average —» >

Improvement of sensitivity: 5 log (N)

24 PTB Seminar 15.5.2024
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FFT and Cross-Correlation

L)~

L)~

N
1 ¥
NZ(AL' + Ny i)(A; + Nyj)
im1

*
NZ,i

S

N N N N
1 o1 o1 . 1
Nz AlAl + Nz AiNZ,i + Nz AiNl,i + Nz Nl,i
i=1 i=1 i=1 i=1
;’O —>OV — 0 .
Q "1

{100 Averages)

25

Sensitivity Improvement 5 log n
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R&S FSWP PERFORMANCE

» Typical phase noise at different center frequencies with R&S®FSWP-B61 option (start offset = 10 mHz)

30,0 -
——50 GHz
10‘0 I —=—26 GHz
——16 GHz
_10’0 - 10 GHz
——7 GHz
—~ =30,0 - —e—3GHz
P 1GHz
T 50,0 - 100 MHz
3 —10 MHz
z _70,0 - 1 MHz
&
'g -90,0 A
b
& -110,0 A
[=9
fos]
g -130,0 A
-150,0 -
-170,0 -
-190,0 . . ‘ ‘ . ] ] T ! 7
10 mHz 100 mHz 1Hz 10Hz 100Hz 1kHz 10kHz 100 kHz 1 MHz 10 MHz 100 MHz

Frequency offset from carrier ROHDE&SCHWARZ
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R&S FSWP +Harmonic Mixers g

External Harmonic Mixer

LO1 Input Source
ADC [
11 7 Radio on
4' Frequency
z 1 Mixer Settings Basic Settings Conversion Loss Table Test Setup
> — fanc1
Waveguide > ® F DG L ) External Ban :
Splitter Mixer
P ADC Qi RF Star |
g 1.Q — tart Band
RF m X Baseband
— P RF Stop . RF Overrange Preset Band
LO2 faoc FPGA PC

Handover Freq
- l ADC |12 ,
= - -
A Mixer XCORR

-
> > fanc2
1 Mixer 1 Mixer 2
ADC | Q2
2Q
% Range Harmonic Type Harmonic Order Conversion Loss
fanc2
e 1 Even v Average Table 28.0dB

| s

ROHDE&SCHWARZ
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R&S FSWP +Harmonic Mixers

Measurement of the phase noise of an R&S SMA100B at 67 GHz

Multiview &= Phase Noise

Signal Frequency ¢ RBW
Signal Level XCORR Factor
Att 5 Meas Time

Inp

1 Noise Spectrum

100 T
10.0 Hz

2 Integrated Measurements
Range Trace Star
1

28

Source Frequency 1.
Source Level

SGL
Meas Pha

Ir 6dB PN

Spot'Noise [T1]

10.000:Hz
100.000/Hz
1.000 kHz
10.000 kHz
100000 kHz
1,000 MHz
10.000 MHz
100,000 MHz

PTB Seminar 15.5.2024

-62.77 dBcfHiz

-80.80 dBc/Hz
-103.20-dBcfiHz
-113.76/dBc/Hz
=115.90 dBc/Hz
-127.52 dBc/fHz
-139.61 dBc/tiz
-146.88 dBc/Hz

1
100.0 MHz

_Ji er
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R&S FSWP - FSWP-B64

RESIDUAL/ADDITIVE PHASE NOISE MEASUREMENT

CW Measurements

\\ Baseband Moise

Pulsed Measurements

ROHDE & SSCHWARZ ®
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Additive Phase Noise — Digital Phase Demodulator

Internal hardware automatically reconfigures when “Additive” is selected
No phase detector needed for quadrature — no phase shifter

Greatly simplifies measurement setup and calibration

= Internal Low Noise Synthesizer as DUT stimulus

/2 Mixers Ch1

IYQ Mixers Ch2

FSWP Signal Source Analyzer

ROHDE&SCHWARZ @



Additive Phase Noise - Digital Phase
Demodulator

+  No phase detector needed for quadrature — no phase shifter

+  Greatly simplifies measurement setup and calibration

+  External Low Noise Synthesizer as DUT stimulus can be selected
— High end source can be used
—  Support of freq. converting DUTs is possible

1/Q Mixers Chi

1/Q Mixers Ch2

nnnnnn
aaaaaa

(=]
g
= .
K| Fg RF LO inputs

External source FSWP Signal Source Analyzer

ROHDE & SCHWARZ ®
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Application Note

Additive/residual phase noise measurement

1EF100: 2-Port Residual Noise Measurements

As phase noise becomes an increasingly important system-level specification for electronic test equipment, communic ations
systems, and radar systems. It is not only important to quantify the noise produced by oscillators, but also the noise added
by each component in the signal processing chain. This application note reviews the fundamentals of residual or additive
noise and addresses measurement technigues for determining the ampliiude (AM) and phase noise added by two-port
devices such as: amplifiers, mixers, block freguency converiers, mullipliers, dividers, and frequency synthesizers.
Additionally, the Ronhde & Schwarz FSWP phase noise analyzer will be introduced and a discussion of residual noiss
measurament technigues for the above-mentionad devices will be provided .

Name Type Language \Version Date Size

» TEF100_1e_2-Pori_Residual_MNoise_Meas.pdf | Application Note | English 1e 09102017 | 2 MB

https://www.rohde-schwarz.com/applications/2-port-residual-noise-measurements-application-note_56280-487744.html|

Interesting — Noise Figure Measurement

1 FkT
s‘p(f) 'Pl'.ll
Lf)= Ny +FN = Py [ =
Where Nty = -177 dBm/Hz. fe

Offset Frequency from Carrier
ROHDE&SCHWARZ
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1 Frequency Sweep

Application Note

Additive/residual phase noise measurement

MultiView 22 Spectrum #'x  Phase Noise X | Noise

Signal Frequency RBW 1( Source Frequency
Signal Level XCORR Factor Source Level -
Att d Meas Time 7s Gain

1 Noise Spectrum

10.000 Hz -110.16 dBc/Hz
100.000 Hz -124.01 dBe/HZ
1.000;kHz -1383.17 dBc/Hz|
10.000'kHz =141.25 dB¢/Hz|
100.000'kHz -146.90 dBc/Hzz
1,000 MHz -147.98 dBz/Hz

L(f): NTH+FN_ Pin

-147.9 dBc/Hz=-177 dBm/Hz+FN-(-22.9 dBm)

[ som T fa0 [ 340 [ — 3dooo [ 2000 ]
10.0 Hz Frequency Offset

[ 2000 ] [ 3000 ]
2 Integrated Measurements ) ) F N :6 . 2 d B

Range Trace Stop Offset Weighting
1 °

ROHDE&SCHWARZ
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New Application Note

Additive/residual phase noise measurement

Multiview S8 Spectrum # X Phase Noise
RBW Hz ENR (Const)

Ref level (Auto) dBm
Att 0dB  SWT 2nd Stage Corr
AVG 5 Calibration

1 Noise Figure

6.95 GHz 20 pts  10.0 MHz/

3 Y-Factor

20 pts 10.0MHz/ (RF)

35

dB  Mode Direct
n

2 Gain

20 pts  10.0MHz/ (RF)

7.05 GHz | 6.95 GHz

4 Result Table [T1]
Noise Gain
1

PTB Seminar 15.5.2024

7.05 GHz

¥-Factor
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QUESTIONS

G
7,

ROHDE & SSCHWARZ ®
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