Introduction

Extracting electronic signals from noise is a challenge for most
electronics engineers. As engineers develop cutting edge radar and
communications systems, where extreme processing is used to obtain
the maximum amount of information from the signal, phase noise is
the little understood nemesis limiting system performance.

Phase noise degrades the ability to process Doppler information in
radar systems and degrades error vector magnitude in digitally
modulated communications systems |

Phase Noise
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Phase Noise Measurements
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What is Phase Noise?
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The basic concept of phase noise centers around frequency stability, or the
characteristic of an oscillator to produce the same frequency over a
specified time period.

Frequency stability can be broken into two components:

— Long-term frequency stability—frequency variations that occur over
hours, days, months, or even years

— Short-term frequency stability—describing frequency changes that occur
over a period of a few seconds, or less, duration.

In our discussion of phase noise we will focus on short-term frequency
variations in oscillators and other electronic devices like amplifiers

Phase noise can be described by in many ways, but the most common is
single sideband (SSB) phase noise, generally denoted as _§£f)

The U.S. National Institute of Standards and Technology (NIST) defines

A0 as the ratio as the power density at an offset frequency from the carrier

to the total power of the carrier signal.
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What is Phase Noise?

ldeal Signal
V(1) = ASin(a, (1))

Where:
A, = nominal amplitude
w, = hominal frequency

V(1)

Real-World Signal
V() = (A, +E(t))Sin(e, (t) + #(t))

Where:
E(t) = random amplitude changes
®(t) = random phase changes

V ()
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What is Phase Noise?

Using Phasor Relationships

AVnrms, -~ "~ Vinere

2 fm . AVNrms = amplitude noise
S ’) !
/

'-\"\ ! A(I)rms = phase noise
‘\}\ /.
\\' 4
w._ | _.-
N
\ -
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\
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\
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What is Phase Noise?

Unit of measure

* Usually single sideband phase noise is denoted as A(f)

» Af) —defined as single sideband power due to phase fluctuations
referenced to total power

— In a 1 Hz bandwidth at a frequency f Hz from the carrier

— Divided by the signal’s total power L0G A
— Af) has units of dBc/Hz B0 |\\
— L) is plotted using log frequency e i
L(F)= Area of 1 Hz bandwidth
Totalarea under the curve ]

I I -

I I =

fO 0+ m FREQUENCY
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Direct Phase Noise with a Spectrum Analyzer

AN = Noise power in a 1 Hz bandwidth
Total signal power

Agsioat Spoctrm Anabysec - Swapt SA

A4S T 204 P 13, 2012 _
rac i Marker Function

AD = P, (dBm/Hz) - P, (dBm)

Marker 1 A 10.000000 kHz : Avg Type: Pur(RMS)
PHO: Clogs —»—  11ig: Free Run
IFGain:Low Arten: 10 dB

Ref 0.00 dBm

P, (dBm)

P. (dBm/Hz)

: YT i ' :}l:.’*f{i.'}' méll i, ] (—— T 14 |
e LA S T - 1 Hz bandvidih,
I A I N L | > S<T—- generally normalized
Center 1,00000000 GHz Span 25.00 kHz

Res BW 240 Hz Sweep 4.40 s (1001 pts) — to 1 HZ
STATLS
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Thermal Noise or Johnson Noise

Agtiesit Sypesiroen ddodyare - Sewegt A

y 3 LYK BNTHRET. IBFTIGP
Marker 1 1.546420000000 GHz Avg Type: Par{RMS] my
PHU o Ly 110-Free Run

Fdisinctigh AActan O dit

Ref 20,00 d8m

Center 13.26 GHz
Res BW 3.0 MH2 VBW 100 xHz*

K = Boltzman’s constant T = Temperature (K)

For T=200K  Np =204 80Wats) _ -, dBM
Hz Hz
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Thermal Noise Limitations on
Phase Noise Measurements

ot(f) = P, (dBm/Hz) - P, (dBm) Total Powgr (kTB) = Pn (I_(TB) =-174 dBm/Hz
Phase Noise and AM noise equally contribute

Phase Noise Power (kTB) =-177 dBm/Hz

Theoretical KTB limits to phase
noise measurements for low-level

signals

P, (dBm) A0 dBc/Hz
+10 -187

0 -177

Note: There are other measurement factors
-10 167 besides kTB limitations which can reduce the

theoretical measurement limit significantly.
-20 -157
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The Universal Solution to Low-Power Signals

Add an Amplifier

Pin = Ps (dBm) Pout = Ps (dBm) + G(dB)

AN
e
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The Universal Solution to Low-Power Signals

Add an Amplifier

Pin = Ps (dBm) Pout = Ps (dBm) + G(dB) + Na(dB)

AN
e
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Amplifier Noise Figure

- _(SIN),
(S/N)

out|T=290K

What does noise figure
have to do with phase noise?
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Amplifier Noise

KTB Nout

FKTB

Ps Nout = FGKTB

Vs(rms) — RPSG A

N\

VNrms E‘/RFGKTB
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Phasor View of Amplifier Noise

For small A®, ., where tan(x)=x:
VNrms.," £ T,
V..  [FGKTB mo
AD,, = = oo ‘.
VSrmS'\/E 2PSG |.‘\ .'
AD,_Total = v/ AD st + AD sz = FI;TB RN
S \\
The spectral density of phase fluctuations: Abrm s\( |
¢ \ Vsrms X\/2

. (f)= AD?ms () _ FKT {radz}

B P, | Hz

L(f) = S, (f) FKT|rad®
2 2P, | Hz
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Quantifying Phase Noise

Quantifying Phase Noise in Terms of Power Spectral Density

spectral
energy

frequency offset from carrier (Hz)

So(f), Spectral density of phase fluctuations
LD, Single sideband phase noise relative to total signal power

S,(f), Spectral density of frequency fluctuations
S,(f), Spectral density of fractional frequency fluctuations
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Quantifying Phase Noise

Sq(f) or Spectral Density of Phase Fluctuations

Se (1)

rad?
Hz

frequency offset from carrier (Hz)

Sq)(f)z ACDZrms(f) _ SvrmS(f)|:rad2:|

K, B K,” | Hz

Demodulate phase modulated signal
with a phase detector (convert phase
fluctuations to voltage fluctuations)

Avy, = KeAD,, Where: Kg = V/radian

out —

Measure the voltage fluctuations on
a spectrum analyzer:

AVrms(f) = KGJAq)rms(f)

Sv,(f) = the power spectral density of the
voltage fluctuations out of the phase
detector

So(f) can be expressed in dB relative to 1 radian
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Quantifying Phase Noise

A, Single Sideband Phase Noise

* Due to phase fluctuations referenced to carrier power

A

)

frequency offset from carrier (Hz)

Power density (one phase modulated sideband) (@j

AN = Carrier Power Hz
L(f)= Sq’é H)
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Single Sideband Phase Noise
(Region of Validity)

small Angle Criteria

0 HP E5500 Carier: 7B0E+5 He e wapn o V5550 - 14:56:45
R S SO S S S ] Small angle
7 T T o proee criterion
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1 1 1 1 1
— T 1
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e S Historical A valid - S . S
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Agenda

 What is phase noise?
* Phase noise measurement techniques

‘ — Direct phase noise measurement (with a spectrum
analyzer)

— Phase detector techniques
— Two-channel cross correlation method
* Agilent E5500 Phase Noise Measurement System
« Comparison of Agilent Phase Noise Measurement Solutions
e Summary
 Bibliography
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Direct Spectrum Method

e DUT » Oldest phase noise measurement

E o method
—TE e @ « Simplest and easiest method of phase

noise measurement

— The device under test (DUT) is
directly connected to the input of a

e s oo 2T 0000 e spectrum analyzer
| — The analyzer is tuned to the carrier
frequency

— Directly measure the power spectral
density of the oscillator in terms of

- A
' . ! | Fregomse i
LU — Phase noise measurement
‘ personalities further simplify the

I.F d“u} L ﬂl', '}éﬁ““‘{' ',’
measurement

Center 100000750 GHz Span 25.00 kHz
Res BW 240 Hz VBW 24 H2' Sweep 4.40 s (1001 pts)

STARE ) Abgr Now. All regqured

Anticipate ___Accelerate __Achisve _
Aerospace & Defense Symposium

% : o . .
"f.‘:,:'.,'" Agilent Technologies © 2012 Agilent Technologies



Limitations of the Direct Spectrum Method

The following factors limit the accuracy of direct spectrum phase
noise measurements:

* IF (RBW) filter bandwidth, verses noise bandwidth

« |IF filter type and shape factor

» Local oscillator stability—residual FM

» Local oscillator stability—noise sidebands

* Analyzer’s detector response to noise—peak detector introduces error
* Analyzer’s log amplifiers response to noise

* Noise floor of the analyzer
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Agilent N9O68A Phase Noise Measurement
Application for PXA, MXA, and EXA

Agilent Phase Noise - Log Plot

Start Offset 10 Hz Carrier Freq: 1.000000001 GHz
—w—- Trig:Free Run

Atten: 10 dB (Elec 0) Signal Tracking: On

Mkr1 10.0 kHz
-132.62dBc/Hz

IFGain:Low

Ref -70 dBciHz Carrier Power 0.34 dBm

1

i

o e T g

iR
i TR
s

R

priam E
'0...-‘. et Smonﬁe
Tl

10 Hz Frequency Offset 1.00 MHz

Freq Offset Tracel Trace2 Trace3
10 Hz 53.03 dBc/Hz 94.70 dBciHz

-104.38 dBciHz

-117.72 dBciHz

-132.62 dBciHz

-131.64 dBciHz

-143.37 dBciHz

-103.41 dBciHz
-116.37 dBciHz
-133.53 dBcfHz
-132.20 dBcfHz
-142.87 dBciHz

100 Hz
1.00 kHz
10.0 kHz

100 kHz
1.00 MHz

Measurements

Monitor
Spectrum

Frequency

LogPlot

IQWaveform

sTATUS €23 Align Now, All required
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N9OG68A provides
a simple one-
button PN
measurement

Can:

— Monitor a
spectrum

— Spot
measurement
verses time at
a single
frequency

— Log plot, as
shown here
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N9068A Marker Functions

» Spurious Search:
— Next spur, next spur right, and next spur left
« Band Marker Functions:
— RMS integrated phase deviation in degrees
— RMS integrated phase deviation in radians
— RMS integrated jitter in seconds
— RMS integrated phase noise in dBc per marker bandwidth Hz
— Residual FM (frequency weighted integrated) in Hz
— RMS averaged phase noise density in dBc/Hz
» Delta Marker Scales:
— Absolute (+ Ax Hz)
— Octave slope (x A2*X Hz)
— Decade slope (x A10X Hz)
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N9068A Band Marker Functions
RMS integrated phase deviation in deqgree

Function
Mkr1 120 Hz _
idiy  Ref 50 dBciHz Carrier Power -10.28 dBm -86.37dBc/Hz

Select Marker >
1

““‘1;-‘

@W[ A Integrated
stimated | (RMS) Noise D
SB Degree

Residual FM
(Weighted Integ)

Averaged
Noise Density

Marker
Frequency Offset Function Off

FUMCTIOMN FUMCTIOMN */I1DTH

86.37dBciHz _
91.26dBc/Hz Band Adjust »

. Z 29 dEC/HZ
288 kHz 12417 dBe/Hz| Integ Moise
6.76 kHz -126.79 dBc/Hz| Inteqg Moise
151 kH=z 127.69 dBciHz| Fesidual Fh
324 kHz -127.76 dBciHz Average

{A) 21.34400000 kHz | {A) 0.06dB pace & Defense Symposium

(A) 2259 octaves |{A) 0.20dBloct. 2012 Agilent Technologies

{A) 1.01 decades | {A) H5.23dBidec.
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Calibrated Phase Noise
(Note: can be used with any test method)

Occasionally, it is desirable to have a calibrated phase noise signal that
can be used to verify the performance of a measurement setup. Here a
calibrated phase noise is generated with a constant slope of -20
dB/decade, by creating an FM signal modulated with uniform noise.

A n M Webar  Log e

AT TP T 7 e e =8 < Setup an Agilent PSG signal generator

w- Ttig Free Run
¥ Camlow Alten: 10 48 [Elec 0]

for FM modulation, by selecting:

— FM path 1

— FM on

— FM deviation, as specified on next slide

Carrier Power 0.13 dBmy

— FM waveform to noise, uniform

* Ensure that noise of the PSG in FM off is
at least 10 dB less than the desired
calibrated noise at a desired offset
frequency, to ensure accuracy.
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Calibrated Phase Noise—Cont’d

FM Noise | Offset
Deviation |1 Hz 10 Hz 100 Hz 1 kHz 10 kHz 100 kHz

S5 Hz -100 -120 -140 -160
16 Hz -50 -70 -90 -110 -130 -150
50 Hz -40 -60 -80 -100 -120 -140
158 Hz -30 -50 -70 -90 -110 -130
500 Hz -20 -40 -60 -80 -100 -120
1.58 kHz -10 -30 -50 -70 -90 -110
5 kHz 0 -20 -40 -60 -80 -100
15.8 kHz 10 -10 -30 -50 -70 -90

50 kHz 20 0 -20 -40 -60 -80

Note: For the example on the previous slide, an FM deviation of 500 Hz
was selected to produce a calibrated phase noise of -100 dBc/Hz at a 10
kHz offset.
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Agenda

 What is phase noise?
* Phase noise measurement techniques

— Direct phase noise measurement (with a spectrum
analyzer)

‘ — Phase detector techniques
— Two-channel cross correlation method
* Agilent E5500 Phase Noise Measurement System
« Comparison of Agilent Phase Noise Measurement Solutions
e Summary
 Bibliography
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Phase Detector Techniques

A phase detector can be used to isolate phase noise from amplitude noise.
The basic concept of the phase detector forms the basis of several
common phase noise measurement methods.

* The phase detector converts phase
difference between its two inputs into a

11
| voltage
i i Signal 1 * When the phase difference between the
N | two inputs is 90° (quadrature), the
I AV = KA phase detector output will be 0 Volts.
1A ® ® " < Any phase fluctuations around the

" guadrature point will result in a voltage
4 I fluctuation at the output of the phase
| detector
X Signal 2

» The phase detector output can then be
digitized and processed to obtain the
phase noise information desired.
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Reference Source / PLL Method

The reference source / phase lock loop (PLL) method is an adaptation of
the phase detector technique, where a double balanced mixer is used as a
phase detector.
* In this method, two sources are used
— One source is the DUT
Low-pass Low-noise .
Filter (LPF) B — The second source is a reference

DUT

e source that the DUT is compared to
90° —  The reference source is controlled such
Reference ., that it follows the DUT at the same

source frequency and maintains a phase

~ guadrature
r E——  The mixer sum frequency, 2f; is filtered off
with the low-pass filter and the mixer

difference frequency is 0 Hz, with an
average voltage of 0 Volts

Riding on the DC output of the mixer are
AC voltage fluctuations proportional to the
combined phase noise contributions of
the two sources.

Note: The phase noise of the reference must be
negligible, when compared to the DUT.

 Offers the best sensitivity and widest offset coverage
* Insensitive to AM and can track drifting DUTs

* Requires a clean electronically tunable reference.
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Frequency Discriminator Method

The frequency discriminator method is another adaptation of the phase
detector technique, where the reference source has been eliminated and
the DUT signal is compared with a time delayed version of itself.

 Signal from the DUT is split into two

paths
— The signal in one path is delayed
relative to the other path
S — The delay line converts frequency
—\ Hbq Saseband fluctuations into phase fluctuations

— The delay line or phase shifter is
adjusted to put the inputs to the mixer
in quadrature

— The phase detector converts phase
fluctuations into voltage fluctuations
which are analyzed on the baseband
analyzer

Phase shifter
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Frequency Discriminator Method

» The analog delay-line discriminator degrades measurement sensitivity, at
close-in offset frequencies

* Is a very useful method when the DUT is a noisy source that has high-level
low-rate phase noise or high close-in spurious sideband conditions which
can limit performance of the phase detector PLL technique.

« Longer delay lines can improve sensitivity, the added insertion loss of the
longer delay can degrade signal to noise ratio and measurement sensitivity

* Longer delay lines also limit the maximum offset frequency that can be
measured.

» This is the best method for free-running sources, such as LC and cavity
oscillators.
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Heterodyne Digital Discriminator
(A modification of the analog delay line discriminator)

(frequency locked loop)
....................... FLL 4‘
flo Scaling amp. T Va(t) PM
i noise
@,.__» BPF > LPF
y foe MIX. DSP
. 'RF
| : Vi(®) (FFT)
Signal Source o time
Under Test Digital Signal Processing
Note that a main sigjnal still exists at thi.s point ! zis set at 1/(4f ) [sec] ~ 4ns

This limits D.R. of a digital discriminator method.
« DUT signal is down converted to an IF frequency by a mixer and a frequency locked LO.
« The IF signal is amplified and then digitized by an Ato D converter

» In DSP, the signal is split and a delayed version of the signal is compared with a non delayed version in a
mixer. The delay is set to ensure quadrature.

« The mixer output is filtered to remove the sum component, leaving the baseband component which is
processed for phase noise.
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Heterodyne Digital Discriminator

« Can measure unstable sources and
oscillators

« Wider phase noise measurement range
than the PLL method

« Dynamic range is limited by the LNA
and ADC

» Provides very fast and accurate AM
noise measurements by setting the
delay time to zero

« Performance is improved by cross
correlation in the Agilent E5052B.
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Agilent E5052B, Signal Source Analyzer
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Agenda

 What is phase noise?
* Phase noise measurement techniques

— Direct phase noise measurement (with a spectrum
analyzer)

— Phase detector techniques
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e Summary
 Bibliography
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Correlation technigque for noise floor reduction

Two-channel Cross-Correlation Technique

internal system noise N, Measured noise: N,
Signal-source s CH1 > .
Under Test
) DSP v
@ ------ *O—| Splitter Cross-correlation ::>
Source noise : (Correlation#=M)
Ns y » CH2 3:>

internal system noise N,

Nmeas = NS_U T+ (N1 + N2 )/\/ M Assuming N, and N, are uncorrelated.
M (number of correlation) 10 100 1,000 10,000
Noise reduction on (N;+N,) -5dB -10dB | -15dB -20dB
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Agilent E5052B Cross Correlation

» The Agilent E5052B incorporates

— Atwo-channel cross-correlation measurement system to reduce
measurement noise

— Can be configured as:

« Two-channel normal phase noise PLL system
« Two-channel Heterodyne Digital Discriminator system

* Provides excellent phase noise measurement performance for many
classes of sources and oscillators

* |Is particularly well suited for free running oscillators

« Measurement speed suffers when the number of correlations becomes
large, limiting close-in phase noise measurement performance.
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— Direct phase noise measurement (with a spectrum
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Agilent E5500 Phase Noise Measurement System

Anticipate Accelerate Achisve
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Agilent E5500 Phase Noise Measurement
System

» The E5500 system can be configured as:
— A phase detector system
— Areference source/PLL system
— A frequency discriminator system
— For residual phase noise measurements
— For pulsed phase noise measurements

« System is complex, but allows the most measurement flexibility and best
overall system performance
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Agilent E5500 Phase Detector Sensitivity

Anticipate

SSB Phase noise sensitivity (dBc/Hz)

N5500A phase detector noise sensitivity

60 |-

N
-60

st
P

J0
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160 |-

170 [— it
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190
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0.10

1.00

10.00

100.00 1,000.00
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10,000.00 106,000.00  1000,000.00 10,000,000,00 100,000.000.00

suee \G500A @ 600 MHz, typical: SSB PN floor (dBc/Hz)
o e NESH0A B 12 10 265 GHz SPEC: SS8 PN tloor (dBc/Hz)

e NESO(A @ 50K 20 1.6 GHz SPEC: SSB PN Hoor (dBc/Hz)
- oot NES08A (esz ut 24 GH2j typ. SSB PN (dBe/Hzy
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Agenda

 What is phase noise?
* Phase noise measurement techniques

— Direct phase noise measurement (with a spectrum
analyzer)

— Phase detector techniques
— Two-channel cross correlation method
* Agilent E5500 Phase Noise Measurement System
‘ « Comparison of Agilent Phase Noise Measurement Solutions
e Summary
 Bibliography
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Comparison of Agilent Phase Noise Solutions

Agilent PN PN Measurement Advantages Disadvantages
Solution Technique
N9068 PN Direct Spectrum » Easy operation » Difficult to measure close-in PN of
measurement App for Measurement * Quick check of phase-locked quiet signal sources like crystal
X-Series signals oscillators
* Instrument is not dedicated to » Cannot measure PN of drifty
phase noise can be used for signal sources, such as free-
general purpose also. running VCOs.
E5500 PN Phase detector (reference » Applicable to broad offset range * PN noise is limited by LO noise
Measurement system source / PLL) » Can measure very low PN at close- « Complicated set up and calibration
in offsets with a good LO required.
» Measure PN for pulsed carriers as
well as CW

* Can separate PN from AM noise.

E5500 PN Phase detector (analog delay- < Can measure very low PN at far-out + Not applicable to close-in PN
Measurement system line discriminator) offset frequencies measurements due to gain
+ Suitable for measuring relatively degradation by discriminator
dirty sources, like YIG oscillators » Complicated set up and calibration
required

« Difficult to obtain the right delay
line at an arbitrary frequency.

E5052B PLL method and heterodyne « Easy operation, setup, and cal. * Long measurement time for
Signal Source Analyzer  digital discriminator with two- » Measure very low PN at broad extremely low PN at close-in offset
channel cross-correlation offsets frequencies.
* Cross-correlation improves PN
sensitivity

» Can separate AM and PN noise
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Phase Noise Comparison of Agilent Solutions

Typical PN floor comparison (CF = 1 GHz)
-30
-70 :
90 \
< 110
o
[an]
= .130 4
150 =
-170 s
-180 -
W VR Wi i oL ORI A SRS L
o ™ A 9 \QQV\ AW \ka\ RLMRC LRt \@‘N
Offset frequency
e ESS05A PN system w— 50528 SSA (torr=1) s ES()528 SSA (corr = 100)
—— NOO30A PXA 44404 PSA e NG020A MXA
s 1901 OA EXA e NGOOBA CXA
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