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1 — Introduction
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Representations of a sinusoid with noise

Time Domain Phasor Representation
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polar coordinates v(t) = Vo |1 + a(t)] cos |wot + ©(t)]

Cartesian coordinates v(t) = Vj coswpt 4 n.(t) coswot — ng(t) sin wyt

under low noise approximation It holds that

ne(t)| < Vo and |ns(t)| < W
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Noise broadens the spectrum
v(t) = Vo [1 + a(t)] cos [wot + (1))
v(t) = Vo coswpt 4+ n.(t) coswot — ns(t) sinwgt
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Basic problem: how can we measure a low random signal
(noise sidebands) close to a strong dazzling carrier?

solution(s): suppress the carrier and measure the noise

convolution S(t) " hlp (t) distorsiometer,

(low-pass) audio-frequency instruments

time-domain traditional instruments for
S(t) X ’I“(t — T/4) phase-noise measurement
product (saturated mixer)

vector bridge (interferometric)
difference S(t) - T(t) instruments
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introduction — general problems

Why a spectrum analyzer does not work?

NARROW
BAND [F DETECTOR

. too wide IF bandwidth

. hoise and instability of the conversion oscillator (VCO)
. detects both AM and PM noise

insufficient dynamic range

Some commercial analyzers provide phase noise measurements,
yet limited (at least) by the oscillator stability
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The Schottky-diode double-balanced mixer saturated at both
iInputs Is the most used phase detector

A (t)
SICNAL

E}— (7]

n(¢)

REFEREMCE

signal s(t) = /2Ry Py cos [2mvot + ()]

reference T(t) — \/QROPQ COS [27TV0t -+ 7T/2]
filtered

out
product r(t)s(t) = kpp(t) + “Quo}te{nys

The AM noise is rejected by saturation
Saturation also account for the phase-to-voltage gain ke




2 — Spectra
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Power spectrum density

In general, the power spectrum density S.(f) of a random process v(t) is

t{f{Rv(tl,tQ)}}

defined as

E{-} statistical expectation
F{-} Fourier transform
R, (t1,t2) autocorrelation function

In practice, we measure S.(f) as
S.(f) = |[F{o()} ]

This is possible (Wiener-Khinchin theorem) with ergodic processes

In many real-life cases, processes are ergodic and stationary

Ergodicity: ensemble and time-domain statistics can be interchanged.
This is the formalization of the reproducibility of an experiment

Stationarity: the statistics is independent of the origin of time.
This is the formalization of the repeatability of an experiment
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Physical meaning of the power spectrum density
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Physical meaning of the power spectrum density

41.“‘ CILTER A Qﬁlb

@__@;{j V= Vo)

The power spectrum density extends the concept of
root-mean-square value to the frequency domain
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So(f) and Z(f) in the presence of (white) noise

— — dBrad?/Hz
Fo
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/(f) (re)defined

The first definition of £ (f) was
Z(f) = (SSB power in 1Hz bandwidth ) / ( carrier power )

The problem with this definition is that it does not divide AM noise
from PM noise, which yields to ambiguous results

Engineers (manufacturers even more) like £ (f)

The IEEE Std 1139-1999 redefines . (f) as
() = (1/2) x Sef)
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Useful quantities

phase ]
time z(t) 2TV 40

x(t) 1s the phase noise converted into time fluctuation
physical dimension: time (seconds)

fractional 1
frequency y(t) = 21
fluctuation

y(t) is the fractional frequency fluctuation v-vo normalized
to the nominal frequency vy
(dimensionless)
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Power-law and noise processes In oscillators

road. walk Jace.

/"“"“"‘*
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Relationships between Sy (f) and Sy(f)
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Jitter

The phase fluctuation can be described in terms of a single
parameter, either phase jitter or time jitter

The phase noise must be integrated over the bandwidth B of the
system (which may be difficult to identify)

phase jitter P s | radians

time jitter
phase jitter X ® ( f ) df seconds
converted into time

The jitter is useful in digital circuits because the bandwidth B is known

— lower limit: the inverse propagation time through the system
this excludes the low-frequency divergent processes)

— upper limit: ~ the inverse switching speed

Victor Reinhardt (invited), A Review of Time Jitter and Digital Systems, Proc. 2005 FCS-PTTI joint meeting
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Typical phase noise of some devices and oscillators
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3 — Variances
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Classical variance

normalized reading of a counter that
measures (averages) over atime T

classical variance,
file of N counter readings

average of the N readings

For a given process, the classical variance
depends of N

Even worse, if the spectrum is -1 or steeper,
the classical variance diverges

The filter associated to the measure
takes in the dc component
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Zero dead-time two-sample variance
(Allan variance)

Definition
(Let N = 2, and average)

Estimated Allan variance,
file of m counter readings

The filter associated to the difference
of two contiguous measures is a band-pass

The estimate converges to the variance
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The Allan variance is related to the spectrum Sy(f)
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Convert S and Sy into Allan variance

05 (7) mod 05 (7)

SthQ —9
-
bo — = (27)2
21T fg>1

3faToh? _3
-

PM (27)2

flicker 1 0.084 hy 72
PM b_lf [1038+31H(27’(’f}{7‘)] 9 s

white 1 B
M b_gf_2 = 5 ho T 1

flicker 3
FM b-sf

random 5
walk b4 f 4 (27)
FM 6

(27)°

h_QT 0.824 h_g T

1 1
frequency dritt y = D, 5 D; -2 5 Dz 2

fm 1s the high cutofl frequency, needed for the noise power to be finite.




4 — Properties
of phase noise
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Vi

Properties of phase noise — synthesis

Frequency synthesis

mowselens

Agmﬁwigu, X

Ideal synthesizer
- noise-free
- zero delay time

time translation:
output jitter = input jitter
phase time x,=x;

linearity of the integral and the
derivative operators:

Po = (nld)pi => vo = (n/d)v

spectra




Enrico Rubiola — Phase Noise — 26 Properties of phase noise — synthesis

Carrier collapse

Simple physical meaning, complex mathematics. Easy to understand in the case of
sinusoidal phase modulation

vit) = VOCOS[ZTr vol+ mCOS(ZTrvmt)]

ofw) BESSEL FUNCTIOKS

Jm ()

ENIRGT CORSIRVATIOW

J"’(““lé e , J°(”"),m=z.azo

TONE 'H\c. canien W“\U aned, m"m (“ ‘ z"‘) random noise =>

“BeSSEL NULL® met ook "L*‘\w ameonareusent phase fluctuation
GJ the mcedilotiow tacden

RANDBOM MOBULATLOM: the ool vaariyhas .
(Md,ouuwm»m fcc(&z‘w\.m)
C ARRIER. TCOLIAPEE
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Filtering <=> Phase Locked Loop (PLL)

The signal “2”
tracks “1”

i

The FFT analyzer (not
k, (rad/slV) - needed here) can be used
| to measure Se(f)

2

The PLL low-pass ‘kok(pHc<f)‘
filters the phase 2 ;2 2
P 4r0” f+k k, H (f)

4 2k2

Output voltage: the PLL mfk,

IS a high-pass filter 2 2 2
9n-p 4re f+ |k k H ()
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Frequency discriminator

A resonator turns a slow frequency
fluctuation Av into a phase fluctuation

v 1 Av

7/~ \
\: (PZZQVO
V

Vo

Parameters
Vo resonant frequency

Q  merit factor

phase @

cos2mr vt} resonator

vo Q

>

For slow frequency fluctuations, a delay-line t is equivalent to a resonator
of merit factor

Q=rmnTv,
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The Leeson effect:
phase-to-frequency noise conversion in oscillators

D. B. Leeson, A simple model for feed back oscillator noise, Proc. IEEE 54(2):329 (Feb 1966)

4|>

resonator

oscillator
noise

oscillator noise

~

Leeson
effect

noise of electronic circuits

/
i =vo/20 f

E. Rubiola, The Leeson effect, Tutorial 2A, Proc. 2005 FCS-PTTI (tutorials)
E. Rubiola, The Leeson effect, e-book, (http://arxiv.org/abs/physics/0502143 or rubiola.org)



http://arxiv.org/abs/physics/0502143
http://arxiv.org/abs/physics/0502143

Enrico Rubiola — Phase Noise — 30

5 — Laboratory practice




Laboratory practice — background noise

Enrico Rubiola — Phase Noise — 31

Practical imitations of the double-balanced mixer

LOW-NOLS
OFA -

narrow power range: 5 dB around Pnom = 5-10 dBm
r(t) and s(t) should have (about) the same power

2 — Flicker noisedue to the mixer internal diodes
typical So = —140 dBrad?/Hz at 1 Hz in average-good conditions

3 — Low gain ke ~—10 to —14 dBV/rad typical (0.2-0.3 V/rad)

4 — White noise  due to the operational amplifier
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Typical background noise

RF mixer (5-10) MHz
Good operating conditions (10 dBm each input)
Low-noise preamplifier (1 nV/VHz)
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The operational amplifier is often misused

RL 2 V&’_ | Rb 2 M{.Auuw ALOL €
St

«C«.‘;«d‘ wn Aeon e .

OP- 9% IS = 3wV IR Ry= ESkr
Uss = 0.4 Fﬁ/m

LT W28 f5¢ =48 wV/iw { R, ~ (00

Vs =~ ApA/Un ?@Oﬂ

(lix s Re = SQ@i

Warning: if only one arm of the power supply is disconnected, the LT1028
may delivers a current from the input (I killed a $2k mixer in this way!)

You may duplicate the low-noise amplifier designed at the FEMTO-ST
Rubiola, Lardet-Vieudrin, Rev. Scientific Instruments 75(5) pp. 1323-1326, May 2004
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A proper mechanical assembly is vital

—~ 180 dB nodt — 10T ned
l— £x10"'* m @ O 6t
Gl m @& 100 M
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e
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LB K @ (00 it
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Two-port device under test (DUT)
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Two-port device under test (DUT)

e A Low powet BT
/‘:A-M{' be °%WJ:’L
OMA MF v LOCA
( ‘dtea.)

e Lwo Q.P(MA‘- DU;TS

( ~ovesh Retecttot
mk‘:. oy b lle 'Qn

Y 3

other configurations are possible
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A frequency discriminator can be used to
measure the phase noise of an oscillator

REFERENCE

Dty LiNg T
Qq = 77'175)‘

QUASI-STATIC %osc. ‘-fm ean.

TRRNSPOQN =

"»< Sifm"' ZtQ 33

[Sfm 'Ld —L S\aosc

2 Qusctm
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Phase Locked Loop (PLL)

k_ (rad/s/V

(0

Phase: the PLL
IS a low-pass filter

Output voltage: the PLL
IS a high-pass filter

compare an oscillator under test to a reference low-noise oscillator
compare two equal oscillators and divide the spectrum by 2 (take away 3 dB)
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Phase Locked Loop (PLL)

Hc 13 Q C-oua'['o..M“
(4dstordle. TPLL )

\ | OBssRveDd ” Mg dhpnacaios
Sv {’ : (N ’Q.QW:"LJ becune
ai the ‘r:ap.ort.

¢




Enrico Rubiola — Phase Noise — 40 Laboratory practice — oscillator measurement

A tight PLL shows many advantages

OSClLL S+ 4 Sfo L
Sg {3\ i uluPL

FILTER ¢

et eouresl Jo-iu

t

+ CALCOLATED
'

SV ,_ ?BSCQVGD

but you have to correct the spectrum for the PLL transfer function
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Practical measurement of Sy(f) with a PLL

Set the circuit for proper electrical operation
a. power level
b. lock condition (there is no beat note at the mixer out)

c. zero dc error at the mixer output (a small V can be tolerated)
Choose the appropriate time constant
Measure the oscillator noise

At end, measure the background noise
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Warning: a PLL may not be what it seems

Parounitic Lockt 0 couwp Ll of the
s v o tew Ml:g tam bodl;. mm.i.u

i

RAD SYMPTOMS : L expeched p

- oddl o-ﬂore, Scc \bw
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PLL — two frequencies

The output frequency of the two oscillators is not the same.
A synthesizer (or two synth.) is necessary to match the frequencies

At low Fourier frequencies, the synthesizer noise is lower than
the oscillator noise

At higher Fourier frequencies, the white and flicker of phase of
the synthesizer may dominate
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PLL — low noise microwave oscillators

With low-noise microwave oscillators (like whispering gallery) the noise
of a microwave synthesizer at the oscillator output can not be tolerated.

v
& 2 m=wl
XX

Vv, |RF
QL

Due to the lower carrier frequency, the noise of a VHF synthesizer is
lower than the noise of a microwave synthesizer.

—LO |
R

This scheme is useful
» with narrow tuning-range oscillator, which can not work at the same freq,.

* o prevent injection locking due to microwave leakage
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Designing your own instrument is simple

Standard commercial parts:

- double balanced mixer
* low-noise op-amp
- standard low-noise dc
components in the feedback
e Py path
OscitLators ShLY - commercial FFT analyzer

Afterwards, you will appreciate more the commercial instruments:
— assembly

— instruction manual
— computer interface and software




Enrico Rubiola — Phase Noise - 46

6 — Calibration
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Calibration — general procedure

1 — adjust for proper operation: driving power and quadrature

2 — measure the mixer gain ko (volts/rad) —> next

3 — measure the residual noise of the instrument

mull DUT
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Calibration — general procedure

4 — measure the rejection of the oscillator noise

Make sure that the power and the quadrature
are the same during all the calibration process
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Calibration — measurement of k¢, (phase mod.)

The reference signal can be a
tone:

detect with the FFT,
with a dual-channel FFT, or m
with a lock-in

(pseudo-)random white noise white noise vim

S
° K

vd

Some FFTs have a white noise output
Dual-channel FFTs calculate the transfer function |H(f)12=Sym/Svq
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Calibration — measurement of k, (1 signal)
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Calibration — measurement of k, (rf noise)

A reference rf noise is injected in the DUT path
through a directional coupler

UWHITE MNOISE

B
R

WHITE MNOISE GENERATOR
LOJ"-JC— 41MM-‘¢. .own.j bhe

%-—D" our

P‘!J‘ » L~ = Pavg 120 JB
§ N, B= Fk‘TéB




/ — Bridge (interferometric)
measurements
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Wheatstone bridge

& ReJe.d-éom c&( o Vs o p Wt wde
phane 'iqt tle. gzpu,
Mﬂ-g-_. in a ot
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Wheatstone bridge — ac version

qmut e
Ry

equilibrium: Vg =0 — carrier suppression

static error ©Z1 —> some residual carrier
real OZ; => in-phase residual carrier Ve cos(wot)
imaginary 0Z1 =>  quadrature residual carrier Vim sin(wot)

fluctuating error 8Z1 => noise sidebands
real 0Z1 => AMnoise nc(t) cos(wot)
imaginary 0Z1 => PMnoise —ns(t) sin(wot)
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Wheatstone bridge — ac version

AMPLIE MO CARRIER > NO ) Noisg .
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Bridge (interferometric) phase-noise and
amplitude-noise measurement

interferometer detector

RF < IF v(t)

LO

24

pump

High carrier suppression:

no carrier = the amplifier can’t flicker

- High gain:

R8P, _ dissip.

l losses
m

Low Noise Floor:
2Fk " ¥ § 4

o & dissip.
¢0 P losses

0
Migh fusiaibyte S0 Ha B foelds
Improved, from RSI 70 1 pp. 220-225, Jan 1999
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Synchronous detection

At)z Vb [4t(t)] on [2mnt +¢p(s)]
-Fort amell Lard, (s equival et Yo—

Al)= m (E)+ Vo cor[2m3nt ]

Meg (¥) = M (t)con LTVt =M ()ain 2RUE

P 2

P

CKQ):M
e

(P(‘;) - Mg (¥)

X -
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Synchronous in-phase and quadrature detection
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White noise floor

o tds!m

thezmal moige

kg = 4,38x10 /K
To= 290 K

"‘BTo = "‘174 45‘“/“1.
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White noise floor — example

S.f,:: -178 dBMdz/H:
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What really matters (1)

——D—— {9 «4{‘&&‘::@

The ama st m\fm,oi /)
o RFE Qv':.JM,OJ.
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What really matters (2)
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A bridge (interferometric) instrument can be
built around a commercial instrument

How to build an interterometer around a commercial instrument

souroe Imerferometer

detector unit

[@} = o7 > " —
= Rségls ' "‘ >
B N

1Y o LO

low—noise
aropli

-~ | variable
i phase

¢OMputer system
software:

aoJuisition
lue: ilable i itio nal ; cors puter
blu gvailable in & traditional systera aralysls pu

brown: addad processing
storgge/retrival
export

prnter

You will appreciate the computer interface and the software ready for use
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8 —Advanced lechniques
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Low-flicker scheme

CONTINUWOUS
AneN .

L]
—_———

EMQCAL Kinck

BYSTEP A DeEM.
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Interpolation is necessary

hat 0.054B — corvien wjecko
{M L.Sdlxuaia.x. "

CONTI(IMNULOWS

A, |—fpuase| ,

TOLE RLARLE Mot ‘
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Correlation can be used to reject the mixer noise
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Correlation — how it works
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Flicker reduction, correlation, and closed-loop
carrier suppression can be combined

channel b (optional)

rf virtual gnd
null Re & Im

detect

inner interferometer

RO ?
readout

CP3 G B
' matrix matrix

G
-
i
o
S«

10-20dB

1. :
arbitrary phase coup G: Gram Schmidt ortho
normalization

B: frame rotation

manual carr. suppr. ) )
automatic carrier

suppression control [-Q detector/modulator
diagonaliz. I

|

arbitrary phase p D
| i matrix

t
\

var. att. & phase

power splitter

E. Rubiola, V. Giordano, Rev. Scientific Instruments 73(6) pp.2445-2457, June 2002
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Comparison of the background noise

SCp (f) dBr adz/ Hz real—-time

-140 4 correl. & avg.

mixer, interferometer

nested interferometer

saturated mixer

interferometer

correl. saturated mixer

& ] ] ] — ]

~

~ double interf.

measured floor, m=32k

Fourier frequency, Hz

1 10 102
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