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Amplifier white noise 2
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As a consequence, (phase) noise is chiefly that of the 1st stage



Amplifier flicker noise 3

E. Rubiola – FCS 2004 4

Flicker noise in RF and microwave amplifiers
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PM noise originates in the same way, but for a 90° phase shift in the product

E. Rubiola Ð FCS 2004 4

Flicker noise in RF and microwave amplifiers

near-dc flicker

no carrier
S(f)

f

S(f)

f

noise 
up-conversion

vi ! t "# V i cos!$ 0t "
AM PM

n,! t " n, ,! t "

a1

noise-free

vo! t " # V i %cos!$ 0t "& m, n,! t "cos!$ 0t "' m, , n, ,! t "sin!$ 0t "( a1

vo! t "

vo # a1 x& a2 x2 x # V i cos!$ 0t " & n ! t "

vo ! t " # a1V i cos!$ 0t "& a2%V i
2cos2!$ 0t "& 2V i n ! t "cos!$ 0t "& n2! t "(

m #
2a2

a1

 random modulation from near-dc noise

modulated signal:

the simplest
nonlinearity

with

yields:

modulation index:) ! t " #
2a2n ! t "

a1

AM noise:

AM noise PM noisecarrier

carrier near-dc

*n ! t "*+ 1

PM noise originates in the same way, but for a 90¡  phase shift in the product

parametric up-conversion of the near-dc noise

expand and select the " 0 terms
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In practice, each stage contributes ≈ equally
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Resonator in the phase space 4
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The Leeson effect 5
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Interpretation of S! (f)    [1] 6
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– power P0 at  amplifier input
– Allan deviation $ y (floor)

after parametric estimation
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Interpretation of S! (f)    [2] 7

2–3 buffer stages => the sustaining amplifier contributes ≲ 25% of the total 1/f noise
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Interpretation of S! (f)    [3] 8

Technology suggests a merit factor Qt. In all xtal oscillators we find Qt ≫ Qs



Example – CMAC Pharao 9

F=1dB  b0 => P0=–20.5 dBm (b–3)osc     =>   $ y=5.9x10–14, Q=8.4x105 (too low)
Q#2x106  =>   $ y=2.5x10–14 Leeson (too low)
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Courtesy of CMAC.  Interpretation and mistakes are of the authors.



Example – Oscilloquartz 8607 10

F=1dB  b0 => P0=–20 dBm (b–3)osc     =>   $ y=8.8x10–14, Q=7.8x105 (too low)
Q#2x106  =>   $ y=3.5x10–14  Leeson (too low)
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(specifications)

1 10
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!67
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(b!3 )tot =!128.5dB

Lf"=3.2Hz

Courtesy of Oscilloquartz.  Interpretation and mistakes are of the authors.



Example – Wenzel 501-04623 11

F=1dB  b0 => P0=0 dBm (b–3)osc     =>   $ y=5.3x10–12  Q=1.4x104 
Q#8x104  =>   $ y=9.3x10–13 (Leeson)
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is about here

L
’’ =3.5kHz

/Hz
−30dB/dec

dBrad2/Hzb0=−173

specifications

Wenzel 501−04623

f

L =625HzfQ=8x104 =>guess

b−3 =−67 dBrad2

Estimating (b–1)ampli 
is difficult because 
there is no visible
1/f region

Data are from the manufacturer web site.  Interpretation and mistakes are of the authors.



Other oscillators 12

R =
(! y)oscil l

(! y)Leeson
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(b−3)to t

(b−3)L
=

Qt
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Oscillator ! 0 (b! 3 )tot (b! 1 )to t (b! 1 )amp f "
L f ""

L Qs Qt fL (b! 3 )L R Note

Oscilloquartz
8600

5 ! 124.0 ! 131.0 ! 137.0 2.24 4.5 5.6" 105 1.8" 106 1.4 ! 134.1 10.1 (1)

Oscilloquartz
8607

5 ! 128.5 ! 132.5 ! 138.5 1.6 3.2 7.9" 105 2" 106 1.25 ! 136.5 8.1 (1)

CMA C
Pharao

5 ! 132.0 ! 135.5 ! 141.1 1.5 3 8.4" 105 2" 106 1.25 ! 139.6 7.6 (2)

FEMT O-ST
LD prot. 10 ! 116.6 ! 130.0 ! 136.0 4.7 9.3 5.4" 105 1.15" 106 4.3 ! 123.2 6.6 (3)

Agi lent
10811

10 ! 103.0 ! 131.0 ! 137.0 25 50 1" 105 7" 105 7.1 ! 119.9 16.9 (4)

Agi lent
protot ype 10 ! 102.0 ! 126.0 ! 132.0 16 32 1.6" 105 7" 105 7.1 ! 114.9 12.9 (5)

Wenzel
501-04623

100 ! 67.0 ! 132? ! 138? 1800 3500 1.4" 104 8" 104 625 ! 79.1 15.1 (6)

unit MHz
dB

rad2/Hz
dB

rad2/Hz
dB

rad2/Hz
Hz Hz (none) (none) Hz

dB
rad2/Hz

dB

Notes
(1) Data are from speciÞcations, ful l opti ons about low noise and high stability.
(2) Measured by CMA C on a sample. CMA C conÞrmed that 2" 106 < Q < 2.2" 106 in actual condit ions.
(3) LD cut, bui lt and measured in our laboratory, yet by a di! erent team. Qt is known.
(4) Measured by Hewlet t Packard (now Agilent) on a sample.
(5) Implements a bri dge scheme for the degenerati on of the ampliÞer noise. Same resonator of the Agilent 10811.
(6) Data are from speciÞcations.



Warning: an effect not accounted for
still remains

13

fluctuating
impedance

This does not fit general experience on amplifiers, yet it is to be reported

A fluctuating impedance that affects the input without participating to the gain



14

Conclusions
 The analysis of S! (f) provides insight in the oscillator

 The oscillator 1/ f3 phase noise (Allan var iance ßoor)
 or iginates from:
    Ð ampliÞer 1/ f noise, via the Leeson ef fect
    Ð resonator instabilit y

 In act ual oscillators, the resonator instabilit y 
 turns out t o be the dominant ef fect

!

�• �•

qed

Full text available on http://arxiv.org/abs/physics/0602110   
Talk slides and full text (20 pages, pdf) available on http://rubiola.org

We owe gratitude to J.-P. Aubry (Oscilloquartz), V. Candelier (CMAC), G.J. Dick (JPL), 
J. Grolambert (FEMTO-ST), L. Maleki (JPL), R. Brendel (FEMTO-ST)

http://arxiv.org/abs/physics/0602110
http://arxiv.org/abs/physics/0602110
http://arxiv.org/abs/physics/0602110
http://arxiv.org/abs/physics/0602110
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Summary of the amplifier phase noise 18

depends on 

! (f)
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¥White PM noise is inversely proportional to P0 
¥Flicker PM noise is about independent P0 
¥The corner frequency fc follows



The Leeson effect 19
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Example – Oscilloquartz 8600 20

F=1dB  b0 => P0=–18 dBm (b–3)osc        =>   $ y=1.5x10–13, Q=5.6x105 (too low)
Q#1.8x106  =>   $ y=4.6x10–14  Leeson (too low)

!1 =!131dBrad /Hz2
sust. ampli + buffer

Leeson effect (hidden)

Lf =1.4Hz

b!3 =!124dBrad /Hz2

b!1 =!137dBrad /Hz2

f =63Hzc

Lf
ÕÕ=4.5Hz

(guessed)

/Hz2=!155dBradb0

b

resonator instability

sustaining amplifier

Oscilloquartz OCXO 8600

Courtesy of Oscilloquartz.  Interpretation and mistakes are of the authors



Example – FEMTO-ST prototype 21

F=1dB  b0 => P0=–26 dBm (b–3)osc     =>   $ y=1.7x10–13, Q=5.4x105 (too low)
Q=1.15x106  =>   $ y=8.1x10–14  Leeson (too low)(there is a problem)

2/Hzb−1=−130dBrad
sust. ampli + buffer

L=9.3Hzf’’fL=4.3Hz

3dB

3dBS
(f

) 
  

  
d

B
ra

d
2 H

z
! 2/Hzb0=−147dBrad

apparent

2/Hzb−3=−116.6dBrad

Fourier frequency, Hz

/Hzb−3=−123.2dBrad

2/Hzb−1=−136dBrad
sustaining amplifier

LD cut, 10 MHz, Q=1.15E6
2

resonator instability

Leeson effect (hidden)

apparentcalculated

FEMTO−ST prototype



Example – Agilent 10811 22

F=1dB  b0 => P0=–11 dBm (b–3)osc     =>   $ y=8.3x10–13, Q=1x105 (too low)
Q#7x105  =>   $ y=1.2x10–13  Leeson (too low)

/HzdBrad2!S  (f)

102 103 104

f =320Hzc
f’L=50Hz’fL 7Hz~~

frequency, Hz

1 10

−107

−117

−127

−137

−147

−167

−157

(guess!)

b0 = −162 dB

−1 = −131 dBb
sust. ampli + buf

b−3 = −103 dB

b−1 = −137 dB
sust. amplifier



Example – Agilent prototype 23

103 104 105 106

dBrad2/Hz

102

−160

−140

−120

−100

−80

1 10

−180

frequency, Hz

(guess!)

ϕS  (f)

fL 7Hz~~

fc=400Hzf’L=32Hz’

0 = −158dB

−1 = −126 dBb
sust. ampli + buf

b−1 = −132 dB
sust. amplifier

−3 = −102 dB

b

b

F=1dB  b0 => P0=–12 dBm (b–3)osc     =>   $ y=9.3x10–13  Q=1.6x105 
Q#7x105  =>   $ y=2.1x10–13 (Leeson)


