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Amplifier white noise
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Cascaded amplifiers (Friis formula)
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As a consequence, (phase) noise is chiefly that of the 1st stage



Amplifier flicker noise

parametric up-conversion of the near-dc noise

no carrier noise
near-dc flicker up-conversion
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Carrie_rl+ ?ear-dc noise the parametric natug of 1/f
Vi (t) i V; el o + n’(t) + jn”(t) noise is hiden in-nO-and r

substitute
(careful, this hides the down-conversion)

vo(t) = a1vi(t) + agv?(t) + ...

non-linear amplifier b-1 = independent of Po
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expand and select the " o terms
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Uo(t) = M a1 + 2ap n’ (t) -+ jn” (t)# 6j wol
get AM and PM noise 4 m cascaded amplifiers
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! (t) = % n!(t) " (t) =2 % n”(t) (b' 1)cascade T | (b' 1)i
a1 a1 i=1
iIndependent of Vi (!) In practice, each stage contributes = equally




Resonator in the phase space

1 —theory of linear systems
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2 — resonator phase response
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3 — the resonator phase response is a low-pass function

U(t) "0 - b(t) dt < t;&i:;; ~ 1/s (1/5) B(s)
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The Leeson effect
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Interpretation of Sy (f) [1]

real phase-noise spectrum . : _
after parametric estimation

(Teeson effect?
S

Sanity check:
— power Po at amplifier input
— Allan deviation $y (floor)




Interpretation of Si (f) [2]

take away the
buffer 1/f noise

[estimate flj

v

( )

evaluate

Leeson effect?

buffer + sust.ampli

S

A )
e (=6dB)
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2—3 buffer stages => the sustaining amplifier contributes < 25% of the total 1/f noise



Interpretation of S (f) [3]

[technology => Q]

by '3 L 4

(1 ! )
resonator 1/f HE=s —gg
freg. noise * I

the Leeson effect
IS hidden

\§

Technology suggests a merit factor Q:. In all xtal oscillators we find Qt » Qs



Example — CMAC Pharao

190

Courtesy of CMAC. Interpretation and mistakes are of the authors.
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b (bya)=1132dB

dBrad4Hz
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Si(f)
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1150 ] L1 TR by=1152.5dB
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technology NN )
Q=2x107? "~ (b)) =!135.5dB
1160 |=> f =1.25Hz I fC:13|-|E T~ I

~ (b)) 4s5!141.50dB
1170 | | 1l |
101 1 102 103 10

Fourier frequency, Hz

F=1dB bo => Po=—20.5 dBm (b_s)osc => $,=5.9x10-14, Q=8.4x105 (too low)
Q#2x108 => $,=2.5x10-'4 Leeson (too low)




Example — Oscilloquartz 8607

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

{ T 1T TFITn rmrrii

Oscﬂloquartz 860
(specifications) [T

dBrad4/Hz

(b13) (o =!128.5dB
| fG=1.6Hz
f =1.25Hz <= Q=2x10%

f'=3.2Hz=> Q=7.9x10°

L
(byy) =132.50B

.u ) by='153d
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‘ (b.l)osc—'138 1dB

10 102 103 10% 10°

Fourier frequency, Hz

F=1dB bo => Po=—20 dBm (b_s)oss => $y=8.8x10-14, Q=7.8x105 (too low)
Q#2x108 => $,=3.5x10-'4 Leeson (too low)




Example — Wenzel 501-04623

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

~30dB/dec E Wenzel 501-04623
b_y=—67 dBrad’/Hz

—-100

=+ spemflcatlons

—110

Estimating (b-1)ampii ~120
is difficult because

there is no visible

1/f region —130

—140

~150 4> <
~160 -

—170 -

++
s o Q?\

Phase noise, dBrad “/Hz

10! e 104 103
f; =3.5kHz

| 4 _ _
guess Q=8x10" => f; =625Hz Fourier frequency, Hz

F=1 dB bO => P0=O dBm (b—3)osc => $y=5.3X1 0_12 Q=1 Ax1 04
Q#8x104 => $,=9.3x10-'3 (Leeson)




Other oscillators

Osgillator +{ Yo | (B 3ot | 1O Do | (b Dams 71 W Qs Qt fi (s R

ggggloquartz 5 11240 11310 ! 1370 224 45 56" 10° 18" 10° 14 ! 1341

gggg'oq“a”z 5 11285 11325 11385 16 32 7.9'10° 2'10° 125 ! 1365

CMAC 5 11320 1355 11411 15 3 84"10° 2'10° 125 ! 1396
Pharao

FEMT O-ST
LD prot.

'i‘géllelnt 10 1 1030 ! 1310 ! 1370 25 50 1'10° 7" 100 7.1 ! 1199
Agilent
prototype

Wenzel | | 2 ? ; . !
501-04623 100 1 67.0 1327 | 1387 1800 3500 1.4" 10* 8" 10 1 79.1

10 | 1166 ! 1300 ! 1360 4.7 93 54" 10 1.15'10° 43 ! 1232

10 1 1020 ! 1260 ! 1320 16 32 16'10° 7100 7.1 ! 1149

dB dB dB dB

rad’ /Hz rad®/Hz rad®/Hz Az RS Trnene) rad? /Hz S

unit MHz

Notes

(1) Data are from specibcations, full options about low noise and high stability.

(2) Measured by CMA C on a sample. CMA C conbrmed that 2" 10° < Q < 2.2" 10° in actual conditions.

(3) LD cut, built and measuread in our laboratory, yet by a di! erent team. @Q: is known.

(4) Measured by Hewlett Packard (now Agilent) on a sample.

(5) Implements a bridge stheme for the degeneati on of the amplibPer noise Same resonator of the Agilent 10811
(6) Data are from specibcations.

r = yosil _ [(b3)ot _ Q¢ _ ff

(! y)Leeson |goor (b_3)r Q, fg




Warning: an effect not accounted for
still remains

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

P

fluctuating
impedance !

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




Gonclusions

* The analysis d S (f) provides insight in the acillat or

* The cillator 1/ f3 phase roise (Allan variance Ror)
originates from:
Panplibe 1/f noise, via the leeson € fect
b resonator instabhility

* In act ual oscillators, theresonator instability
turns ait to ke the dminant ef fect

‘II‘ ged

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)
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Details [3]
\"4

FRESNEL VECTOR

o 3::1‘ TR -ef’t/t]
4

arg (V) = x[4-4"7]

M(‘“ﬁ /\—’Cp —J® Mr(A-CL wKwules) —-» w(v)
6 AOM"' JO'L((,.“ '”w" QA"'[QCS
holds J.a:.




b,; = constant

f. depends orP,

¥Nhite PM noise is inversely proportional to Po
¥-licker PM noise is about independent Po
¥The corner frequency f. follows




A — High Q, low ", (xtal)

A

b!3f!3

A

Leeson effect

b!3f!3

B — Low Q, high " , (microw.)

Leeson effect

two typical patterns




Courtesy of Oscilloquartz. Interpretation and mistakes are of the authors

Oscilloquartz OCXO 8600

resonator instability
b3 =!124dBracf/Hz

Leeson effect (hidden)
sust. ampli + buffer
b, =!131dBrad?/Hz

by =!155dBrac?/Hz

sustaining amplifier
b, =!137dBract/Hz

(quessed)

F=1dB by => Po=—18 dBm (b_s)ose  => $,=1.5x10-13, Q=5.6x105 (too low)
Q#1.8x106 => $,=4.6x10-14 Leeson (too low)




=—147dBrad¥H
I

~apparent

8.1x10-4 Leeson (too low)

1.7x10-13, Q=5.4x105 (too low)

Fourier frequency, Hz

>$y

1.15x106 => $,

(b—S)osc

—130dBrad%H
Q

2/Hz

|

sust. arhpli + buffer

2/Hz
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sustaining amplifier
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1dB bo => Po=—26 dBm
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(there is a problem)
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Si (f) dBrad¥Hz

Measurement
107 - System Rolloff
~N

b_,=-103 dB

-117 A
<
1/£  sust. ampli + buf

mumal b_,=-131dB

sust. amplifier
~137 = b_,=-137dB

~147 A b,=-162 dB
1/f° Noise FloorJ

~-1357 7

|
|
|
-167 |
|

fLZ 7HZ | fE:SOHZ
(guess!)

F=1dB bo => Po=—11 dBm (b—3)osc => $y=8.3X1O_13, Q=1x10° (tOO IOW)
Q#7x105 = $,=1.2x10-'3 Leeson (too low)




Se(f)  dBrad¥Hz
80

sust. ampli + buf
b_,=-126dB

t =400Hz frequency, Hz

f,=~7Hz (guess!)

F=1dB bO => P0=—12 dBm (b—3)osc => $y=9.3X1 0_13 Q=1 .6X1O5
Q#7x105 => $,=2.1x10-'3 (Leeson)




