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Clock signal affected by noise
2

v(t) = V0 [1 + α(t)] cos[ω0t + ϕ(t)]

v(t) = V0 cos ! 0t + nc(t) cos ! 0t ! ns(t) sin ! 0t

! (t) =
nc(t)

V0
and " (t) =

ns(t)
V0

Chapter 1. Basics 2
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Figure 1.1: .

whereV0 is the nominal amplitude, and α the normalized amplitude ßuctuat ion,
which is adimensional. The instantaneous frequency is

ν(t) =
ω0

2π
+

1
2π

dϕ(t)
dt

(1.3)

This book deals with the measurement of stable signals of the form (1.2), with
main focus on phase, thus frequency and t ime. This involves several topics,
namely:

1. how to describe instability,

2. basic noise mechanisms,

3. high-sensit ivity phase-to-voltage and frequency-to-voltage conversion
hardware, for measurements,

4. enhanched-sensit ivity counter interfaces, for t ime-domain measurements,

5. accuracy and calibrat ion,

6. the measurement of t iny and elusive instability phenomena,

7. laboratory pract ice for comfortable low-noise life.

We are mainly concerned with short -term measurements in the frequency do-
main. Lit t le place is let to long-term and t ime domain. Nevertheless, problems
are quite similar, and the background provided should make long-term and t ime
domain measurement easy to understand.

Stability can only be described in terms of the stat ist ical propert ies of ϕ(t)
and α(t) (or of related quant it ies), which are random signals. A problem arises

polar coordinates

Cartesian coordinates

|nc(t)| ! V0 and |ns(t)| ! V0

under low noise approximation It holds that

1 Ð introduction



Phase noise & friends
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S! (f ) = PSD of ! (t)

power spectral density

L (f ) =
1
2
S! (f ) dBc

y(t) =
ϕ̇(t)
2πν0

! Sy =
f2

ν2
0

S! (f)

! 2
y (" ) = E

{
1
2

[
yk+1 − yk

]2
}

.

Allan variance
(two-sample wavelet-like variance)

approaches a half-octave bandpass Þlter (for white), 
hence it converges for processes steeper than 1/f

random fractional-frequency ßuctuation

random phase ßuctuation processes not present
in two-port devices
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E. Rubiola, The Leeson Effect Chap.1,  arXiv:physics/0502143

1 Ð introduction

it is measured as
Sϕ(f ) = E { Φ(f )Φ! (f )}
Sϕ(f ) ≈ 〈Φ(f )Φ! (f )〉m



Relationships between spectra and variances

4

noise
type S! (f ) Sy (f ) S! ! Sy ! 2

y (" ) mod ! 2
y (" )

white
PM b0 h2f2 h2 =

b0

#2
0

3fH h2

(2$)2 " ! 2

2$" fH " 1

3fH "0h2

(2$)2 " ! 3

ßicker
PM b! 1f ! 1 h1f h1 =

b! 1

#2
0

[1.038+ 3ln(2$fH " )]
h1

(2$)2 " ! 2 0.084h1 " ! 2

n" 1

white
FM b! 2f ! 2 h0 h0 =

b! 2

#2
0

1
2
h0 " ! 1 1

4
h0 " ! 1

ßicker
FM b! 3f ! 3 h! 1f

! 1 h! 1 =
b! 3

#2
0

2 ln(2) h! 1
27
20

ln(2) h! 1

random
walk FM b! 4f ! 4 h! 2f ! 2 h! 2 =

b! 4

#2
0

(2$)2

6
h! 2" 0.824

(2$)2

6
h! 2 "

linear frequency drif t úy
1
2

( úy)2 " 2 1
2

( úy)2 " 2

fH is the high cuto! frequency, needed for the noise power to be Þnite.
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Basic problem: how can we measure a low random signal 
(noise sidebands) close to a strong dazzling carrier? 

5introduction Ð general problems

s(t) ∗ hl p(t)

s(t)× r(t− T/4)

convolution
(low-pass)

time-domain
product

vector
difference

distorsiometer,
audio-frequency instruments

traditional instruments for 
phase-noise measurement

(saturated mixer)

bridge (interferometric) 
instruments

Enrico Rubiola  Ð  Phase Noise   Ð   6

How can we measure a low random signal (noise 
sidebands) close to a strong dazzling carrier? 

Introduction Ð general problems

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

s(t) − r (t)

1 Ð introduction



Double-balanced 
mixer



Saturated double-balanced mixer

1 Ð Power
! narrow power range:
! ±5 dB around Pnom = 8Ð12 dBm
! r(t) and s(t) should have ~ same P

2 Ð Flicker noise
! due to the mixer internal diodes      
! typical Sφ = Ð140 dBrad2/Hz at 1 Hz
! in average-good conditions

3 Ð Low gain
! kφ ~ Ð10 to Ð14 dBV/rad typ. (0.2-0.3 V/rad)

4 Ð White noise
! due to the operational ampliÞer

7

phase-to-voltage detector   vo(t) = k"  "(t)

kill 2ν0
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S
!
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2
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z

mixer background noise

2 Ð double-balanced mixer

E. Rubiola, Tutorial on the double-balanced mixer, arXiv/physics/0608211, 



Mixer-based schemes
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two two-port devices under test
3 dB improved sensitivity

DUT

FFT

quadrature adjust

DUT

FFT

quadr. adj.
DUT

FFT

phase lock

reference

under test

reference
resonator

FFT

quadr. adj.

under test

two-port device under test measure two oscillators
best use a tight loop

measure an oscillator vs. a resonator

2 Ð double-balanced mixer



Correlation measurements
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basics of correlation 

in practice, average on m realizations

0

Syx (f ) = E { Y (f )X ∗(f )}
= E { (C − A)(C − B )∗}

= E { CC∗ − AC ∗ − CB ∗ + AB ∗}

= E { CC∗}

Syx (f ) = Scc(f )

0 0

0 as
1/#m

Syx (f) = !Y (f)X ! (f)"m

= !CC ! # AC ! # CB! + AB! "m

= !CC ! "m + O(1/m)

single-channel

correlation

frequency

S
!

(f
)

1/"m

DUT FFT

a(t)

b(t)

c(t)

x = cÐa

y = cÐb

a(t), b(t) Ð> mixer noise
c(t) Ð> DUT noise

2 Ð double-balanced mixer



Pollution from AM noise
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The mixer converts power into dc-offset, 
thus AM noise into dc-noise, 
which is mistaken for PM noise

rejected by correlation and avg

not rejected by correlation and avg

v(t) = k" "(t) + k LO $LO + kRF $RF

E. Rubiola, R. Boudot, The effect of AM noise on correlation
phase noise measurements, arXiv/physics/0609147

2 Ð double-balanced mixer



Bridge techniques



Wheatstone bridge

equilibrium: Vd = 0   Ð>  carrier suppression  

static error δZ1    Ð>   some residual carrier
 real  δZ1   => in-phase residual carrier Vre cos(%0t)

 imaginary  δZ1 => quadrature residual carrier Vim sin(%0t) 

ßuctuating error δZ1 =>  noise sidebands
 real δZ1   =>  AM noise vc(t) cos(%0t)

 imaginary δZ1 => PM noise Ðvs(t)  sin(%0t)

12Bridge Ð Wheatstone

0 LO

RF IF

synchronous
detection: get

vc(t)  vs(t)
(AM or PM noise)

adj. phase

3 Ð bridge (interferometer)



13Bridge Ð scheme
Enrico Rubiola  –  Phase Noise   –   55 Interferometer – scheme

Bridge (interferometric) PM and AM 
noise measurement

and rejection of the master-oscillator noise

bridge detector

yet, difÞcult for the measurement of oscillators

3 Ð bridge (interferometer)



Synchronous detection
14Bridge Ð Wheatstone

Enrico Rubiola  Ð  Phase Noise   Ð   57

Synchronous in-phase and quadrature detection

Interferometer Ð synchronous detection

3 Ð bridge (interferometer)



Advanced br idge 
techniques



Mechanical stability
16

a residual ßicker of ! 180 dBrad2/Hz at f = 1 Hz o! the ! 0 = 9.2 GHz carrier

(h! 1 = 1.73" 10! 23) is equivalent to a mechanicalstability

" L =
√

1.38 " 1.73" 10! 23 = 4.9" 10! 12 m

a phase fluctuation is equivalent to a length fluctuation

L =
!
2"

# =
!
2"

c
$0

SL(f ) =
1

4" 2

c2

$2
0

S! (f )

! 180 dBrad2/Hz at f = 1 Hz and $0 = 9.2 GHz (c = 0.8 c0) is equivalent to

SL = 1.73" 10! 23 m2/Hz (
#

SL = 4.16" 10! 12 m/
#

Hz)

 # don!t think Òthat!s only engineeringÓ !!!
# I learned a lot from non-optical microscopy

# bulk solid matter is that stable

any flicker spectrum S(f ) = h! 1/f can be transformed

into the Allan variance σ2 = 2ln(2) h! 1

(roughly speaking, the integral over one octave)

4 Ð advanced techniques



17Advanced Ð ßicker reduction

Origin of ßicker in the bridge
Enrico Rubiola  Ð  Phase Noise   Ð   64 Advanced Ð flicker reduction

4 Ð advanced techniques

In the early time of electronics, ßicker was called Òcontact noiseÓ
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Coarse and Þne adjustment of the bridge 
null are necessary

Enrico Rubiola  Ð  Phase Noise   Ð   65 Advanced Ð flicker reduction

4 Ð advanced techniques



Flicker reduction, correlation, and closed-
loop carrier suppression can be combined

E. Rubiola, V. Giordano, Rev. ScientiÞc Instruments 73(6) pp.2445-2457, June 2002
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4 Ð advanced techniques



Example of results
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Correlation-and-averaging
rejects the thermal noise

Noise of a pair of HH-109 hybrid couplers 
measured at 100 MHz

Residual noise of the Þxed-value bridge. 
Same as above, but larger m

Residual noise of the Þxed-value bridge, 
in the absence of the DUT

4 Ð advanced techniques



±45¼ detection
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cross spectral density Sud (f ) =
1
2

[
S! (f )− S" (f )

]

Smart and nerdy, yet of scarce practical usefulness
First used at 2 kHz to measure electromigration on metals (H. Stoll, MPI)
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4 Ð advanced techniques



The complete machine (100 MHz)
224 Ð advanced techniques



A 9 GHz experiment (dc circuits not shown)
234 Ð advanced techniques



24Advanced Ð comparison

1 10 32 4 5

!180
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!140
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interferometer

correl. saturated mixer

Fourier frequency, Hz
!220

!210

saturated mixer

correl. sat. mix.

double interf.

interferometer

residual flicker, by!step interferometer

residual flicker, fixed interferometer

residual flicker, fixed interferometer

residual flicker, fixed interferometer, ±45¡ detection

S (f) dBrad2/Hzϕ real!time

correl. & avg.

nested interferometer

mixer, interferometer

saturated mixer

double interferometer

!200

!190

10

!150

measured floor, m=32k

Comparison of the background noise

4 Ð advanced techniques



AM noise



Tunnel and Schottky power detectors
26
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Herotek DZR124AA s.no. 227489

Schottky Tunnel
detector gain, A! 1

load resistance, ! DZR124AA DT8012
(Schottky) (tu nnel)

1! 102 35 292
3.2! 102 98 505
1! 103 217 652

3.2! 103 374 724
1! 104 494 750

condition s: power " 50 to " 20 dBm ampli dc offset ampli dc offset

Measured

The ÒtunnelÓ diode is actually a 
backward diode. The negative 
resistance region is absent.

parameter Schottky tunnel
input bandwidth up to 4 decades 1–3 octaves

10 MHz to 20 GHz up to 40 GHz
vsvr max. 1.5:1 3.5:1
max. input power (spec.) ! 15 dBm ! 15 dBm
absolute max. input power 20 dBm or more 20 dBm
output resistance 1–10 k! 50–200 !
output capacitance 20–200 pF 10–50 pF
gain 300 V/W 1000 V/W
cryogenic temperature no yes
electrically fragile no yes

10−200
!k100

50 ! to
external

video outrf in

!
~60

pF

law:   v = kd P

5 Ð AM noise



Noise mechanisms 27

video out

in

vn

!k100
50! to
external

rf in

!
~60

pF
10!200

noise!free

outin

Rothe-Dahlke
model of the

ampliÞerShot noise SI (f ) = 2qI0

Thermal noise
SV (f ) = 4kBT0R 

In practice
the ampliÞer white noise turns out to be higher than the detector noise

and the ampliÞer ßicker noise is even higher 

Flicker (1/f ) noise is also present
Never say that it&s not fundamental,
unless you know how to remove it

detector
ampliÞer

5 Ð AM noise



Cross-spectrum method 28

monitor

source
under test

du
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power
meter

The cross spectrum Sba(f ) rejects 
the single-channel noise because 
the two channels are independent.

¥Averaging on m spectra, the single-
channel noise is rejected by #1/2m

¥A cross-spectrum higher than the 
averaging limit validates the measure

¥The knowledge of the single-channel 
noise is not necessary

va(t) = 2kaPaα(t) + noise
vb(t) = 2kaPbα(t) + noise

Sba(f) =
1

4kakbPaPb
Sα(f)

meas. limit

α (f)

1
m

f

log/log scale

cross spectrum

single channel

S

5 Ð AM noise



Example of AM noise spectrum 29

!123.1

10 102 103 104 105

Fourier frequency, Hz

avg 2100 spectra
= !10.2 dBmP

Wenzel 501!04623E 100 MHz OCXO

0
(f

)
S α

dB
/H

z

!163.1

!153.1

!143.1

!133.1

ßicker: h−1 = 1.5×10−13 Hz−1 (−128.2 dB) ⇒ ! α = 4.6×10−7

Single-arm 1/f noise is that of the dc ampliÞer
(the ampliÞer is still not optimized)

5 Ð AM noise
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Additive (white) noise in ampliÞers etc.
31

b0 =
F kT0

P0

white 
phase noise

Sϕ =
0!

i= ! 4

bif ipower law

f

Sφ(f)
low P0

high P0

P0

!
V0 cos! 0t

nrf (t)

Noise Þgure F
Input power P0

g

Cascaded ampliÞers (Friis formula)

N = F1kT0 +
(F2 ! 1)kT0

g2
1

+ . . .

As a consequence, (phase) noise is chießy that of the 1st stage

6 Ð systems



Parametric (ßicker) noise in ampliÞers etc.
32

E. Rubiola – 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 "# Vi cos!$ 0t "
AM PM

n,! t " n,,! t "

a1

noise-free

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

vo! t "

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

vo! t " # a1Vi cos!$ 0t "& a2%Vi
2cos2!$ 0t "& 2Vi 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

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 ω0 terms

carrier + near-dc noise

vi (t) = Vi ej ω0 t + n!(t) + j n!! (t)

non-linear ampliÞer

vo(t) = Vi

!
a1 + 2a2

"
n!(t) + jn!! (t)

#$
ej! 0 t

get AM and PM noise m cascaded ampliÞers

In practice, each stage contributes ' equally

! (t) = 2
a2

a1
n′(t) " (t) = 2

a2

a1
n′′(t)

independent of Vi  (!)

(b! 1)cascade =
m!

i =1

(b! 1)i

f

Sφ(f)
bÐ1  ' independent of P 0

Sϕ =
0!

i= ! 4

bif i

vo(t) = a1vi(t) + a2v
2
i (t) + . . .

substitute
(careful, this hides the down-conversion)

the parametric nature of 1/f 
noise is hidden in nÕ and nÓ

%0 = ?

no ßicker

%0
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Figure 3.5: The phase noise of a divider chain is often due to the output stage
of the final divider.

The phase noise parameter of the divider is S! (f) taken at the output2

The divider scales down the input phase noise. Unfortunately, this feature
can only be exploited partially in practice because the output phase noise can
not be lower than the phase noise of the output front-end. Figure 3.5 shows
a typical example, in which a divider is driven with a high stability oscillator.
Even using a low noise divider, at high frequencies the output noise is inevitably
that of the divider output. Conversely, at low frequencies the oscillator noise is
of the frequency-flicker type (slope 1/f3), while the divider noise remains phase
flickering (slope 1/f), for the noise reduction by d2 can always be achieved.3

The general formulae for m cascaded dividers (Fig. 3.6)4 are

! o =
m∑

j =0

! j

m∏

k= j +1

1
dk

(3.17)

and

S! o(f) =
m∑

j =0

S! j (f)
m∏

k= j +1

1
d2

k
(3.18)

For a quick evaluation, it is often useful to sketch the spectrum of the output
stage and of the input signal, the latter divided by

∏m
k=1 d2

k , as exemplified in
Fig. 3.5, and to identify the cutoff frquency fc that divides the region of divider
noise from the region of scaled input noise.

2It is common practice is to describe the divider with the output noise. Using the equivalent
input noise leads to simpler formulae, but the numerical values can be amazingly low. Should
I change the text?

3I should explain why the divider noise can not have a slope higher than 1.
4Remove this figure?
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Figure 3.1: SimpliÞed frequency synthesis and its mechanical anlogue.
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Figure 3.2: Phasenoisepropagation in elementary frequency synthesis.

ϕo =
n
d

ϕi (3.4)

merely reßectsthe invariance of the time jitter δt . With random phaseßuctu-
ations, the mean squareoutput phaseis ϕ2

o = n2ϕ2
i , which follows immediately

from (3.4). Thus, the output spectum of phasenoise is

S! o(f ) =
! n

d

" 2
S! i(f ) (3.5)

In a logarithmic scale,this is 20log10

#
n
d

$
dB.
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Figure 3.2: Phase noise propagation in elementary frequency synthesis.

! o =
n
d

! i (3.4)

merely reflects the invariance of the time jitter " t . With random phase fluctu-
ations, the mean square output phase is ! 2

o = n2! 2
i , which follows immediately

from (3.4). Thus, the output spectum of phase noise is

S! o(f ) =
! n

d

" 2
S! i(f ) (3.5)

In a logarithmic scale, this is 20 log10

#
n
d

$
dB.

The ideal noise-free frequency synthesizer repeats the input time jitter

After division, the noise of the output buffer may 
be larger than the input-noise scaled down

After multiplication, the scaled-up phase noise sinks 
energy from the carrier.  At m ' 2.4, the carrier vanishes
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Saturation and sampling

0

1
t

t

clipped

waveform

gain

Saturation is equivalent to reducing the gain

Digital circuits, for example, amplify (linearly) 
only during the transitions
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shot noise

P(t) = P(1 + m cos! µ t)

i (t) =
q!
h"

P(1 + m cos#µt)

Pµ =
1
2

m2R0

( q!
h"

)2
P2

intensity modulation

photocurrent

microwave power

Ns = 2
q2!
h"

PR0

thermal noise Nt = F kT0

total white noise
(one detector)

S! 0 =
2

m2

!

2
hν"

η

1

P
+

FkT0

R0

"
hν"

qη

# 2 "
1

P

# 2
$

Threshold power ' 0.5Ð1 mW
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Photodetector noise 2
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photodiodes
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Fig. 1. Schemeof the measurementsystem.

analyzermeasuresthe outputspectrum,Sϕ(f ) or Sα(f ). The
gain, deÞnedaskd = v/ α or kd = v/ ϕ, is

kd =

!
gPµ R0

#
!

"
dissipative

loss

#
, (3)

whereg is theampliÞergain, Pµ themicrowave power, R0 =
50Ω the characteristicresistance,and # the mixer ssb loss.
Under the conditionsof our setup(seebelow) the gain is 43
dBV[/ rad], includingthedcpreampliÞer. Thenotation [/ rad]
meansthat /rad appearswhenappropriate.

Calibrationinvolvestheassessmentof kd andtheadjustment
of γ. The gain is measuredthroughthe carrier power at the
diode output, obtainedas the power at the mixer RF port
whenonly onedetectoris present(no carriersuppressiontakes
place) divided by the detector-to-mixer gain. This measure-
mentrelieson a power meterandon a network analyzer. The
detectionangle γ is Þrst set by inserting a referencephase
modulatorin serieswith one detector, and nulling the output
by inspectionwith a lock-in ampliÞer. Under this condition
the systemdetectα. After addinga reference90! to γ, based
either on a network analyzer or on the calibration of the
phaseshifter, the systemdetectsϕ. The phasemodulator is
subsequentlyremoved to achieve a higher sensitivity in the
Þnal measurements.Removing the modulatoris possibleand
free from errorsbecausethe phaserelationshipat the mixer
inputs is rigidly determinedby the carrier suppression in ∆,
which exhibits the accuracy of a null measurement.

The backgroundwhite noiseresults from thermaland shot
noise.The thermalnoisecontribution is

Sϕ t =
2F kT0

Pµ
+

"
dissipative

loss

#
, (4)

where F is the noise Þgureof the ∆ ampliÞer, and kT0 "
4# 10" 21 J is the thermal energy at room temperature.This
is proved by dividing the voltage spectrumSv = 2

# gF kT0

detectedwhen the ∆ ampliÞer is input-terminated,by the
squaregain k2

d. The shot noisecontribution of eachdetector
is

Sϕ s =
4q

%m2Pλ
, (5)

whereq is the electroncharge, % is the detectorresponsivity,
m the index of intensity modulation, and Pλ the average
opticalpower. This is provedby dividing thespectrumdensity
Si = 2qõ= 2q%Pλ of the the outputcurrenti by the average
squaremicrowave current i 2

ac = %2P
2
λ

1
2 m2. The background

amplitudeandphasewhite noisetake the samevaluebecause
they result from additive randomprocesses,and becausethe
instrumentgain kd is the same.The residualßicker noise is
to be determinedexperimentally.

The differential delay of the two branchesof the bridge is
keptsmallenough(nanoseconds)sothat a discriminatoreffect
doesnot takeplace.With thisconditions,thephasenoiseof the
microwave source and of the electro-opticmodulator(EOM)
is rejected.Theamplitudenoiseof thesourceis rejectedto the
samedegreeof the carrier attenuationin ∆, as results from
the generalpropertiesof the balancedbridge. This rejection
appliesto amplitudenoiseand to the laser relative intensity
noise(RIN).

Thepower of themicrowave sourceis setfor themaximum
modulationindex m, which is the Bessel function J1(·) that
resultsfrom the sinusoidalresponseof the EOM. This choice
also provides increasedrejection of the amplitude noise of
the microwave source.The sinusoidal responseof the EOM
resultsin harmonic distortion,mainly of odd order;however,
theseharmonicsare out of the systembandwidth.The pho-
todetectorsareoperatedwith some0.5mW inputpower, which
is low enoughfor the detectorsto operatein a linear regime.
This makespossiblea high carriersuppression(50Ð60dB) in
∆, which is stablefor the durationof the measurement(half
an hour), andalso providesa high rejectionof the laserRIN
andof the noiseof the ∆ ampliÞer. The coherencelengthof
the YAG laserused in our experimentis about1 km, andall
optical signalsin the system arehighly coherent.

I I I . RESULTS

Thebackgroundnoiseof the instrumentis measuredin two
steps.A Þrstvalueis measuredby replacingthephotodetectors
outputwith two microwave signalsof thesamepower, derived
from the main source.The noiseof the source is rejectedby
the bridgemeasurement.A moresubtlemechanism, which is

The noise of the ! ampli"er is not det ected Electron. Lett. 39 19 p. 1389 #2003$ 

Table 1: Flicker noise of the photodiodes.

photodiode S! (1 Hz) S" (1 Hz)
estimate uncertainty estimate uncertainty

HSD30 ! 122.7 ! 7.1
+ 3.4 ! 127.6 ! 8.6

+ 3.6

DSC30-1K ! 119.8 ! 3.1
+ 2.4 ! 120.8 ! 1.8

+ 1.7

QDMH3 ! 114.3 ! 1.5
+ 1.4 ! 120.2 ! 1.7

+ 1.6

unit dB/Hz dB dBrad2/ Hz dB

measured in a second test, by restoring the photodetectors and breaking the
path from the hybrid junction to the ! amplifier, and terminating the two
free ends. The worst case is used as the background noise. The background
thereby obtained places an upper bound for the 1/ f noise, yet hides the shot
noise. This is correct because the shot noise arises in the photodiodes, not in
the instrument. The design criteria of Sec. 2 result in a background flicker of
approximately ! 135 dB[rad2]/ Hz at f = 1 Hz, hardly visible above 10 Hz (Fig.
2). The white noise, about ! 140 dB[rad2]/ Hz, is close to the expected value,
within a fraction of a decibel. It is used only as a diagnostic check, to validate
the calibration.

We tested three photodetectors, a Fermionics HSD30, a Discovery Semicon-
ductors DSC30-1k, and a Lasertron QDMH3. These devices are InGaAs p-i-n
photodiodes suitable to the wavelength of 1.3 µm and 1.55 µm, exhibiting and a
bandwidth in excess of 12 GHz, and similar to one another. They are routinely
used in our photonic oscillators [YM96, YM97] and in related experiments.

Each measurement was repeated numerous times with di" erent averaging
samples in order to detect any degradation from low-frequency or non-stationary
phenomena, if present. Figure 2 shows an example of the measured spectra.
Combining the experimental data, we calculate the flicker of each device, shown
in Table 1. Each spectrum is a" ected by a random uncertainty is of 0.5 dB,
due to the parametric spectral estimation (Ref. [PW98], chap. 9), and to the
measurement of the photodetector output power. In addition, we account for a
systematic uncertainty of 1 dB due to the calibration of the gain. The random
uncertainty is amplified in the process of calculating the noise of the individual
detector from the available spectra. Conversely, the systematic uncertainty is a
constant error that applies to all measurements, for it is not amplified.
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Photodetector noise

¥ the photodetectors we measured are similar 
in AM and PM 1/f noise

¥ the 1/f noise is about %120 dB&rad2'/Hz

¥ other e(ects are easily mistaken for the 
photodetector 1/f noise 

¥ environment and packaging deserve 
attention in order to take the full bene"t 
from the low noise of the junction

Figure 2: Example of measured spectra S! (f ) and S" (f ).

modulator (EOM) is rejected. The amplitude noise of the source is rejected
to the same degree of the carrier at tenuat ion in ! , as results from the general
propert ies of the balanced bridge. This reject ion applies to amplitude noise and
to the laser relat ive intensity noise (RIN).

The power of the microwavesource is set for the maximum modulat ion index
m, which is the Bessel funct ion J1(·) that results from the sinusoidal response of
the EOM. This choicealso provides increased reject ion of the amplitude noise of
the microwave source. The sinusoidal response of the EOM results in harmonic
distort ion, mainly of odd order; however, these harmonics are out of the system
bandwidth. The photodetectors are operated with some 0.5 mW input power,
which is low enough for the detectors to operate in a linear regime. This makes
possible a high carrier suppression (50Ð60 dB) in ! , which is stable for the
durat ion of the measurement (half an hour), and also provides a high reject ion
of the laser RIN and of the noise of the ! ampliÞer. The coherence length of
the YAG laser used in our experiment is about 1 km, and all opt ical signals in
the system are highly coherent .

3 Result s

The background noise of the inst rument is measured in two steps. A Þrst value
is measured by replacing the photodetectors output with two microwave signals
of the same power, derived from the main source. The noise of the source is
rejected by the bridge measurement . A more subt le mechanism, which is not
detected by the Þrst measurement , is due to the ßuctuat ion of the mixer o" set
voltage induced by the ßuctuat ion of the LO power [BMU77]. This e" ect is
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Figure 3: Examples of environment effects and experimental mistakes around
the corner. All the plots show the instrument Background noise (spectrum B)
and the noise spectrum of the Photodiode pair (spectrum P). Plot 1 spectrum
W: the experimentalist Waves a hand gently (≈ 0.2 m/s), 3 m far away from the
system. Plot 2 spectrum S: the optical isolators are removed and the connectors
are restored at the input of the photodiodes (Single spectrum). Plot 3 spectrum
A: same as plot 3, but Average spectrum. Plot 4 spectrum F: a Fiber is bended
with a radius of ≈ 5 cm, which is twice that of a standard reel.

4 D iscussion

For practical reasons, we selected the configurations that give reproducible spec-
tra with low and smooth 1/f noise that are not influenced by the sample av-
eraging size. Reproducibility is related to smoothness because technical noise
shows up at very low frequencies, while we expect from semiconductors smooth
1/f noise in a wide frequency range. Smoothness was verified by comparison
with a database of trusted spectra. Technical noise turned out to be a serious
difficulty. As no data was found in the literature, we give some practical hints
in Fig. 3.

The EOM requires a high microwave power (20 dBm or more), which is some
50 dB higher than the photodetector output. The isolation in the microwave
circuits is hardly higher than about 120 dB. Thus crosstalk, influenced by the
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and the noise spectrum of the Photodiode pair (spectrum P). Plot 1 spectrum
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system. Plot 2 spectrum S: the optical isolators are removed and the connectors
are restored at the input of the photodiodes (Single spectrum). Plot 3 spectrum
A: same as plot 3, but Average spectrum. Plot 4 spectrum F: a Fiber is bended
with a radius of ! 5 cm, which is twice that of a standard reel.
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For practical reasons, we selected the configurations that give reproducible spec-
tra with low and smooth 1/ f noise that are not influenced by the sample av-
eraging size. Reproducibility is related to smoothness because technical noise
shows up at very low frequencies, while we expect from semiconductors smooth
1/ f noise in a wide frequency range. Smoothness was verified by comparison
with a database of trusted spectra. Technical noise turned out to be a serious
di" culty. As no data was found in the literature, we give some practical hints
in Fig. 3.

The EOM requires a high microwave power (20 dBm or more), which is some
50 dB higher than the photodetector output. The isolation in the microwave
circuits is hardly higher than about 120 dB. Thus crosstalk, influenced by the
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are restored at the input of the photodiodes (Single spectrum). Plot 3 spectrum
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with a radius of ! 5 cm, which is twice that of a standard reel.
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t ra with low and smooth 1/ f noise that are not inßuenced by the sample av-
eraging size. Reproducibility is related to smoothness because technical noise
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1/ f noise in a wide frequency range. Smoothness was veriÞed by comparison
with a database of t rusted spectra. Technical noise turned out to be a serious
difficulty. As no data was found in the literature, we give some pract ical hints
in Fig. 3.

The EOM requires a high microwavepower (20 dBm or more), which is some
50 dB higher than the photodetector output . The isolat ion in the microwave
circuits is hardly higher than about 120 dB. Thus crosstalk, inßuenced by the
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A: same as plot 3, but Average spectrum. Plot 4 spectrum F: a Fiber is bended
with a radius of ! 5 cm, which is twice that of a standard reel.
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t ra with low and smooth 1/ f noise that are not inßuenced by the sample av-
eraging size. Reproducibility is related to smoothness because technical noise
shows up at very low frequencies, while we expect from semiconductors smooth
1/ f noise in a wide frequency range. Smoothness was veriÞed by comparison
with a database of t rusted spectra. Technical noise turned out to be a serious
difficulty. As no data was found in the literature, we give some pract ical hints
in Fig. 3.

The EOM requires a high microwavepower (20 dBm or more), which is some
50 dB higher than the photodetector output . The isolat ion in the microwave
circuits is hardly higher than about 120 dB. Thus crosstalk, inßuenced by the
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Birefringence. Common optical Þbers are made of amorphous Ge-doped silica, for an ideal Þber is not expected to be birefringent.  Nonetheless, 
actual Þbers show birefringent behavior due to a variety of reasons, namely: core ellipticity, internal defects and forces, external forces (bending, 
twisting, tension, kinks), external electric and magnetic Þelds. The overall effect is that light propagates through the Þber core in a non-degenerate, 
orthogonal pair of axes at different speed. Polarization effects are strongly reduced in polarization maintaining (PM) Þbers.  In this case, the 
cladding structure stresses the core in order to increase the difference in refraction index between the two modes.

Rayleigh scattering.  This is random scattering due to molecules in a disordered medium, by which light looses direction and polarization. A small 
fraction of the light intensity is thereby back-scattered one or more times, for it reaches the Þber end after a stochastic to-and-fro path, which 
originates phase noise. In the early Þbers it contributed 0.1 dB/km to the optical loss.

Bragg scattering.  In the presence of monocromatic light (usually X-rays), the periodic structure of a crystal turns the randomness of scattering into 
an interference pattern.  This is a weak phenomenon at micron wavelengths because the inter-atom distance is of the order of 0.3--0.5 nm.   
Bragg scattering is not present in amorphous materials.

Brillouin scattering.  In solids, the photon-atom collision involves the emission or the absorption of an acoustic phonon, hence the scattered 
photons have a wavelength slightly different from incoming photons.  An exotic form of Brillouin scattering has been reported in optical Þbers, due 
to a transverse mechanical resonance in the cladding, which stresses the core and originates a noise bump on the region of 200--400 MHz.

Raman scattering.  This phenomenon is somewhat similar to Rayleigh scattering, but the emission or the absorption of an optical phonon.

Kerr effect.  This effect states that an electric Þeld changes the refraction index.  So, the electric Þeld of light modulate the refraction index, which 
originates the 2nd-order nonlinearity.

Discontinuities.  Discontinuities cause the wave to be reßected and/or to change polarization.  As the pulse can be split into a pulse train 
depending on wavelength, this effect can turn into noise.

Group delay dispersion (GVD). There exist dispersion-shifted Þbers, that have a minimum GVD at 1550 nm.  GVD compensators are also 
available. 

Polarization mode dispersion (PMD).  This effect rises from the random birefringence of the optical Þber.  The optical pulse can choose many 
different paths, for it broadens into a bell-like shape bounded by the propagation times determined by the highest and the lowest refraction index. 
Polarization vanishes exponentially along the light path. It is to be understood that PMD results from the vector sum over multiple forward paths, 
for it yields a well-shaped dispersion pattern.

PMD-Kerr compensation.  In principle, it is possible that PMD and Kerr effect null one another.  This requires to launch the appropriate power into 
each polarization mode, for two power controllers are needed.  Of course, this is incompatible with PM Þbers.

Which is the most important effect?  In the community of optical communications, PMD is considered the most signiÞcant effect.  Yet, this is 
related to the fact that excessive PMD increases the error rate and destroys the eye pattern of a channel.  In the case of the photonic oscillator, 
the signal is a pure sinusoid, with no symbol randomness.  My feeling is that Rayleigh scattering is the most relevant stochastic phenomenon.
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Rayleigh scatteringCHAPITRE 1. EVALUATION DES PERFORMANCES DE LIAISONS OPTIQUES 23

Fig. 1.10 ÐProÞl spectral des pertesdÕuneÞbremonomode (dÕapr̀es[13])

Quant à la r«epartit ion du signal vers plusieurssous-syst̀emes dÕunsatellite, elle se r«ealise

typiquement à lÕaidede coupleurs optiques classiques, mais on pourra «egalement, dans le cas

où il faut faire «evoluer dans le temps cette r«epartitio n du signal, mettre à proÞt des matrices

de commutateurs MOEMS[16][31][32].

Les composants test «es

Desliaisonsoptiques peuvent aussiöetre r«ealis«eesen espacelibre. NousnÕavons fait quÕef-

ßeurerle problèmeen caract«erisant une photodiode en puce,la PDCS32T dÕOptospeed, cÕest-

à-dire encouplant le signaldu laserFU68! PDF modul«e sur cette photodiode.Lespertessont

donc tr èsimportantes, au mieux de lÕordre de ! 17dB, et il aurait mieux valu utiliser un laser

tr ès peu divergent (Þgure 1.11). A lÕorigine, notre but «etait de reporter sur un möeme circuit

une photodiode et un transistor faible bruit, mais cette technique seraaussidÕungrand int«eröet

pour r«ealiser desliaisons intersatellites telles que le projet SILEX[33].

La photodiode que nous avons utilis«ee pour la plupart de nos exp«erimentations est la

G. Agrawal, Fiber-optic 
communications systems, Wiley 1997

forward transmitted

back scattered

scattered twice

Rayleigh scattering contributes 
some 0.1 dB/km to the loss

Stochastic scattering
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