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1 D introduction

Clock signal affected by noise

Time Domain Phasor Representation

l amplitude Ructuation
Voa(t) [voltg]

,\\ T normalized ampl. Ruct.
a(t) [adimensional]

Vo/V/2 =

ampl. Ruct.—» +

(Vo/V2)a(t)

phase Buctuation

v(t) (t) [rad]
. / 7%, phase time (Ruct ) phase Buctuation
/\\ z(t) [seconds] o(t)
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T >

Vo/\/é f

\ \ I I
\V\\Y /7 /1
\ \ l /

polar coordinates v(t) = Vo [1+ at)] cos[wot + o(t)]

Cartesian coordinates  V(t) = Vycos! ot +n.(t)cos! gt ! ng(t)

under low noise approximation It holds that
Inc(t)|! Vo and |ns(t)]|! Vo




1 D introduction

Phase noise & friends

random phase [3uctuation random walk freq. processes not present
14 : X :
S (f) = PSD of ! (¢) b, f in two-port devices

power spectral dendty 47

flicker freq.
X . 13
it is measured as by, f

Sﬁp(f ) = E{(I)(f )(I)I (f )} Whti)te ffr!ezq.
S,(f ) = (O(f )cb! (), 12

flicker phase.

11
By 1 white phaseb,

L(f) = 55 (f) dBc :

random fractional-frequency Ructuation h. f12 h2f2
12

Sb (t) S random yvhite phase

y(t) — ST, ! Sy = V—§S| (f) Walkfre(?. h,, 1 - h, f “\“I

0 >
7 flicker freq. flicker phase /
: ,  white freq. . 7

| : -

N /

Allan variance
(two-sample wavelet-like variance)

= — |y —7 , flicker phase ' drift
y ( ) ) {yk"H yk} white Bhase 4 _

_ white fre flicker freq. random walk freq.
approaches a half-octave bandpass blter (for white), 4

ny2
| ho/2#  2n@h,  Z)h, #
hence it converges for processes steeper than 1/f ' '

6
E. Rubiola, The Leeson Effect Chap.1, arXiv:physics/0502143




1 D introduction

Relationships between spectra and variances

noise

type St (f) Sy(f)

2(")

mod! 2(")

white 2
PM ha]

3fH h2 T P
(2%)°

29" T

3fH "0h2 1 3
(2$)°

Ricker ,
PM . 1f. 1 hlf

h1

[1.038+ 3In(2$ fu )] (2%)?

2

0.084h,"" 2
i |

white
M TGN M ho

“ha'!
5/t

Ricker : |
FM . 3f. 3 h! 1f- .

2In(2) hi 1

27
— In(2) h
25In@ b s

random

I 4 I 2
walk FM | 7 4t fu2f

(28)°

hy 2"
B | .2

(28)°

0.824
6

hy 2"

linear frequency drift

1 ool
5 (B°"°

1 2.
5 (B°"°

fu Is the high cuto! frequency, neaded for the noise power to be Pnite.




1 B introduction introduction B general problems

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 distorsiometer,
(low-pass) S(t) y hlp(t) audio-frequency instruments

traditional instruments for

tlmper-oddoun;fun S(t) X r(t s T/4) phase-noise measurement
(saturated mixer)

vector bridge (interferometric)
difference S(t) | r(t) instruments



Daible-balanced

mixer




2 D double-balanced mixer

Saturated double-balanced mixer

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

LoW-NOLS
OFA -

1 b Power

! narrow power range:

! +5 dB around Pnhom = 8D12 dBm

! r(t) and s(t) should have ~ same P

mixer background noise

mixer 1/f noise
. . ~120
2 D Flicker noise
! due to the mixer internal diodes
| typical Sy = D140 dBrad?/Hz at 1 Hz

| In average-good conditions

op-amp
—140 white noise

—160 A

(f), dBrad®/Hz

3 b Low gain I _180:
! ke ~ D10 to D14 dBV/rad typ. (0.2-0.3 V/rad)?® -
—200 , : , , , 1l

4 B White noise 110 102 10° 10° 105 10°
! due to the operational ampliber frequency, Hz

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



2 D double-balanced mixer

two-port device under test

=

X A

/quadrature adjust

two two-port devices under test
3 dB improved sensitivity

DUT

O T =

;quadr. ad,.

Mixer-based schemes

measure two oscillators
best use a tight loop

under test

—

>| =
reference

A phase lock

measure an oscillator vs. a resonator

N reference
under test resonator

e
VT =
/quadr. adj.




2 D double-balanced mixer

Correlation measurements

a(t), b(t) B> mixer noise

c(t) B> DUT noise a(D»@_»g _X:l cba
@— DUT ﬂl
‘_;)(t)>®—>EJ

basics of correlation

Syx(f) =E{Y(f)X*(f)}
H BTG =IATIC=1BY7)
—E{CC* —AC™ — CB* +AB 1
=BG TERG 00

Syx (f ) — SCC (f ) ‘ single-)channel
In practice, average on m realizations S

Syx(f) = 1Y ()X ()" : y Ui
FAl0AE A AR N GN ImERY.YIZHA - ,
\ \ \ m) O as - correlation

1CCH! -+ O(1/m) 1/#m

frequency



2 D double-balanced mixer

file am—correl-2port

(ref) o

phase
arm a

DUT

2—port

Q

device

armb

7l

(ref) phase

file am!correlldiscrim

Pollution from AM noise

FFT
analyzer

Q

@

FFT
analyzer

The mixer converts power into dc-offset,
thus AM noise into dc-noise,
which 1s mistaken for PM noise

v(t) = k- "(t) + k Lo $Lo + Krr SRF

rejected by correlation and avg

file am—correl—oscillator

REF @
©
Q

phase lock

FFT
analyzer

phase lock

E. Rubiola, R. Boudot, The effect of AM noise on correlation
nhase noise measurements, arXiv/physics/0609147
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3 D bridge (interferometer) Bridge B Wheatstone 12

Wheatstone bridge

/g;j. phase

LO
RF |F
%
synchronous
detection: get

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

equilibrium: Va =0 B> carrier suppression

static error 8Z1 B> some residual carrier
real 0Z1 => in-phase residual carrier Ve cos(%wt)
imaginary 0Zi1 => quadrature residual carrier Vim sin(%mot)

RBuctuating error 8Z1 => noise sidebands
real 8Z1 => AM noise vc(t) cos(%mt)
imaginary 0Z1 => PM noise Dw(t) sin(%wt)




3 D bridge (interferometer) Bridge B scheme 13

Bridge (interferometric) PM and AM
noise measurement

bridge detector
IF =< V()

L &
N\

LO

AW Y

pump

|::> High carrier suppression:

no carrier = the amplifier can’t flicker

|::> High gain:

R,8P, __ dissip.

l losses
m

I:{> Low Noise Floor:
2Fk £ T 3
®0 P losses

I::> Migh LMAMWE’ Te SOD Ha B/Poub;

Improved, from RSI 70 1 pp. 220-225, Jan 1999

. . & dissip.

:{} and rejection of the master-oscillator noise

yet, difbcult for the measurement of oscillators



3 D bridge (interferometer) Bridge B Wheatstone 14

Synchronous detection
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4 P advanced techniques

Mechanical stability

any flicker spectrum S(f ) = h, 1/f can be transformed
into the Allan variance 0% = 2In(2) h, 1

(roughly speaking, the integral over one octave)

a phase fluctuation is equivalent to a length fluctuation

e
42 2

. Il C
e g o
2" 2" $O

Sr(f)

S (f)

| 180 dBrad?/Hz at f =1 Hz and $ :#9.2 GHz (c = 0.8¢) is#?quivalent to
SE=173 0 2P imP ez (ST =460 TP

a residwal Bicker of ! 180 dBrad?/Hz at f =1 Hz o! the!, = 9.2 GHz carier
(hy 1 = 1.73" 10" ?3) is equivalentto a medanical stahility

", = /138" 1.73" 10' 232 = 4.9"10' ' m

# don!t think Othat!s only engineeringO !!!
# | learned a lot from non-optical microscopy
# bulk solid matter is that stable




4 P advanced techniques Advanced D R3icker reduction 17

Origin of [3icker In the bridge

CONTINUWOUS
Vgg'f ‘ ARreN g
VCM | s

?Mob‘){_ kM-aL rm.

BY - STEP A DeN.

wfov.
Moyr
O bviown exlecn o 1‘0 Pb‘-mq‘u‘:’ e""w

In the early time of electronics, Ricker was called Ocontact noiseO



4 P advanced techniques

Coarse and bPne adjustment of the bridge
null are necessary

ha! O.05 4B eckio
{"“1’ 5 '—"m‘-{ u'

e 1,

C R\T lC.A-L

CONTIMNULOWS

. im \

TOLE LARLE Mot N

— —J Alteraale
4 elutcorn




4 P advanced techniques

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

rf virtual gnd
null Re & Im

©

iInner interferometer

=50'!

10-20dB
coupl.

Ry

arbitrary phase

channel b (optional)

detect

readout

manual carr. suppr.

7

var. att. & phase

power splitter

arbitrary phase

automatic carrier
suppression control

G B
matrix matrix

G: Gram Schmidt ortho
normalization

B: frame rotation

[-Q detector/modulator
I

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

=14.1 dBm
avg 92 spectra
two rf chann.

arm la, 1b
angle uncal.

i
I rrnrt
Lot rrrrn

1 188.1 dB[rad?]/Hz

SEUEE

Ve |

Fourier frequency, Hz

e}

[

Ik |
[ gt

{

S (f) dBrad2/Hz

- S (f) dB/Hz

[ N dBm/Hz]

1160.5
[! 146.4]

Interferometer

uone|osl

isolation

3! %

2%

resistive

CP2

terminations

Correlation-and-averaging
rejects the thermal noise

Residual noise of the bxed-value bridge,

in the absence of the DUT

>

T T T TTT]

P

11%>11./9
0781&$@15A%E

[ N A

BC(1)<1'D0

1 0

Bﬁ—lro
-
[

7|_
9110F1!G
+3

g

BH1ET

5678+*10)9

N0.1$234

S, f-

111111111./923

Lpuans s dhn ol |

T

11

Il

LIHH>11./:)0.81;2

4

kT 2P

L(E)6*)1<)*ME*7'NF13

—1J">#

—1#1>%;

—IH">#
-11>%

=1J1>%;

_$IIII>#
-IHI>%

17.7 dBm
avg 18 spectra
two rf chann.

arm la, 1b
angle uncal.

[ A R

[ RN

[N A I R

[N A R

1411

Fourier frequency, Hz

{instrument noise

1157.3
[ 139.6]

Noise of a pair of HH-109 hybrid couplers

measured at 100 MHz

Residual noise of the bxed-value bridge.

Same as above, but larger m




4 P advanced techniques 1451/4 d etecn O n

DUT noise without carrier N¢(t) COSwot ! Ng(t) Sinwgt
UP reference u(t) = Vp coq! ot —"/4)
DOWN reference d(t) = Vp coquwgt + 7w/ 4)

[s! (f) =S (f )}

HL

cross spectral density Siid (f ) 5

in—phase noise quadrature noise () dBrad?/Hz A= 14.1 dBm
detection detection S.(f) aBs avg 635 spectra

!167.7 T LI TTTT T T T TTTTT T T T T TTTIT T T |IIII|[
A Im rise6l | [Ny dBm/Hz] H ! single arm ) | | twoorfchanp. |
u Co D —1 11 +45° detection ||
1 o u | | R
- | | |

1111 angleuncal. i
[ R [ B R R

~

!|117()Z'67 : ’::”I | 1 l Il 1 1 IR
t 6l 11 | RN 1 1 R
o

B
Bm/HZ RN

1oty

N Bl
|1977 LN u)
i 1 [ LA
|

1 I ! 1 I |

[! 186.6] 11 | ERLI1d | [N | e

[N ] [
Tttt 1

T 1 11100t rrrrn

[ I (R | !
Lo | I 3 |
[ B R R e [ (NN Fourler frequenCY’ HZ |
L1 il 1 1 L1 i1y 1 IR

! 207.7 1 11 1
(19661 10 104 105

Residual noise, in the absence of the DUT

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 P advanced techniques

A 9 GHz experiment (dc circuits not shown)

G ases




4 P advanced techniques Advanced B comparison 24

Comparison of the background noise

SCp (f) dBraolez — realltime

= = Correl. & avg.
- = Mmixer, interferometer

nested interferometer

saturated mixer

~ double interf.

measured floor, m=32k

35,

/

Oa
f@c [‘/,0/7

Fourier frequency, Hz
1 10 102 103
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5 DAM noise

Tunnel and Schottky power detectors

[l aw: Vv = k g P) parameter Schottky tunnel
e . ~ | input bandwidth up to 4 decades 1-3 octaves
rf in video out 10 MHz to 20 GHz | up to 40 GHz
. yalnli VSVI  max. 1.5:1 3.9:1
b= : max. input power (spec.) l 15 dBm 15 dBm
_10_200 f 2’&?“3} absolute max. input power | 20 dBm or more 20 dBm
pF 100 k! output resistance 1-10k! 50200 !

J output capacitance 20200 pF 10-50 pF
The OtunnelO diode is actually a gain 300 V/W 1000 V/W

backward diode. The negative cryogenic temperature no yes
resistance region is absent. electrically fragile no yes

1 Herotek DZR124AA s.no. 227489 4 Herotek DT8012 s.no. 232028
Measured y

Schottky | Tunnel

detedor gain, A' !
load resistance ! | DZR124AA DT8012
(Schottky)  (tunndl)

11 10 35 292

3.2! 10 98 505
11 10° 217 652 | o
3.2! 10° 374 724 E I
1! 10* 494 750 | o] CTTTL

100 €2

output voltage, dBV
output voltage, dBV

conditions: power " 50to " 20 dBm _ fe—— ampli dc offset

LI I I |
-50 -40 -30 -20 -10 0 10

input power, dBm input power, dBm




5 DAM noise

Noise mechanisms

‘Rothe-Dahlke)
model of the

(‘Shot noise Si(f) = 2qlo) __ampliber

Y

video out

' S

— external

I 50! to
52.200 100 k!

[ AL J Flicker (1/f ) noise Is also present

Never say that it&sot fundamental,

Sv(f) =4ksToR :
unless you know how to remove it

In practice
the ampliber white noise turns out to be higher than the detector noise
and the ampliber 3icker noise Is even higher




5 DAM noise

Cross-spectrum method

va(t) = 2ka Paa(t) + noise
vp(t) = 2ka Poar(t) + noise

@ > The cross spectrum Spa(f ) rejects
source W } the single-channel noise because
under test the two channels are independent.

monitor 1

power Sba(f) — Tenn PP

dual channel
FFT analyzer

Sa(f)

meter

S, (F)
log/log scale

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

T ¥A cross-spectrum higher than the
Cross Spectrunx/ averaging limit validates the measure
-

r ¥he knowledge of the single-channel
noise is not necessary

meas. limit 4« ~




5 DAM noise

Example of AM noise spectrum

Wenzel 501104623E 100 MHz OCXO

Py=110.2 dBm
avg 2100 spectra

N
L
28]
o
A~~~
H\
—’

S
2

Fourier frequency, Hz |
1163.1 Loty 1 1 vl | L1 LI I L |

10 10° 10° 10° 10°

Ricker: h_; = 15x10713 Hz~! (~1282dB) = !, = 4.6x10°7

Single-arm 1/f noise is that of the dc ampliPer
(the ampliber is still not optimized)
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6 b systems

Additive (white) noise in amplibers etc.

! 0
Noise bPgure F powerlaw S, = bf
Input power Po i=1 4

FKkTy
Po

white —
phase noise bO T

Cascaded ampliPers (Friis formula)

Fo!l 1)KT
N = FikTo + (72 2) S

O1

As a consequence, (phase) noise is chiel3y that of the 1st stage



6 D systems

Parametric (f3icker) noise in amplipers etc.

parametric up-conversion of the near-dc noise

no carrier A noise
S :
neardc flicker 7 up-conversion

k/ no Bicker

| -

Op = ?

!

%o

carrie_r u near'd? noise . the parametric natug of 1/f
vi (1) = V, g wol 4 n'(t) + jn"(t) noise is hiden in-nO-and r

substitute
(careful, this hides the down-conversion)

Vo= alv:(t) + a;vf (t) + ...

non-linear ampliber be1 " independent of P o

expand and select the wo terms

_’_'_‘r

Uo(t) = V; a1 + 2as n' (t) —|—jn” (t) el ot

get AM and PM noise 7 m cascaded amplibers

| |
! (t) = 2 % n’(t) " (t) =92 % n//(t) (b| 1)cascade 'm | (b| 1)i
a1 aq 1=1
independent of Vi (I) In practice, each stage contributes ' equally




6 D systems

Frequency synthesis

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

T=2#/, | phasejitter input jitter _
# ! output jitter

Naay,mmasvamAERESUy o= g
' N

time jitter

- =xz=%
[

After division, the noise of the output buffer may After multiplication, the scaled-up phase noise sinks
be larger than the input-noise scaled down energy from the carrier. At m' 2.4, the carrier vanishes

ouT .(.) BESSEL FUMNCTIONS
’ X (1/ds) —i >—— : 3 g - JA-(M)

real noiseless real
bu! er divider bu! er

SNERGT  CORSERVATIOW

J%M“irz bt , J°(m>,m=z.azo

TONE  the cantien Mku amd, ma”uw. (Mt > z.A)
: 5 “BESSEL NULL® metogd {.d-h. meeorver et
input/ d of the modiifotion tader

RANDOM MOBULATLON: the coavier vaaishes .
(oured doer wor reapan for bighun am |
C ARRIER. TCOLAPSE .

output signal




6 D systems

Saturation and sampling

-.coceEe R TR 30
S

>

Saturation Is equivalent to reducing the gain

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




6 D systems

Photodiode white noise

intensity modulation P(t) = P(1+ mcos! ,t)

photocurrent i(t) = P(1+ mcos#,t)

. 1 ENE
microwave power P =3 m2R, (g_) p2

shot noise

thermal noise

total white noise
(one detector)

Threshold power ' 0.5D1 mW




6 b systems

1.32um
YAG (13dBm)

monitor
output °

100
MHz 9.9GHz / _\

PLL
I [ synth.

Photodetector noise

infrared

. hybrid
(-3dBm) ' (~26dBm) > RF

=~

hotodiodes OS] g=37dB
50% coupler. pund%.er test S <>< IF

ISO s(t) D LO
D Vi %// —90j > /

|
/ phase & aten. phasey
,' (carrier suppression) (detection of a or )

microwave

photodiode S (H7) S (1Hz)

estimate uncertainty estimate uncertainty

HSD30

12217 AL | 127.6 151

DSC30

IRCCTaIR ' 3.1 | 120.8

+2.4

QDMH3 | 114.3 N ¢ 1 120.2

+1.4

unit

dB/Hz dB dBrad?/ Hz

near! dc

The noise of the | amplier is not det ected Electron. Lett. 39 19 p. 1389 #2003%
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Photodetector noise

DSC30-1k and HSD30

e connections are spliced

¥ the photodetectors we meaured are similar - connections are splic
INn AM and PM 1/f noise [ « air-flow shielding

e myself > 3 m far away —
¥ the 1/f noise is about %120 dB&ait

¥ other e(ects are ea&ily mistaken for the
photodetector 1/f noise

| file plot711a.pdf

¥ environment and packaing deseve - pm
attention in order to take the full bene"t -~ background

from the low noise of the junction e o AR
10000 100000

So(f) dBrad?/Hz 1 So(f) dBrad?/Hz 2 So(f) dBrad?/Hz 3 So(f) dBrad?/Hz 4

-100 [ : -100 '100 [file plot719c.pdf -100 [ 3
[repet9ard | waving a ha Ee Pl connectors, ¥ " s B connectors, [ s e, et

isolators removed, [ isolators removed,

single spectt it 5 average spectrum -110 -

after bending a fiber

-110 | -110 {

-120 | -120 | -120 -120 |

-130 pw—F i -130 ‘ -130 A || -130 b

-140 L[ 61 T SN e ——— -140 frn fLILK LY i s £ e =140 lwwdeW -140 et

[ , L ‘ r f, Hz [
_150 L 1l S S L Lo L Lo _150 L L L L L e _150 L Lo L Lo L Lol _150

10 100 1000 10000 10 100 1000 10000 10 100 1000 10000 10 100 1000 10000

W: wavingahand 0.2 m/s, S: single spectrum, with optical A: average spectrum, with optical F: after bending a fiber, 1/f

3 m far from the system connectors and no isolators connectors and no isolators noise can increase. unpredictably
B:) background noise B:) background noise B:) background noise B:) background noise

P:) photodiode noise P:)) photodiode noise P:) photodiode noise P:)) photodiode noise




6 b systems

Physical phenomena in optical Pbers

Birefringence. Common optical Pbers are made of amorphous Ge-doped silica, for an ideal Pber is not expected to be birefringent. Nonetheless,
actual Pbers 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 belds. The overall effect is that light propagates through the Pber core in a non-degenerate,
orthogonal pair of axes at different speed. Polarization effects are strongly reduced in polarization maintaining (PM) bbers. 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 Pber end after a stochastic to-and-fro path, which
originates phase noise. In the early Pbers 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 Pbers, 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 beld changes the refraction index. So, the electric beld of light modulate the refraction index, which
originates the 2nd-order nonlinearity.

Discontinuities. Discontinuities cause the wave to be ref3ected 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 Pbers, 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 Pber. 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 Pbers.

Which is the most important effect? In the community of optical communications, PMD is considered the most signibcant efect. 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 scattering

Rayleigh scattering contributes
some 0.1 dB/km to the loss

Infrared
absorptiony

Loss (dB/km)

Rayleigh N

0.5 scattering

r'\‘ Ultraviolet
bsorption
0.1 £ Waveguide

0.05f imperf{sctions

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

Wavelength (um)

Stochastic scattering

forward transmitted

scattered twice




