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LINEAR NOISE SOURCES I

e Electrical noise in the receiver:

Thermal noise, aka Johnson noise, aka Nyquist noise
Shot noise

o Enhanced in avalanche photodiodes
Electronic-amplifier noise

Current noise (aka 1/t noise)

e Electro-optical noise:
Relative intensity noise in the transmitter
e Optical noise:

Spontaneous-emission noise

Mode-partition noise in the transmitter laser
Modal noise in multimode fibers

Optical amplifier noise

¢ C. D. Cantrell (07/2002)
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RANDOM PROCESSES (1) I

e Discrete-parameter random process: A set of discrete random variables k(1),
..., K(N) and a family of joint probability functions P [k(1), ..., k(N)] for all
positive integral values of N

Each N-tuple of measured values of the random variables corresponds to
a point (Kq, ..., kn) In N-dimensional space

e Continuous-parameter random process: A set of continuous random
variables x(t), where t is a continuous parameter (such as time), and a
family of joint probability density functions p[x(t,), ..., X(ty)] for all positive
Integral values of N and all values of ty, ..., ty In some range

For every given value of t in some range, there is a probability density
function for x(t), namely, p[x(t)]

¢ C. D. Cantrell (09/2002)
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RANDOM PROCESSES (2) I

e Example of a random process: Brownian motion of small particles suspended
In a liquid
A useful model: Normally (Gaussian) distributed jumps in the velocity
of the particle
The figure below shows four possible paths (x(t), y(t))
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C. W. Gardiner, “Lectures on Random Processes and Noise in Physical Systems” ¢ C. W. Gardiner (1999)
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RANDOM PROCESSES (3) I

e Three di erent records of a random process, plotted versus timet (0, T):
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Horizontal averages are time averages; vertical averages (at a fixed time
t) are ensemble averages

C. Kittel, Elementary Statistical Physics (Wiley, 1958)
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RANDOM PROCESSES (4) I

e Realizations of random processes in optical communication systems:

An electrical waveform is a realization of a random process

o Even the current I = V/R through a resistor R under constant applied

voltage V undergoes fluctuations due to the thermal motion of electrons
In the resistor

o |n an optical communication system, the main electrical realization of a
random process is the voltage across the input impedance in a receiver

The components (Ex, Ey, E;) of the electric field of an optical pulse
traveling down a fiber are also realizations of random processes

o The waveforms of Ex, Ey and E; fluctuate around their average shapes
because of noise from many sources, including:

Amplified spontaneous emission from optical amplifiers

¢ C. D. Cantrell (09/2002)
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RANDOM PROCESSES (5) I

e |f all of the probability density functions are time-shift-invariant, i.e.,

pIX(ty + 1), ..., X(tn + T)] = p[X(t1), ..., X(tn)]

forall ty, ..., tn, T (—o0, 00) and all N, then the random process is called
stationary

For a stationary random process, the autocorrelation x(t)x(t + 1) de-
pends only on the di erence between two sampling times:

xX(Ox(t+1) = x(O0)x(t) where --- Isan ensemble average

o The time dependence of the autocorrelation Ry(t) = Xx(t)x(t + 1)
Indicates how fast the signal fluctuates

Example: Ry(t) = x(t)? e~ ™% fluctuations die away in time .

e If, for each value of t, the probability density of x(t) is Gaussian, then the
random process is called Gaussian

For a stationary Gaussian random process, the standard deviation of the
Gaussian is independent of t

¢ C. D. Cantrell (09/2002)
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WHITE NOISE I

e For general random processes, fluctuations die away in a finite time; e.qg.,
X(OX(t+1) = x(t)? et
e For white noise, the autocorrelation is proportional to a delta function:
X(OX(t+T) = Xausd(T)

The Weiner-Khinchin theorem implies that the power spectral density is
flat (independent of frequency):

(e o]

S, (F) = X()x(t + 1) e~ 2"t = X2, ¢

— OO0

It’s called white noise because its spectrum consists of equal amplitudes
of all frequencies, just as white light consists of equal amplitudes of all

colors
The total noise power due to a white noise source is proportional to the
bandwidth of the system with which you “look at” the noise

¢ C. D. Cantrell (09/2002)
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REFERENCES ON RANDOM PROCESSES AND NOISE I

1. An Introduction to the Theory of Random Signals and Noise, by Wilbur
B. Davenport, Jr. and William L. Root (McGraw-Hill, 1958).

2. Stochastic Processes, by Sheldon M. Ross (Wiley, 1983).
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RECEIVER RESPONSE I

e The current output by a linear receiver whose properties are time-shift-
Invariant is

t

lout(t) = R gr(t — t)Pin(t)dt

lout(®) = RGr(0)Pin(w)
where gr IS the impulse response function of the receiver and Gg is the
transfer function
If gr(t —t) = 3(t — t), then the receiver response Is instantaneous

o In this case Gr(w) = 1 for all w Infinite bandwidth Af (which
doesn’t happen!)

|Gr(w)]

A

| == 2nATF — |
- W

0

¢ C. D. Cantrell (09/2002)
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NOISE IN A PHOTODETECTOR |

e The total current in a photodetector is
1(t) = 1p + 1n(1)
where 1, = RPjj Is the average current generated by optical power P, and
I IS the current fluctuation due to noise
The noise current is the sum of two statistically independent contributions:

In(t) = 1tn(t) + 15(t)

It 1S the thermal noise current

Is 1S the shot noise current

Because I, and ig are statistically independent, the autocorrelation and
power spectral density of i, are the sums of the autocorrelations and power
spectral densities of Iy, and Ig, respectively

Both i1, and i are realizations of Gaussian random processes, and both
give rise to white noise (these are independent properties!)

¢ C. D. Cantrell (09/2002)
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THERMAL NOISE I

e Mean-square thermal noise current
AkgT

=2 —
I5,(f) =
b =5
Also known as Johnson noise or Nyquist noise
Comes from impulsive currents caused by thermal motion of carriers

R_ Is the input impedance of the receiver preamplifier

o The best sensitivity is obtained with a high input impedance

> A high input impedance produces a high R_C time constant
low bandwidth

AT is the receiver bandwidth

o The spectrum of thermal noise is white (constant power spectral density
as a function of frequency)

o The receiver bandwidth determines how much of the white noise is let
Into the system

Mean thermal-noise power is Py, = 4kg T AT

JAN

¢ C. D. Cantrell (09/2002)
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SHOT NOISE I

e Comes from the response of the receiver to the impulsive currents
associated with the generation of individual electron-hole pairs

e Variance of the photodetector current due to shot noise:
a2 = 2q(l, + 1g)Af
I, is the average photocurrent; Iy Is the average dark current; g is the
charge of a carrier (electron or hole)

AT is the recelver bandwidth

o The spectrum of shot noise is white (constant power spectral density
as a function of frequency)

o The receiver bandwidth determines how much of the white noise is let
Into the system

¢ C. D. Cantrell (09/2002)
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ANALOG RECEIVER PERFORMANCE I

e Accurate waveform replication depends on a high value of the electronic
signal-to-noise ratio (SNR), or signal power divided by noise power:

S _ IR _ (RPn)’RL

N e ﬁI’] P n
where -~ denotes a time average

At temperatures that are low enough that 4kg T 20R_RPj,, and when
the dark current is much smaller than the photocurrent (Iy  RPj), one
has shot-noise-limited (or qguantum-limited) detection:

N . 2qAf

e

The opposite extreme is thermal-noise-limited:
S —_ (RPin)ZRL

N Akg T AT

e

¢ C. D. Cantrell (09/2002)
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NOISE FIGURE OF AN ELECTRONIC AMPLIFIER I

e The noise figure F, of an electronic amplifier is the ratio of the output to
iInput electronic signal-to-noise ratios:

— (S/N)e,out — I:)n,out — I:)n,out
(S/N )e,in GePn,in GePth,in

where Gg is the amplifier gain and Py, in is the thermal noise power of the
Input load resistance, R

Fe

For an ideal amplifier, which contributes no noise, Fo = 1
For a thermal-noise-limited receiver, including the amplifier noise figure,

S — (RPin)ZRL

N _ 4F kg TAF

e

¢ C. D. Cantrell (09/2002)
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NOISE-EQUIVALENT POWER I

e The noise-equivalent power (NEP) of a receiver is the optical power,
Pmin, for which the electronic signal-to-noise ratio is equal to 1, divided by
the square root of the receiver bandwidth:

NEP = ~Zmin units; W/Hz?
AT
In the limit in which thermal noise dominates,
b = 1 Akg T AT
min R RL
and therefore . T
— B 1/2
NEP = R R W/Hz

NEP is mainly useful for analog systems

For a digital optical communication system, the useful performance metric
Is the bit error rate

¢ C. D. Cantrell (10/2002)
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RELATIVE INTENSITY NOISE (RIN) I

e Laser-power autocorrelation function:

AP ()AP (t + 1)
By the Wiener-Khinchin theorem, the power spectral density of laser-
power fluctuations is the Fourier transform of the autocorrelation function:

oo

RIN(w) = Cpp(T)e '“TdT

— OO0

This is called relative intensity noise

e Formula:
RIN(w)
_ 2Rgpont  (Ig + w?) + (yogvg/V )P [(Yogve/V )P (1 + Np/TcRspontP) — 2I'\]
P[(Qr — w)? + TE][(Qr + 0)? + IE]

¢ C. D. Cantrell (07/2002)
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RESPONSE OF A DIODE LASER TO STEP PULSES I
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S. W. Hinch and Christopher M. Miller, Fiber Optic Test and Measurement, Dennis Derickson, Editor, Fig. 8.13
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PRACTICAL ESTIMATION OF RIN I

e Mean-square value of the photocurrent due to RIN:

iZ,y = RIN(RP )°Af

Obtain the root-mean-square RIN noise power generated by the laser by
dividing the root-mean-square photocurrent by the responsivity:

i2
Pz— — RIN
RIN,L R

A useful expression for the RIN follows by eliminating the responsivity,
R:

IDI%IN,L
P.AF
o Alternative expression for RIN in units of dB/Hz:

RIN = Units: Hz ™t

2
I:)RIN,L

(RIN) =10log,, —
dB/Hz 52 af

¢ C. D. Cantrell (07/2002)
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MODE PARTITION NOISE I

e CD-type lasers operate in more than one Fabry-Pérot mode

Each Fabry-Pérot mode has a unique wavelength A, such that
2ncL =mA  for some integer m

where n. is the refractive index of the laser medium
> Don’t confuse the laser’s Fabry-Pérot modes with fiber modes!

Although the total laser power remains constant in time, the distribution
of power among the available Fabry-Pérot laser modes fluctuates in time

o Power radiated into a single-mode fiber by laser modes that di er in
wavelength by AA arrives at the receiver at times that di er by

At = D AA

o The resulting fluctuations in received power at the sampling times are
called mode partition noise (MPN)

o For multimode fibers, both MPN and speckle noise can occur

¢ C. D. Cantrell (07/2000)



Mode partition noise (MPN)

Partitioning of laser power between laser modes does not change
the total transmitted power and does not cause additional noise at

the laser output.

However, different laser modes travel at different velocities in the
fiber.

As a result, power fluctuations
between modes lead to MPN at

the fiber output. |
Before transmission/
After 1km 50I\/II\/IF/ \
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Mode partitioning example

Four optical spectra of the same device taken about 1 minute apart

MmﬂM A/\ , | MMA/\MMMAM

850 852 854 856 858 860 862 850 852 854 856 858 860 862
Wavelength (nm) Wavelength (nm)

A/\MMMA | 4\ MAAM\AA s

850 852 854 856 858 860 862 850 852 854 856 858 860 862
Wavelength (nm) Wavelength (nm)

Note: These are time averaged measurements and do not give more than a
gualitative indication that mode partitioning is happening.

A 5aciann



Measuring Mode Partitioning

e need to isolate an individual laser mode and measure
the statistics of the mode under modulation

laser | receiver
Optical Preselector/ Sampling
JU UL 2& — Filter —>§Z .
(e.g. HP71451B) Oscilloscope

ulh.

laser spectrum | \
Isolated mode

In the following results the laser was
modulated at 1Gb/s and all scope
traces had a scale of 2ns/div.

A 5aciann



(D

Mode partitioning - 790nm
Fabry-Perot laser
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Mode partitioning - 1300nm
Fabry-Perot laser
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Mode partitioning - 850nm
Fabry-Perot laser
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MODAL NOISE (SPECKLE NOISE) I

e Occurs in multimode fiber systems (systems in which there are multiple
guided modes in the fiber)

e A result of:

Mode-dependent loss
o Example: O set splice or connection

Fluctuations in time of the distribution of energy among di erent guided
modes, or of the relative phases of di erent modes

e Distinguish carefully between:

Mode-partition noise (caused by multiple laser modes)
Modal noise (caused by multiple fiber modes)

¢ C. D. Cantrell (06/2003)



e Spatial modes propagating in a multimode fiber interfere and create

speckle pattern:

Multimode fibre

e Speckle pattern at fibre end
changes with time

-
| |

Laser diode 3

A
High frequency effects
(laser mode partitioning)

U racicaro

Modal Noise: Causes 1

Low frequency effects:
vibrations
temperature changes

L

David Cunningham, Mark Nowell and Del Hanson 1996



Modal Noise: Causes 2

e Imperfect connectors, splices create mode selective loss (MSL)

With the changing speckle pattern, the amount of power lost in the mode selective
element varies, creating amplitude noise at the receiver.

The amount of modal noise depends on:

1. Coherence of the light source
2. Fiber bandwidth
3. Amount of the mode selective loss

U racicaro

David Cunningham, Mark Nowell and Del Hanson 1996
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OPTICAL AMPLIFIER NOISE (1) I

e Amplified spontaneous emission (ASE)
« In all lasers and optical amplifiers, some light is emitted spontaneously

Example: In a semiconductor optical amplifier or laser, spontaneous emis-
sion occurs when an electron-hole pair recombines radiatively without
being stimulated by incoming light

An optical amplifier amplifies its own spontaneously emitted light, as well
as the signal (and any light spontaneously emitted by the source that
produced the signal)

The ASE power at the amplifier output in a frequency range Av (Hz) is
where G, Is the optical amplifier gain and
N>
Nen =
PN =Ny

N, N, are lower- and upper-state populations

¢ C. D. Cantrell (11/2002)
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OPTICAL AMPLIFIER NOISE (2) I

e More about amplified spontaneous emission (ASE)

The factor nspshv (G, — 1)Av is the “noise power per mode™
o In courses on modern physics, this is the starting point for the derivation
of the blackbody radiation power spectral density

One assumes thermal population ratios, Ni/N, = e™/kT not the
non-thermal population ratios in a laser or optical amplifier

o For a fiberoptic or semiconductor optical amplifier used in a single-mode
optical communication system, only the spontaneous emission into the
one propagating mode in the fiber matters

The power spectral density of ASE is
Sase(V) = Ngphv(Go — 1)

¢ C. D. Cantrell (11/2002)
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OPTICAL AMPLIFIER NOISE (3) I

e The magnitude of the optical electric field at the output of an optical am-
plifier is

E = G—oEin"'Esp

where E;j, is the input field to the amplifier and Egp is the electric field of
the light spontaneously emitted (and amplified) by the amplifier

Photocurrent produced in a detector placed at the amplifier output:
| =R| G, Ein+ Espl?/n = RGoPin + RPg, + 2R G, EinEsp/N
o Mean signal and spontaneous photocurrents add because Ej,Esp = O:
| =RG, Pin +R Py,

Noise in the photocurrent has to be calculated from the mean square
fluctuation, (1 — 1 )?

¢ C. D. Cantrell (11/2002)
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OPTICAL AMPLIFIER NOISE (4)

* Fluctuations in the photocurrent produced in a detector plaged at the am-
plifier output come from “beating” of the amplified signal, G, Ej,, with
itself, “beating™ of the spontaneous field, Egp, with itself, and “beating™ of
the spontaneous field with the amplified signal:

(1= 1)" =R G} (Pin— Pin)* + (Pp— Py )° +4GoPinPs

G§ (Pin — Pin )2 IS the mean square photocurrent fluctuation due to

amplified input noise (doesn’t come from the amplifier!)

In a well-designed system, Pgp, G,Pin, S0 most of the amplifier noise
comes from the signal-spontaneous beating, 4R*G,P;,Psp

Resulting photocurrent variance is
Of s—sp = 4(RGoPin)(RSaseAV)  where Pgy = SaseAv
Normally o ., is much larger than the current variance due to shot

NOISe,
02 ot = 2qRGoPinAv

¢ C. D. Cantrell (12/2002)
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OPTICAL AMPLIFIER NOISE (5) I

e The electrical signal-to-noise ratio (SNR) is
S
SNR = (S/N)e = —
Ne
where S is the electrical signal power and N is the electrical noise power

For shot-noise-limited detection, N, Is proportional to the mean square
noise current

OF shot = 20RPinAV
and S is proportional to the mean square signal current
1° =R°P3
making
Ne 20RPj,Av  20Av  2hvAv

¢ C. D. Cantrell (11/2002)
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OPTICAL AMPLIFIER NOISE (6) I

e Electrical SNR when noise is dominated by signal-spontaneous beating:
E — RZGgPi% — GoPin

N

e,out

e The noise figure F, of an optical amplifier is computed as if the amplifier
were electrical, i.e., F, is the ratio of the output to input electrical SNRs:

(S/N )e’out 2hVAV GoPin °P Go
assuming shot-noise-limited detection, G, 1,andng =1

FO = 2nsp

Ne out COMes mainly from beating of amplified spontaneous emission with
the signal

Even for an ideal amplifier, for which ng, = 1, Fy = 2
3 dB degradation in OSNR in the best case

¢ C. D. Cantrell (12/2002)
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OPTICAL AMPLIFIER NOISE (7) I

e The optical signal-to-noise ratio (OSNR) is
F)in
where Pj, Is the optical signal power and Ps, is the noise power due to
spontaneous emission
P

OSNR =

missing channels

noise

Optical power

Wavelength ———»
OSNR can be measured without demultiplexing the light into channels

OSNR does not determine receiver performance, because receiver noise Is
dominated by beating (in the photodetector) of the signal with the ASE

Because OSNR is a DC measurement, it can’t be used to characterize
signal distortion  not directly related to BER

¢ C. D. Cantrell (11/2002)
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e The bit error rate or bit error ratio is the probability of detecting a
bit incorrectly in signaling single bits

An experimental estimate of the probability of error is the ratio

BER(T) =

E(T)
N(T)

where E(T) is the number of errored bits in the gating period T, and
N (T) is the total number of bits

Basic bit-error-rate test (BERT) arrangement:

Pattern
Generator

System Under
Test

Data

A

Error
Detector

4

1

Clock
Source

Clock

¢ C. D. Cantrell (08/2002)
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BIT ERROR RATE (2) |
e Setup for laboratory measurement of the bit error rate:
Jumper
(Calibration Only)
oo :
Pattern Laser Variable Q ! )
Generator | | Transmitter Optical N~—
Attenuator Fiber N— 1
T Spool %
Clock
Source
Fiber A O
Clock
Opti
o5 | |ciodiData Q |
Data ecelver . Optical
Fiber B Coupler
e | ()
Meter

Dennis Derickson, Ed., Optical Fiber Test and Measurement, Fig. 8.9
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BIT ERROR RATE (3) |

e A useful performance metric for a digital receiver is the bit error rate,
defined as the probability of detecting a bit incorrectly

For a binary line code,

BER = p(1)P (0]1) + p(0)P (1]0)

S =~ -‘”A\/—\—\ ———————————— 1 bit level
P(110) / ‘ \

—_———-—— - A I decision threshold
P(0I1) / \

/ \
- e - - - - - XA T\ —/— - — Obitlevel
J ~ \/ NS N
» Time
- sampling times =

¢ C. D. Cantrell (09/2002)
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EXPERIMENTAL DISTRIBUTIONS OF Py AND P; |

] L] L] L] L] ]
Expardmental data
MNumearncal FE .

1.0
0.8
0.6
0.4 [
0.2
0.0

1o} -
.81
0.6
-E-.d.'
0.2F

i:lll:]-'u 1
0 hy

Mormalized Occurrence

l r‘ér‘mlitud;é {tT‘f‘u"];n ‘ 1l.? ‘ *..4 16
e Top: synchronous; bottom: asynchronous
e Note that the distributions of Py and P; have di erent widths

e The numerically fit distributions of Py and P, are Gaussian

Paolo S. André et al., Journal of Optical Networking 1, 118-128 (2002)
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BIT ERROR RATE (4) |

e Conditional probability (where I = RP = photocurrent at sampling time):

ID —1)\2 _
P(O|1):g37: exp _(i=1) dl = Zerfc Lo

O, 2 —oo 207 o, 2

X
erfc(x) = complementary error function = :qi_ e~U"du

M _—w
Minimum BER occurs when the decision threshold I is chosen such that
|1 — ID . ID — |0
0)] B Og
Define
I, — 1o
Q - 01 + Op

At the optimum setting of Ip,
e—Q?/2
BER = zerfc :9—_ = [
2 Q 2m

¢ C. D. Cantrell (06/2003)
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PLOT OF BER vs. Q I

BER

¢ C. D. Cantrell (09/2002)
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EXTINCTION RATIO I

e The extinction ratio is the ratio of the power in “0” bits to the power in “1”
bits:

_lo
=1
e If =0, there is a power penalty equal to the power required to bring
I.— o
Q p—
01 + Op

up to the value it would have if I =0

¢ C. D. Cantrell (09/2002)
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RECEIVER SENSITIVITY (1) I

e Minimum received power required for a given BER

Average photocurrent in the “1” bits is

11 =MRP; =2MRP e
where R = responsivity, M = multiplication factor (= 1 for non-APDs)
RMS noise currents:

01 = 02+0g, 0o =0

Noise variances: B
02 = 20M2FAR(2P (eo) AT
Akg T
Gtzh = R,

FnAT

¢ C. D. Cantrell (07/2002)
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RECEIVER SENSITIVITY (2) I

e |f the extinction ratio is 0, then

0= 1.  2MRP
01 + 00 o2+ Gtzh + Oth
Find the value of Q for a given BER, then solve for the average received
power:
— QqFAQAT + oth
rec(Q) R q AQ |\/|

P ec(Q) is called the receiver sensitivity for the BER determined by
the value of Q

o The receiver sensitivity depends on the bit rate through the receiver
bandwidth Af

For a given modulation format (RZ, NRZ), Af depends on the block-
encoded data rate

The higher the data rate, the higher (worse) P ¢(Q) is

¢ C. D. Cantrell (09/2002)
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p-i-n SENSITIVITY vs. BIT RATE I

» Typical sensitivities for a BER of 1071 are —26 dBm at a bit rate B = 2.5
Gb/s, or —18 dBm at a bit rate B = 10 Gh/s

Agilent 5988-5927EN.pdf





