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F IBRE OPTIC COMMUNICATION  SYSTEM  DESIGN  GUIDES – 

 
Part 1 2:  In-band  optical  s ignal-to-noise ratio (OSNR)  

 
FOREWORD 

1 )  The  I n ternati onal  E l ectrotechn ical  Commissi on  ( I EC)  i s  a  worl dwide  organ izati on  for standard izati on  compri s i ng  
a l l  nati onal  e l ectrotechn ical  commi ttees  ( I EC  Nati onal  Commi ttees) .  The  ob j ect  of I EC  i s  to  promote  
i n ternati onal  co-operati on  on  a l l  q uesti ons  concern i ng  standard i zati on  i n  the  e l ectri ca l  and  e l ectron ic  fi e l ds .  To  
th i s  end  and  i n  add i t i on  to  other acti vi ti es ,  I EC  publ i shes  I n ternati onal  S tandards,  Techn ica l  Speci fi cati ons,  
Techn ica l  Reports,  Pub l i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu i des  (hereafter referred  to  as  “ I EC  
Publ i cati on (s)” ).  The i r preparati on  i s  en trusted  to  techn i ca l  commi ttees;  any I EC  Nati onal  Commi ttee  i n terested  
i n  the  sub ject  d eal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternati onal ,  governmen tal  and  non -
governmen ta l  organ izati ons  l i a i s i ng  wi th  the  I EC a l so  parti ci pate  i n  th i s  preparati on .  I EC  col l aborates  cl osel y 
wi th  the  I n ternati onal  Organ izati on  for S tandard izati on  ( I SO)  i n  accordance  wi th  cond i ti ons  determined  by 
ag reement between  the  two  organ izati ons.  

2 )  The  formal  deci s ions  or ag reemen ts  of I EC  on  techn ical  matters  express,  as  nearl y as  poss ib l e,  an  i n ternati onal  
consensus  of op i n i on  on  the  re l evan t sub jects  s i nce  each  techn ical  commi ttee  has  represen tati on  from  a l l  
i n terested  I EC  Nati onal  Commi ttees.   

3 )  I EC  Publ i cati ons  have  the  form  of recommendati ons  for i n ternati onal  u se  and  are  accepted  by I EC  Nati onal  
Commi ttees  i n  that  sense.  Wh i l e  a l l  reasonable  efforts  are  made  to  ensu re  that the  techn ica l  con ten t  of I EC  
Publ i cati ons  i s  accu rate,  I EC  cannot  be  he l d  responsib l e  for the  way i n  wh i ch  they are  used  or for any 
m is in terpretati on  by any end  u ser.  

4 )  I n  order to  promote  i n ternational  un i form i ty,  I EC  National  Commi ttees  undertake  to  appl y I EC  Publ i cati ons  
transparen tl y to  the  maximum  exten t  possi b l e  i n  the i r nati onal  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC  Publ i cati on  and  the  correspond i ng  nati onal  or reg i ona l  pub l i cati on  shal l  be  cl earl y i nd i cated  i n  
the  l a tter.  

5)  I EC  i tse l f does  not  provi de  any a ttestati on  of con form i ty.  I ndependen t  certi fi cati on  bod ies  provi de  conform i ty 
assessmen t services  and ,  i n  some  areas,  access  to  I EC  marks  of con form i ty.  I EC  i s  not  responsib le  for any 
services  carri ed  ou t  by i ndependen t  certi fi cati on  bod i es .  

6)  Al l  u sers  shou ld  ensu re  that  they have  the  l atest ed i ti on  of th i s  publ i cati on .  

7)  N o  l i abi l i ty shal l  a ttach  to  I EC  or i ts  d i rectors,  employees,  servan ts  or agen ts  i ncl ud i ng  i nd i vi dual  experts  and  
members  of i ts  techn ical  commi ttees  and  I EC  National  Commi ttees  for any personal  i n j u ry,  property d amage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i nd i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cati on ,  use  of,  or re l i ance  upon ,  th i s  I EC  Publ i cati on  or any other I EC  
Publ i cati ons.   

8)  Atten tion  i s  d rawn  to  the  Normati ve  references  ci ted  i n  th i s  publ i cati on .  U se  of the  referenced  publ i cati ons  i s  
i nd i spensable  for the  correct appl i cati on  of th i s  pub l i cati on .  

9)  Atten ti on  i s  d rawn  to  the  poss ib i l i ty that some  of the  e l emen ts  of th i s  I EC  Publ i cati on  may be  the  subj ect of 
paten t ri gh ts .  I EC  shal l  not  be  he l d  responsib l e  for i den ti fyi ng  any or a l l  such  paten t  ri gh ts .  

The  main  task of I EC  techn ical  commi ttees  i s  to  prepare  I n ternational  Standards.  However,  a  
techn ical  commi ttee  may propose  the  publ ication  of a  techn ical  report when  i t  has  col lected  
data  of a  d i fferen t kind  from  that wh ich  i s  normal l y publ ished  as  an  I n ternational  Standard ,  for 
example  "state  of the  art" .  

I EC  61 282-1 2 ,  wh ich  i s  a  techn ical  report,  has  been  prepared  by subcommi ttee  86C:  F ibre  
optic systems  and  active  devices,  of I EC  techn ical  commi ttee  86:  F ibre  optics.  

The  text of th is  techn ical  report i s  based  on  the  fol lowing  documents:  

Enqu i ry d raft  Report  on  voti ng  

86C/1 341 /DTR 86C/1 364/RVC  

 
Fu l l  i n formation  on  the  voting  for the  approval  of th is  techn ical  report can  be  found  in  the  
report on  voting  ind icated  i n  the  above  table.  
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Th is  publ ication  has  been  d rafted  i n  accordance  wi th  the  ISO/IEC Di rectives,  Part  2 .  

A l i st  of a l l  parts  i n  the  I EC  61 282  series,  publ i shed  under the  general  ti tle  Fibre optic 
communication system design guides,  can  be  found  on  the  I EC  websi te.  

The  commi ttee  has  decided  that the  con tents  of th is  publ ication  wi l l  remain  unchanged  un ti l  
the  stabi l i ty date  i nd icated  on  the  I EC  websi te  under "h ttp: //webstore. iec.ch"  i n  the  data  
related  to  the  speci fic  publ ication .  At th is  date,  the  publ ication  wi l l  be   

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i tion ,  or 

•  amended .  

 

A b i l i ngual  version  of th is  publ ication  may be  i ssued  at  a  l ater date.  
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FIBRE OPTIC COMMUNICATION  SYSTEM  DESIGN  GUIDES – 
 

Part 1 2:  In-band  optical  s ignal-to-noise ratio (OSNR)  
 
 
 

1  Scope 

The  purpose  of th is  part of I EC  61 282,  wh ich  i s  a  Techn ical  Report,  i s  to  provide  a  defin i tion  
for i n -band  optical  s ignal -to-noise  ratio  (OSNR)  that i s  appl icable  to  s i tuations  where  the  
spectral  noise  power densi ty i s  not i ndependent of the  optical  frequency,  as  assumed  i n  the  
OSNR defin i ti on  of I EC  61 280-2-9,  bu t i s  s i gn i fican tl y shaped  across  the  optical  bandwid th  of 
the  s ignal .  Considering  the  development of mu l tip le  measurement methods  for d i fferen t use  
cases,  as  detai led  below,  i t  i s  desi rable  to  establ ish  a  defin i ti on  of i n -band  OSNR that i s  
i ndependent of the  method  used  and ,  fu rthermore,  i s  consisten t wi th  the  OSNR defin i tion  of 
I EC  61 280-2-9  i n  the  case  of frequency-independent noise  power densi ty.   

2  Normative references  

The  fol lowing  documents,  i n  whole  or i n  part,  are  normatively referenced  in  th is  document and  
are  i nd ispensable  for i ts  appl ication .  For dated  references,  on ly the  ed i tion  ci ted  appl ies.  For 
undated  references,  the  l atest ed i tion  of the  referenced  document ( i nclud ing  any 
amendments)  appl ies.  

I EC  61 280-2-9: 2009,  Fibre optic communication subsystem test procedures – Part 2-9: Digital 
systems – Optical signal-to-noise ratio measurement for dense wavelength-division 
multiplexed systems  

3  Terms and  defin i tions  

3.1   
optical  s ignal -to-noise  ratio  
OSNR 
ratio  of tota l  s ignal  power of an  optical  s ignal  to  the  ampl i fied  spon taneous  emission  (ASE)  
noise  power spectral  densi ty wi th in  the  optical  spectrum  of the  s ignal ,  wherein  the  power 
spectral  densi ty i s  normal ized  to  a  chosen  reference  bandwid th  

Note  1  to  en try:  Th i s  defi n i ti on  i s  cons i sten t  wi th  the  one  i n  subcl ause  3 . 1  of I EC  61 280-2-9: 2009,  when  the  noi se  
power spectral  densi ty i s  constan t  across  the  spectral  range  of the  s igna l ,  bu t  i s  used  i n  th i s  documen t  as  a  
general i zed  col l ecti ve  term  for the  fo l l owing  set  of i n -band  OSNR defi n i ti ons  that  have  d i fferi ng  val ues  when  the  
noi se  power spectra l  densi ty i s  not  constan t  across  the  spectral  range  of the  s i gna l .  

3.2   
OSNR i n t 
spectral l y-i n tegrated  i n -band  optical  s i gnal -to-noise  ratiospectral l y i n tegrated  ratio  of time-
averaged  power spectral  densi ty of a  s ignal  to  the  power spectral  densi ty of the  ampl i fied  
spon taneous  emission  (ASE)  noise,  normal ized  to  a  chosen  reference  bandwid th  

Note  1  to  en try:  The  spectra l l y- i n tegrated  i n -band  OSNR,  R
i n t

,  i s  ca l cu l ated  as  

 
( )
( ) λ
λρ
λλ

λ
d

s

B
R ∫=

2

1r
int

1
 ( 1 )  

where:  

s(λ )   i s  the  time-averaged  s i gnal  power spectra l  densi ty,  not  i nclud i ng  ASE,  expressed  i n  W/nm ;   

ρ(λ)   i s  the  ASE  power spectra l  dens i ty,  i n dependen t  of pol ari zation ,  expressed  i n  W/nm ;  
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B
r
  i s  the  reference  bandwid th  expressed  i n  nm  (usual l y 0 , 1  nm  i f not  otherwi se  s tated ) ;  

and  the  i n teg rati on  range  i n  nm  from  λ
1
 to  λ

2
 i s  chosen  to  i nclu de  the  tota l  s i gnal  spectrum .   

Note  2  to  en try:  OSNR
i n t
 i s  usual l y expressed  i n  dB  as  1 0  l og (R

i n t
) .  

3.3   
OSNRavg  
weighted-average  in-band  optical  s ignal-to-noise  ratio   
ratio  of time-averaged  optical  s ignal  power to  the  spectral l y weigh ted  average  power spectral  
densi ty of the  ampl i fied  spon taneous  emission  (ASE)  noise,  where  the  weigh ting  i s  
proportional  to  the  normal ized  s ignal  power spectral  densi ty,  and  the  weigh ted  average  power 
spectral  densi ty i s  normal ized  to  a  chosen  reference  bandwid th  

Note  1  to  en try:  The  we i gh ted -average  i n -band  OSNR,  R
avg

,  i s  ca l cu lated  as  

 R =
1

Br

s

∫ ρ(λ)
λ2
λ1

s(λ) dλ

s

=
1

Br

s2

∫ ρ(λ)
λ2
λ1

s(λ) dλ
R =

1

Br
∫

s(λ)

ρ(λ)

λ2
λ1

dλ 

where:  

s(λ )   i s  the  time-averaged  s i gnal  power spectra l  densi ty,  not  i ncl ud i ng  ASE,  expressed  i n  W/nm ;   

s   i s  the  tota l  s i gna l  power,  i . e .  the  wavel eng th  i n tegral  of  s(λ ) ,  expressed  i n  W;   

ρ(λ )   i s  the  ASE  power spectra l  dens i ty,  i ndependen t  of pol arizati on ,  expressed  i n  W/nm;  

ρ
avg

  i s  the  spectral l y wei gh ted  average  noise  power densi ty,  expressed  i n  W/nm,  where  the  wei gh ti ng  i s  
proporti onal  to  the  normal i zed  s i gnal  power spectral  dens i ty;  

B
r
  i s  the  reference  bandwid th  expressed  i n  nm  (usual l y 0 , 1  nm  i f not  otherwi se  s tated ) ;  

and  the  i n teg rati on  range  i n  nm  from  λ
1
 to  λ

2
 i s  chosen  to  i nclu de  the  tota l  s i gnal  spectrum.  

Note  2  to  en try:  OSNR
avg

 i s  usual l y expressed  i n  dB  as  1 0  l og (R
avg

) .  

3.4  
OSNRmax  
maximal-noise  in-band  optical  s ignal-to-noise  ratio   
ratio  of time-averaged  optical  s ignal  power to  the  maximal  power spectral  densi ty of the  
ampl i fi ed  spon taneous  emission  (ASE)  noise  wi th in  the  wavelength  range  of the  tota l  s ignal  
spectrum,  normal ized  to  a  chosen  reference  bandwid th   

Note  1  to  en try:  The  maximal -noi se  i n -band  OSNR,  R
max

,  i s  ca l cu l ated  as  

 
( )

maxrmaxr
max

2

1

ρρ

λλ
λ

λ

B

s

B

ds

R ==
∫

 (3)  

where:  

s(λ )   i s  the  time-averaged  s i gnal  power spectra l  densi ty,  not  i ncl ud i ng  ASE,  expressed  i n  W/nm;   

s  i s  the  tota l  s i gna l  power,  i . e .  the  wavel eng th  i n tegral  of  s(λ ) ,  expressed  i n  W;  

ρ
max

  i s  the  maximal  ASE  power spectral  densi ty wi th i n  the  spectra l  range  of the  s i gnal ,  i n dependen t  of 
po l ari zati on ,  expressed  i n  W/nm;  

B
r
  i s  the  reference  bandwid th  expressed  i n  nm  (usual l y 0 , 1  nm  i f not  otherwi se  s tated ) ;   

and  the  i n teg rati on  range  i n  nm  from  λ
1
 to  λ

2
 i s  chosen  to  i nclu de  the  tota l  s i gnal  spectrum.  

Note  2  to  en try:  OSNR
max  i s  u sual l y expressed  i n  dB  as  1 0  l og (Rmax

) .  
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3.5  
subcarrier OSNR 
OSNRsub  
i n -band  OSNR determined  for a  s ing le  modu lated  subcarrier of a  s i gnal  consisting  of mu l tip le  
modu lated  subcarriers  at d i fferen t wavelengths,  ca lcu lated  wi th  on ly the  s ignal  power densi ty 
of the  selected  subcarrier 

3.6   
OSNRsup  
superchannel  OSNR 
i n -band  OSNR determined  by includ ing  the  s ignal  power densi ty of a l l  modu lated  subcarriers  
i n  a  mu l tip le-carrier optical  s ignal  

Note  1  to  en try:  I f the  s i gnal  i s  pol ari zati on -mu l ti p l exed ,  then  each  pol ari zati on  tri bu tary of the  s i gna l  carri es  on l y  
a  fracti on  of the  s i gna l  power and  thus ,  by i tse l f,  has  a  l ower OSNR than  the  combined  s i gnal .  Th i s  means  that  for 
the  case  of equal  power i n  the  two  pol ari zati on  tri bu tari es,  the  OSNR of a  pol ari zati on -mu l ti p l exed  s i gnal  i s  3  dB  
h i gher than  that  of the  two  componen ts  taken  separatel y.  Thus,  pol ari zati on -mu l ti p l exed  s i gnal s  are  typ i cal l y  
ass i gned  an  OSNR va l ue  that  i s  3  dB  h i gher than  that  for s i ng l e-pol ari zati on  s i gnal s  of the  same  SNR qual i ty,  as  i f 
the  tota l  power were  i n  a  s i ng le  pol ari zati on  mode  and  on l y i n terferi ng  wi th  the  ASE  i n  that  mode.  Th i s  conven ti on  
has  been  wi de l y adopted  by the  i ndustry,  especia l l y because  i t  i s  supported  by the  exi sti ng  measu remen t 
functi onal i ty of opti cal  spectrum  analyzer i nstrumen ts .  

4 Background  

4.1  General  

I n  fi bre  optic commun ication  systems  wi th  i n -l i ne  optical  ampl i fication ,  OSNR i s  a  key 
parameter to  assess  system  performance.  As  described  i n  I EC  61 280-2-9,  OSNR is  defined  
as  the  ratio  of tota l  s ignal  power to  the  ampl i fied  spon taneous  emission  (ASE)  noise  power 
spectral  densi ty wi th in  the  optical  spectrum  of the  s ignal .  I n  other words,  the  OSNR i s  a  
measure  of the  s ignal  strength  re lative  to  the  strength  of the  underlying  ASE  noise.  However,  
th is  widely-used  and  wel l -establ ished  defin i tion  of OSNR assumes  that the  ASE  noise  
spectrum  i s  essen tia l l y fl at across  the  spectrum  of the  transmi tted  s ignals,  so  that the  noise  
power l evel  can  be  characterized  by a  s ing le  parameter,  i . e .  the  noise  power spectral  densi ty.  

An  important task of measuring  OSNR,  therefore,  i s  to  determine  the  power spectral  densi ty 
of the  ASE  noise  wi th in  the  spectrum  of the  s ignal .  The  standard  procedure  for determin ing  
the  i n -band  noise  power spectral  densi ty i s  based  on  ou t-of-band  ASE  noise  measurements,  
as  described  i n  I EC  61 280-2-9  and  i l l ustrated  in  F igure  1 .  Th is  procedure  requ i res  that the  
optical  spectrum  of the  signal  be  confined  to  a  relati vely smal l  wavelength  range  of the  DWDM  
channel  a l located  to  the  s ignal ,  so  that the  ASE  noise  power l evel  can  be  measured  on  both  
s ides  of the  s ignal  spectrum.  Under the  assumption  that the  ASE  noise  spectrum  is  essentia l l y 
fl at,  the  i n -band  ASE  noise  power spectral  densi ty can  be  determined  by i n terpolation  of the  
two  noise  power measurements  on  e i ther s i de  of the  s ignal  spectrum.  The  defin i tion  of OSNR 
from  IEC 61 280-2-9  i s  g iven  in  terms  of th is  ou t-of-band  noise  measurement method .  Th is  
method  i s  especial l y conven ient for DWDM  systems because  the  OSNR of mu l tip le  s ignals  
can  be  measured  s imu l taneously i n  a  re lati vely short time.  Furthermore,  these  measurements  
can  be  performed  wh i le  the  system  i s  i n  service  ( in -service  OSNR measurement) .  
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NOTE  The  s i gna l  power i s  the  i n teg ra l  of the  power dens i ty after subtracti ng  the  ASE  densi ty.  When  the  spectrum  
i s  measured  wi th  an  opti cal  spectrum  anal yzer,  the  resol u ti on  bandwid th  i s  often  chosen  wi der than  the  complete  
s ignal ,  so  that the  peak of the  measuremen t trace  represen ts  th i s  i n tegral .  

Figure  1  – Optical  power spectrum  composed  of a  modulated  s ignal  and  ASE  noise 

However,  three  recent developments  in  optical  transmission  technology have  now added  
compl ications  to  the  OSNR measurement defined  i n  I EC  61 280-2-9,  two  of wh ich  have  
a l ready been  noted  i n  Annex B  of I EC  61 280-2-9: 2009.   

4.2  H igher spectral  density of s ignals  

To increase  the  overal l  transmission  capaci ty of fibre  optic l i nks,  the  transmi tted  s ignals  are  
spaced  closer together i n  wavelength  and /or are  modu lated  at  h igher symbol  rates,  where  the  
l atter resu l ts  i n  broader s ignal  spectra  [3-4] 1 .  Faster modu lation  rates  and  closer channel  
spacing  often  cause  s ign i fican t overlap  of ad jacent s i gnal  spectra,  as  i l l ustrated  i n  F igure  2 ,  
so  that i t  becomes  very d i fficu l t  – i f not impossible  – to  determine  the  ASE  level  between  
ad jacent s ignals  from  a  s imple  spectral  analysis.  Transmission  of densely spaced  DWDM  
signals,  therefore,  greatly reduces  the  usefu lness  of the  i n terpolation  method  described  i n  
I EC  61 280-2-9.  Hence,  there  i s  a  ri s ing  need  for a l ternative  methods  to  measure  the  i n -band  
noise  power spectral  densi ty ( i n -band  OSNR measurements).  

___________ 

1  Numbers  i n  square  brackets  refer to  the  B i b l i og raphy  

IEC  
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Figure  2  – Optical  power spectrum  of 50-GHz spaced  40  Gbit/s  RZ-DQPSK  
s ignals  with  s ign ificant spectral  overlap  

4.3  Spectral  fi l tering  in  wavelength-routing  elements  

The  i n troduction  of reconfigurable  optical  add-drop  mu l tip lexers  (ROADM) i n  optical  networks  
g ives  rise  to  spectral  fi l tering  of the  transmi tted  si gnals  and  noise  a long  the  fibre  optic l i nk 
[5-6] .  Th is  fi l tering  general l y attenuates  the  optical  power l evel  between  ad jacent s ignal  
channels,  as  shown  in  F igure  3 .  As  a  resu l t,  power l evel  measurements  on  e i ther s ide  of the  
s ignal  spectrum  may not be  i nd icative  of the  ASE  noise  power spectral  densi ty at  the  s i gnal  
wavelength .  A further consequence  of th is  fi l tering  i s  that the  transmi tted  ASE  noise  spectrum  
i s  no  longer flat,  as  assumed  in  I EC  61 280-2-9,  bu t spectral ly shaped  by the  transfer function  
of the  ROADMs.  Furthermore,  the  spectral  shaping  of ASE  noise  i s  usual ly d i fferen t from  the  
correspond ing  spectral  shaping  of the  s ignal  because  noise  i s  added  at i n termed iate  stages  
a long  the  transmission  l i nk.  Thus,  spectral  fi l tering  in  ROADMs not on ly g reatly reduces  the  
usefu lness  of the  i n terpolation  method  described  i n  I EC 61 280-2-9  bu t a lso  i n troduces  
substan tia l  ambigu i ty i n  the  OSNR measurement,  because  I EC  61 280-2-9  does  not define  the  
OSNR of s ignals  wi th  spectral l y shaped  noise.  

IEC  
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Figure  3  – Optical  power spectrum  of 50-GHz spaced  1 0  Gbit/s  NRZ-OOK  
s ignals  after spectral  fi l tering  in  ROADMs 

4.4 Transmission  of s ignals  with  mul tiple  subcarriers  

To fu rther i ncrease  the  overal l  transmission  capaci ty wi thou t i ncreasing  the  modu lation  rate,  
s ignals  at 1 00  Gbi t/s  and  above  are  often  composed  of mu l tip le  modu lated  optical  subcarriers  
[7-8] ,  as  shown  i n  F igure  4 .  S ince  a l l  subcarriers  of any g iven  s ignal  are  sen t to  the  same 
destination  (and  hence  do  not requ i re  i n termed iate  guard  bands  for wavelength  rou ting),  they 
can  be  spaced  very tigh tly i n  wavelength .  S ince  the  en ti re  spectrum  of such  mu l tiple-
subcarrier s ignals  often  extends  over more  than  one  50-GHz-wide  or 1 00-GHz-wide  DWDM  
channel ,  the  question  ari ses  whether the  OSNR shou ld  be  determined  separately for each  
i nd ividual  subcarrier or jo in tly for the  en ti re  mu l ti -subcarrier s ignal ,  wh ich  i s  a l so  referred  to  as  
an  optical  "superchannel "  [7 ] .  

 

Figure  4  – Optical  power spectrum  of a  400  Gbit/s  optical  "superchannel"   
comprised  of four very densely spaced  1 00  Gbi t/s  PM-QPSK signals  

IEC  
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Th is  Techn ical  Report i s  i n tended  to  provide  techn ical  gu idance  on  i n -band  OSNR 
measurements  on  s i gnals  that exh ib i t  spectral ly shaped  noise  or are  composed  of mu l tip le,  
densely-spaced  modu lated  sub-carriers.  

5 In-band  OSNR measurement wi th  spectral ly shaped  noise 

5.1  Measurement of in-band  ASE noise 

To address  the  techn ical  developments  described  in  4 . 2  and  4 . 3,  several  measurement 
methods  have  been  developed  to  d i rectl y measure  the  in -band  ASE  noise  power spectrum  
over the  en ti re  wavelength  range  of the  si gnal  spectrum.  These  methods  are  common ly 
referred  to  as  i n -band  OSNR measurements.  J ust l i ke  the  i n terpolation  method  described  i n  
I EC  61 280-2-9,  these  methods  are  based  on  a  spectral  analysis,  using  a  conventional  or 
s l i gh tl y mod i fied  optical  spectrum  analyzer (OSA).  However,  the  spectral  resolu tion  of the  
OSA has  to  be  fi ne  enough  to  properly resolve  the  spectral  shape  of the  ASE  noise  as  wel l  as  
that of the  s ignal .  

Two  typical  appl ications  where  in -band  OSNR i s  measured  are  performance  evaluations  of 
ampl i fi ed  fibre-optic l i nks  and  sensi tivi ty tests  of optical  receivers,  where  OSNR i s  used  as  a  
test cond i tion .  The  fi rst appl ication  usual l y i nvolves  systems  where  mu l tiple  s ignals  are  
present via  dense  wavelength -d ivis ion  mu l tiplexing  (DWDM),  whereas  the  second  appl ication  
may often  involve  on ly a  s ing le  WDM  signal .  Wh i le  the  measurement i ssues  for these  two  
cases  are  somewhat d i fferen t,  both  are  in fluenced  by technolog ical  developments  in  optical  
networks,  as  described  below.  

Wi th  conventional  s ing le-polarized  s ignal ,  i t  i s  possible  to  d istingu ish  the  spectral  components  
of the  s i gnal  from  those  of the  i n -band  ASE  noise  because  ASE  is  general l y depolarized ,  
whereas  the  modu lated  s ignal  i s  usual ly strong ly polarized .  Therefore,  a  properly orien tated  
optical  polarization  fi l ter i n  the  i nput of the  OSA may be  used  to  b lock the  h igh ly polarized  
s ignal  and  to  pass  on ly the  ASE  noise  that i s  polarized  orthogonal l y to  the  s ignal .  I t  i s  thus  
possible  to  measure  the  power spectrum  of the  in -band  ASE  noise  wh i le  the  system  i s  i n  
service  and  use  th is  i n formation  to  calcu late  the  i n -band  OSNR [9] .  Th is  i n -band  OSNR 
measurement techn ique  i s  common ly referred  to  as  the  "polarization-extinction "  or 
"polarization-nu l l ing"  method .  

The  above-described  polarization  analysis  becomes  more  compl icated  when  the  s ignal  has  
experienced  s ign i fican t polarization  mode  d ispersion  (PMD)  i n  the  fibre  l i nk.  Because  PMD 
in troduces  wavelength-dependent variations  i n  the  state  of polarization  of the  s ignal ,  i t  may 
not be  possible  to  s imu l taneously block a l l  spectral  components  of the  s ignal .  I n  th is  case,  the  
orien tation  of the  polarization  fi l ter may have  to  be  read justed  for each  analyzed  wavelength .  
Moreover,  l arge  d i fferentia l  g roup  delay (DGD)  can  partia l l y depolarize  the  s ignal  even  wi th in  
the  resolu tion  bandwid th  of the  OSA.  Th is  depolarization  l eads  to  decreased  polarization  
extinction  of the  s ignal  and ,  hence,  overestimation  of the  in -band  ASE  noise.  For example,  
40  ps  DGD  cou ld  reduce  the  polarization  extinction  to  on ly 99  %  over a  resolu tion  bandwid th  
of 4  GHz,  wh ich  i s  s ign i ficant for measuring  OSNR in  the  20  dB  range.   

Methods  for measuring  i n -band  OSNR via  spectral  polarization  analysis  become ineffective  
(or at l east substan tia l l y more  compl icated )  when  the  s ignal  i s  polarization -mu l tiplexed ,  i . e.  
when  i t  i s  composed  of two  independently modu lated  components  at the  same  optical  carrier 
frequency that are  mu l tip lexed  in  mu tual l y orthogonal  polarization  states.  Al though  
polarization-mu l tiplexed  s ignals  are  h igh ly polarized  when  measured  on  a  time  scale  shorter 
than  the  symbol  period ,  they appear to  be  nearly completely depolarized  when  measured  on  
the  much  l onger time  scale  of a  typical  spectral  analysis.  Therefore,  i n -band  ASE  noise  of 
polarization-mu l tiplexed  s ignals  cannot be  measured  wi th  the  polarization-extinction  method .  

Al ternatively,  the  i n -band  noise  spectrum  of polarization-mu l tip lexed  s ignals  can  be  measured  
when  the  optical  s ignal  i s  tu rned  off (or b locked)  at  the  transmi tter.  Obviously,  th is  
measurement cannot be  performed  wh i le  the  system  i s  i n  service.  Hence,  i t  i s  on ly an  ou t-of-
service  measurement.  Another d isadvantage  of th is  measurement i s  that the  noise  power 
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l evel  may i ncrease  s ign i fi can tly when  the  s ignal  i s  absent,  thus  lead ing  to  an  underestimation  
of the  OSNR.  I n  add i tion ,  th is  method  may not work i n  certa in  ROADM  networks,  where  the  
optical  power and  sometimes  even  the  optical  spectrum  of the  transmi tted  s ignals  are  
con tinuously analyzed  by optical  channel  mon i tors  (OCMs).  I f an  OCM  does  not detect a  va l i d  
s ignal  i n  a  DWDM  channel ,  i t  i nstructs  the  associated  ROADM  to  b lock any l i gh t transmission  
th rough  th is  channel  so  as  to  avoid  unnecessary propagation  of ASE  noise  th rough  the  
network.  I n  th is  case,  one  cannot measure  the  accumu lated  ASE  noise  in  the  absence  of the  
s ignal .  

5.2  In -band  OSNR defin i tions  

5.2 .1  Background  

Trad i tional ly,  OSNR has  been  defined  as  the  ratio  of the  tota l  s i gnal  power to  a  s i ng le  value  of 
the  ASE  noise  power spectral  densi ty rather than  a  noise  power spectrum.  Th is  defin i ti on  i s  
appropriate  for wh i te  ASE  noise,  i . e .  for noise  that does  not exh ib i t  s ign i fican t wavelength  
dependence wi th in  the  bandwid th  of the  s ignal .  However,  i f the  ASE  noise  spectrum  is  shaped  
through  ti gh t optical  fi l tering  (e. g .  i n  ROADM  networks),  i t  cannot be  fu l l y characterized  by a  
s ing le  power spectral  densi ty value.  Thus,  i t  remains  unclear i n  the  conventional  defin i tion  of 
OSNR wh ich  value  one  shou ld  use  for the  power spectral  densi ty of the  ASE  noise.  A new 
defin i tion  of i n -band  OSNR,  therefore,  shou ld  speci fical l y address  a l l  cases  where  the  ASE  
spectral  power densi ty varies  s ign i ficantly wi th  wavelength  over the  wid th  of the  s i gnal  
spectrum  or DWDM channel .  

Furthermore,  OSNR shou ld  be  a  rel iable  measure  of the  waveform  degradation  i n troduced  i n  
the  received  e lectrical  s ignal  by i n -band  ASE  noise.  Hence,  i t  shou ld  reflect the  fact that 
spectral l y fi l tered  ASE  noise  general l y causes  less  waveform  d istortion  than  spectral l y 
un fi l tered  ASE  noise.  

Noise-induced  waveform  degradation  i s  predominan tly caused  by s i gnal -ASE  beat noise  and ,  
hence,  depends  on  the  ampl i tudes  of the  s ignal  and  the  ASE  [1 ] .  I n  the  frequency domain ,  the  
s ignal -ASE  beat noise  may be  viewed  as  resu l ting  from  the  beating  of each  frequency 
component i n  the  s ignal  spectrum  wi th  certain  frequency components  i n  the  ASE  spectrum.  
More  precisely,  i n  a  broadband  optical  receiver wi th  e lectrical  bandwid th  Bel ,  each  s ignal  

component at frequency ν  i n terferes  wi th  a l l  ASE  components  i n  the  frequency range  between  

ν  –  Bel  and  ν  +  Bel .  The  total  s ignal -ASE  beat noise  thus  depends  on  the  shape  of the  ASE  
noise  spectrum  as  wel l  as  on  the  shape  of the  s ignal  spectrum.  A g iven  l evel  of ASE  noise  
near the  edges  of the  s ignal  spectrum  usual ly causes  l ess  waveform  degradation  than  an  
equal  l evel  near the  centre  of the  spectrum.  Consequently,  spectral l y fi l tered  ASE  noise  
general l y causes  l ess  waveform  degradation   than  un fi l tered  ASE  noise.  

The  i n -band  OSNRs defined  i n  3 . 2  and  3 . 3  both  reflect the  spectral  dependence  of the  s ignal -
ASE  beat noise,  whereas  the  OSNR defined  i n  3 . 4 ,  wh ich  cu rren tl y i s  the  most widely used  
defin i tion ,  i s  i ndependent of the  spectral  shapes  of s ignal  and  ASE  noise.  However,  i n  the  
case  of fl at ASE  noise,  a l l  th ree  defin i tions  yield  the  same  OSNR value  as  the  conventional  
OSNR defin i ti on .  

5.2.2  Spectral ly in tegrated  in -band  OSNR    

The  defin i tion  of i n -band  OSNR in  3 . 2 ,  OSNR i n t,  i s  based  on  the  assumption  that the  noise-
induced  waveform  d istortion  i s  approximately proportional  to  the  ratio  of the  time-averaged  

ASE  power spectral  densi ty,  ρ(λ) ,  to  the  time-averaged  s ignal  power spectral  densi ty,  s(λ) ,  at  
each  optical  frequency ν ,  i . e .  by ρ(λ)/s(λ) .  Consequently,  the  OSNR i n t  va lue,  R i n t,  i s  defined  as  

the  i n tegral  of the  inverse  ratio  s(λ)/ρ(λ)  over the  en ti re  wavelength  range  of the  DWDM 
channel ,  i . e .  as   
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where  the  resu l t  i s  essen tia l l y i ndependent of whether the  i n tegration  i s  performed  wi th  

respect to  wavelength  λ  or optical  frequency ν .  An  important feature  of th is  defin i tion  i s  that 

the  value  of R i n t  does  not change,  at  l east i n  theory,  when  s ignal  and  noise  spectra  are  
reshaped  s imu l taneously by a  s ing le  optical  fi l ter,  as  can  be  seen  from  the  equal i ty 
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wherein  F(λ)  denotes  the  transfer function  of the  optical  fi l ter.  I n  practice,  the  values  of R i n t  
measured  before  and  after s imu l taneous  fi l tering  of s ignal  and  noise  may depend  on  the  
dynamic range  of the  OSA,  the  wavelength  range  of i n tegration ,  and  the  spectral  resolu tion  of 
the  OSA,  as  explained  in  C lause  6 .  

5.2.3  In -band  OSNR from  averaged  noise  power spectral  density 

The  i n -band  OSNR defined  i n  3 . 3,  OSNRavg ,  i s  s im i lar to  the  conventional  defin i tion  of OSNR,  
except that i t  uses  a  spectral l y averaged  value  for the  noise  power densi ty.  The  OSNRavg  

va lue,  Ravg ,  i s  defined  as  
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wherein  ρavg  i s  obtained  by averag ing  the  ASE  power spectrum,  ρ(λ) ,  weigh ted  wi th  the  

normal ized  s ignal  power spectrum,  s(λ)/s :  
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Th is  defin i tion  paral l els  a  theoretical  model  for i n -band  s ignal -s ignal  crosstalk i n  ROADM  
networks,  wh ich  i s  based  on  the  observation  that the  crosstalk penal ty depends  on  the  power 
spectral  densi ties  of the  i n terferer and  the  s ignal ,  s im i larl y to  the  above-described  
dependence of the  s ignal -ASE  beat noise  [1 0-1 1 ] .  Th is  defin i ti on  a lso  has  the  advantage  that 

the  value  of Ravg  does  not cri ti cal l y depend  on  the  wavelength  range  used  for noise  averag ing ,  
so  l ong  as  i t  covers  the  en ti re  s ignal  spectrum.  However,  th is  defin i ti on  yields  a  d i fferen t 
OSNRavg  va lue  after s ignal  and  noise  are  spectral l y reshaped  s imu l taneously by the  same 
fi l ter.   

5.2.4 In -band  OSNR from  maximal  noise  power spectral  density 

The  most-widely used  defin i tion  for i n -band  OSNR thus  far i s  OSNRmax  as  defined  i n  3 . 4 .  I t  i s  
a lmost i dentical  to  the  conventional  OSNR defin i ti on  i n  I EC  61 280-2-9,  except that i t  expl ici tl y  

speci fies  to  use  the  maximal  value  of ASE  power spectral  densi ty,  ρmax,  for the  OSNRmax  
ca lcu lation  (wh ich  i s  usual ly found  near the  cen tre  of the  s ignal  spectrum).  The  OSNRmax  

va lue,  Rmax,  i s  defined  as  
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I n  con trast to  OSNR i n t  and  OSNRavg ,  the  OSNRmax  va lues  calcu lated  from  Equation  (8)  are  
agnostic to  the  spectral  shape  of the  ASE  noise.  Thus,  a  s ignal  wi th  spectral l y fi l tered  ASE  
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noise  exh ibi ts  the  same  OSNRmax  va lue  as  an  i den tical  s ignal  wi th  spectral l y fl at  ASE  noise.  
I t  i s  therefore  not surpris ing  that OSNRmax  i s  l ess  sensi ti ve  to  the  spectral  resolu tion  of the  
OSA than  OSNR i n t  and  OSNRavg .  I t  shou ld  a lso  be  noted  that the  OSNRmax  va l ue  a lways  

decreases  after spectral  fi l tering  because  of spectral  cl ipping  of s(λ) ,  i ndependently of how 
much  ASE  noise  has  been  removed  from  the  si gnal .  

5.2.5  In -band  OSNR for ind ividual  optical  subcarriers  

When  a  mu l ti tude  of modu lated  optical  subcarriers  i s  transmi tted  in  an  optical  “superchannel ” ,  
i t  may be  usefu l  to  determine  the  i n -band  OSNR ind ividual ly for each  modu lated  subcarrier.  
The  subcarrier OSNR defined  in  3 . 5,  OSNRsub ,  i s  of particu lar i n terest when  the  transmission  
performance  of a  s ing le  modu lated  subcarrier i s  to  be  compared  to  that of a  conventional  
s ing le-carrier optical  s ignal  at  the  same  data  rate,  wh ich  i s  often  the  case  when  the  various  
subcarriers  of g i ven  a  superchannel  are  encoded  wi th  i ndependent data.  

The  OSNRsub ,  va lue  may be  determined  by using  one  of the  th ree  in -band  OSNR defin i tions  
described  above,  i . e .  OSNR i n t,  OSNRavg  or OSNRmax,  where  the  same defin i tion  shal l  be  

appl ied  to  a l l  subcarriers.  The  wavelength  i n tegration  ranges  i n  R i n t,  Ravg  or Rmax,  i . e.  λ1  and  
λ2 ,  shal l  be  ad justed  so  that they i nclude  on ly the  spectral  wid th  of the  subcarrier to  be  
measured .  Particu lar care  shal l  be  taken  when  measuring  the  s ignal  power of the  modu lated  
subcarrier,  so  as  not to  i nclude  s ignal  power of neighbouring  subcarriers.  I n  case  of very 
densely spaced  subcarriers,  as  i l l ustrated  in  the  example  of F igure  4  above,  the  accuracy of 
the  subcarrier power measurement may be  l im i ted  by the  spectral  resolu tion  of the  OSA,  
wh ich  shou ld  be  h igh  enough  to  avoid  undesi red  crosstalk from  neighbouring  subcarriers.  

However,  OSNRsub  i s  of considerably l ess  i n terest when  the  various  subcarriers  transmi t  a  
s ing le  contiguous  data  stream,  for example  when  two  modu lated  subcarriers  each  transmi t  
50  Gbi t/s  of a  contiguous  1 00  Gbi t/s  s ignal .  I n  th i s  case,  one  may want to  compare  the  OSNR 
of the  en ti re  two-carrier s ignal  to  that of another s ing le-carrier or mu l tip le-carrier 1 00  Gbi t/s  
s ignal ,  us ing  the  channel  or superchannel  i n -band  OSNR,  OSNRsup ,  defined  i n  3 . 6 .  The  

OSNRsup  val ue  shal l  be  determined  by ad justing  the  wavelength  i n tegration  ranges  for R i n t,  

Ravg  or Rmax  so  that they encompass  the  s ignal  spectra  of both  modu lated  subcarriers.  I n  
case  of a  flat ASE  noise  spectrum  and  equal  s ignal  powers  i n  a l l  modu lated  subcarriers,  the  
value  of OSNRsup  i s  equal  to  N t imes  the  value  of OSNRsub ,  where  N i s  the  total  number of 
subcarriers  i n  the  superchannel .  

5.3  Spectral  shaping  of ASE  noise  

5.3.1  General  

The  necessi ty of measuring  in -band  OSNR wi th  a  wavelength  resolu tion  fi ner than  the  s ignal  
wid th  ra ises  i ssues  for the  defin i tion  of OSNR,  s ince  the  measured  resu l t  may depend  on  the  
chosen  resolu tion .  Th is  compl ication  i s  considered  here  wi th in  the  framework of some case  
examples  explained  i n  5 . 3 . 2  to  5 . 3 .4 .  

5.3.2  Case (a) :  ASE  noise  shaped  outside  of the  s ignal  spectrum  

The  s implest example  of a  s i gnal  wi th  shaped  ASE  noise  i s  often  encountered  in  optical  
receiver testi ng ,  where  wh i te  noise  from  a  broadband  ASE  source  i s  m ixed  wi th  the  
transmi tted  s ignal  immed iately before  the  receiver to  emu late  various  OSNR levels  during  
receiver sensi ti vi ty tests.  These  tests  general ly requ i re  spectral  fi l tering  of the  ASE  noise  
before  the  receiver to  avoid  excessively l arge  background  noise  due  to  ASE-ASE  beat noise.  
The  wid th  of th is  fi l ter i s  usual ly chosen  so  as  to  not affect the  shape  of the  s ignal  spectrum.  
Hence,  the  ASE  noise  spectrum  remains  flat  wi th in  the  s ignal  spectral  wid th  bu t i s  shaped  
ou tside  of the  s ignal  spectrum,  as  i l l ustrated  in  F igure  5  for the  example  of a  
1 0  Gbi t/s  NRZ-OOK s ignal .  
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Figure  5  – Power spectral  density of a  1 0  Gbit/s  s ignal  with  ASE   
noise  that has  been  shaped  by a  relatively broad  optical  fi l ter 

To determine  the  OSNR after fi l tering ,  i t  may be  necessary to  measure  the  i n -band  noise  floor.  
However,  s ince  the  in -band  noise  spectrum  i s  essentia l l y fl at,  the  th ree  i n -band  OSNR 
defin i tions  OSNR i n t,  OSNRavg  and  OSNRmax  yie ld  the  same  value,  i . e .  R i n t  =  Ravg  =  Rmax.  I t  
shou ld  be  noted  that th is  value  i s  i den tical  to  the  OSNR value  measured  before  fi l tering  
(wh ich  may be  measured ,  for example,  wi th  the  i n terpolation  method  described  i n  I EC  61 280-
2-9).  

5 .3.3  Case  (b) :  ASE  noise  shaped  wi th in  the  s ignal  spectrum  

The  s i tuation  becomes  more  complex when  the  bandwid th  of the  optical  fi l ter i n  case  (a)  i s  so  
narrow that both  the  s ignal  and  ASE  spectra  are  reshaped ,  wh ich  i s  often  the  case  when  the  
performance  of a  receiver for broadband  40  Gbi t/s  or 1 00  Gbi t/s  s ignals  i s  tested  wi th  a  
50-GHz (or narrower)  wavelength  demu l tiplexer before  the  receiver.  As  i l l ustrated  in  F igure  6 ,  
for the  example  of a  43  Gbi t/s  RZ-DQPSK signal ,  such  narrow-band  wavelength  fi l tering  
s ign i ficantly attenuates  the  edges  of the  s ignal  spectrum,  thus  reducing  the  tota l  s ignal  power.  
I t  a lso  reshapes  the  ASE  noise  spectrum  in  such  a  way that i t  i s  no  l onger flat wi th in  the  
bandwid th  of the  fi l tered  s ignal .  

I n  th is  case,  the  i n -band  OSNR defin i tions  i n  3 . 2  to  3 . 4  general ly yie ld  d i fferen t resu l ts.  The  
l owest ( i . e .  most conservative)  OSNR value  i s  obtained  from  OSNRmax,  wh ich  accounts  for 
the  decrease  in  s ignal  power bu t completely i gnores  the  spectral  cl ipping  of the  ASE  noise  
because  i t  uses  the  noise  power spectral  densi ty at the  cen tre  of the  s ignal  (wh ich  i s  not  
affected  by fi l tering).  I n  con trast,  OSNR i n t  a lways  yields  the  h ighest OSNR value  because  i t  
offsets  the  wavelength-dependent attenuation  of the  s ignal  by a  correspond ing  wavelength-
dependent attenuation  of the  ASE  noise,  wh ich  are  i den tical  i n  th is  case.  I n  fact,  OSNR i n t  
d efined  i n  3 . 2  i s  i ndependent of the  fi l ter bandwid th  and ,  therefore,  g ives  the  same  OSNR 
value  before  and  after fi l tering ,  j ust  l i ke  i n  case  (a) .  Th is  i s  i l l ustrated  i n  F igure  7 ,  wh ich  
d isplays  the  OSNR values  R i n t,  Ravg  and  Rmax  ca lcu lated  for a  43  Gbi t/s  RZ-DQPSK s ignal  as  
a  function  of fi l ter bandwid th .  Whereas  R i n t  s tays  constan t at  the  orig inal  va lue  of 20  dB,  Ravg  
and  Rmax  decrease  monoton ical l y wi th  decreasing  fi l ter bandwid th ,  wi th  Ravg  be ing  a lways  
l arger than  Rmax.  Thus,  i t  i s  th is  case  that g ives  the  clearest support for the  i n -band  OSNR 
defin i tion  OSNR i n t  i n  3 . 2 .  However,  for fi l ters  wi th  moderate  bandwid th ,  the  d i fference  
between  the  three  OSNR values  may be  smal l  compared  to  other sources  of measurement 
uncertain ty and  to  the  practical  requ i rements  of the  measurement.  
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Figure  6  – Power spectral  densities  of a  broadband  40  Gbi t/s  s ignal  
and  ASE  noise  which  have  been  shaped  by the  same fi l ter 

 

NOTE  I n  th i s  s imu l ati on ,  the  effecti ve  fi l ter bandwid th  i s  vari ed  by cascad i ng  several  i den ti cal  fi l ters ,  each  havi ng  
a  th i rd -order super-Gauss ian  transm iss i on  functi on  wi th  a  3-dB  bandwid th  of 43  GHz (same  as  the  ROADM  fi l ters  
i n  F i gu re  9) .   

Figure  7  – Variation  of the  in -band  OSNR values  R i n t,  Ravg  and  Rmax   
versus  fi l ter bandwidth  for the  s ignal  shown  in  Figure  6  

5.3.4 Case  (c) :  ASE  noise  shaping  in  a  ROADM  network 

A signal  that passes  through  mu l tip le  spectral  fi l ters  wi th  i n termed iate  ampl i fication ,  l i ke  i n  a  
network wi th  ROADMs,  resu l ts  i n  d i fferen t spectral  shaping  for the  s ignal ,  wh ich  passes  a l l  
fi l ters,  and  the  ASE,  wh ich  i s  generated  between  the  fi l ter stages  and  hence,  i n  part,  passes  
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th rough  fewer fi l ter stages.  General ly,  th is  d istribu ted  fi l tering  of the  noise  produces  a  broader 
ASE  spectrum  than  i f a l l  fi l ters  were  placed  d i rectl y before  the  receiver,  as  i l l ustrated  in  
F igure  8.  I n  th is  sense,  i t  i s  an  i n termed iate  case  between  (a)  and  (b) ,  wh ich  were  both  wel l  
described  by OSNR i n t  defined  i n  3 . 2.  

The  graph  i n  F igure  9  d isplays  the  OSNR values  R i n t,  Ravg  and  Rmax calcu lated  for a  
43  Gb/s  RZ-DQPSK s ignal  as  a  function  of the  number of 50-GHz fi l ters/ROADMs,  where  i t  i s  
assumed  that ASE  noise  i s  added  in  equal  portions  between  fi l ters  and  that i t  a lways  adds  up  
to  the  same  total  amount.  I n  th is  case,  a l l  th ree  OSNR values  decrease  wi th  i ncreasing  
number of fi l ters  ( i . e .  wi th  decreasing  overal l  fi l ter bandwid th ).  Wh i le  R i n t  i s  a lways  l arger than  
Ravg ,  and  Ravg  l arger than  Rmax,  j ust  l i ke  i n  case  (b),  the  d i fference  between  the  th ree  curves  
i s  s ign i fican tly smal ler than  in  case  (b).  For comparable  fi l tering  of the  s i gnal ,  the  spectral l y 
i n tegrated  ratio  R i n t  and  the  OSNR calcu lated  from  the  average  noise  power spectral  densi ty,  
Ravg ,  produce  l ower OSNR values  than  i n  case  (b),  whereas  the  OSNR calcu lated  from  the  
maximal  noise  power spectral  densi ty at the  cen tre,  Rmax,  i s  i den tical  to  that i n  case  (b),  wh ich  
i s  expected ,  because  there  i s  more  ASE  noise  i n  the  wings  of the  s ignal  spectrum  bu t the  
same  ASE  noise  densi ty i n  the  centre.  I n  the  extreme  of th is  case,  where  the  i n -band  ASE  
noise  i s  effectively flat  wh i le  the  s ignal  i s  shaped ,  a l l  th ree  OSNR values  wi l l  be  l ower than  i n  
case  (a)  because  the  s i gnal  has  shed  optical  power due  to  spectral  cl ipping  in  the  fi l ters.  The  
actual  spectral  shape  of the  fi l tered  s ignal  does  not impact the  OSNR value,  on ly the  total  
s ignal  power,  when  the  ASE  noise  i s  fl at.  

 

Figure  8  – Optical  power densi ty spectra  of s ignal  and  ASE  noise   
after fi l tering  in  a  ROADM network with  in termediate  ampl i fication  
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NOTE  I n  th i s  s imu l ati on ,  each  ROADM  fi l ter exh ib i ts  a  th i rd -order super-Gaussi an  transmissi on  functi on  wi th  a  
3-dB  bandwid th  of 43  GHz,  and  the  ASE  noi se  i s  added  i n  equal  porti ons  between  the  ROADMs.   

Figure  9  – Variation  of the  in -band  OSNR values  R i n t,  Ravg  and  Rmax   
versus  number of fi l ters  for the  s ignal  shown  in  Figure  8  

Considering  these  cases,  i t  i s  seen  that the  th ree  in -band  OSNR defin i tions  OSNR i n t,  
OSNRavg  and  OSNRmax  yi e ld  i den tical  or at l east very s imi lar resu l ts  i n  cases  (a)  and  (c) ,  
whereas  they may produce  substantia l l y d i fferen t resu l ts  i n  case  (b) ,  wi th  OSNRmax  provid ing  
the  most conservative  and  OSNR i n t  the  h ighest value.  However,  i n  most practical  appl ications,  
the  fi l ter bandwid th  i n  case  (b)  i s  s imi lar to  the  spectral  wid th  of the  s ignal ,  so  the  d i fferences  
between  OSNR i n t,  OSNRavg ,  and  OSNRmax  are  relatively smal l  and  even  comparable  to  other 
measurement uncertain ties.  

I t  shou ld  be  poin ted  ou t that the  resu l ts  presented  in  F igures  7  and  9  were  calcu lated  under 
the  assumption  that the  s ignal  and  noise  spectra  are  measured  wi th  an  i deal  i nstrument,  
having  un l im i ted  dynamic range  and  i n fi n i tely smal l  spectral  resolu tion .  I t  tu rns  ou t,  however,  
that the  values  of OSNR i n t  and  OSNRavg  depend  substantia l l y on  the  spectral  resolu tion  of 
the  measurement equ ipment as  d iscussed  i n  Clause  6 ,  and ,  fu rthermore,  that the  value  of 
OSNR i n t  depends  on  the  dynamic range  of the  i nstrument,  especia l l y i n  case  (b).  I n  practical  
measurements,  therefore,  where  dynamic range  and  spectral  resolu tion  are  l im i ted ,  the  th ree  

i n -band  OSNR values  R i n t,  Ravg  and  Rmax  can  d i ffer from  those  shown  i n  F igures  7  and  9.  

6 Gu idel ines  for using  the  defin i tions  

6.1  General  

I t  i s  the  i n ten tion  of th is  part of I EC  61 282  to  provide  a  mathematical  defin i tion  of OSNR and  
not to  prescribe  a  measurement method .  I t  i s  recogn ized  that practical  methods  wi l l  l i ke ly 
provide  approximations  of th is  parameter based  on  assumptions  appropriate  to  the  use  case,  
such  as  the  shape  of the  ASE,  the  degree  of polarization  and  the  wid th  of the  s ignal .  The  
impact of these  assumptions  shou ld  be  estimated  as  con tribu tions  to  the  uncertain ty,  j ust l i ke  
that due  to  uncertain ty i n  noise  equ ivalen t bandwid th  and  dynamic range  in  the  method  of 
I EC  61 280-2-9.  

An  important poin t  for real izing  accurate  OSNR measurements  i s  that the  raw measurement of 
s ignal  power i s  l i kely to  i nclude  a  con tribu tion  of ASE.  Especia l l y for l ower OSNR values,  i t  i s  
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importan t to  correct the  s ignal  power for th is  con tribu tion ,  wh ich  i s  usual ly estimated  from  the  
ASE  measurement part of the  procedure.  The  accuracy of th is  estimate  i s  a lso  often  based  on  
the  val i d i ty of the  assumption  that the  ASE  i s  depolarized .  

The  reference  bandwid th  for the  noise  power i s  most common ly chosen  as  Br  =  0 , 1  nm.  I f,  for 

example,  a  wider bandwid th  l i ke  Br  =  1  nm  i s  chosen ,  then  the  OSNR value  i s  1 0  dB  l ower.  
The  reference  bandwid th  can  a lso  be  expressed  i n  frequency i nstead  of wavelength .  

6.2  Wavelength  in tegration  range 

The  choice  of i n tegration  range  for determin ing  the  s ignal  power 

 ( ) λλ
λ

λ
dss ∫=

2

1

  (9)  

i n  Ravg  and  Rmax  (3 . 3  and  3 . 4)  i s  subject to  the  same  considerations  d iscussed  in  I EC  61 280-
2-9:  care  shal l  be  taken  to  i n tegrate  the  complete  spectral  wid th  of the  s ignal ,  wh ich  i ncreases  
wi th  the  modu lation  rate  of the  s ignal .  For example,  a  wavelength  range  of at l east 0 , 2  nm  (or 
abou t 25  GHz)  shou ld  be  used  for 1 0  Gbi t/s  NRZ-OOK signals  i n  order to  measure  signal  
power wi th in  0 , 1  dB  uncertain ty.  Th is  range  scales  wi th  the  modu lation  rate  and  varies  wi th  
the  modu lation  format.  For spectral l y broadband  s ignals  l i ke  the  43  Gbi t/s  RZ-DQPSK s ignal  
shown  in  F igure  6 ,  the  i n tegration  range  shou ld  be  around  0 , 4  nm,  i . e.  the  en ti re  wid th  of a  
50-GHz wide  DWDM  channel .  Using  a  wider i n tegration  range  than  necessary i s  not an  i ssue  
for the  calcu lation  of the  s ignal  power,  bu t care  i s  needed  to  assure  that on ly the  i n tended  
s ignal  i s  i ncluded  in  the  calcu lation .  For DWDM  signals,  th is  general l y l im i ts  the  maximal  
i n tegration  range  to  the  bandwid th  of the  DWDM  channel .   

The  i n tegration  range  for the  spectral l y weigh ted  noise  densi ty s(λ)  ·  ρ(λ)  i n  Ravg  (3 . 2)  shal l  be  
i den tical  to  the  one  used  for the  i n tegration  of the  s ignal  power.  

For the  s ignal -to-noise  ratio  s(λ)/ρ(λ)  i n  R i n t  (3 . 2),  the  in tegration  range  shou ld  i deal l y extend  
over the  en ti re  spectral  wid th  of the  unfiltered  s i gnal ,  wh ich  may be  s ign i ficantly wider than  
that of the  filtered s ignal .  Th is  i s  especial l y importan t for receiver testi ng  wi th  narrowband  
optical  fi l ters/demu l tip lexers,  as  described  i n  case  (b)  of 5 . 3 .  For s ignals  that have  been  
spectral l y fi l tered  i n  ROADM  networks,  as  i n  case  (c)  of 5 . 3 ,  i t  i s  usual ly su fficien t to  i n tegrate  

s(λ)/ρ(λ)  over the  spectral  wid th  of the  filtered  s ignal ,  as  i s  eviden t from  the  curves  d isplayed  
i n  F igure  1 0 .  
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Figure  1 0  – Impact of integration  range  on  R i n t  for 43  Gbit/s  RZ-DPSK  
s ignals  in  a  ROADM  network 

However,  i n tegration  shou ld  be  avoided  at wavelengths  where  both  si gnal  and  ASE  are  so  
strong ly fi l tered  that they are  below the  sensi ti vi ty-l im i ted  detection  th reshold  of the  
measurement equ ipment,  because  th is  may cause  s ign i ficant overestimation  of the  si gnal -to-
noise  ratio,  especial l y at  l ow OSNR values.  The  impact of measurement-induced  noise  on  

s(λ)/ρ(λ)  i s  i l l ustrated  i n  F igure  1 1  for the  example  of a  strong ly fi l tered  1 0  Gbi t/s  NRZ-OOK 
s ignal  wi th  1 5  dB  OSNR.  

 

IEC 

The  l eft  d i ag ram  d i sp lays  the  noi se  and  s i gna l  spectra  after fi l teri ng  as  measured  wi th  a  h i gh -resol u ti on  OSA,  and  

the  ri gh t  d i ag ram  compares  the  resu l ti ng  s i gna l -to-noi se  rati o  s(ν)/ρ(ν )  o f the  fi l tered  (g rey cu rve)  and  un fi l tered  

s i gnal  (b l ack cu rve) .  To  avoi d  overestimati on  of R i n t,  the  i n tegrati on  range  for the  s i gnal -to-noi se  rati o  s(ν)/ρ(ν )  of 
the  fi l tered  s i gna l  shou ld  be  l im i ted  to  the  frequency i n terval  between  -1 0  and  +1 0  GHz  because  ou ts i de  of th i s  
range,  the  mean  va l ue  of the  fi l tered  s(ν)/ρ(ν )  becomes  s i gn i fi can tl y l arger than  that  of the  un fi l tered  s(ν )/ρ(ν ) .  

Figure  1 1  – Impact of instrument noise  on  s(ν)/ρ(ν)   
for strongly fi l tered  1 0  Gbit/s  NRZ-OOK signals  

I n  practice,  therefore,  the  in tegration  range  of s(λ)/ρ(λ)  shou ld  be  l im i ted  to  wavelengths  
where  the  fi l tered  s ignal  exh ib i ts  s ign i fican t optical  power.  Th is  can  be  accompl ished ,  for 
example,  by terminating  the  in tegration  at wavelengths  where  the  s ignal  power spectral  
densi ty d rops  below a  certa in  th reshold ,  for example  0 , 1  %  to  1  %  of the  peak power densi ty 
(note  that wh i le  th is  th reshold  i s  usual ly appropriate  for s ignals  that do  not exh ibi t narrow 
peaks  i n  thei r spectrum,  i t  may be  too  h igh  for s ignals  wi th  l arge  d iscrete  frequency 
components,  such  as  the  residual  optical  carrier i n  the  1 0  Gbi t/s  NRZ-OOK spectrum  of 
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F igure  1 0).  For spectral l y broadband  s ignals  wi th  symbol  rates  above  20  GBd ,  the  DWDM 
channel  bandwid th  can  often  serve  as  a  proper and  easy-to-implement bound  for the  
i n tegration  range,  as  l ong  as  the  noise  i s  not too  strong ly fi l tered .  Strong  shaping  from  
ROADM  fi l tering ,  however,  can  reduce  the  power densi ties  to  sensi tivi ty l im i ts  wi th in  the  
nominal  bandwid th ,  as  i l l ustrated  i n  F igure  8 .   

Such  i ssues  do  not exist for the  calcu lation  of the  average  noise  spectral  densi ty i n  Ravg  (3 . 3) ,  

where  the  in tegration  range  of s(λ)  ·  ρ(λ)  i s  i nheren tly l im i ted  by the  wid th  of the  s ignal  
spectrum.  

6.3  Spectral  resolution  

When  both  s ignal  and  ASE  noise  are  spectral l y shaped ,  i t  i s  importan t that thei r spectra  are  
measured  wi th  su fficien t accuracy,  wh ich  usual ly requ i res  an  i nstrument whose  resolu tion  i s  
much  fi ner than  the  wid th  of the  noise  and  s ignal  spectra.  Th is  i s  an  importan t d i fference  to  
OSNR measurements  based  on  ou t-of-band  ASE  noise  ( I EC 61 280-2-9),  where  i t  i s  often  
possible  to  choose  the  resolu tion  bandwid th  of the  OSA wider than  the  s ignal  spectrum,  so  
that the  peak of the  measured  spectrum  represents  the  i n tegrated  s ignal  power (Figure  1 ) .  
S ignals  that are  depolarized  by h igh  PMD  may a lso  requ i re  h igh  spectral  resolu tion ,  as  
explained  i n  5 . 1 .  

I t  tu rns  ou t that OSNR i n t  i n  3 . 2  i s  more  sensi ti ve  to  the  spectral  resolu tion  of the  measurement 
than  OSNRavg  and  OSNRmax.  S ince  the  measured  spectra  are  general l y broader than  the  
actual  spectra  due  to  the  i nstrument’s  fin i te  spectral  resolu tion ,  the  shapes  of the  measured 
s ignal  and  noise  spectra  may be  s ign i ficantly d i fferen t from  those  of the  actual spectra,  
especia l l y near the  edges  of the  spectra.  Th is  can  be  shown  by expressing  the  measured  

power spectral  densi ties  as  ( ) ( ) ( )λλλ Tss ⊗=meas  and ( ) ( ) ( )λλρλρ T⊗=meas ,  respectively,  where  

T(λ)  denotes  the  transfer function  of the  OSA and  ⊗  the  convolu tion  of the  spectrum  wi th  T(λ) .  

Thus,  the  measured  s ignal -to-noise  ratio  ( ) ( )λρλ measmeass  may be  d i fferen t from  the  actual  

ratio  s(λ)/ρ(λ) ,  especia l l y after strong  fi l tering ,  so  that i n  general  
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and  Equation  (5)  i s  no  l onger val id .  S ince  the  d i fference  between  smeas(λ)/ρmeas(λ)  and  
s(λ)/ρ(λ)  i s  l argest near the  edges  of the  s ignal  spectrum,  the  d i fference  between  the  two  
terms  in  Equation  (9)  can  be  reduced  by l im i ting  the  i n tegration  of smeas(λ)/ρmeas(λ)  to  the  
wavelength  range  where  s ign i fican t s i gnal  power i s  detected  (as  described  i n  6 . 2).  S imi larl y,  i t  

can  be  shown  that the  average  noise  power densi ty ρavg  i n  Ravg  i s  sensi ti ve  to  the  spectral  
resolu tion  of the  OSA because,  i n  general   

 ( ) ( ) ( ) ( )[ ] ( ) ( )[ ]∫∫ ⊗⋅⊗≠⋅
2

1

2

1

λ

λ

λ

λ
λλλλλρλλλρ dTsTds   ( 1 0)  

I n  con trast,  the  maximal  noise  power densi ty ρmax  i n  Rmax  (3 . 4)  i s  much  l ess  sensi tive  to  the  
spectral  resolu tion  of the  i nstrument,  even  i f the  fi l tering  i s  fa i rl y strong .  The  dependence  of 

R i n t,  Ravg  and  Rmax  on  the  spectral  resolu tion  of the  measurement i s  i l l ustrated  i n  F igure  1 2  
for the  case  of strong ly fi l tered  43  Gbi t/s  RZ-DQPSK s ignals  and  i n  F igure  1 3  for the  case  of 
strong ly fi l tered  1 0  Gbi t/s  NRZ-OOK s ignals.   
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(a)     

(b)    

NOTE  The  upper d i ag ram  (a)  d i spl ays  s imu l ated  i n -band  OSNR va l ues  for the  same  case  shown  i n  F i gu re  7 ,  
when  s i gnal  and  noi se  spectra  are  measured  wi th  spectra l  resol u ti ons  of 500  MHz ( l i gh t  g rey cu rves),  4  GHz  (dark 
g rey cu rve) ,  and  8  GHz  (b l ack cu rves);  wh i l e  the  l ower d i ag ram  (b)  d i spl ays  s imu l ated  i n -band  OSNR val ues  for the  
case  shown  i n  F i gu re  9 ,  when  measured  wi th  spectral  resol u ti ons  of 500  MHz and  8  GHz.  The  wavelength  

i n tegrati on  range  for R
max

 and  R
avg

 extends  over the  en ti re  wi d th  of the  50-GHz DWDM  channe l ,  whereas  for R
i n t
,  i t  

i s  l im i ted  to  the  range  where  the  s i gna l  power densi ty i s  l arger than  1  %  of the  peak power densi ty.  

Figure  1 2  – Dependence  of in -band  OSNR on  spectral   
resolution  for 43  Gbi t/s  RZ-DQPSK signals  

For the  spectral l y broadband  43  Gbi t/s  RZ-DQPSK s ignal ,  a  moderate  spectral  resolu tion  of 
8  GHz (or equ ivalen tl y 0 , 064  nm),  wh ich  i s  not uncommon  for fi e ld -deployable  i nstruments,  

can  cause  overestimation  of R i n t  (up  to  0 , 25  dB  i n  F igure  1 2  (a)) ,  wh ich  may be  smal l  

compared  to  other sources  of measurement uncertain ty.  By con trast,  Rmax  i s  essen tia l l y 
i nsensi ti ve  to  the  spectral  resolu tion  of the  instrument up  to  abou t 8  GHz resolu tion .  Note  that  

i n  F igure  1 2 ,  the  i n tegration  range  for s(λ)/ρ(λ)  i s  l im i ted  to  those  wavelengths  where  the  
s ignal  power spectral  densi ty i s  l arger than  1  %  of the  peak power densi ty.  As  a  resu l t,  the  

value  of R i n t  – as  measured  wi th  a  h igh-resolu tion  instrument – does  not remain  constan t 
when  s ignal  and  noise  experience  the  same  spectral  attenuation  (Figure  7) ,  bu t rather 
decreases  wi th  decreasing  fi l ter bandwid th ,  as  shown  in  F igure  1 2  (a) .  L im i ting  the  

wavelength  i n tegration  range  for s(λ)/ρ(λ)  thus  offsets  the  overestimation  of i n  R i n t  caused  by 
i nsufficien t spectral  resolu tion .  
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Stronger dependence  on  spectral  resolu tion  i s  observed  for the  1 0  Gbi t/s  NRZ-OOK signals  i n  
F igure  1 3,  wh ich  have  a  narrower spectrum  than  the  40  Gbi t/s  s ignals  i n  F igure  1 2  and  wh ich  

pass  th rough  s ign i fican tl y narrower fi l ters.  I n  F igure  1 3 ,  the  i n tegration  range  for s(λ)/ρ(λ)  i s  
l im i ted  to  those  wavelengths  where  the  s ignal  power densi ty i s  l arger than  0 , 1  %  of the  peak 
power densi ty.  

 (a)     

(b)    

NOTE  The  two  d i ag rams  d i spl ay the  i n -band  OSNR val ues  ca l cu l ated  for a  1 0  Gb/s  NRZ-OOK s i gnal  when  
measured  wi th  spectral  resolu ti ons  of 500  MHz  ( l i gh t  g rey cu rves),  4  GHz  (dark g rey cu rve) ,  and  8  GHz  (b l ack 
cu rves).  The  upper d i ag ram  (a)  represen ts  the  case  where  s i gnal  and  wh i te  ASE  noi se  pass  th rough  the  same  
cascade  of i d en ti cal  fi l ters ,  whereas  the  l ower d i ag ram  (b)  represents  the  case  of d i s tri bu ted  fi l teri ng  i n  a  ROADM  
network.  I n  e i ther case,  each  fi l ter/ROADM  has  a  second -order super-Gauss ian  transfer fu ncti on  wi th  a  3-dB  

bandwid th  of 30  GHz.  The  waveleng th  i n teg rati on  for R
i n t
 i s  l im i ted  to  the  range  where  the  s i gnal  power densi ty i s  

l arger than  0 , 1  %  of the  peak power densi ty.  

Figure  1 3  – Dependence  of in -band  OSNR on  spectral  resolution   
for 1 0  Gbit/s  NRZ-OOK signals  

Simu lations  in  Clause  7  compare  OSNR penal ties  calcu lated  from  the  th ree  i n -band  OSNR 
defin i tions.  
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7  In -band  OSNR penalties  of fi l tered  signals  

7.1  Scope of s imu lations  

Strong  optical  fi l tering  can  g ive  rise  to  s i gn i ficant s ignal  d i stortions  and ,  therefore,  impair the  
end-to-end  transmission  qual i ty.  These  impairments  are  often  characterized  by an  OSNR 
penal ty,  wh ich  i s  the  ratio  of the  OSNR requ i red  to  receive  the  unfiltered s ignal  at  a  g iven  b i t-
error rate  (BER)  to  the  OSNR requ i red  to  receive  the  filtered  s ignal  at the  same  BER.  I n  the  
case  of spectral l y shaped  ASE  noise,  the  OSNR values  before  and  after fi l tering  shou ld  be  
determined  using  e i ther OSNR

i n t
,  OSNRavg ,  or OSNRmax

.  S ince  these  three  defin i tions  
general ly yie ld  d i fferent OSNR values,  depend ing  on  the  amount of fi l tering  and  use  case,  i t  
can  be  expected  that the  resu l ti ng  OSNR penal ties  a lso  vary s ign i ficantly.  

The  numerical  s imu lations  presented  below compare  OSNR penal ties  for strong ly fi l tered  
s ignals,  wh ich  are  calcu lated  using  the  th ree  in -band  OSNR defin i tions  in  3 . 2  to  3 . 4 .  As  
representative  examples,  s imu lations  have  been  performed  for fol l owing  widely used  
modu lation  formats:   

i )  Conventional  1 0  Gbi ts  NRZ-OOK wi th  i n tensi ty-envelope  detection ,  

i i )  Non-coheren tly,  d i fferentia l l y  detected  43  Gbi t/s  RZ-DQPSK,  and   

i i i )  Coheren tly detected  1 28  Gbi t/s  polarization  mu l tiplexed  (PM)  NRZ-QPSK.  

Al l  s i gnals  are  l aunched  i n to  a  50-GHz wide  DWDM channel  and  subsequently pass  th rough  a  
varying  number of 50-GHz ROADM  fi l ters.  S ince  ROADM  nodes  may be  d istribu ted  d i fferently 
and  uneven ly a long  d i fferent transmission  l i nks,  the  shape  of ASE  noise  spectrum  may vary 
widely from  l i nk to  l i nk,  even  i f the  number of ROADMs i s  the  same.  S ince  i t  wou ld  be  d i fficu l t  
to  i nvestigate  a l l  possib le  scenarios,  the  s imu lations  were  l im i ted  to  th ree  specia l  cases,  as  
depicted  i n  F igure  1 4 :  

a)  Strong ly fi l tered  s ignal  wi th  spectral l y fl at ASE  noise  

Th is  extreme  case  i s  s imu lated  by fi rst passing  the  s ignal  th rough  N ROADMs and  then  
add ing  flat  ASE  noise  before  analyzing  the  OSNR of the  s ignal .  Th is  arrangement i s  very 
s im i lar to  the  one  considered  i n  case  (a)  of 5 . 3 .  

b)  Strong ly fi l tered  s ignal  wi th  equal ly fi l tered  ASE  noise  

Th is  extreme  case  i s  s imu lated  by fi rst  add ing  flat  ASE  noise  to  the  s ignal  and  then  

passing  s ignal  and  noise  th rough  N cascaded  ROADMs before  analyzing  the  OSNR of the  
s ignal .  Th is  arrangement i s  very s imi lar to  the  one  considered  i n  case  (b)  of 5 . 3.  

c)  Strong ly fi l tered  s ignal  wi th  un i formly added  and  fi l tered  ASE  noise   

Th is  i n termed iate  case  i s  s imu lated  by add ing  the  same  amount of fl at  ASE  noise  to  the  

s ignal  after each  pass  th rough  one  of the  N cascaded  ROADMs.  Th is  arrangement i s  
i den tical  to  the  one  considered  in  case  (c)  of 5 . 3 .  

I n  a l l  th ree  cases,  the  s ignal  passes  through  the  same number of ROADMs,  and  hence  
exh ibi ts  the  same  spectral  shape,  whereas  the  ASE  noise  i s  fi l tered  d i fferen tl y and  thus  
exh ibi ts  d i fferen t spectral  shapes.  The  total  amount of added  ASE  noise  i s  ad justed  so  that i t  
wou ld  be  the  same  i n  a l l  th ree  cases  i f the  fi l ters  were  absent.  Three  i den tical  s ignals  are  
mu l tiplexed  i n to  ad jacent DWDM  channels  at  the  l aunch  s i te,  us ing  a  ROADM-l ike  wavelength  
mu l tiplexer,  and  demu l tip lexed  at the  receiver s i te  using  an  i den tical  device  in  reverse.  The  
OSNR is  a lways  analyzed  before  the  wavelength  demu l tip lexer,  wh ich  i s  needed  for proper 
reception  and  BER coun ting .  Therefore,  the  wavelength  mu l tiplexer i s  not i ncluded  i n  the  
number of ROADM  fi l ters.  
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Tx opti cal  transmi tter 

Rx opti cal  receiver 

OA opti cal  ampl i fi er 

MUX WDM  mu l ti p l exer 

DMUX WDM  demu l ti p l exer 

ROADM   recon fi gu rabl e  opti cal  add -d rop  mu l ti p l exer 

Figure  1 4  – ROADM  fi l ter arrangements  for OSNR penal ty s imulations  

For the  spectral l y broadband  43  Gbi t/s  RZ-DQPSK and  1 28  PM  NRZ-QPSK s ignals,  the  
transmission  window of each  ROADM  is  a  th i rd -order super-Gaussian  function  wi th  a  3-dB  
bandwid th  of 43  GHz [6] ;  whereas  for the  spectral l y narrower 1 0  Gbi t/s  NRZ-OOK s ignal ,  i t  i s  
a  narrower,  second-order super-Gaussian  function  wi th  a  3-dB  bandwid th  of 30  GHz.  The  
m in imal  OSNR for s ignal  reception  wi th  1 0–3  BER i s  determined  by i n terpolation  of the  BER 
measured  at various  OSNR levels,  where  the  in -band  OSNR is  determined  for each  of the  
three  defin i tions  OSNR i n t,  OSNRavg ,  and  OSNRmax.  

7.2  Results  for 43  Gbi t/s  RZ-DQPSK 

Figure  1 5  summarizes  the  resu l ts  for 43  Gbi t/s  RZ-DQPSK s ignals.  The  three  graphs  d isplay 

the  in -band  OSNR values  Rmax,  Ravg  and  R i n t  requ i red  for 1 0
–3  BER as  a  function  of the  

number of ROADM  fi l ters  for the  th ree  arrangements  described  above.  Resu l ts  are  shown  for 
spectral  resolu tions  of 500  MHz,  8  GHz and  1 6  GHz.  The  wavelength  i n tegration  range  for 

Rmax  and  Ravg  i s  50  GHz ( i . e .  the  en ti re  wid th  of the  DWDM  channel ) ,  whereas  the  i n tegration  

for R i n t  i s  l im i ted  to  the  range  where  the  s ignal  power densi ty i s  l arger than  1  %  of the  peak 
power densi ty at  the  centre  of the  spectrum.  

When  OSNRmax  i s  used  to  characterize  the  s ignal ’s  i n -band  OSNR,  the  three  curves  
correspond ing  to  the  d i fferen t fi l ter arrangements  d iverge  qu i te  rapid ly as  the  number of fi l ters  
i ncreases.  As  one  wou ld  expect,  the  requ i red  OSNRmax  i s  l owest i n  case  (b),  where  s ignal  
and  noise  pass  through  the  same number of fi l ters,  so  that the  noise  spectrum  is  narrowest.  
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On  the  other hand ,  the  requ i red  OSNRmax  i s  h i ghest i n  case  (a),  when  flat noise  added  to  the  
fi l tered  signal ,  so  that the  noise  spectrum  is  widest.  Not su rprising ly,  when  noise  i s  added  
un i formly between  the  fi l ters,  as  i n  case  (c) ,  the  requ i red  OSNRmax  i s  i n termed iate  between  
those  of cases  (a)  and  (b).  

NOTE  1  The  decrease  of the  requ i red  OSNR
max

 va l ue  i n  case  (b)  wi th  i ncreasi ng  number of fi l ters  ( i . e .  the  
negati ve  fi l teri ng  penal ty)  can  be  expl a i ned  by the  fact  that  RZ-DQPSK s i gna l s  ( j ust  l i ke  other RZ-formatted  s i gna l s)  
are  fa i rl y to l eran t  to  spectra l  fi l teri ng .  Al though  there  i s  a lways  s i gnal  d i s torti on  due  to  spectral  fi l teri ng ,  however 
smal l ,  the  resu l ti ng  OSNR pena l ty i n  case  (b)  i s  s i gn i fi can tl y l ower than  the  d ecrease  i n  OSNR due  to  tota l  s i gnal  
power l oss  caused  by spectra l  cl i pp ing ,  wh ich  i s  abou t  1 , 1  dB  after 24  ROADM  fi l ters.   

Since  OSNRmax  i s  agnostic to  the  shape  of the  noise  spectrum,  the  d i fference  between  the  
th ree  curves  d i rectl y reveals  the  adverse  effect of i n -band  ASE  noise  near the  edges  of the  
spectrum.  After 24  ROADMs,  the  OSNRmax  d i fference  between  the  extreme  cases  (a)  and  (b)  
reaches  1 , 3  dB.  Consequently,  when  the  OSNR penal ties  resu l ting  from  spectral  fi l tering  are  
i nvestigated  using  arrangement (a)  of F igure  1 4,  the  resu l ts  can  be  s ign i fi can tl y h igher than  in  
the  more  real istic  case  (c).  I t  wou ld  thus  be  desi rable  to  use  an  i n -band  OSNR defin i ti on  for 
wh ich  the  penal ty resu l ts  are  fai rl y i ndependent of the  fi l ter arrangement.  

I ndeed ,  the  d i fference  between  the  th ree  curves  i s  s ign i fican tly smal ler when  the  s ignal ’s  i n -
band  OSNR i s  characterized  by OSNRavg  or OSNR i n t,  as  can  be  seen  i n  the  two  lower g raphs  
of F igure  1 5.  Wi th  OSNRavg ,  the  requ i red  OSNR again  i s  l owest i n  case  (b)  and  h ighest i n  
case  (a),  whereas  i n  case  (c)  i t  i s  somewhere  between  those  of cases  (a)  and  (b).  Wi th  
OSNR i n t,  on  the  other hand ,  the  requ i red  OSNR i s  l owest i n  case  (c)  fol lowed  by (b)  and  (a).  

Th is  partia l  reversal  of the  OSNR penal ty ranking  arises  from  the  fact that the  value  of R i n t  
tends  to  be  larger i n  case  (b)  than  in  case  (c),  as  i s  clearly i l l ustrated  i n  F igure  1 2 .  

S ince  the  values  of Ravg  and  R i n t  d epend  on  the  spectral  resolu tion  of the  measurement,  
especial l y i n  cases  (b)  and  (c),  the  d i fference  between  the  th ree  curves  varies  wi th  the  
spectral  resolu tion .  The  d i fference  i s  l argest for the  finest resolu tion  of 500  MHz and  
deceases  for coarser resolu tions  up  to  8  GHz and  1 6  GHz,  respectively.  At 1 6  GHz resolu tion ,  

the  th ree  curves  for Ravg  trace  one  another very closely wi th  a  maximal  d i fference  of l ess  than  
0 , 25  dB.  At even  coarser resolu tions,  the  d i fferences  between  the  three  curves  i ncrease  again .  

NOTE  2  The  cl ose  proxim i ty of the  th ree  cu rves  at  1 6  GHz  resol u ti on  i s  i n  good  ag reemen t wi th  the  spectra l  
s i gnal -ASE  i n terference  mode l  descri bed  i n  5 . 2 ,  wh i ch  sti pu l ates  that  i n  a  receiver wi th  e l ectri cal  bandwi d th  B

e l
,  

each  s i gnal  componen t at  frequency ν  i n terferes  wi th  a l l  ASE  components  i n  the  frequency range  between  ν  –  B
e l
 

and  ν   +  B
e l
.  S i nce  B

e l
 ≈ 1 6  GHz  i n  the  21 , 5  GBd  RZ-DQPSK receiver,  the  tota l  power of the  s i gna l -ASE  

i n terference  i s  approximatel y g i ven  by the  spectral l y wei gh ted  average  noi se  power dens i ty when  s i gnal  and  noi se  
spectra  are  broadened  by a  1 6-GHz wi de  transfer functi on  of the  i nstrumen t.  

Simi larly,  the  th ree  curves  for R i n t  trace  one  another closely at 8  GHz resolu tion ,  wi th  a  
maximal  d i fference  of abou t 0 , 3  dB.  When  measured  wi th  coarser spectral  resolu tion ,  for 
example  wi th  1 6  GHz,  the  OSNRs requ i red  for s ignals  wi th  strong ly fi l tered  ASE  noise  (case  
(b))  and  wi th  un i formly added  ASE  noise  (case  (c))  become substan tia l ly l arger than  the  one  
requ i red  for s ignals  wi th  fl at  ASE  noise  (case  (a)) ,  yie ld ing  a  complete  reversal  of the  OSNR 
penal ty ranking .  
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Figure  1 5  – In -band  OSNR penalties  for fi l tered  43  Gbit/s  RZ-DQPSK signals  
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Figure  1 6  – In -band  OSNR penalties  for fi l tered  1 28  Gbit/s  PM  NRZ-QPSK signals  
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Figure  1 7  – In -band  OSNR penalties  for fi l tered  1 0  Gbit/s  NRZ-OOK signals  
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7.3  Resu lts  for 1 28  Gbit/s  PM  NRZ-QPSK 

Figure  1 6  summarizes  the  resu l ts  for coheren tly detected  1 28  Gbi t/s  polarization-mu l tip lexed  

NRZ-QPSK s ignals.  Again ,  the  th ree  graphs  d isplay the  in -band  OSNR values  Rmax,  Ravg  and  

R i n t  requ i red  for 1 0
–3  BER as  a  function  of the  number of ROADM  fi l ters  for the  three  d i fferen t 

fi l ter arrangements.  Resu l ts  are  shown  for spectral  resolu tions  of 500  MHz,  8  GHz and  

1 6  GHz,  and  the  wavelength  i n tegration  range  for Rmax  and  Ravg  i s  50  GHz,  whereas  for R i n t  i t  
i s  l im i ted  to  the  range  where  the  s ignal  power densi ty i s  l arger than  1  %  of the  peak power 
densi ty.  

Aside  from  the  fact that the  OSNR penal ties  rise  much  more  rapid ly wi th  i ncreasing  number of 
ROADM  fi l ters,  the  resu l ts  are  otherwise  very s imi lar to  those  obtained  for the  

43  Gbi t/sRZ-DQPSK s ignal :  when  using  Rmax  or Ravg ,  the  requ i red  OSNR is  l owest i n  case  (b) ,  

fo l lowed  by case  (c),  and  i t  i s  h ighest i n  case  (a),  whereas  wi th  R i n t  the  requ i red  OSNR i s  
l owest i n  case  (c),  fo l lowed  by (b)  and  (a) .  

NOTE  The  re l ati vel y s teep  i ncrease  of the  requ i red  OSNR wi th  i ncreasing  number of fi l ters  i s  typ ical  for NRZ-
formatted  s i gnal s ,  wh ich  are  l ess  to l eran t  to  spectral  fi l teri ng  than  RZ-formatted  s i gnal s .  Another con tri bu ti ng  factor 
i s  the  h i gher symbol  rate  of the  s i gnal ,  wh ich  i s  32  GBd  for the  1 28  Gbi t/s  s i gnal  versus  21 , 5  GBd  for the  43  Gbi t/s  
s i gnal .  

Despi te  the  steeper OSNR penal ties,  the  d i fferences  between  the  th ree  curves  are  abou t the  

same  as  for the  43  Gbi t/s  s i gnal  i n  F igure  1 5.  The  d i fferences  are  largest for Rmax  and  

s ign i fican tly smal ler for Ravg  and  R i n t.  When  measured  wi th  1 6  GHz resolu tion ,  the  th ree  

cu rves  for Ravg  trace  one  another very closely,  wi th  a  maximal  d i fference  of l ess  than  0 , 25  dB.  

L ikewise,  the  three  curves  for R i n t  trace  one  another closely at  a  spectral  resolu tion  of 8  GHz 
resolu tion ,  wi th  a  maximal  d i fference  of abou t 0 , 4  dB.  

7.4 Resu lts  for 1 0  Gbi t/s  NRZ-OOK 

Figure  1 7  summarizes  the  resu l ts  for conventional  1 0  Gbi t/s  NRZ-OOK signals.  Again ,  the  

th ree  graphs  d isplay the  i n -band  OSNR values  Rmax,  Ravg  and  R i n t  requ i red  for 1 0
–3  BER as  a  

function  of the  number of ROADM  fi l ters  for the  th ree  d i fferent fi l ter arrangements.  Resu l ts  are  

shown  for spectral  resolu tions  of 500  MHz and  8  GHz on ly.  The  wavelength  i n tegration  for R i n t  
i t  i s  l im i ted  here  to  the  range  where  the  s ignal  power densi ty i s  l arger than  0 , 1  %  of the  peak 
power densi ty.  

The  fi l tering  penal ties  for the  1 0  Gbi t/s  s i gnal  are  much  smal ler than  for the  other two  s ignals  
because  of the  substan tia l l y narrower si gnal  spectrum.  Otherwise,  the  resu l ts  are  
quan ti tatively s imi lar to  those  obtained  for the  43  Gbi t/s  RZ-DQPSK and  1 28  Gbi t/s  PM  NRZ-

QPSK s ignals:  when  using  Rmax  or Ravg ,  the  requ i red  OSNR i s  l owest i n  case  (b) ,  fol lowed  by 

case  (c) ,  and  i t  i s  h ighest i n  case  (a) .  For R i n t,  the  requ i red  OSNR is  l owest i n  case  (c)  when  
measured  wi th  a  coarse  resolu tion  of 8  GHz,  whereas  the  l owest OSNR is  requ i red  i n  case  (b),  
fo l lowed  by (b)  and  (a).  

When  measured  wi th  8  GHz resolu tion ,  the  th ree  curves  for Ravg  trace  one  another more  

closely wi th  a  maximal  d i fference  of l ess  than  0 , 5  dB,  and  l i kewise,  the  th ree  curves  for R i n t  
are  found  to  be  very closely spaced ,  wi th  a  maximal  d i fference  of abou t 0 , 4  dB.  

7.5  Observations  

Considering  the  s imu lation  resu l ts  presented  above,  i t  i s  seen  that the  in -band  defin i tions  
OSNR i n t  and  OSNRavg  consisten tly produce  OSNR values  (and  OSNR penal ties)  for the  th ree  
fi l ter arrangements  (a)  th rough  (c)  that d i ffer s ign i fican tl y l ess  than  those  obtained  from  the  
presently used  OSNRmax.  I n  the  practical  case  of d i stribu ted  fi l tering  (case  (c))  and  for 
spectral  resolu tions  up  to  abou t 8  GHz,  OSNR i n t  and  OSNRavg  produce  very s im i lar resu l ts  
( l ess  than  0 , 25  dB  d i fference).  
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However,  the  measured  OSNR values  for s ignals  wi th  spectral l y shaped  i n -band  ASE  noise  
(cases  (b)  and  (c))  depend  on  the  spectral  resolu tion  of the  OSA and ,  thus,  may vary in  
practical  appl ications  when  d i fferent measurement equ ipment i s  used .  Furthermore  for the  
special  case  (b) ,  OSNR i n t  i s  more  sensi tive  to  spectral  resolu tion  than  OSNRavg  and  the  
i n tegration  range  for OSNR i n t  needs  to  be  l im i ted  to  wavelengths  where  the  s i gnal  power i s  
s ign i fican t,  whereas  the  i n tegration  range  for OSNRavg  may extend  over the  en ti re  DWDM  
channel .  
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