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( 57 ) ABSTRACT 

A coherent optical transmitter configured to generate a 
modulated optical signal within a portion of optical spec 
trum defined by a spectral position and spectral width , 
wherein the spectral width is ‘ n ’ bins where n is an integer 
greater than 1 and each bin is a same size , and wherein the 
spectral position and spectral width are specified by to the 
coherent optical transmitter via a management system . 
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FLEXIBLE GRID OPTICAL SPECTRUM 
TRANSMITTER , RECEIVER , AND 

TRANSCEIVER 

demands increase , there is consistently a need for more 
information carrying capacity given the finite constraints on 
the usable spectral range . 

BRIEF SUMMARY OF THE INVENTION CROSS - REFERENCE TO RELATED 
APPLICATION ( S ) 

[ 0001 ] The present non - provisional patent application is a 
continuation of U.S. patent application Ser . No. 16 / 653,176 , 
filed Oct. 15 , 2019 , and entitled “ FLEXIBLE GRID OPTI 
CAL SPECTRUM TRANSMITTER , RECEIVER , AND 
TRANSCEIVER , ” which is a continuation of U.S. patent 
application Ser . No. 15 / 411,456 , filed Jan. 20 , 2017 ( now 
U.S. Pat . No. 10,461,880 which issued on Oct. 29 , 2019 ) , 
and entitled “ FLEXIBLE GRID OPTICAL SPECTRUM 
TRANSMITTER , RECEIVER , AND TRANSCEIVER , ” 
which is a continuation - in - part of U.S. patent application 
Ser . No. 15 / 371,552 , filed Dec. 7 , 2016 ( now U.S. Pat . No. 
10,200,145 which issued on Feb. 5 , 2019 ) , and entitled 
“ FLEXIBLE GRID OPTICAL SPECTRUM TRANSMIT 
TER , RECEIVER , AND TRANSCEIVER ” and a continu 
ation - in - part of U.S. patent application Ser . No. 14 / 918,108 , 
filed Oct. 20 , 2015 ( now U.S. Pat . No. 9,634,791 which 
issued on Apr. 25 , 2017 ) , and entitled “ FLEXIBLE OPTI 
CAL SPECTRUM MANAGEMENT SYSTEMS AND 
METHODS , ” which is a continuation of U.S. patent appli 
cation Ser . No. 13 / 218,759 , filed Aug. 26 , 2011 ( now U.S. 
Pat . No. 9,197,354 which issued on Nov. 24 , 2015 ) , and 
entitled “ CONCATENATED OPTICAL SPECTRUM 
TRANSMISSION SYSTEM , ” which claims priority to U.S. 
Provisional Patent Application Ser . No. 61 / 377,290 , filed 
Aug. 26 , 2010 , and entitled “ CONCATENATED OPTICAL 
SPECTRUM TRANSMISSION SYSTEM , " each is incor 
porated in full by reference herein . 

FIELD OF THE INVENTION 

[ 0004 ] In an exemplary embodiment , a flexible grid opti 
cal transmitter communicatively coupled to an optical net 
work includes a coherent optical transmitter configured to 
generate a signal at a respective center frequency on an 
optical spectrum and spanning n bins about the respective 
center frequency , wherein n is an integer greater than 1 , 
wherein the respective center frequency and the n bins are 
utilized to perform Operations , Administration , Mainte 
nance , and Provisioning ( OAM & P ) functions . The respec 
tive center frequency and the n bins can be specified to the 
coherent optical transmitter by a management system for the 
OAM & P functions . A value of n for the bins can be based 
on a modulation format and baud rate of a channel associ 
ated with the signal . Each of the n bins can include a same 
arbitrary size . The arbitrary size can be greater than or equal 
to 1 GHz and less than or equal to 12.5 GHz . The arbitrary 
size can be selected based on physical parameters in the 
optical network including any of roll offs , filter functions , 
source stability , and tunable laser performance in combina 
tion with application requirements for channel size of the 
signal . The OAM & P functions can include managing the 
signal based in part on the respective center frequency and 
the n bins . The signal can have a spectral width , Wi , that is 
less than or equal to nxa bin size of the n bins . 
[ 0005 ] In another exemplary embodiment , a flexible grid 
optical receiver communicatively coupled to an optical 
network includes a coherent optical receiver configured to 
receive a signal at a respective center frequency on an 
optical spectrum and spanning n bins about the respective 
center frequency , wherein n is an integer greater than 1 , 
wherein the respective center frequency and the n bins are 
utilized to perform Operations , Administration , Mainte 
nance , and Provisioning ( OAM & P ) functions . The respec 
tive center frequency and the n bins can be specified to the 
coherent optical receiver by a management system for the 
OAM & P functions . A value of n for the bins can be based 
on a modulation format and baud rate of a channel associ 
ated with the signal . Each of the n bins can include a same 
arbitrary size . The arbitrary size can be greater than or equal 
to 1 GHz and less than or equal to 12.5 GHz . The arbitrary 
size can be selected based on physical parameters in the 
optical network including any of roll offs , filter functions , 
source stability , and tunable laser performance in combina 
tion with application requirements for channel size of the 
signal . The OAM & P functions can include managing the 
signal based in part on the respective center frequency and 
the n bins . The signal can have a spectral width , Wi , that is 
less than or equal to nxa bin size of the n bins . 
[ 0006 ] In a further exemplary embodiment , a flexible grid 
optical transceiver communicatively coupled to an optical 
network includes a coherent optical transmitter configured to 
generate a transmit signal at a respective center frequency on 
an optical spectrum and spanning n bins about the respective 
center frequency , wherein n is an integer greater than 1 ; and 
a coherent optical receiver configured to receive a receive 
signal at the respective center frequency and spanning n bins 
about the respective center frequency , wherein the respec 
tive center frequency and the n bins are utilized to perform 
Operations , Administration , Maintenance , and Provisioning 

[ 0002 ] The present invention relates generally to optical 
transmission systems and methods . More particularly , the 
present invention relates to flexible optical spectrum trans 
mission systems and methods that include a management 
system for provisioning and managing a flexible grid optical 
spectrum transmitter , receiver , and transceiver which uses 
optical spectrum through a plurality of bins . 

BACKGROUND OF THE INVENTION 

[ 0003 ] Fiber optic transmission systems and methods are 
widely recognized as the most efficient way to transmit large 
amounts of data over long distances . An important metric for 
these systems and methods is called spectral efficiency . 
Spectral efficiency is a measure of the rate at which data can 
be transmitted in a given amount of optical spectrum , 
usually expressed in bits / s / Hz . The size of the available 
optical spectrum is determined by factors such as the wave 
length of low attenuation in transmission fiber , bandwidth of 
optical amplifiers , and availability of suitable semiconductor 
lasers and detectors . For example , the C - band may generally 
include optical spectrum of 1530-1565 nm which corre 
sponds to the amplification range and bandwidth of erbium 
doped fiber amplifiers ( EDFAs ) . Given that there is a finite 
usable spectral range , the spectral occupancy and a given 
bit - rate of the channel , the spectral efficiency of a dense 
wave division multiplexing ( DWDM ) system then deter 
mines the maximum information carrying capacity . As data 
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( OAM & P ) functions . The respective center frequency and 
the n bins can be specified to the coherent optical transmitter 
and the coherent optical receiver by a management system 
for the OAM & P functions . A value of n for the bins can be 
based on a modulation format and baud rate of a channel 
associated with the signal . Each of the n bins can include a 
same arbitrary size . The arbitrary size can be greater than or 
equal to 1 GHz and less than or equal to 12.5 GHz . The 
OAM & P functions can include managing the signal based in 
part on the respective center frequency and the n bins . The 
signal can have a spectral width , W ;, that is less than or equal 
to nxa bin size of the n bins . 
[ 0007 ] In an exemplary embodiment , a flexible grid opti 
cal transmitter communicatively coupled to an optical net 
work includes a coherent optical transmitter configured to 
generate a signal at a respective frequency / wavelength cen 
ter and spanning a plurality of bins of optical spectrum , 
wherein a size of each of the plurality of bins is based on a 
required roll off of a wavelength selective component in the 
optical network . A number of the plurality of bins is based 
on a baud rate of the signal . The respective frequency / 
wavelength center and the plurality of bins of optical spec 
trum can be provided to the coherent optical transmitter by 
a management system which manages the optical spectrum 
as flexible spectrum . The coherent optical transmitter can be 
tunable to generate the signal at the respective frequency / 
wavelength center . The coherent optical transmitter can have 
a dynamic range wide enough to generate the signal at any 
respective frequency / wavelength center in the optical spec 
trum . The signal can utilize any of duo - binary , quadrature 
amplitude modulation ( QAM ) , differential phase shift key 
ing ( DPSK ) , differential quadrature phase shift keying 
( DQPSK ) , orthogonal frequency - division multiplexing 
( OFDM ) , and polarization multiplexing with any of the 
foregoing 
[ 0008 ] In another exemplary embodiment , a flexible grid 
optical receiver communicatively coupled to an optical 
network a coherent optical receiver configured to receive a 
signal at a respective frequency / wavelength center and span 
ning a plurality of bins of optical spectrum , wherein a size 
of each of the plurality of bins is based on a required roll off 
of a wavelength selective component in the optical network . 
A number of the plurality of bins is based on a baud rate of 
the signal . The respective frequency / wavelength center and 
the plurality of bins of optical spectrum can be provided to 
the coherent optical receiver by a management system which 
manages the optical spectrum as flexible spectrum . The 
coherent optical receiver can be tunable to receive the signal 
at the respective frequency / wavelength center . The coherent 
optical receiver can select the signal from the optical spec 
trum while rejecting other signals present . The signal can 
utilize any of duo - binary , quadrature amplitude modulation 
( QAM ) , differential phase shift keying ( DPSK ) , differential 
quadrature phase shift keying ( DQPSK ) , orthogonal fre 
quency - division multiplexing ( OFDM ) , and polarization 
multiplexing with any of the foregoing . 
[ 0009 ] In a further exemplary embodiment , a flexible grid 
optical transceiver communicatively coupled to an optical 
network includes a coherent optical transmitter configured to 
generate a transmit signal at a first frequency / wavelength 
center and spanning a first plurality of bins of optical 
spectrum ; and a coherent optical receiver configured to 
receive a receive signal at a second frequency / wavelength 
center and spanning a second plurality of bins of optical 

spectrum , wherein a size of each of the first plurality of bins 
and the second plurality of bins is based on a required roll 
off of a wavelength selective component in the optical 
network . A number of the first plurality of bins and the 
second plurality of bins is based on a baud rate of the 
transmit signal and the receive signal , respectively . The first 
frequency / wavelength center , the second frequency / wave 
length center , the first plurality of bins , and the second 
plurality of bins can be provided to the coherent optical 
transceiver by a management system which manages the 
optical spectrum as flexible spectrum . The coherent optical 
transmitter can be tunable to generate the transmit signal at 
the first frequency / wavelength center . The coherent optical 
transmitter can have a dynamic range wide enough to 
generate the signal at any frequency / wavelength center in 
the optical spectrum . The coherent optical receiver can be 
tunable to receive the receive signal at the respective fre 
quency / wavelength center . The coherent optical receiver can 
select the receive signal from the optical spectrum while 
rejecting other signals present . The signal can utilize any of 
duo - binary , quadrature amplitude modulation ( QAM ) , dif 
ferential phase shift keying ( DPSK ) , differential quadrature 
phase shift keying ( DQPSK ) , orthogonal frequency - division 
multiplexing ( OFDM ) , and polarization multiplexing with 
any of the foregoing . 
[ 0010 ] In an exemplary embodiment , a flexible optical 
spectrum management method in an optical network includ 
ing a plurality of interconnected network elements includes 
determining an associated frequency / wavelength center and 
one or more bins for each of one or more traffic carrying 
channels on optical fibers in the optical network ; and man 
aging the one or more traffic carrying channels on the optical 
fibers using the one or more bins of bins and the associated 
frequency / wavelength center , wherein at least one of the one 
or more traffic carrying channels includes a coherent optical 
signal occupying a flexible spectrum on the optical fibers . A 
size of each of the one or more of bins can be smaller than 
or equal to a smallest required roll off of a wavelength 
selective component in the optical network . A plurality of 
the one or more traffic carrying channels can each be 
managed by concatenating a number of the one or more of 
bins together . Different baud rate channels are allocated a 
different number of bins . The method can be performed by 
one of a network management system ( NMS ) , an element 
management system ( EMS ) , a network controller , and a 
module in a network element . Each of a plurality of traffic 
carrying channels with a same A - Z path in the optical 
network can be in a concatenated number of bins together 
without a deadband between any of the plurality of traffic 
carrying channels . A guardband can be configured using one 
or more bins for traffic carrying channels with a different 
A - Z path in the optical network . 
[ 0011 ] In another exemplary embodiment , a management 
system configured for flexible optical spectrum management 
in an optical network including a plurality of interconnected 
network elements includes a processor configured to deter 
mine an associated frequency / wavelength center and one or 
more bins for each of one or more traffic carrying channels 
on optical fibers in the optical network , and manage 
or more traffic carrying channels on the optical fibers using 
the one or more bins of bins and the associated frequency / 
wavelength center , wherein at least one of the one or more 
traffic carrying channels includes a coherent optical signal 
occupying a flexible spectrum on the optical fibers . A size of 

the one 
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each of the one or more bins can be smaller than or equal to 
a smallest required roll off of a wavelength selective com 
ponent in the optical network . A plurality of the one or more 
traffic carrying channels can each be managed by concat 
enating a number of the one or more of bins together . 
Different baud rate channels are allocated a different number 
of bins . The management system can be one of a network 
management system ( NMS ) , an element management sys 
tem ( EMS ) , a network controller , and a module in a network 
element . Each of a plurality of traffic carrying channels with 
a same A - Z path in the optical network can be in a concat 
enated number of bins together without a deadband between 
any of the plurality of traffic carrying channels . A guardband 
can be configured using one or more bins for traffic carrying 
channels with a different A - Z path in the optical network . 
[ 0012 ] In a further exemplary embodiment , an optical 
network configured for flexible optical spectrum manage 
ment includes a plurality of network elements intercon 
nected by optical fibers ; and a management system config 
ured to determine an associated frequency / wavelength 
center and one or more bins for each of one or more traffic 
carrying channels on the optical fibers in the optical net 
work , and manage the one or more traffic carrying channels 
on the optical fibers using the one or more bins of bins and 
the associated frequency / wavelength center , wherein at least 
one of the one or more traffic carrying channels includes a 
coherent optical signal occupying a flexible spectrum on the 
optical fibers . A size of each of the one or more bins can be 
smaller than or equal to a smallest required roll off of a 
wavelength selective component in the optical network . A 
plurality of the one or more traffic carrying channels can 
each be managed by concatenating a number of the one or 
more bins together . Different baud rate channels are allo 
cated a different number of bins . The management system 
can be one of a network management system ( NMS ) , an 
element management system ( EMS ) , a network controller , 
and a module in a network element . Each of a plurality of 
traffic carrying channels with a same A - Z path in the optical 
network are in a concatenated number of bins together 
without a deadband between any of the plurality of traffic 
carrying channels , and wherein a guardband can be config 
ured using one or more bins for traffic carrying channels 
with a different A - Z path in the optical network . 
[ 0013 ] In an exemplary embodiment , an optical network 
includes a first network element ; a second network element 
communicatively coupled to the first network element by a 
first optical fiber ; a first plurality of optical channels over the 
first optical fiber ; and a second plurality of optical channels 
over the first optical fiber , wherein each of the first plurality 
of optical channels are located on an optical spectrum with 
substantially no spectrum between adjacent channels , and 
wherein each of the second plurality of optical channels are 
located on the optical spectrum with substantially no spec 
trum between adjacent channels . A guardband may be 
defined on the optical spectrum between one end of the first 
plurality of optical channels and one end of the second 
plurality of optical channels . The optical network may 
include a first flexible spectrum wavelength selective switch 
at the second network element , the first flexible spectrum 
wavelength selective switch configured to drop the first 
plurality of optical channels . The guardband may be spec 
trally defined based on a roll - off associated with the first 
flexible spectrum wavelength selective switch . The optical 
network may further include , at the second network element , 

a first power splitter coupled to a drop port of the first 
wavelength selective switch ; and a first plurality of Common 
Mode Rejection Ratio ( CMRR ) coherent optical receivers 
coupled to the power splitter , wherein each of the first 
plurality of CMRR coherent optical receivers receives each 
of the first plurality of optical channels and selectively 
receives one of the first plurality of optical channels . The 
first flexible spectrum wavelength selective switch may 
include a continuous spectral response on adjacent actuated 
portions of the optical spectrum when pointed to the same 
port . 
[ 0014 ] The optical network may include a third network 
element communicatively coupled to the second network 
element by a second optical fiber ; wherein the second 
plurality of optical channels is communicated over the 
second optical fiber and the first optical fiber . The optical 
network may include a second flexible spectrum wavelength 
selective switch at the third network element , the second 
flexible spectrum wavelength selective switch configured to 
drop the second plurality of optical channels . The optical 
network may further include , at the third network element , 
a second power splitter coupled to a drop port of the second 
flexible spectrum wavelength selective switch ; and a second 
plurality of Common Mode Rejection Ratio ( CMRR ) coher 
ent optical receivers coupled to the power splitter , wherein 
each of the second plurality of CMRR coherent optical 
receivers receives each of the second plurality of optical 
channels and selectively receives one of the second plurality 
of optical channels . The optical network may include a 
plurality of bins defined on the optical spectrum , wherein 
each of the first plurality of optical channels and each of the 
second plurality of optical channels are assigned to one or 
more of the plurality of bins . At least two of the first plurality 
of optical channels may include a different baud rate . 
[ 0015 ] In another exemplary embodiment , an optical sys 
tem includes a flexible spectrum wavelength selective 
switch receiving a wavelength division multiplexed ( WDM ) 
signal and including at least one drop port configured to 
receive a first group of optical channels from the WDM 
signal with adjacent channels spectrally spaced substantially 
next to one another ; a power splitter coupled to the at least 
one drop port ; and a plurality of Common Mode Rejection 
Ratio ( CMRR ) coherent optical receivers coupled to the 
power splitter , wherein each of the CMRR coherent optical 
receivers receives each of the first group of optical channels 
and selectively receives one of the first group of optical 
channels . The flexible spectrum wavelength selective switch 
may include a continuous spectral response on adjacent 
actuated portions of an optical spectrum when pointed to the 
at least one drop port . The flexible spectrum wavelength 
selective switch may further include at least one express port 
configured to receive a second group of optical channels 
from the WDM signal , wherein an optical spectrum of the 
WDM signal may include a guardband between the first 
group of optical channels and the second group of optical 
channels . The guardband may be spectrally defined based on 
a roll - off associated with the flexible spectrum wavelength 
selective switch . 
[ 0016 ] In yet another exemplary embodiment , a method 
includes defining a plurality of bins on an optical spectrum 
associated with an optical fiber ; dropping a first optical 
signal to a first coherent optical receiver , wherein the first 
optical signal uses one or more bins of the plurality of bins ; 
and dropping a second optical signal to a second coherent 
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optical receiver , wherein the second optical signal uses one 
or more of adjacent bins to the one or more bins used by the 
first optical signal . The method may further include defining 
guardbands in one or more of the plurality of bins , wherein 
the guardbands are spectrally defined based on a roll - off 
associated with a flexible spectrum wavelength selective 
switch . A number of bins for each of the first optical signal 
and the second optical signal may be based on a format and 
baud rate associated therewith . The method may further 
include utilizing a management system to provision the first 
optical signal in the one or more bins . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0017 ] The present invention is illustrated and described 
herein with reference to the various drawings of exemplary 
embodiments , in which like reference numbers denote like 
method steps and / or system components , respectively , and 
in which : 
[ 0018 ] FIG . 1 is a spectral diagram of wavelength channel 
spacing constrained by a demultiplexer filter response ; 
[ 0019 ] FIG . 2 is a table of an exemplary standard set of 
channels and frequencies for optical spectrum from the 
International Telecommunication Union ( ITU ) ; 
[ 0020 ] FIG . 3 is diagram of an exemplary micro - electro 
mechanical system ( MEMS ) -based wavelength - selective 
switch ( WSS ) ; 
[ 0021 ] FIG . 4A is a drop section of an exemplary coherent 
augmented optical add / drop multiplexer ( OADM ) ; 
[ 0022 ] FIG . 4B is an add section of the exemplary coher 
ent augmented OADM ; 
[ 0023 ] FIG . 5 is a nodal configuration using the coherent 
augmented OADM for guardband minimization in concat 
enated optical spectrum transmission systems and methods ; 
[ 0024 ] FIG . 6 is a network diagram of an exemplary 
network of plurality of optical network elements configured 
with the nodal configuration of FIG . 5 ; 
[ 0025 ] FIG . 7 is a spectral diagram of wavelength channel 
spacing utilizing a range , group , or bin of channels for the 
concatenated optical spectrum transmission systems and 
methods ; 
[ 0026 ] FIG . 8 is a spectral diagram of wavelength channel 
spacing utilizing a bin of channels with a guardband con 
tained within bins for the concatenated optical spectrum 
transmission systems and methods ; 
[ 0027 ] FIG . 9 is a spectral diagram of an exemplary 
spectrum with three optical channels illustrated with differ 
ent center frequencies and various bins ; 
[ 0028 ] FIG . 10 is a spectral diagram of another exemplary 
spectrum with various optical channels allocated thereon in 
a super channel with different center frequencies and various 
bins ; and 
[ 0029 ] FIG . 11 is a flowchart of a process of assigning 
frequencies based on various selections , using FIG . 10 as an 
example . 

tems and methods include various techniques for using 
optical spectrum such as over the C - band or any other 
frequency bands . In particular , the concatenated optical 
spectrum transmission systems and methods provide a bal 
ance between fixed channel systems such as provided for by 
the International Telecommunication Union ( ITU ) and a 
more flexible system enabled by coherent optical detection . 
In an exemplary embodiment , the concatenated optical spec 
trum transmission systems and methods may utilize a Wave 
length Selective Switch ( WSS ) and a plurality of moderate 
Common Mode Rejection Ratio ( CMRR ) coherent receivers 
in combination to achieve a concatenated optical spectrum . 
[ 0031 ] Referring to FIG . 1 , in an exemplary embodiment , 
a spectral diagram 10 illustrates wavelength channel spacing 
constrained by a demultiplexer filter frequency response 12 . 
The spectral diagram 10 is a diagram of optical frequency 
versus transmission intensity , and the exemplary spectral 
diagram 10 illustrates an optical channel . Prior to the advent 
of commercially available coherent optical transponders , all 
receivers required the DWDM system to filter out all but one 
optical channel before it was presented to a photodetector . 
Any practical filter has a passband shape response 12 which 
has a range of frequencies it can pass efficiently , and then a 
gradual decrease in transmission efficiency until the point 
where an acceptable isolation is achieved . For example , the 
shape response 12 shows an example shape which may be 
encountered in such a system . The shape response 12 
includes a passband portion 14 and roll off portions 16. The 
limiting factor for channel spacing in these systems is the 
roll - off portions 16 of practical filters . In particular , the 
optical spectrum in the spectral diagram 10 may include 
various frequency portions including a useable channel 
passband 18 defined by the passband portion 14 , unusable 
spectrum 20 where the roll off portions 16 extends to a 
minimum receiver isolation level 22 , and a closest useable 
adjacent channel portion 24. The passband portion 14 may 
generally be referred to as having guardbands , i.e. the 
passband portion 14 is spaced apart by the unusable spec 
trum 20 or guardbands . The best way to overcome this waste 
of spectrum previously was to create filters with a sharper 
roll off portion 16 thereby minimizing the unusable spec 
trum 20. Disadvantageously , such systems and methods 
introduce extra complications and expense . 
[ 0032 ] Referring to FIG . 2 , in an exemplary embodiment , 
a table 30 illustrates an exemplary standard set of channels 
for optical spectrum . In particular , the table 30 is defined by 
the ITU and provides a standard set of channels offset by 
equal frequency spacing , e.g. 12.5 GHz , 25 GHz , 50 GHz , 
and 100 GHz in the table 30. For example , the standardiza 
tion of optical spectrum are described in ITU - T Recommen 
dation G.694.1 ( 06/2002 ) Spectral grids for WDM applica 
tions : DWDM frequency grid and ITU - T Recommendation 
G.698.2 ( 11/2009 ) Amplified multichannel DWDM appli 
cations with single channel optical interfaces , the contents of 
each are incorporated by reference herein . The channels in 
the table 30 are defined to provide an acceptable channel 
passbands and guardbands . One advantage of standardizing 
channels is to allow a common set of laser sources to be 
provided in the market . Another advantage is to allow 
management systems to have a common way of enumerating 
channels so as to keep track of them regardless of the 
manufacturer . In an exemplary embodiment , the concat 
enated optical spectrum transmission systems and methods 
may utilize the channels in the table 30 but in a modified 

DETAILED DESCRIPTION OF THE 
INVENTION 

[ 0030 ] In various exemplary embodiments , the present 
disclosure relates to concatenated optical spectrum trans 
mission systems and methods that allocate optical spectrum 
of groups of channels to reduce or eliminate deadbands or 
guardbands ( i.e. , unused optical spectrum ) between chan 
nels . The concatenated optical spectrum transmission sys 
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fashion to adjust for application requirements such as with 
coherent optical detection . The channels illustrated in FIG . 
2 are generally described as fixed grid spectrum manage 
ment where each channel is fixed on the ITU - T frequency 
grid . 
[ 0033 ] Referring to FIG . 3 , in an exemplary embodiment , 
an exemplary micro - electromechanical system ( MEMS ) 
based wavelength - selective switch ( WSS ) 40 is illustrated . 
In this exemplary WSS 40 , an input fiber including multiple 
wavelengths 11 , 12 , ... , of optical signals is input into a 
de - multiplexer 42 , such as a diffraction grating or the like . 
The de multiplexer 42 separates each wavelength from the 
common input , and optionally a variable optical attenuator 
( VOA ) 44 can be included following the de - multiplexer 42 . 
VOAs 44 are configured to provide variable attenuation to 
the wavelength , and the VOAs 44 can be remotely and 
dynamically set to a range of values . The WSS 40 includes 
a pixel array 46 for each of the wavelengths à1 , 22 , ... ama 
The pixel array 46 includes a plurality of pixels per channel 
that deflect the optical signal to an appropriate output port 
48. Advantageously , the WSS 40 is fully reconfigurable for 
adding , dropping , and expressing through optical signals . 
Since there is the pixel array 46 for each of the optical 
signals , any signal can be dropped to any of the output ports 
48. Additionally , multiple wavelengths including all wave 
lengths can be dropped to a single port 48 , such as an express 
port . To indicate device fan out , these WSS devices are often 
classified as “ 1xN ” devices , e.g. , a “ 1x9 ” WSS means a ten 
port device , with one common input and nine output ports . 
[ 0034 ] The WSS 40 may be a flexible spectrum WSS 
which can switch and attenuate on arbitrary widths of 
spectrum based on the pixel array 46. In particular , the 
flexible spectrum WSS 40 is utilized in the concatenated 
optical spectrum transmission systems and methods to pro 
vide arbitrary spectral widths to avoid or reduce guardbands 
on optical spectrum . In an exemplary embodiment , the pixel 
array 46 may include a Liquid crystal on silicon ( LCOS ) 
device with thousands of columns , pixels , etc. with hundreds 
of pixels per optical channel . In another exemplary embodi 
ment , the pixel array 46 may include a Digital Light Pro 
cessing ( DLP ) ( available from Texas Instruments Inc. ) 
device . Specifically , the pixel array 46 may include any 
pixelated device which enables flexible spectrum for each 
optical channel . For example , the flexible spectrum WSS 40 
may include a granularity of 1 GHz or less per channel . The 
WSS 40 can have a roll off of N GHz , such as N = 12.5 GHz , 
6.25 GHz , 4 GHz , etc. As technology evolves , the roll off of 
the WSS 40 has been decreasing . 
[ 0035 ] Referring to FIGS . 4A and 4B , in an exemplary 
embodiment , an exemplary coherent augmented optical add / 
drop multiplexer ( OADM ) is illustrated with a drop section 
52 and an add section 54. In FIG . 4A , the drop section 52 
includes an n - channel Wavelength Division Multiplexed 
( WDM ) signal 56 input to a drop section WSS 40d having 
a set of p ports 58 ( p being a positive integer ) , which are 
allocated between q ( where q is an integer greater than or 
equal to zero ) express ports 58e and m ( where m is an integer 
an equal to p minus q ) drop ports 58d . The drop section WSS 
40d may include the WSS 40 in FIG . 3 or any other 
implementation that is generally configured to route any 
given channel from the input WDM signal 56 to any of the 
p ports 58 in a dynamic and reconfigurable manner . Using 
the drop section WSS 40d , a respective set of w ( where w is 
an integer ) wavelength channels from the WDM signal 56 

may be supplied to each drop port 58d . The number of 
wavelength channels supplied to any given drop port 58d 
may be the same , or different from the number of wave 
length channels supplied to another one of the drop ports 
58d . 

[ 0036 ] A 1 : s power splitter 60 ( where s is an integer ) may 
be connected to each drop port 58d then supplies the 
respective set of channels to each one of a corresponding set 
of s coherent optical receivers ( cRx ) 62. The power splitter 
60 is configured to receive an output from each of the drop 
ports 58d and perform a splitting function providing a split 
copy of the output to s outputs . As described herein , the drop 
section WSS 40d may be a conventional WSS . In an 
exemplary embodiment , the WDM signal 56 may be for 
matted to conform with a standard spectral grid , for example 
an ITU - T grid having a 100 GHz channel spacing illustrated 
in the table 30. In exemplary embodiments , the WDM signal 
56 may have between n = 32 and n = 96 wavelength channels , 
and the WSS 40d may have p = 20 ports 48. The number ( m ) 
of drop ports 58d , and the number ( 9 ) of express ports 58e 
may be selected as appropriate . For example , in a mesh 
network node requiring eight - degree branching , a set of q = 7 
express ports 58e is required , leaving m = 13 ports available 
for use as drop ports 58d . 
[ 0037 ] Each coherent receiver ( cRx ) 62 may be tunable , so 
that it can receive a wavelength channel signal centered at a 
desired carrier wavelength ( or frequency ) . In an exemplary 
embodiment in which tunable coherent receivers are used , 
the frequency range of each coherent receiver ( cRx ) 62 may 
be wide enough to enable the coherent receiver ( cRx ) 62 to 
tune in any channel of the WDM signal 56. In other 
exemplary embodiments , the dynamic range of each coher 
ent receiver ( cRx ) 62 may be wide enough to enable the 
coherent receiver ( cRx ) 62 to tune in anyone of a subset of 
channels of the WDM signal 56 , such as w channels 
associated with the particular drop port 58d . With the 
arrangement of FIG . 4A , each of the coherent receivers 
( cRx ) 62 must be designed having a Common Mode Rejec 
tion Ratio ( CMRR ) which enables the coherent receiver 
( cRx ) 62 to tune in and receive a selected one channel while 
rejecting each of the other s - 1 channels presented to it by the 
power splitter 60. Because s < n , the CMRR requirement for 
the coherent receivers ( cRx ) 62 is significantly lower than 
that which would be required to support all n channels . This 
relaxed CMRR requirement means that lower cost coherent 
receivers may be used . However , it will be seen that , even 
with the lower CMRR of each coherent receiver 62 , a total 
drop count of d = m * s is achieved . For example , consider a 
network system in which the WDM signal 56 has n = 96 
wavelength channels , and the WSS 40d has m = 6 drop ports , 
each of which receives a respective set of s = 16 channels . In 

the total drop count is d = 6 * 16 = 96 channels . In an 
exemplary embodiment , the coherent receiver 62 may be 
configured to support all of the n wavelengths . Here , the 
channels presented to the coherent receiver 62 from the 
power splitter 60 do not have to be adjacent , but could be 
scattered anywhere across the n wavelengths . In another 
exemplary embodiment , the coherent receiver 62 is config 
ured to accept a subset of the n wavelengths , e.g. s wave 
lengths per receiver 62. In FIG . 4B , the add section 54 of the 
coherent augmented OADM operates in a manner that is 
effectively the reciprocal of the drop section 52 of FIG . 4B . 
Thus , an add section WSS 40a is provided with a set of ports 
58 , which are designated as either add - ports 58a or express 

this case , 



US 2021/0083790 A1 Mar. 18 , 2021 
6 

ports 58e . The add section WSS 40a operates to add the 
channels received through each port 58a into an outbound 
WDM signal 66 which is launched into a downstream 
optical fiber medium . Each express port 40e receives a 
respective WDM optical signal from upstream optical equip 
ment such as , for example , the drop section 52 of the same 
( or a different ) OADM . Each add port 58a is connected to 
an s : 1 power combiner 66 ( where s is an integer ) which 
combines the channel signals generated by a respective set 
of coherent optical transmitters ( cTx ) 64. Some or all of the 
coherent optical transmitters ( cTx ) 64 connected to a given 
power combiner 66 may be operating at any given time , so 
each add port 58a will receive a respective set of w ( where 
is an integer less than or equal to s ) wavelength channels . 
The number of wavelength channels received by any given 
add port 58a may be the same , or different from the number 
of wavelength channels received by another one of the add 
ports 58a . With this arrangement , the total number of 
transmitters that can be supported is t = m * s . For example , 
consider a network system having a capacity of n = 96 
wavelength channels , and the add section WSS 40a has m = 6 
add ports , each of which is coupled to a power combiner 66 
that supports a respective set of s = 16 transmitters . In a case 
where all of the transmitters are generating a respective 
wavelength channel , each add port 58a will receive a set of 
s = 16 channels , and the total add count is t = 6 * 16 = 96 chan 
nels . 
[ 0038 ] In an exemplary embodiment , each coherent opti 
cal transmitter ( cTx ) 64 is tunable so that it can selectively 
generate a wavelength channel signal centered at a desired 
carrier wavelength ( or frequency ) . In exemplary embodi 
ments in which tunable coherent optical transmitters ( cTx ) 
64 are used , the dynamic range of each transmitter ( cTx ) 64 
may be wide enough to enable the transmitter ( cTx ) 64 to 
generate any channel of the WDM signal 56. In other 
exemplary embodiments , the dynamic range of each trans 
mitter ( cTx ) 64 may be wide enough to enable the trans 
mitter ( cTx ) 64 to generate anyone of a subset of channels 
of the WDM signal 56 , such as one of s signals . The coherent 
optical receivers ( cRx ) 62 and the coherent optical trans 
mitters ( cTx ) 64 may be configured to use any of duo - binary , 
quadrature amplitude modulation ( QAM ) , differential phase 
shift keying ( DPSK ) , differential quadrature phase shift 
keying ( DQPSK ) , orthogonal frequency - division multiplex 
ing ( OFDM ) , polarization multiplexing with any of the 
foregoing , and any other type of coherent optical modulation 
and detection technique . It is understood that for electronic 
channel discrimination , a tunable Rx is required . In nQAM 
and nPSK it is achieved using a linear receiver , i.e. a receiver 
where frequency mixing is taking place between a local 
oscillator and the incoming signal . The local oscillator needs 
to be tuned at the right frequency such that the mixing 
product can be at base band where all the necessary filtering 
will occur . If a receiver is not operating like above , it 
requires tunable optical filter prior to the optical detector . 
[ 0039 ] Generally , the WSS 40 , 40a , 40d and other types of 
WSSs are essentially a polychrometer device with multiple 
output / input ports . Individual channels ( i.e. , wavelengths ) 
can be switched by such a device and sharp roll - offs can be 
achieved . That is , the WSS 40 , 40a , 40d may be utilized to 
provide s demultiplexer function such as illustrated by the 
demultiplexer filter shape response 12 in FIG . 1. The flexible 
spectrum WSS 40 , 40a , 40d can provide significantly 
improved roll - off portions 16 from other technologies such 

as arrayed waveguide gratings ( AWGs ) or thin film filters 
( TFFs ) . In an exemplary embodiment , the concatenated 
optical spectrum transmission systems and methods may 
utilize the coherent augmented OADM in FIG . 4 to elimi 
nate individual channel filtering at the drop ports 58d . Thus , 
without the demultiplexer , individual channels may be 
arranged or spaced closer together only limited by the 
significantly improved roll - off portions 16 associated with 
the WSS 40 , 40a , 40d . Advantageously , through such a 
configuration , deadbands or guardbands may be reduced or 
eliminated . The coherent augmented OADM of FIGS . 4A 
and 4B may include additional components which are omit 
ted for simplicity . For example , one of ordinary skill in the 
art will recognize that there may be optical amplifiers added 
in these configurations to overcome the losses of WSS's 
40a , 40d and splitters 60 , e.g. in location 58d , and 58a . 
[ 0040 ] Referring to FIG . 5 , in an exemplary embodiment , 
a nodal configuration 70 illustrates guardband minimization 
in the concatenated optical spectrum transmission systems 
and methods . The nodal configuration 70 includes the drop 
section WSS 40d and the add section WSS 40a associated 
with the coherent augmented OADM . To provide concat 
enated optical spectrum , the WSSs 40a , 40d provide a 
continuous spectral response on adjacent actuated portions 
of the spectrum when they are pointed to the same port 58 . 
The selection of the number of these WSSs 40a , 40d and 
their respective spectral widths is arbitrary and can be 
chosen according to system need and device design conve 
nience . An advantage of the concatenated optical spectrum 
transmission systems and methods is the ability to use the 
WSSs 40a , 40d which have roll - offs which require small 
guardbands , but some portion of spectrum is concatenated in 
such a way that there is no need for guardbands on adjacent 
channels within a sub - section of the spectrum . 
[ 0041 ] The nodal configuration 70 receives a WDM signal 
72 at an ingress point and optionally may include an optical 
amplifier 74 to amplify the received WDM signal 72. The 
received WDM signal 72 includes a plurality of channels 
( i.e. wavelengths ) in a concatenated structure with respect to 
the optical spectrum . For example , the received WDM 
signal 72 may include drop channels 76 and express chan 
nels 78 with a guardband 80 therebetween . Specifically , each 
adjacent channel in the drop channels 76 and the express 
channels 78 may abut adjacent channels with little or no 
spectral space therebetween . The only unused spectrum in 
the received WDM signal 72 may include the guardband 80 . 
In terms of network - wide functionality , the express channels 
78 are configured to transit the nodal configuration 70 
whereas the drop channels 76 are configured to be dropped 
and added at the nodal configuration 70. One of ordinary 
skill in the art will recognize the nodal configuration 70 may 
be repeated at other nodes in a network with the express 
channels 78 from the perspective of the nodal configuration 
70 being drop channels 76 at another node . Furthermore , this 
functionality of the nodal configuration 70 applies as well to 
the coherent augmented OADM of FIGS . 4A and 4B . 
[ 0042 ] The received and optionally amplified WDM sig 
nal 72 is input into a 1 : z power splitter 82 where z is an 
integer . For example , z may be the number of ports in the 
nodal configuration 70 with one port per degree and one port 
for add / drop traffic . Alternatively , in a 1 : 2 mode , the 1 : z 
power splitter 82 may be omitted . The power splitter 82 is 
configured to split the WDM signal 72 in a plurality of 
copies on output connections coupled to a drop section WSS 
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40d and an add section WSS 40a . The drop section WSS 40d 
provides functionality similar to that described in FIG . 4A , 
namely there is no demultiplexer or filter in line to separate 
the individual channels of the drop channels 76. Rather , a 
power splitter 60 is configured to split the drop channels 76 
into plural copies each of which is sent to coherent receivers 
( cRx ) 62 which are configured with CMRR as described 
herein . In particular , the drop section WSS 40d is configured 
to perform a drop filtering function on the drop channels 76 
prior to the power splitter 60. In such configuration with the 
CMRR coherent receivers ( cRx ) 62 , the drop channels 76 
may be in a concatenated optical spectrum where there is 
little or no guardbands between adjacent channels . Further , 
the CMRR coherent receivers ( cRx ) 62 are configured to 
receive all of the drop channels 76 and to selectively tune to 
a channel of interest . 
[ 0043 ] The add section WSS 40a is configured to receive 
the express channels 78 from the power splitter 82 as well 
as local add traffic from coherent transmitters ( cTx ) 64 ( not 
shown in FIG . 5 ) . The add section WSS 40a includes an 
output WDM signal 82 which includes the guardband 80 
between adjacent concatenated spectrum portions . With 
respect to adding channels in a concatenated fashion , the 
local add traffic may be added with the power combiners 66 . 
In another exemplary embodiment , the add section WSS 40a 
may have add ports 58a for all local traffic , i.e. the WSS 40a 
may be configured to multiplex the locally added channels 
together with little or no space therebetween in terms of 
optical spectrum . For example , The WSS 40a may require a 
guardband for some isolation between the channels due to 
limitations on the flexible spectrum WSS 40a . Further , as 
WSS port count increases , it is also contemplated that the 
WSS 40d may drop channels on an individual basis with 
each channel having little or no spectral space therebetween 
based on the fact there is no need to provide isolation 
between ports on the WSS 40d in the concatenated optical 
spectrum transmission systems and methods described 
herein . Those of ordinary skill in the art will recognize other 
embodiments are also contemplated which generally will 
add channels in such a manner as to not have spectral space 
therebetween . Further , the coherent receivers 62 and the 
coherent transmitters 64 are illustrated as separate devices in 
FIG . 4 , and those of ordinary skill in the art will recognize 
these may be a single device referred to as a CMRR coherent 
optical transceiver . 
[ 0044 ] The concatenated optical spectrum transmission 
can also be referred to as flexible grid spectrum where the 
channels 76 , 78 , 82 can be located arbitrarily on the optical 
spectrum as opposed to the fixed grid spectrum where 
channels are assigned to a specific grid space with signifi 
cant amounts of dead space and guard bands . Of note , the 
fixed grid approach is operationally beneficial providing an 
efficient management mechanism for operators , i.e. , any 
transceiver can be managed by simply specifying the desired 
ITU grid slot . Of course , the fixed grid approach is inflexible 
and inefficient especially with respect to coherent modems 
which can use variable amounts of spectrum and do not 
require the guard bands between adjacent channels . Refer 
ring to FIG . 6 , in an exemplary embodiment , a network 90 
is illustrated of a plurality of optical network elements 92 
configured with the nodal configuration 70 of FIG . 5. In this 
exemplary embodiment , the network elements 92 each may 
be configured to provide the concatenated optical spectrum 
transmission systems and methods . The network elements 

92 may include any of WDM network elements , optical 
switches , cross - connects , multi - service provisioning plat 
forms , routers , and the like with the CMRR coherent receiv 
ers ( cRx ) 62 and the coherent transmitters ( cTx ) 64. The 
network elements 92 are communicatively coupled therebe 
tween by optical fiber 94. For example , the network ele 
ments 92 are connected in a mesh architecture in the 
exemplary network 90 , and those of ordinary skill in the art 
will recognize the concatenated optical spectrum transmis 
sion systems and methods are contemplated for use with any 
network architecture , such as , for example , mesh , rings 
( BLSR , VLSR , UPSR , MS - SPRING , etc. ) , linear ( 1 : 1 , 1 + 1 , 
1 : N , 0 : 1 , etc. ) , and the like . 
[ 0045 ] The nodal architecture 70 at each of the network 
elements 92 is configured to transmit an optical spectrum 96 
over the optical fibers 94. In the network 90 , in an exemplary 
embodiment , traffic generated at any network element 92 
may terminate on another network element 92. Even though 
there are a large number of channels in the DWDM band , 
there is a smaller number of unique A - Z paths . The A - Z path 
includes an originating network element 92 and a terminat 
ing network element 92 with potentially intermediate net 
work elements 92 where the channels are expressed . At the 
originating network element 92 and the terminating network 
element 92 , the channels in an A - Z path are added / dropped 
through the ports 58a , 58d . At the intermediate network 
elements 92 , the channels in the A - Z path are expressed . 
Using the concatenated optical spectrum transmission sys 
tems and methods , the network 90 may be configured to 
group A - Z demands together and place channels in the 
spectrum going on the same path without deadbands 
between the channels in the same path . For example , the 
network 90 includes six network elements 92 , and for full 
connectivity between each network element 90 , the optical 
spectrum 96 may be segmented into five segments or groups 
98. Within each group 98 , there is little or no unused 
spectrum , i.e. deadbands , using the nodal configuration 70 . 
Between the groups 98 , there is the guardband 80. Specifi 
cally , the optical spectrum 96 is managed as flexible grid 
spectrum . 
[ 0046 ] Referring to FIG . 7 , in an exemplary embodiment , 
a spectral diagram 100 illustrates wavelength channel spac 
ing utilizing a range , group , or bin of channels for the 
concatenated optical spectrum transmission systems and 
methods . In an exemplary embodiment , the concatenated 
optical spectrum transmission systems and methods may 
provide a completely variable spectrum where channels can 
be placed anywhere , i.e. , the flexible grid spectrum . In this 
embodiment , to avoid the deadbands , A - Z demands are 
placed in the same groups 90 in the spectrum . The spectral 
diagram 100 introduces additional constraints to the selec 
tion of spectral segments and the frequency range of chan 
nels for the concatenated optical spectrum transmission 
systems and methods . For example , in the concatenated 
optical spectrum transmission systems and methods , there 
are no requirements to define channels , frequencies , etc. , but 
such a configuration is burdensome in operation for network 
operators , compared to fixed grid specrum . The aim of this 
approach is to constrain the channel placement in such a way 
as to ease the concerns of operators of such networks , i.e. to 
produce a set of channels which is manageable similarly to 
the ITU grids which have become ubiquitous . However , this 
approach includes flexibility to account for the concatenated 
optical spectrum transmission systems and methods . 
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[ 0047 ] In an exemplary embodiment , traffic carrying chan 
nels can be fixed to frequency / wavelength centers which are 
defined by sub - grid elements . Alternatively , the traffic car 
rying channels can float within a bin 102. This would allow 
an optimization of performance of these channels using 
arbitrary frequency spacing , while at the same time present 
ing a fixed range of frequency for the bin 102 to the higher 
level management system which is then un - encumbered of 
the exact frequency location of the optical carriers , except to 
know that they are contained within the bin 102 . 
( 0048 ] In particular , the spectral diagram 100 illustrates an 
example of how concatenated grids may work in the con 
catenated optical spectrum transmission systems and meth 
ods . The spectral diagram 100 may be segmented into a 
plurality of bins 102 ( i.e. , groups , ranges , bands , etc. ) of 
spectrum . Each of the bins 102 may occupy an equal amount 
of spectrum similar or equivalent to the channels in table 30 
of FIG . 2. In an exemplary embodiment , each of the bins 102 
may include a granularity of spectrum which is smaller than 
or equal to the width of the narrowest modulated spectrum 
which is needed . This amount could be chosen , for instance , 
to coincide with the smallest required roll off of the WSS 40 
and any other wavelength selective component used in the 
system . Further , one could also use devices which have a 
lower roll - off by simply allocating multiple bins 102 to the 
filter guardband . Channels can then be defined by concat 
enating a number of these bins 102 together . If the bins 102 
are enumerated , a descriptive and unique identification may 
be generated by a channel in this system by stating the start 
and stop bins 10 for example , channel 1-5 could mean the 
channel which occupies bins 1 through 5 inclusive . 
[ 0049 ] In the exemplary spectral diagram 100 , six exem 
plary bins 102-1-102-6 are illustrated . Those of ordinary 
skill in the art will recognize that an optical spectrum may 
include any arbitrary number of bins 102. The spectral 
diagram 100 includes a single group 98. A first bin 102-1 is 
outside the group 98 and represents allocable spectrum for 
another group 98 or channel . A second bin 102-2 is allocated 
as an unusable guardband such as the guardband 80 in the 
nodal configuration 70. Bins 102-3 , 102-4 , 102-5 , 102-6 are 
all a part of the group 98. As described herein , channels 
within the group 98 do not require guardbands . Thus , in an 
exemplary embodiment , a coherent optical signal 104 may 
be provisioned in the bins 102-3 , 102-4 , 102-5 , and the bin 
102-6 may be useable spectrum for another coherent optical 
signal . In such a manner , the coherent optical signals 104 
may be provisioned on the spectral diagram 100 with little 
or no unused spectrum . 
[ 0050 ] In this manner , the specification of a center fre 
quency and a number of small sized bins 102 enables 
management of the flexible grid in a manner similar to fixed 
grid . This provides the benefits of the fixed grid from a 
management perspective while preserving the benefits of 
flex grid from a spectral efficiency perspective . As described 
herein , management refers to Operations , Administration , 
Maintenance , and Provisioning ( OAM & P ) functions in a 
network . For example , a management system can track and 
enable provisioning of transceivers for the management , 
using the center frequency and number of bins 102 there 
about to track the physical location of the associated channel 
on the optical spectrum . A transceiver can tune to the 
appropriate center frequency and use an amount of band 
width based on the specified number of bins 102. That is , the 

specified center frequency and the number of bins 102 can 
be used for any OAM & P function by any device in an 
optical network 
[ 0051 ] Advantageously , the concatenated optical spectrum 
transmission systems and methods provide a mechanism for 
minimizing deadband allocation . The concatenated optical 
spectrum transmission systems and methods further allows 
allocating varying widths of spectrum to individual channels 
such that one can optimize the amount of spectrum which is 
used . For example , a 10 Gbaud channel and a 40 Gbaud 
channel can be allocated different numbers of bins 102 , a 
100 Gbaud channel can be allocated yet another different 
number of bins . For example , the concatenated optical 
spectrum transmission systems and methods enable an opti 
cal transmission system with mixed baud rate channels 
without a loss of spectral efficiency . In effect , the bins 102 
enable flexibility in the use of the optical spectrum . That is , 
each channel may be provisioned to use only the spectrum 
it needs based on the associated modulation format . Advan 
tageously , the concatenated optical spectrum transmission 
systems and methods provide a fiber optic transmission 
system which groups channels for the purpose of reducing or 
eliminating deadbands between channels . The concatenated 
optical spectrum transmission systems and methods further 
provides a fiber optic transmission system which allocates 
spectrum on a predetermined group of bins to create virtual 
channels with predictable start and end points in the optical 
spectrum . Furthermore , the concatenated optical spectrum 
transmission systems and methods allow more efficient use 
of optical spectrum in an optical mesh like that in the 
network 90 by minimizing conflicts for spectrum , and by 
fixing the start and stop frequencies thereby allowing a 
simple method to find a common set of sub - bins to bind 
together for a path from source to destination . 
[ 0052 ] Referring to FIG . 8 , in an exemplary embodiment , 
a spectral diagram 120 illustrates wavelength channel spac 
ing utilizing a bin of channels 102 with a guardband con 
tained within bins 102-2 , 102-3 for the concatenated optical 
spectrum transmission systems and methods . The spectral 
diagram 120 includes two coherent optical signals 122 , 124 . 
The optical signal 122 occupies the bins 102-2 , 102-3 , 
102-4 , 102-5 , 102-6 and the optical signal 124 occupies the 
bins 102-0 , 102-1 , 102-2 . In this exemplary embodiment , a 
guardband 126 is shared between the bins 102-2 , 102-3 . 
Specifically , the guardband 126 is contained within the bins 
102-2 , 102-3 , such that the bins 102-2 , 102-3 start and end 
at nominally the same frequency . The associated coherent 
receivers receiving the signals 122 , 124 may be configured 
as such and tune accordingly . 
[ 0053 ] In an exemplary embodiment , the concatenated 
optical spectrum transmission systems and methods may be 
implemented between the WSS 40 , the coherent receivers 
62 , and a management system 85. The management system 
85 may include , for example , a network management system 
( NMS ) , an element management system ( EMS ) , a network 
controller , a control module or processor in a network 
element with the coherent receiver 62 , and the like . In 
particular , the management system 85 may be configured 
with the plurality of bins 102 and associated optical signals 
104 , 122 , 124 configured thereon . The management system 
85 variously may be utilized for OAM & P of an optical 
system . In performing such functionality , the management 
system 85 may be utilized in the concatenated optical 
spectrum transmission systems and methods to manage the 
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bins 102 and respective optical signals thereon with the WSS 
40 , the coherent receivers 62 , etc. 
[ 0054 ] Referring to FIG . 9 , in an exemplary embodiment , 
a spectral diagram 200 illustrates optical spectrum on an 
optical fiber with three exemplary channels 202-1 , 202-2 , 
202-3 . Each of the channels 202-1 , 202-2 , 202-3 has an 
associated center frequency 204-1 , 204-2 , 204-3 which 
represents a center of the channel 202-1 , 202-2 , 202-3 and 
is located in the middle of the bins 102. In an exemplary 
embodiment , the center frequency 204-1 , 204-2 , 204-3 can 
be specified as a single value , such as a frequency ( e.g. , 
195.8875 THz ) or a wavelength ( e.g. , 1530.43 nm ) . In 
another exemplary embodiment , the center frequency 204-1 , 
204-2 , 204-3 can be specified as a frequency ( or wavelength ) 
value plus an offset value , e.g. , center frequency = 193.1 
THz + nxbin size / 2 , where bin_size is the size of the bins 102 , 
in the same unit ( here , in THz ) . In either approach , a single 
value is used to specific the center frequency 204 for 
OAM & P purposes , i.e. , to communicate to the transceiver 
laser settings , to track the optical spectrum by the manage 
ment system 85 , etc. 
[ 0055 ] Each of the channels 202-1 , 202-2 , 202-3 in addi 
tion to the center frequencies 204-1 , 204-2 , 204-3 have a 
specified number of bins 102 , greater than 1. If the number 
of bins 102 equaled 1 , this would be the same as the fixed 
grid approach , i.e. , inefficient and inflexible . The center 
frequency 204 is located at a center of the bins 102 for each 
of the channels 202-1 , 202-2 , 202-3 . In the example where 
the number of bins 102 is even , the center frequency 204 is 
located in a center of the bins 102 where a number of bins 
102 to the left of the center frequency 204 is equal to a 
number of bins 102 to the right of the center frequency 204 . 
Here , left and right are logical constructs to visualize the 
optical spectrum . In the example where the number of bins 
102 is odd , the center frequency 204 is located in the middle 
of a center bin 102 where the center bin 102 has an equal 
number of bins 102 to the right of it as to the left . Thus , to 
exactly determine the location of any of the channels 202-1 , 
202-2 , 202-3 , only two values are required for OAM & P 
purposes — the center frequency 204 and the number of bins 
102 . 
[ 0056 ] In the example of FIG.9 , the channels 202-1 , 202-2 
are each shown with 8 bins 102 whereas the channel 202-3 
is shown with 32 bins . Assume the bin 102 size is 6.25 GHz , 
then the channels 202-1 , 202-2 are 50 GHz channels 
whereas the channel 202-3 is 200 GHz . Of course , other 
embodiments are also contemplated . Of note , the center 
frequency 204 and number of bins 102 provide flexibility for 
flex grid systems the channels 202 can be placed any 
where , efficiently , without wasted spectrum , but also man 
agement efficient similar to the fixed grid approach where 
two values - center frequency 204 and number of bins 102 
completely and precisely defines channel 202 location in the 
optical spectrum for OAM & P functions . Again , as described 
herein , the OAM & P functions can include , for example , 
using this data ( center frequency 204 and number of bins 
102 ) by the transceiver to determine where to transmit a 
channel and over how much bandwidth , using this data by 
a management system 85 to track channels , manage the 
optical spectrum , determine a location for new channels , 
perform Routing and Wavelength Allocation ( RWA ) or 
Routing and Spectrum Allocation ( RSA ) , and the like . 
[ 0057 ] In an exemplary embodiment , the bin 102 size can 
be set to an arbitrary , but small value . By arbitrary , the bin 

102 size is not tied to any physical parameters in the optical 
network ( e.g. , roll off , filter functions , laser centering errors , 
etc. ) . By small , the bin 102 size is small , to provide 
flexibility for flex grid ( e.g. , bin_sizes12.5 GHz ) , but not too 
small ( e.g. , bin_size : 1 GHz ) to provide operationally mean 
ingful values . For example , if the bin 102 size is greater than 
12.5 GHz , this value is similar to the fixed grid approach 
where the channel 202 can cover an entire bin , thereby 
losing flexibility . If the bin 102 is smaller than 1 GHz , this 
value increases operational complexity , requiring an 
extremely large number of bins 102. Thus , based on granu 
larity requirements for flexibility and operational concerns 
for management , the bin 102 size can arbitrarily set between 
1sbin_sizes12.5 GHz . 
[ 0058 ] In another exemplary embodiment , the bin 102 size 
is based on the roll off requirements of wavelength selective 
components in the optical network . In this approach , the bin 
102 size can be set to 12.5 GHz , 8 GHz , 6.25 GHz , 4 GHz , 
etc. as required for roll off . Note , as the roll - off values 
become smaller with improved technology , it is advanta 
geous to decouple the bin 102 size from the roll off value as 
described above for the arbitrary value since a small value 
for the bin 102 size is not required for efficiency and 
granularity and also creates complexity . 
[ 0059 ] Those of ordinary skill in the art will recognize the 
bin 102 size in addition to being arbitrarily selected based on 
application requirements and being selected based on roll off 
values can also be selected based on any other parameter of 
interest . For example , the bin 102 size can be selected based 
on frequency stability of laser sources in the network which 
is typically on the order of 1-2 GHz , based on tunable laser 
performance , and the like . 
[ 0060 ] Also , the arbitrary range of between 1sbin_ 
sizes12.5 GHz is also selected generally based on these 
various physical parameters in general ( roll - offs , filter func 
tions , source stability , tunable laser performance , etc. ) in 
combination with a perspective of application requirements . 
That is , greater than 12.5 GHz bin 102 size provides little 
advantage to the fixed grid approach , and less than 1 GHz 
bin 102 size increases management complexity with no 
additional benefits in flexibility and efficiency . That is , a 
value in the single digits in all that is needed based on 
transceivers and spectrum usage . 
[ 0061 ] Advantageously , the use of the center frequency 
204 and the number of bins 102 provides OAM & P for flex 
grid in a manner similar to how fixed grid approaches are 
managed today while preserving the benefits of the flex grid , 
allowing flexible channel spacing ( no dead bands ) and 
flexible channel size ( variable number of bins 102 ) . This 
paradigm allows network operators to use flex grid with 
similar OAM & P approaches used in the past with fixed grid 
approaches . 
[ 0062 ] Referring to FIG . 10 , in an exemplary embodiment , 
a spectral diagram of another exemplary spectrum 300 with 
various optical channels 302-1-302-5 allocated thereon in a 
super channel with different center frequencies and various 
bins . Again , as described herein , a flexible grid optical 
transmitter is tuned to a center frequency and provides a 
signal that spans a number of bins ( > 1 ) . FIG . 10 illustrates 
exemplary embodiments where the signal spans a partial 
number of bins 102 and the center frequency 204 of the 
transmitter is not necessarily aligned to the center of the 
selection of bins 102 , i.e. , the start and stop frequencies of 
the signal are not aligned to the edges of the bins 102. That 
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is , the selection of bins 102 can be wider in frequency than 
the signal that is transmitted . This can be done in anticipa 
tion of i ) other signals being added to the same frequency 
range , e.g. , a super channel or media channel , and ii ) the 
current signal changing to a higher baud rate and / or different 
modulation format thereby increasing its frequency usage . 
[ 0063 ] Also , two or more transmitters can generate signals 
which transmit through a filter function defined by the center 
frequency and the selection of n bins ( n is an integer greater 
than 1 ) . This is illustrated , for example , in FIG . 10. Here , the 
five optical channels 302-1-302-5 are located in 22 bins , and 
the channels 302-1-302-5 have widths in GHz of 59.3 , 51 , 
32.2 , 58.3 , and 48 , respectively . The five optical channels 
302-1-302-5 can be in a super channel or media channel 
which can be a grouping of adjacent bins which are co 
routed together in the optical network between source and 
destination . Thus , the bins 102 and center frequencies 204 
can be used with individual channels or grouping of chan 
nels . 
[ 0064 ] Referring to FIG . 11 , in an exemplary embodiment , 
a flowchart illustrates a process 400 of assigning frequencies 
based on various selections , using FIG . 10 as an example . 
First , the process 400 includes starting with ( a ) a selected bin 
size , e.g. , 12.5 GHz or the like , ( b ) a set of flexible grid 
optical transceivers with known spectral widths , Wi , and ( c ) 
filter properties of the transmission equipment performing 
the filtering function corresponding to the eventual selection 
of N bins ( step 401 ) . For the set of flexible grid optical 
transceivers , the known spectral widths are based on a given 
committed capacity for each and an expected performance 
for the path in the network . In the example of FIG . 10 , the 
channels 302-1-302-5 have widths in GHz of 59.3 , 51 , 32.2 , 
58.3 , and 48 , respectively . For the transmission equipment , 
this is in the form of a filter deadband , which is relatively 
constant in frequency and independent of the number of 
selected bins to be concatenated . This is an inherent property 
of WSS technology . These deadbands are usually symmet 
ric , i.e. , they are the same size on both the lower and upper 
frequency edges of the resulting filter , but they need not be . 
This corresponds to a lower deadband and an upper dead 
band . In FIG . 10 , these deadbands are set at 6 GHz and 10 
GHz , respectively . 
[ 0065 ] The process 400 includes determining the mini 
mum required frequency as the SUM ( W ) + lower deadband + 
upper deadband ( step 402 ) . In this example of FIG . 10 , the 
minimum required frequency is sum ( 59.3 , 51 , 32.2 , 58.3 , 
and 48 ) + 6 + 10 = 264.8 GHz . The process 400 next includes 
determining the number of bins required , N = ceiling ( mini 
mum required frequency / bin size ) ( step 403 ) . In this 
example of FIG . 10 , the number of bins , N = 22 . 
[ 0066 ] The process 400 next includes determining a por 
tion of spectrum with enough free adjacent bins to fit N ( step 
404 ) . This can involve Routing and Wavelength Assignment 
( RWA ) , Routing and Spectrum Assignment ( RSA ) , or some 
other approach to find free spectrum for allocation . If there 
are not enough adjacent bins , it may be necessary to split the 
set of flexible grid optical transceivers into smaller groups 
and return to step 402. After step 404 , the process can set the 
exact bins being used , including the start , stop and center 
frequency for the set of N bins . 
[ 0067 ] The process 400 next include determining excess 
spectrum due to the ceiling function in step 403 , the excess 
spectrum = N * bin size - SUM ( W ) ( step 405 ) . Here , the 
excess spectrum is due to the ceiling function rounding up 

to the nearest whole number of bins , and the excess spec 
trum can be allocated ( step 406 ) . In the example of FIG . 10 , 
the excess spectrum = 22 * 12.5-264.8 GHz = 10.2 GHz . One 
approach to use this additional spectrum is to place small 
guard bands between the transmitter signals . If they are each 
of equal size , than the excess guard band - excess spec 
trum / ( # of transmitters - 1 ) . In the example of FIG . 10 , this 
would be 10.2 / ( 5-1 ) = 2.55 GHz . Using the additional spec 
trum in this way would be beneficial in networks that are 
limited by crosstalk between the signals , being either linear 
or nonlinear in nature . Another way to use this excess 
spectrum would be to allocate it next to the deadbands . This 
would be beneficial in networks with many filter locations , 
e.g. , many add / drop nodes for example in a metro network . 
[ 0068 ] Finally , the process 400 includes allocating a center 
frequency for each of the set of flexible grid transceivers 
( step 407 ) . This includes providing commands to the flexible 
grid transceivers to tune in accordance to their widths , 
deadbands and additional guard bands as needed . In another 
embodiment , the known spectral widths , Wi , of the set of 
flexible grid transceivers . above has additional guard bands 
added to them to minimize crosstalk penalties . 
[ 0069 ] Thus , the transmitter widths , Wi , are not con 
strained to be a multiple of the bin size and the deadbands 
are not constrained to be a multiple of the bin size . 
[ 0070 ] In FIG . 10 , the guardbands are shown between 
adjacent channels 302-1-302-5 and the deadbands are shown 
at the beginning and end of the grouping of channels 
302-1-302-5 . Of course , both guardbands and deadbands are 
unused spectrum . As described herein , the guardbands and 
deadbands can be less than the bin size . The guardbands can 
be zero or some small value , as well as larger values to allow 
for future expansion of the channels 302-1-302-5 . The 
deadbands can also be small values , allowing for wave 
length selection . 
[ 0071 ] It will be appreciated that some embodiments 
described herein , for the management system 85 , may 
include one or more generic or specialized processors ( “ one 
or more processors ” ) such as microprocessors ; Central Pro 
cessing Units ( CPUs ) ; Digital Signal Processors ( DSPs ) : 
customized processors such as Network Processors ( NPs ) or 
Network Processing Units ( NPUs ) , Graphics Processing 
Units ( GPUs ) , or the like ; Field Programmable Gate Arrays 
( FPGAs ) ; and the like along with unique stored program 
instructions ( including both software and firmware ) for 
control thereof to implement , in conjunction with certain 
non - processor circuits , some , most , or all of the functions of 
the methods and / or systems described herein . Alternatively , 
some or all functions may be implemented by a state 
machine that has no stored program instructions , or in one 
or more Application Specific Integrated Circuits ( ASICs ) , in 
which each function or some combinations of certain of the 
functions are implemented as custom logic or circuitry . Of 
course , a combination of the aforementioned approaches 
may be used . For some of the embodiments described 
herein , a corresponding device in hardware and optionally 
with software , firmware , and a combination thereof can be 
referred to as " circuitry configured or adapted to , " " logic 
configured or adapted to , " etc. perform a set of operations , 
steps , methods , processes , algorithms , functions , techniques , 
etc. on digital and / or analog signals as described herein for 
the various embodiments . 
[ 0072 ] Moreover , some embodiments , for the manage 
ment system 85 , may include a non - transitory computer 



US 2021/0083790 A1 Mar. 18 , 2021 
11 

readable storage medium having computer - readable code 
stored thereon for programming a computer , server , appli 
ance , device , processor , circuit , etc. each of which may 
include a processor to perform functions as described and 
claimed herein . Examples of such computer - readable stor 
age mediums include , but are not limited to , a hard disk , an 
optical storage device , a magnetic storage device , a ROM 
( Read Only Memory ) , a PROM ( Programmable Read Only 
Memory ) , an EPROM ( Erasable Programmable Read Only 
Memory ) , an EEPROM ( Electrically Erasable Program 
mable Read Only Memory ) , Flash memory , and the like . 
When stored in the non - transitory computer - readable 
medium , software can include instructions executable by a 
processor or device ( e.g. , any type of programmable cir 
cuitry or logic ) that , in response to such execution , cause a 
processor or the device to perform a set of operations , steps , 
methods , processes , algorithms , functions , techniques , etc. 
as described herein for the various embodiments . 
[ 0073 ] Although the present invention has been illustrated 
and described herein with reference to preferred embodi 
ments and specific examples thereof , it will be readily 
apparent to those of ordinary skill in the art that other 
embodiments and examples may perform similar functions 
and / or achieve like results . All such equivalent embodiments 
and examples are within the spirit and scope of the present 
invention and are intended to be covered by the following 
claims . 

What is claimed is : 

1. A coherent optical transmitter configured to generate a 
modulated optical signal within a portion of optical spec 
trum defined by a spectral position and spectral width , 
wherein the spectral width is ‘ n ' bins where n is an integer 
greater than 1 and each bin is a same size , and wherein the 
spectral position and spectral width are specified by to the 
coherent optical transmitter via a management system . 

2. The coherent optical transmitter of claim 1 , wherein the 
management system is one of a Network Management 
System ( NMS ) , an Element Management System ( EMS ) , a 
network controller , and a module in a network element . 

3. The coherent optical transmitter of claim 1 , wherein the 
spectral position and spectral width are specified by stating 
start and stop bins . 

4. The coherent optical transmitter of claim 1 , wherein the 
modulated optical signal has a spectral width that is less than 
n bins and determined at least by a baud rate of the 
modulated optical signal , to allow for insertion of at least 
one additional optical signal in the portion of the optical 
spectrum . 

5. The coherent optical transmitter of claim 1 , wherein the 
coherent optical transmitter is configured to transmit the 
modulated optical signal down a path , along with one or 
more additional optical signals that also occupy the portion 
of the optical spectrum and are using the path . 

6. The coherent optical transmitter of claim 1 , wherein a 
modulation format and a baud rate of the modulated optical 
signal is specified by the management system to the coherent 
optical transmitter . 

7. The coherent optical transmitter of claim 1 , wherein a 
size of each bin is smaller than a width of a narrowest 
modulated optical spectrum that is specified by the manage 
ment system . 

8. The coherent optical transmitter of claim 1 , wherein a 
size of each bin is selected based on physical parameters 
including spectral characteristics of wavelength selective 
components . 

9. The coherent optical transmitter of claim 1 , wherein a 
size of each bin is equal to a smallest roll off of a wavelength 
selective component in a path . 

10. The coherent optical transmitter of claim 1 , wherein a 
size of each bin is 6.25 GHz . 

11. The coherent optical transmitter of claim 1 , wherein a 
size of each bin is greater than or equal to 1 GHz and less 
than or equal to 12.5 GHz . 

12. The coherent optical transmitter of claim 1 , wherein 
the modulated optical signal and one or more additional 
optical signals are located within the portion of optical 
spectrum with no dead band in between . 

13. The coherent optical transmitter of claim 1 , wherein 
the modulated optical signal and one or more additional 
optical signals located within the portion of optical spectrum 
are separated spectrally by at least one bin from other optical 
signals having a different path . 

14. The coherent optical transmitter of claim 1 , wherein 
the modulated optical signal and one or more additional 
optical signals float even within a bin , thus allowing arbi 
trary frequency spacing therebetween . 

15. The coherent optical transmitter of claim 1 , wherein 
the modulated optical signal and one or more additional 
optical signals are switched together at an end of a path by 
a wavelength selective component to a common port , and 
the modulated optical signal is demodulated by a coherent 
receiver configured to reject the one or more additional 
optical signals received from the common port . 

16. The coherent optical transmitter of claim 15 , wherein 
the modulated optical signal and the one or more additional 
optical signals are identical in modulation format and baud 
rate . 

17. The coherent optical transmitter of claim 15 , wherein 
the modulated optical signal and the one or more additional 
optical signals vary in the number of bins each occupy . 

18. The coherent optical transmitter of claim 1 , wherein 
the coherent optical transmitter has a dynamic range wide 
enough to generate the modulated optical signal anywhere 
within at least the portion of the optical spectrum . 

19. A coherent optical receiver configured to receive and 
demodulate a modulated optical signal within a portion of 
optical spectrum defined by a spectral position and spectral 
width , wherein the spectral width is ‘ n ’ bins where n is an 
integer greater than 1 and each bin is a same size , and 
wherein the spectral position and spectral width are specified 
to the coherent optical receiver by a management system . 

20. The coherent optical receiver of claim 19 , wherein the 
coherent optical receiver has a dynamic range wide enough 
to tune anywhere within at least the portion of the optical 
spectrum to demodulate the modulated optical signal , while 
rejecting any other optical signals within the portion of 
optical spectrum . 

21. A Wavelength Selective Switch configured to provide 
a passband in a portion of optical spectrum defined by a 
spectral position and spectral width , wherein the spectral 
width is ‘ n’bins where n is an integer greater than 1 and each 
bin is a same size , and wherein the spectral position and 
spectral width are specified by to the Wavelength Selective 
Switch via a management system . 
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22. The Wavelength Selective Switch of claim 21 , 
wherein the management system is one of a Network 
Management System ( NMS ) , an Element Management Sys 
tem ( EMS ) , a network controller , and a module in a network 
element . 


