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vided by the plurality of optical amplifiers substantially 
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OPTICAL TRANSMISSION SYSTEMS INCLUDING 
OPTICAL AMPLIFIERS AND METHODS OF USE 

THEREN 

0001. This application is a continuation in part and claims 
priority from and the benefit of U.S. Provisional Application 
No. 60/216,114 filed Jul. 6, 2000, which is incorporated 
herein by reference. 

BACKGROUND OF THE INVENTION 

0002 The present invention is directed generally to opti 
cal Systems. More particularly, the invention is directed 
toward optical transmission Systems including amplifying 
devices, Such as optical amplifiers. 
0003. The continued growth in traditional communica 
tions Systems and the emergence of the Internet as a means 
for accessing data has accelerated demand for high capacity 
communications networkS. Telecommunications Service 
providers, in particular, have looked to wavelength division 
multiplexing (WDM) to increase the capacity of transmis 
Sion Systems to meet the increasing capacity demands placed 
on their network infrastructure. 

0004. In WDM transmission systems, pluralities of dis 
tinct information signals are carried using electromagnetic 
waves having different wavelengths in the optical Spectrum, 
typically using infrared wavelengths. Each information car 
rying wavelength can include multiple data Streams that are 
time division multiplexed (“TDM”) together into a TDM 
data Stream or a Single data Stream. 
0005 The pluralities of information carrying wave 
lengths are combined into a “WDM” optical signal that is 
transmitted in a single waveguide. In this manner, WDM 
Systems can increase the transmission capacity of the net 
work compared to space division multiplexed (“SDM'), i.e., 
Single channel, Systems by a factor equal to the number of 
wavelengths used in the WDM system. 
0006 Optical WDM systems were not initially deployed, 
in part, because of the high cost of electrical Signal regen 
eration/amplification equipment required to compensate for 
Signal attenuation for each optical wavelength throughout 
the system. However, the development of the erbium doped 
fiber amplifier (EDFA) provided a cost effective means to 
amplify optically multiple optical Signal wavelengths in the 
1550 nm range. In addition, the 1550 nm signal wavelength 
range coincides with a low loSS transmission window in 
silica based optical fibers, which allowed EDFAS to be 
Spaced further apart than conventional electrical repeaterS/ 
regeneratorS. 

0007 Optical amplifiers are deployed periodically, e.g., 
40-120 km, throughout the optical System to compensate for 
attenuation that incurs in a span of optical fiber preceding the 
amplifier. The amplifiers are operated So that the gain 
provided by the optical amplifier compensates, or Substan 
tially compensates, for the loSS in each span. As a result, no 
net loSS or gain of Signal power occurs in each span, i.e. 
Amplifier GainsSpan LOSS, which is referred to as transpar 
ent operation. 

0008. The use of EDFAs essentially eliminated the need 
for, and the associated costs of, electrical Signal repeater/ 
regeneration equipment to compensate for Signal attenuation 
in many Systems. The dramatic reduction in the number of 
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electrical regenerators in the Systems, made the installation 
of WDM Systems in the remaining electrical regenerators a 
cost effective means to increase optical network capacity. 
0009 WDM systems have quickly expanded to fill the 
limited amplifier bandwidth of EDFAS. New erbium-based 
fiber amplifiers (L-band) have been developed to expand the 
bandwidth of erbium-based optical amplifiers. Also, new 
transmission fiber designs are being developed to provide 
for lower loss transmission in the 1400-1500 nm and 1600 
1700 nm ranges to provide additional capacity for future 
Systems. 

0010. In addition, Raman fiber amplifiers (“RFA") have 
been investigated for years and are now being commercially 
deployed and operated in a network. RFAS offer the potential 
to exploit a Substantial portion of the optical waveguide 
transmission capacity 
0011 While optical amplifiers have provided significant 
benefits by eliminating the need for numerous electrical 
regenerators, optical amplifiers do have a shortcomings. For 
example, optical amplifiers often do not provide uniform 
amplification, or gain, profile over the Signal wavelength 
range. AS Such, optical amplifiers often will be deployed in 
combination with gain flattening filters, which provide 
wavelength specific filtering to produce a more uniform 
bring about more uniform gain. 
0012. In addition, the gain profile of the optical amplifier 
can Vary depending upon the amount of gain, or gain, being 
provided by the amplifier. In operating System, the amplifier 
gain is Set to compensate Signal power attenuation that 
occurs in a fiber Span preceding the amplifier. The attenu 
ation in each span, i.e., the Span loSS, generally varies from 
span to span in a System; therefore, the optical amplifiers 
have to be operated at different gains corresponding to the 
span loSS. However, operation at different gain can introduce 
gain profile variations that result in Signal power variations, 
which can degrade System performance. 
0013 While it is possible to design gain flattening filters 
and amplifiers for Specific span losses, individualized ampli 
fier and filter designs generally are not feasible from a 
commercial Standpoint. AS Such, amplifiers generally are 
designed for a nominal gain and gain flattening filters are 
designed based on that nominal gain. When the amplifiers 
and filters are deployed in the System, operation of the 
amplifiers at gains other than the nominal gain will introduce 
Signal power variations into the System. 
0014. Alternative designs have been proposed, in which 
the amplifiers are operated at the designed nominal gain and 
a variable attenuator is provided proximate the amplifier to 
introduce additional attenuation into the Span. The variable 
attenuator is controlled, Such that the variable attenuator loSS 
plus the span loSS is equal to the nominal gain of the 
amplifier. 

0015 The variable attenuator configurations allow the 
operation of optical amplifiers at designed gains allowing for 
more uniform gain profiles. However, the introduction of 
exceSS gain balanced by exceSS attenuation introduces addi 
tional noise into the System that also degrades System 
performance. In addition, these alternative designs require 
that the amplifier be designed to provide high gain that can 
be attenuated to accommodate various span loSS, which can 
increase overall amplifier and System costs. 
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0016. The development of higher performance, lower 
cost communication Systems depends upon the continued 
development of higher performance components and Sub 
Systems for use in the System. It is, therefore, essential that 
optical Systems and optical amplifiers be developed having 
increased performance capabilities to meet the requirements 
of next generation optical Systems. 

BRIEF SUMMARY OF THE INVENTION 

0.017. The apparatuses and methods of the present inven 
tion address the above need for improved optical transmis 
Sion Systems and optical amplifiers. Optical transmission 
Systems of the present invention include a plurality of 
optical amplifiers configured to provide Sufficient cumula 
tive signal amplification, or gain, to compensate for cumu 
lative signal attenuation, or loSS, in the System. The gain of 
each individual amplifier is not adjusted to compensate for 
the loSS in a particular span associated with the amplifier. AS 
Such, various spans will operate with a net loSS or a net gain 
depending upon whether the amplifier provides more or leSS 
gain than the attenuation in the Span. Instead, two or more 
of the amplifiers are operated to provide gain, Such that the 
cumulative gain over those amplifiers compensates for the 
cumulative loSS in those spans. In other words, unlike prior 
Systems, each span in the present invention is not operated 
transparently, but the cumulative span is transparent. 
0.018. By allowing net gain and net loss variations, while 
maintaining cumulative transparency, over a plurality of 
spans the System can be operated using optical amplifiers 
that provide different levels of performance, Such as noise 
figure, gain margin, and Spectral gain profile, etc. that can be 
tailored to achieve a desired network performance level. For 
example, high gain, high noise figure amplifiers can be 
replaced by lower gain, lower noise figure amplifiers, which 
can improve the performance of the System. Net losses 
incurred in spans, in which lower gain amplifiers were 
deployed can be offset by operating one or more of the other 
amplifiers to provide a net gain. 
0019. In various embodiments, optical processing nodes, 
Such as transmit and/or receive terminals and optical Switch 
ing and add/drop devices, are interconnected by a plurality 
of optical amplifiers to form an optical link between the 
nodes. The optical link can be operated transparently, while 
two or more of the optical amplifiers in the optical link are 
operated to produce net gains and losses in the respective 
SpanS. 

0020. In operation, the cumulative net gain or loss can be 
established and monitored, if necessary, Such that the cumu 
lative net gain or loSS is constrained between a maximum net 
gain and a maximum net loSS range. The cumulative range 
constraints can be used to prevent the Signal channel powers 
from becoming too high or too low along any span during 
transmission, while cumulative transparency is maintained 
at the end of the Spans. In general, the performance gain 
achievable by operating individual amplifiers at net gain and 
net loSS is weighed against the penalty associated with 
operating the SpanS with higher or lower Signal power than 
is required to operate transparently. 

0021. In addition, the present invention can be used to 
ameliorate the effects of amplifier failures in the system. For 
example, the failure of one or more pump Sources providing 
energy to optical amplifying media can result in degraded 
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performance of the amplifier and Overall net loSS for the Span 
or spans in which the failures occur. In the present invention, 
the non-failed amplifiers can provide additional redundancy 
to offset the failure by being configured to operate the 
corresponding spans at a net gain, and, thereby maintain 
cumulative transparency over plural Spans and/or the link. 
0022. The present invention can be embodied using one 
amplifier type or various combinations of amplifier types. 
For example, various lumped and/or distributed doped and/ 
or non-linear fiber amplifiers, Such as erbium and Raman 
amplifiers, that can be locally and/or remotely Supplied with 
optical power can be used, as well as other amplifier types. 
The amplifiers can be deployed in Serial and/or parallel 
Stages and in combinations of filters, attenuators, isolators, 
dispersion compensating devices, and other Signal varying 
devices, as well as various optical processing devices, 
disposed between amplifier Stages and before and/or after 
the amplifier. The amplifiers can be locally and/or remotely 
controlled depending upon the System configuration. 
0023 The present invention addresses the limitations of 
the prior art by providing amplifiers and Systems that 
provide increased control and flexibility necessary for higher 
performance, lower cost optical transmission Systems. These 
advantages and others will become apparent from the fol 
lowing detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0024. Embodiments of the present invention will now be 
described, by way of example only, with reference to the 
accompanying Schematic drawings for the purpose of illus 
trating present embodiments only and not for purposes of 
limiting the same: 
0025 FIGS. 1 and 2 show optical system embodiments; 
0026 FIGS. 3 and 4 show exemplary optical amplifier 
embodiments, and, 
0027 FIGS. 5a-6 show exemplary depictions of signal 
power variations along a plurality of Spans. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0028 Optical systems 10 of the present invention include 
optical amplifiers 12 disposed along an optical path 14 to 
optically amplify optical Signals passing through an optical 
link 15 between optical processing nodes 16. One or more 
transmitters 18 can be included in the nodes 16 and config 
ured to transmit information via the optical Signals in one or 
more information carrying Signal wavelengths, or Signal 
channels, to one or more optical receivers 20 in other 
nodes 16. The optical system 10 can be configured in 
multi-dimensional networks (FIG. 1) or in one or more 
serially connected point to point links 15 (FIG. 2), which 
can be controlled by a network management System 22. 
0029. In various network embodiments, such as in FIG. 
1, a Signal channel W. can travel multiple paths, e.g., 14 and 
14, between an origination node 16, and a destination node 
16. The Signal channel also may have to traverse one or 
more intermediate nodes 16i between the origination node 
16, and the destination node 16. 
0030 The optical processing nodes 16 may also include 
one or more other optical processing devices, for example, 
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integrated optical Switching devices 24, Such as optical 
add/drop multiplexerS and Switches/routerS/cross-connects. 
For example, broadcast and/or wavelength reusable, add/ 
drop devices, and optical croSS connect Switches and routers 
can be configured via the network management System 22 in 
various topologies, i.e., rings, mesh, etc. to provide a desired 
network connectivity. 
0031. The deployment of integrated Switching devices 24 
in intermediate nodes 16i can provide all-optical intercon 
nections between the transmitters 18 and receivers 20 in the 
origination node 16, and the destination node 16, respec 
tively. In this manner, the use of integrated Switching device 
24 in the system 10 provides for a distance independent 
all-optical network, Sub-network, or nodal connection. 
0.032 The optical amplifiers 12 and optical processing 
nodes 16 are referred to generally as network elements. The 
optical path 14 extending between Successive network ele 
ments in the system 10 is referred to as a span. Whereas, the 
optical link 15 extends between successive nodes 16 and 
will include one or spans depending upon the configuration 
of the system 10. For example, FIG.2 shows a point to point 
optical link 15 including spans 1 through n. 
0033. The transmission media can include various guided 
and unguided media, and is typically optical fiber 14. 
Currently, the most commonly used optical fiber 14 in 
optical transmission Systems is a Single mode fiber, although 
multiple mode fibers can be used in various applications. 
The optical fibers 14 can have various dispersion and 
non-linear properties that affect the transmission properties 
of the system 10. One or more optical fibers 14 can be 
disposed to provide multiple optical links 15 between nodes 
16 along a common optical path. In addition, each fiber can 
carry uni- or bi-directionally propagating optical signals 
depending upon the System 10 configuration. 
0034. The optical transmitters 18 and optical receivers 20 
are configured respectively to transmit and receive optical 
Signals including one or more information carrying optical 
Signal wavelengths, or Signal channels, Wii. In the present 
description, the term “information' should be broadly con 
Strued to include any type of information that can be 
optically transmitted including voice, Video, data, instruc 
tions, etc. 
0035. The transmitters 18 used in the system 10 generally 
will include a narrow bandwidth laser optical Source, Such as 
a DFB laser, that provides an optical carrier. The transmitters 
18 also can include other coherent narrow or broad band 
Sources, Such as Sliced spectrum or fiber laser Sources, as 
well as Suitable incoherent optical Sources as appropriate. 
Information can be imparted to the optical carrier either by 
directly modulating the optical Source or by externally 
modulating the optical carrier emitted by the Source. Alter 
natively, the information can be imparted to an electrical 
carrier that can be upconverted onto an optical wavelength 
to produce the optical Signal. The information can be ampli 
tude, frequency, and/or phase modulated using various for 
mats, Such as return to Zero ("RZ), non-return to Zero 
(“NRZ”), differential phase shift keying (“DPSK”), etc., 
encoding techniques, Such as forward error correction 
(“FEC), etc., and transmission protocols, such as SONET/ 
SDH, IP, ATM, Ethernet, Fiber Channel, etc. 
0.036 The optical receiver 22 used in the present inven 
tion can include various detection techniques, Such as coher 
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ent detection, optical filtering and direct detection, and 
combinations thereof. The receivers 22 can be deployed in 
modules that have incorporated wavelength Selective filters 
to filter a specific channel from a WDM signal or channel 
filtering can be performed outside of the receiver module. It 
will be appreciated that the detection techniques employed 
in the receiver 22 will depend, in part, on the modulation 
format used in the transmitter 20. Also, various transmission 
formats and protocols can be used within a WDM system, as 
well as in each Serial WDM or SDM link of transmitters 18 
and receivers 20. 

0037 Generally speaking, N transmitters 18 can be used 
to transmit M different signal wavelengths to J different 
receivers 20. Also, tunable transmitters 18 and receivers 20 
can be employed in the optical nodes 16 in a network, Such 
as in FIG. 1. Tunable transmitters 18 and receivers 20 allow 
System operators and network architects to change the Signal 
wavelengths being transmitted and received in the System 10 
to meet their network requirements. In addition, the trans 
mitters 18 and receivers 20 can employ various feedback 
loops to control the transmission characteristics of the 
Signals and configuration of the System 10. 

0038. The transmitters 18 and receivers 20 also can 
include various components to perform other signal pro 
cessing, Such as reshaping, retiming, error correction, dif 
ferential encoding, regeneration, dispersion and distortion 
compensation, etc. For example, receivers 20 can be con 
nected to the transmitters 18 in back to back configuration as 
a regenerator, as shown in FIG. 2. The regenerator can be 
deployed as a 1R,2R, or 3R regenerator, depending upon 
whether it serves as a repeater (reshape), a remodulator 
(reshape & retime), or a full regenerator (reshape, retime, 
regenerate), respectively. 
0039. In a WDM system, the transmitters 18 and receiv 
erS 20 can be operated in a uniform manner or the trans 
mission and reception characteristics of the Signal channels 
can be tailored individually and/or in groups. For example, 
pre-emphasis, optical and/or electrical pre- and post-disper 
Sion and distortion compensation can be performed on each 
channel or groups of channels. 
0040. In FIG. 2, it will be appreciated that the transmit 
ters 18 and receivers 20 can be used in WDM and single 
channel Systems, as well as to provide short, intermediate, 
and/or long reach optical interfaces between other network 
equipment and Systems. For example, transmitters 18 and 
receivers 20 deployed in a WDM system can be included on 
a module that also includes Standardized interface receivers 
and transmitters, respectively, to provide communication 
with interfacial devices 25, as well as other transmission and 
processing Systems. 

0041 Interfacial devices 25, such as electrical and optical 
cross-connect Switches, IP routers, ATM Switches SONET 
ADMS, etc., can be used to provide various Signal process 
ing and cross-connect functions at network interfaces. The 
network interfaces occur at the interSection point to point 
links and/or networks. When the interfacial devices inter 
connect point to point links, the network interfaces are in the 
core of an opaque network as shown in FIG. 2. Whereas, the 
interfacial devices 25 connect to the periphery of, or edge, 
of a network, Such as metropolitan, access, regional, 
national, and/or multidimensional all-optical networks as 
shown in FIG. 1. 
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0042. The interfacial devices 25 can be configured to 
receive convert, aggregate, groom, and provide information 
Via Signaling or otherwise in one or more various protocols, 
encoding Schemes, and bit rates to the transmitters 18, and 
perform the converse function for the receivers 20. For 
example, interfacial devices 25 that perform electrical pro 
cessing, Such as electrical croSS connect Switches, IP routers, 
etc., could be used to aggregate STS-1 traffic up to OC-48 
through OC-768 or OC-768 traffic could be dissembled and 
groomed at lower bit rates. 
0.043 Interfacial devices 25 with optical Switching pro 
vide an automated patch panel function interconnecting link 
and network interfaces to provide flexibility in wavelength 
and path assignment for Signal channels traversing the 
interface. It will be appreciated that any Signal can be 
assigned different WDM wavelengths at an interface, which 
is Sometimes referred to as wavelength conversion or 
grooming. Similarly, protection and restoration Switching at 
the interface does not require that the same WDM wave 
length be used on each Side of the interface or path. 
0044) The interfacial devices 25 can have electrical input/ 
output interface that can be connected to other networks or 
interfacial devices 25. In addition, the interfacial devices 25 
can include optical input/output ports, Such as integrated 
WDM transmitters 18 and receivers 20 and/or short, inter 
mediate, and/or long reach optical interfaces, typically oper 
ating in the 1300 nm or 1550 nm range. 
004.5 The interfacial devices 25 also can be used to 
provide protection and restoration Switching in various 
nodes 16 depending upon the configuration. Linear and 
mesh protection restoration Schemes can be implemented 
using the interfacial devices 25. For example, various pro 
tection schemes, such as 2&4 fiber BLSR, UPSR, 1+M, 
M:N, etc. can be used alone or in combination with various 
partial and full mesh restoration Schemes. 
0.046 Various types of optical Switching devices 24, both 
optical Switches and OADMs, can be integrated into the 
network to provide all-optical networking functionality at 
the nodes 16 and the deployment of distance independent 
networks. The Switching devices 24 allow for integrated 
optical Switching, adding, dropping, and/or termination of 
Signal channels from multiple paths 14 entirely in the optical 
domain without the need for receivers 20 and transmitters 18 
to perform electrical conversions, as required when using 
interfacial devices 25 to perform these functions. AS Such, 
Signal channels can optically pass through intermediate 
nodes 16i between the origin nodes 16 and destination 
nodes 16 channels, optically bypassing the need for trans 
mitters 18 and receivers 20 at the intermediate nodes 16i. 
Optical bypass at nodes 16 including Switching devices 24 
provides transparency through the node that allows all 
optical express connections to be established between non 
adjacent origin and destination nodes in a network. 
0047 As depicted in FIG. 1, integrated Switching device 
24 can be deployed at origination nodes 16, and destination 
nodes 16, with transmitters 18 and receivers 20, respec 
tively. The use of integrated Switching device 24 in this 
configuration allows for transmission and reception of Signal 
channels we without terminating the optical path using 
receivers 20 and transmitter 18 as is the case in point to point 
links, as shown in FIG. 2. Thus, transmitters 18 in the 
origination nodes 16 can communicate with receivers 20 in 
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via the optical paths 14 through the integrated Switching 
devices 24 without having to convert information between 
optical signals and electrical Signals merely to pass the 
information through the nodes 16. 
0048. It will be appreciated that signal channels that are 
Switched onto a common path by the Switching devices 24 
from different paths can have different properties, Such as 
optical signal to noise ratio. Conversely, Signal channels 
entering the Switching devices 24 from a common path and 
exiting the devices 24 via different paths may require that the 
Signal channels exit with different properties, Such as power 
level. AS Such, Signal channels may have different Span 
loSS/gain requirements or tolerances within the link 15. 
0049. The Switching devices 24 can be configured to 
process individual signal channels or signal channel groups 
including one or more signal channels. The Switching 
devices 24 also can include various wavelength Selective or 
non-Selective Switch elements, combiners 26, and distribu 
tors 28. The transmitters 18 and receivers 20 can be con 
figured to transmit and receive signal channels dynamically 
through the Switch elements or in a dedicated manner 
exclusive of the Switch elements using various combiners 26 
and distributors 28. The OADMs can include wavelength 
reusable and non-reusable configurations. Similarly, the 
Switching devices 24 can be configured to provide multi-cast 
capability, as well as Signal channel terminations. 
0050. The Switching devices 24 can include various con 
figurations of optical combiners 26 and distributors 28, such 
as multiplexers, demultiplexers, Splitters, and couplers 
described below, in combination with various Switch ele 
ments configured to pass or block the Signals destined for the 
various other nodes 12 in a Selective manner. The Switching 
of the Signals can be performed at varying granularities, Such 
as line, group, and channel Switching, depending upon the 
degree of control desired in the system 10. 
0051. The Switch element can include wavelength selec 
tive or non-Selective on/off gate Switch elements, as well as 
variable optical attenuators having Suitable extinction ratioS. 
The Switch elements can include Single and/or multiple path 
elements that use various techniques, Such as polarization 
control, interferometry, holography, etc. to perform the 
Switching and/or variable attenuation function. The Switch 
ing devices can be configured to perform various other 
functions, Such as filtering, power equalization, dispersion 
compensation, telemetry, channel identification, etc., in the 
system 10. 

0052 Various non-selective switch elements can be used 
in present invention, Such as mechanical line, micro-mirror 
and other micro-electro-mechanical systems (“MEMS”), 
liquid crystal, holographic, bubble, magneto-optic, thermo 
optic, acousto-optic, electro-optic (LiNbO), Semiconductor, 
erbium doped fiber, etc. Alternatively, the Switch elements 
can employ fixed and tunable wavelength Selective multi 
port devices and filters, Such as those described below. 
Exemplary Switching devices 24 are described in PCT 
Application No. PCT/US00/23051, which is incorporated 
herein by reference. 
0053) Optical combiners 26 can be provided to combine 
optical Signal channels W from different optical paths onto 
a common path, e.g. fiber. Likewise, optical distributors 28 
can be provided to distribute optical Signals from a common 
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path to a plurality of different optical paths. The optical 
combiners 26 and distributors 28 can include wavelength 
Selective and non-Selective (“passive”) fiber, planar, and free 
Space devices, which can be polarization Sensitive or insen 
sitive. Passive or WDM couplers/splitters, circulators, dich 
roic devices, prisms, gratings, etc. can be used alone, or in 
combination with various tunable or fixed, high, low, or 
band pass or Stop, transmissive or reflective filters, Such as 
Bragg gratings, Fabry-Perot, Mach-Zehnder, and dichroic 
filters, etc. in various configurations of the optical combiners 
28 and distributors 28. Furthermore, the combiners 26 and 
distributors 28 can include one or more serial or parallel 
Stages incorporating various devices to multiplex, demulti 
plex, and multicast Signal wavelengths in the optical 
systems 10. 
0054 As shown in FIGS. 1 and 2, optical amplifiers 12 
can be disposed along the transmission fiber 14 to overcome 
attenuation in the fiber 14 and proximate the optical pro 
cessing nodes 16 to overcome loSS associated with the nodes 
16, as required. The optical System 10 can include one or 
more amplifier types, Such as various lumped and/or dis 
tributed doped and/or non-linear fiber amplifiers, Such as 
erbium and Raman amplifiers, that can be Supplied locally 
and/or remotely with optical power, as well as other ampli 
fier types, e.g. Semiconductor. The amplifiers 12 can be 
deployed in Serial and/or parallel Stages 12i and in combi 
nation with filters, attenuators, isolators, dispersion compen 
Sating devices, and other signal varying devices, as well as 
add/drop and other optical processing devices, disposed 
between amplifier Stages 12i and before and/or after the 
amplifier 12. Examplary amplifiers 12 are described in U.S. 
Pat. No. 6,115,174, which is incorporated herein by refer 
CCC. 

0055. In addition, the amplifiers 12 can be locally and/or 
remotely controlled using various automatic gain and/or 
power control Schemes depending upon the configuration of 
the system 10. For example, U.S. Pat. No. 6,236,487, which 
is incorporated herein by reference, describes various local 
control Schemes, as well as combination with remote control 
Schemes to control a chain of optical amplifiers. 
0056. As shown in FIG. 3, the optical amplifiers 12 
generally include an optical amplifying medium 30 Supplied 
with power from an amplifier power source 32. Optical 
Signals passing the amplifying medium are optically ampli 
fied by the medium 30 using energy supplied from the power 
Source 32. 

0057. As shown in FIG. 4 and for the sake of clarity, the 
optical amplifier 12 will be described further in terms of an 
amplifying fiber 34 supplied with power in the form of 
optical, or “pump', energy from one or more pump Sources 
36. However, it will be appreciated that optical amplifiers 12 
including other amplifying media 30, i.e., Semiconductor, 
etc., may be Substituted with appropriate modification, as 
previously mentioned. 
0.058. The amplifying fiber 34 will generally be a doped 
fiber and/or a fiber Suitable for producing non-linear inter 
actions, Such as Stimulated Raman Scattering, that can be 
used to amplify optical signals. The optical fiber 34 will be 
Supplied with optical energy in one or more pump wave 
lengths that is used to amplify the signal wavelengths. 
passing through the amplifying fiber 34. One or more 
dopants can be used in the doped amplifying fiber 34, Such 
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as Er, other rare earth elements, e.g., Yb and Nd, as well as 
other dopants. The doped and Raman amplifying fibers 34 
can be distributed as part of the transmission fiber 14, or 
concentrated/lumped at discrete amplifier Sites, and can be 
locally or remotely pumped with optical energy. 
0059) The amplifying fiber 34 can have the same or 
different transmission and amplification characteristics than 
the transmission fiber 14. For example, dispersion compen 
Sating, Zero and non-Zero dispersion shifted, non-dispersion 
shifted (“standard”), polarization maintaining fiber and other 
fiber types can be intermixed as or with the transmission 
fiber 14 depending upon the System configuration. Thus, the 
amplifying fiber 34 can Serve multiple purposes in the 
optical System, Such as performing dispersion compensation 
and different levels of amplification of the Signal wave 
lengths wi. 
0060. The pump source 36 can include one or more 
narrow band or broadband optical sources 38, each provid 
ing optical power in one or more pump wavelength ranges 
designated by center pump wavelengths and including 
one or more modes. The optical sources 38 can include both 
coherent and incoherent Sources, which can be wavelength 
Stabilized and controlled by providing, for example, a Bragg 
grating or other wavelength Selective, reflective element in 
a pig tail fiber of the Source. A portion of the pump power 
can be tapped to an O/E converter and an optical Source 
controller employed to provide feedback control over the 
optical Source. 
0061 Various configurations of combiners 26, as previ 
ously described, can be used to combine pump wavelengths 

for introduction in the amplifying fiber 34. Pump energy 
can be Supplied to the amplifying fiber 34, either counter 
propagating and/or co-propagating with respect to the propa 
gation of the Signal wavelengths wi. It will be appreciated 
that in a bi-directional amplifier 12, the pump wavelengths 

will be counter-propagating relative to signal wave 
lengths in one direction as well as co-propagating relative 
to signal wavelengths in the other direction. 
0062. In the present invention, the gain of each individual 
amplifier 12 in the link 15 is not adjusted to compensate for 
the loSS in an associated Span, i.e., Amplifier GainzSpan 
LOSS. In other words, various spans in the System 10 are not 
operated at transparency, but with a net loSS or a net gain 
depending upon whether the amplifier 12 provides gain that 
is greater than or less than their respective span losses. 
However, the amplifiers 12 in the optical link 15 are oper 
ated, Such that the cumulative gain of the amplifiers 12 
compensates for the cumulative loss in the link 15. Unlike 
prior Systems, each span in the present invention is not 
operated transparently, but multiple SpanS are operated So 
that the cumulative Span is operated transparently. 
0063. By allowing net gain and net loss variations in 
individual spans, but maintaining cumulative transparency, 
over a plurality of spans, the System can be operated using 
optical amplifiers that provide different levels of amplifier 
and System performance, Such as noise figure, gain margin, 
and Spectral gain profile, etc. For example, high gain, high 
noise figure amplifiers can be replaced by lower gain, lower 
noise figure amplifiers, which can improve the performance 
of the System. Net losses incurred in Spans, in which lower 
gain amplifiers were deployed can be offset by operating one 
or more of the other amplifiers to provide a net gain. 
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0064. While various types of optical amplifiers can be 
used in the System as previously described, each type of 
amplifier does not have the same gain Versus other amplifier 
performance characteristics, Such as noise figure, spectral 
gain profile, etc. For example, distributed amplifiers gener 
ally can provide a lower noise figure for a given amount of 
gain than is provided using a concentrated amplifier, assum 
ing comparable levels of amplified Spontaneous emissions 
are produced by both amplifiers. 
0065. The operation of spans with net gain and loss 
effectively creates a virtual amplifier spacing, in which the 
gain of the amplifiers in the plural SpanS is based not on the 
actual span losses in a network. Instead, the gain of the 
amplifiers is established based on required cumulative gain 
required to overcome the cumulative span loSS and various 
type of amplifiers and amplifier gain required to achieve a 
desired level of performance in the System. 
0.066. In various embodiments, two or more of the optical 
amplifiers 12 in the optical link 15 are operated such that the 
Signal power at the output of the amplifier 12 varies from a 
nominal output Signal power. The respective SpanS are 
operated with net gains and losses, while the link 15 is 
operated transparently and the Signal power at the end of the 
link 15 is equal to the nominal output signal power. 
0067. In the present invention, plural spans can be oper 
ated, Such that the nominal Signal power at the input to the 
plural spans can be different from the nominal Signal power 
at the output of the plural spans. For example, if optical 
Signals are transmitted or launched at different nominal 
Signal power than the Signal are received or otherwise 
processed or when varying fiber types are used. In those 
embodiments, cumulative transparency is provided relative 
to the nominal Signal input and output powers. 

0068. As shown in FIGS. 5a and 5b, the maximum and 
minimum signal channel power varies from Span to Span. 
However, at Span n, the Signal power at the output of the 
optical amplifier is at the nominal output Signal power to 
provide cumulative transparency through the plural spans. 

0069. As further shown in FIG. 5b, in various embodi 
ments, the cumulative net gain or loSS can be established and 
monitored, if necessary, Such that the cumulative net gain or 
loSS is constrained between a maximum net gain and a 
maximum net loSS range during transmission. The cumula 
tive range constraints can be used to prevent the Signal 
powers from becoming too high or too low along any Span 
during transmission, while cumulative transparency is main 
tained at the end of the spans. The maximum net gain and 
maximum net loSS values can be set based on various 
factors, Such as optical signal to noise ratio and non-linear 
interaction limits. 

0070. As shown in FIG. 6, in various embodiments 
employing multiple fiber types, it is possible to vary the 
nominal output Signal power depending upon the fiber type. 
The present invention allows for net gain or loSS Variations 
to be propagated through multiple fiber types to more evenly 
control the Signal power profile through a plurality of 
SpanS/amplifiers. 

0.071) While FIGS. 5a-6 depict signal channel power 
profile of a single or average channel along the Span, it will 
be appreciated that each Signal channel W being transmitted 
through the system 10 can have the same or different profile 
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as Some or all of the other channels. For example, in Some 
spans all channels can experience a net gain or net loss of 
Signal power; whereas, in other spans, different channels can 
experience net gain, net loSS, and transparent operation. 
0072 Cumulative transparency can be established as a 
condition to be achieved at the end of the link 15 or at Some 
intermediate point in the link 15 after a plural number of 
spans. Additional rules can be generated to constrain the 
maximum number of spans over which a net gain and/or net 
loss can be maintained in the link 15. 

0073. In operation, signals at the output of each amplifier 
can be at different power levels, which is contrary to prior art 
Systems that provide for constant Signal powers at the 
amplifier output. Each amplifier 12 can be configured to 
operate at a fixed and programmable signal output power Set 
point, which can be manually or automatically Set, either 
locally or remotely, such as via the NMS 24. The system 10 
also can be used with different fiber types that can Support 
different signal power levels within the system 10. 
0074. In practice, cumulative transparency can be taken 
into account in the design of the System 10. For example, it 
may be more desirable to place higher gain amplifiers in 
Some spans to allow lower gain amplifiers in other spans. 
Likewise, various types of amplifiers 12, Such as concen 
trated and distributed doped and Raman fiber amplifiers, can 
be deployed effectively to provide cumulative transparency, 
but not necessarily transparency over every span, or “span 
transparency. 

0075. In addition, the present invention can be used to 
ameliorate the effects of amplifier failures in the system. For 
example, the failure of one or more pump Sources providing 
energy to optical amplifying media can result in degraded 
performance of the amplifier and Overall net loSS for the Span 
or spans in which the failures occur. In the present invention, 
the non-failed amplifiers can provide additional redundancy 
to offset the failure by being configured to operate the 
corresponding spans at a net gain, and, thereby maintain 
cumulative transparency over plural Spans and/or the link. 
0076. In various embodiments, the gain provided by each 
amplifier can be controlled locally using various gain and 
power control Schemes. In addition, control over multiple 
spans can be provided to allow the gain or power Set points 
to be reconfigured manually or automatically via local or 
remote network management to adjust for variations in the 
performance of plural spans, So as to maintain cumulative 
transparency in the System 10. 
0077 Generally, the network management system 22 
provides for management at the network element level and 
at the network level. The network management System 22 
can include Software that is run on dedicated or shared 
processors provided in, for example, Stand-alone or network 
computers, Such as at the network or network element level, 
that access the Software on a fixed or removable dedicated 
or shared memory or data Storage devices, Such as compact 
or floppy discs, hard drives, read-only memory, etc. In 
addition, the NMS 22 can include Software that is resident 
in a central processor memory and executed by the central 
processor, Such as in network elements. 
0078. The present invention can be implemented using 
Software implemented at various levels in the network 
management System 22. For example, the network manage 
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ment System 22 can include a network planning Software 
application that determines the amplifier gain required for 
amplifier 12 provided along the plural spans being planned 
based on the cumulative loss calculated from the individual 
span losses. To further the example, the network planning 
application can Specify the type of amplifier 12 to install in 
the network to provide a desired level of performance and 
cost based on the individual and cumulative Span losses. The 
Selection of amplifiers gb 12 can be governed by various 
rules pertaining to the nominal Signal powers, maximum net 
gain, maximum net loSS, etc. 
0079 Generally, the NMS 22 can include a computer 
readable medium that contains a Set of instruction that when 
executed adjusts the gains amplifier of the optical amplifiers 
provided along the spans to compensate for the cumulative 
loss in the plurality of spans. In addition, the NMS 22 can 
adjust the gain of at least two of the optical amplifiers to 
provide net gain and/or net loSS in those individual spans. 
The instructions can be executable from the network ele 
ment and/or the network levels. For example, the nodes 16 
can include NMS 22 processors that controls the gain set 
points for some or all of the amplifiers 12 in the links 15 
connecting to the nodes 16. In addition, the nodes 16 can 
Send instructions to processors in the individual amplifiers 
via a System Supervisory channel to perform the amplifier 
gain adjustments. 
0080. The impact of cumulative transparency in an all 
optical network, Sub-network, or nodal connection will 
depend upon the variations in Signal characteristics of the 
Signal channels travelling diverse paths. In various embodi 
ments, the maximum net loSS of a span can be defined based 
on various characteristics, OSNR, accumulated dispersion, 
non-linear interactions, etc., as the Signal channels traverse 
the all-optical portion of the network. 
0.081 Cumulative transparency can be extended from a 
Signal channel origin node 16 to the destination node 16 
through one or more transparent intermediate nodes 16, 
when all-optical Switching devices 24 are deployed in the 
intermediate nodes 16. Cumulative transparency can be 
applied on any number of bases from individual channels up 
to all channels in the system 10 over two or more spans 
within a link or one or more linkS. 

0082 Unlike point to point link embodiments, in which 
links are defined by the origination and termination of 
optical Signals, cumulative transparency can be defined 
between any two points in the network. When cumulative 
transparency is defined over multiple links, each link may be 
operated at a net gain or net loSS depending upon the 
characteristics of the linkS. For example, links that include 
larger core fibers may be operated at higher Signal channel 
powers than linkS containing Smaller core fibers. AS Such, 
the Signal channel power launched into one link may be 
different from the Signal channel power exiting the link and 
entering another link. Alternatively, the Signal channel 
power can exit the fiber at the same power as it was 
launched, but the node 16 can be operated at a different 
power level than any of the links connected to the node 16. 
0.083. It will be appreciated that the present invention 
provides for optical Systems with improved performance. 
Those of ordinary skill in the art will further appreciate that 
numerous modifications and variations that can be made to 
Specific aspects of the present invention without departing 
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from the Scope of the present invention. It is intended that 
the foregoing Specification and the following claims cover 
Such modifications and variations. 

What is claimed is: 
1. A method of amplifying optical Signals comprising: 
providing a plurality of optical amplifiers, each config 

ured to provide optical amplification to optical Signals 
to compensate Substantially for a corresponding Span 
loSS along a Span; 

operating at least two of the optical amplifierS Such that 
the optical amplification does not compensate for the 
span loSS and produce one of net gain or net loSS along 
the Spans, and, 

controlling the plurality of optical amplifierS Such that the 
cumulative optical amplification provided by the plu 
rality of optical amplifierS Substantially compensate for 
the cumulative loSS of the corresponding span losses. 

2. The method of claim 1, wherein: 
Said operating includes operating an equal number of 

optical amplifiers to produce a net gain as to produce a 
net loSS. 

3. The method of claim 1, wherein: 
Said operating includes operating a number of optical 

amplifiers to produce a net gain that is not equal to a 
number of optical amplifierS operated to produce a net 
loSS. 

4. The method of claim 1, wherein: 
Said operating includes operating the plurality of optical 

amplifiers to produce a net gain preceding a net loSS. 
5. The method of claim 1, wherein: 
Said operating includes operating the plurality of optical 

amplifierS Such that a net gain is offset by net loSS in 
Subsequent amplifiers. 

6. The method of claim 1, wherein: 
Said operating includes operating the plurality of optical 

amplifierS Such that a net gain is offset by net loSS from 
at least one of the other of Said amplifiers. 

7. The method of claim 1, wherein: 
Said operating includes operating the plurality of optical 

amplifierS Such that net gain offsetting net loSS in at 
least one amplifier is distributed over at least two of the 
other amplifiers. 

8. The method of claim 1, wherein: 
Said operating includes operating the plurality of optical 

amplifierS Such that a net loSS is offset by net loSS from 
at least one of the other of Said amplifiers. 

9. The method of claim 1, wherein: 
Said operating includes operating the plurality of optical 

amplifierS Such that a cumulative net gain does not 
exceed a maximum net gain. 

10. The method of claim 1, wherein: 
Said operating includes operating the plurality of optical 

amplifierS Such that a cumulative net loSS does not 
exceed a maximum net loSS. 

11. The method of claim 1, wherein: 
Said providing includes providing the plurality of optical 

amplifiers configured to provide a cumulative optical 
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amplification that Substantially compensates for the 
cumulative span loSS, when at least one of the plurality 
of optical amplifierS fails. 

12. The method of claim 1, wherein: 
Said operating includes operating all, but at least two, of 

the optical amplifierS Such that the optical amplification 
Substantially compensates for the Span loSS. 

13. An optical System comprising: 
at least one transmitter; 
at least one receiver; and, 
a plurality of optical amplifiers disposed along a an 

optical path between Said at least one transmitter and 
Said at least one receiver to provide cumulative gain 
that Substantial compensate for a cumulative loss of 
Said optical path, wherein at least two of Said optical 
amplifiers provide optical amplification that does not 
compensate for loSS along a span of Said optical path 
and produce at least one of net gain and net loSS along 
the corresponding spans. 

14. The system of claim 13, wherein said at least two 
optical amplifiers produce one of net gain and net loSS along 
the corresponding spans. 

15. The system of claim 13, wherein at least one of said 
optical amplifiers produce both net gain and net loSS along 
the corresponding span. 

16. The system of claim 13, wherein said transmitters and 
receivers communicate with Said optical path Via at least one 
integrated Switching device. 

17. A computer readable medium comprising: 
a set of instructions that when executed perform at least 

the following, 
adjust amplifier gains provided by a plurality of optical 

amplifiers to compensate for a cumulative loSS in a 
corresponding plurality of individual spans, and, 

provides for at least one of net gain and net loSS in 
individual spans amplified by at least two of Said 
optical amplifiers. 
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18. The medium of claim 17, wherein said set of instruc 
tions is executed by a network management System. 

19. The medium of claim 17, wherein said set of instruc 
tions is executed by at least one processor in a network 
management System. 

20. The medium of claim 17, wherein said at least one 
processor includes at least a portion of the computer read 
able medium as memory. 

21. The medium of claim 17, wherein said set of instruc 
tions is executed by a plurality of distributed processors in 
a network management System. 

22. The medium of claim 17, wherein said set of instruc 
tions is executed by a network management System manag 
ing an optical System including Said optical amplifiers. 

23. A method of Selecting optical amplifiers comprising: 

Selecting a plurality of optical amplifiers for a correspond 
ing plurality of span losses to provide a cumulative gain 
that compensates for the plurality of Span losses, and 
wherein at least two of Said optical amplifiers are 
Selected to provide at least one of net gain and net loSS 
relative to corresponding span losses. 

24. The method of claim 23, wherein said selecting 
includes Selecting the at least two optical amplifiers to vary 
System performance. 

25. The method of claim 23, wherein said selecting 
includes Selecting the at least two optical amplifiers to 
reduce cumulative noise figure of the plurality of optical 
amplifiers. 

26. The method of claim 23, wherein said selecting 
includes Selecting the at least two optical amplifiers to 
increase cumulative gain margin for the plurality of optical 
amplifiers. 

27. The method of claim 23, wherein said selecting 
includes Selecting the at least two optical amplifiers to vary 
Spectral gain variations produced by the plurality of optical 
amplifiers. 


