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(57) Abstract: An optica! fiber amplifier apparatus and optical signal amplification method are provided. In one example, the am-
plifier apparatus ( 100) comprises an optical combiner (120) that is configured to receh e an input optical signal to be amplitied
and a pump light beam. The optical combiner { 120} combines for output the input optical signal and the pump light beam. A first
cladding pumped optical fiber (130) in which Erbium is the only optically active dopant is coupled to the optical combiner to re-
ceive the pump Sight beam and the input optical signal. The first cladding pumped signal and power of the pump light beam is not
absorbed by the first cladding pumped optical fiber ( S 30). A second cladding pumped optical fiber ( 140) is provided that is cou-
pled to the first cladding pumped optical fiber { 130). Erbium and Ytterbium are optically active dopants in the second cladding
pumped optica! fiber ( 140), The second cladding pumped optical tiber ( 140) absorbs power of the pump light beam that was not
absorbed by the first cladding pumped optical fiber (130) to further amplify the pre-amplitied input optical signal to produce an
output amplified optical signal that is a desired ampli fied version of the input optical signal.
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ERBIUM AND ERBIUM/YTTERBIUM
CLADDING PUMPED HYBRID OPTICAL AMPLIFIER

BACKGROUND

{0001} The present invention relates to amplification of optical signals.

[0602]  Erblum/Ytterbium (E/Yb) cladding pumped optical amplifiers are capable of
producing amplifiers with high output powers. It is difficult to make an efficient Frbium (Bo)
only cladding amplifier because of the low pump absorption of Erbium as compared to the high
pump absorption of Er/Yb. Erbium-only single mode arplifiers have extremely good low noise
propesties and can operate at fow input powers. For a low noise, high output power amplifier, a
cominon strategy is to construct a hybrid amplifier consisting of a single mode Er pre-amplifier
followed by a high power Ev/Yb co-doped amplifisr, This type of combination has both the low
noise properties of Er amplifiers and the high outpul power capabilities of Fr/Yh amplifiers.
However, this dual amplifier requires a single mode purop laser for the Fr pre-amp and a
separate high power pump laser for the high power post amplifier. It also requires two
wavelength division nultiplexers for combining the two pump lasers into the amphifier, As g
result, this optical amplifier design is expensive,

[8003]  Iiis desived to provide a lower cost optical amplifier that has many of the good low
noise properties of an Er single mode amplifier and the high output power properties of Er/Yh

amplifiers.

BRIEF DESCRIPTION OF THE DRAWINGS
{0804]  FIG. 1 is a block diagram of a conventional optical amplifier apparatas.
0065}  FIG. 2 shows an example of a cross-section of a single mode optical fiber.
[0606]  FIG. 3 shows an example of a cross-section of @ cladding pumped optical fiber
comprising a single mode core for signal power and a multimede core for pump power.
{0007} FIG. 4 is an example of a block diagram of a cladding pumped hybrid optical

amplifier.



WO 2009/126506 PCT/US2009/039284

{00081  FIG. 5 shows examples of plots of the cutput power of the cladding pumped hybnd
optical amplifier and the output power of the Erbiam only cladding puraped optical fiber first
stage.

{00091  FIG. 6 is another example of a block diagram of a cladding pumped hybrad optical
amplifier.

{00101 FIG. 7 is an example of a plot showing absorption characteristics fur an Ee/Yb-doped
cladding pumped optical fiber.

[6011]  FIG. 8 s an example of a plot showing absorption characteristics for an Er-only
doped cladding pumped optical fiber.

[0012]  FIG 9is a block diagram illustrating examples of deployment options of the cladding
punip hybrid optical amplifier in an optical communications network.

{0013}  FIG. 10 is an example of a flow chart depicting a method for amplifyving an optical

signal.

DETAILED DESCRIPTION
Qverview
{0014}  An optical fiber amplifier apparatus and opticsl signal amplification method are
provided. In one example, the amplifier apparatus comprises an optical combiner that is
configured to receive an input optical signal to be amplified and a pump light beam. The optical
combiner combines for output the tnput optical signal and the pump Hght beam. A first cladding
pumped optical fiber is provided comprising a single mode core in which Erblum (Fr) (and not
Yuerbium {Yb}, for example} is the only optically active dopant, The first cladding pumped
optical fiber s coupled to the optical combiner to receive the pump light beam and the input
optical signal. The first cladding pumped optical fiber pre-amplifies the input optica! signal and
passes the pre-amplified input optical signal and unabsorbed power of the pump light beam. A
second cladding pumped optical fiber is provided that is coupled to the first cladding pumped
optical fiber. The second cladding pumped optical fiber comprises @ single mode core in which
Erand Yb are optically sctive dopants. The second cladding pumped optical fiber absorbs power

of the pump light beam that was not absorbed by the first cladding pumped optical fiber to
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further amplify the pre-amplified input optical signal to produce an outpul amplified optical
signal that is a desired amplified version of the input optical signal.

[0615]  The term “cladding pumped optical fiber” psed hercin is meant to refer to an optical
fiber that comprises 2 single mode core, a first (inner) cladding region and & second {outer)
cladding region. The single mode core guides the optical signal of interest that i< to be amplified
and the first cladding region serves as a multimode core or waveguide that carries/guides the
pumy light beam. An example of 2 cross-section of a cladding pumped optical fiber is described
hereinafter in conjuncion with FIG. 3. Another term for a “cladding pumped optical fiber” ased
in the art is a “singe mode double clad optical fiber”

[8016]  The term “optically active dopant” 1s meant {o refer to those Rare Farth Elements,
such as Er and Yb, which are used in optical fibers for purposes of amplifying an optical signal,
and 18 not meant to include or refer to other dopants used in optical fibers for stractural or other
purposes.  Thus, the term “Er-only” doped cladding pumped optical fiber refers to a cladding
pumped optical fiber it which the only optically active dopant in the single mode core #s Er {and
not Yh, for example). Similarly, the terms “Bo/Yb co-doped” or “Er/Yh-doped” cladding
pumped optical fiber refers to a cladding pumped optical fiber in which both Er and Yb are
optically active dopants in the single mode core.

{00171  Referring first to FIG. 1, a conventional optical amplifier apparates is shown a
reference nurneral 10, The optical amplifier 10 actually comprises two amplifiers connected
together, where one smplifier serves as a pre-amplifier stage and the other amplifier serves as a
post-amplifier stage.

{0018]  The pre-amplifier stage is shown at 20 and comprises an input 22 that receives the
mput optical signal to be amplified. The pre-amplifier stage 20 comprises a single mode pump
laser 26, an optical signal combiner 24 and 2 single mode doped optical fiber 28 As one
example, the single mode doped fiber 28 is Er-doped fiber that does not have a multimode core,
and for example, has only a single mode core.

00191  The post-amplifier stage is shown at 30 and receives as input the output of the pre-
amplifier stage 20. The post-amplifier stage 30 comprises a multimode pump laser 32 and an

isolator-wavelength division multiplexer (IWDM) 34 that also acts as an optical cornbiner @
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combine the input optical signal 10 be amplified from the single mode doped optical fiber 28 and
the multimode optical pump light beam from the laser 32. The combined optical signal produced
by the IWDM 34 1y supplied to an EifYb doped cladding pumped optical fiber 38, and the output
of the cladding pumped optical fiber 36 is essentially the output of the apparatus 10 at the output
port 38,

[o026]  Reference is now made to FIGs, 2 and 3 for a further description of the fibers 28 and
36 used in the apparatus 10, As shown in FIG. 2, the single mode optical fiber 28 comprises a
single mode core 28A surrounded by a cladding region 288, The pre-amplifier stage 20 s 2
single mode amplifier that provides low noise amplification of the input optical signal but not as
much output power as the post-amplifier stage 30, In the single mode amplifier stage 20, the
input optical signal to be amplified and the single mode pump light beam are both coupled into
the single mode core 28A. Thus, in the single mode optical fiber 28, the single mode core 284 33
doped with Er but not Yb and guides both the optical signal and the optical pump beam. For
example, the diameter of the single mode core 28A i3, 1n one example, six microns.

{00211  As shown in FIG. 3, the cladding pumped optical fiber 36 comprises a single mode
core 36A. a first {inner) cladding region 368 and a second (outer) cladding region 36C. In the
cladding puraped optical fiber 36, the single mode core 36A iy co-doped with Fr and Yb and
guides the optical signal. The first cladding region 36B serves as a multimode core or
waveguide that carries/guides the pump light beam. FIG. 3 shows that the first cladding region
36B is shightly smaller than the outside diameter of the cladding pumped optical fiber 36, The
second cladding region 36C merely contains the pump light beam within the first cladding region
368.

{0022}  Referring back to FIG. 1, the cutput of the TWDM 34 goes into the cladding pumped
optical fiber 36, but unlike the configuration of the pre-amphifier 20, the multimode pump beam
from the multimode pumyp laser 32 goes into this secondary multimode wavegaide 368 (FIG. 3)
of the cladding pumped optical fiber 36, which is rather large compared to the single mode core
of the fiber 36. Consequently, the Ee/Yb doped cladding punaped optical fiber 36 can allow for
greater amounts of power in the pump signal than the single mode doped fiber 28, In fact, the

pre-amplifier stage 20 and the post-amplifier stage 30 are sold as separate products, and they e
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ganged together iy order to exploit the advantages that cach of these products has. That is, the
pre-amplifier stage 20 provides low-nolse pre-amplification and the post-amplifier stage 30
provides the high power amplification. For example, the pump power of the single mode pump
faser 26 is, for example, 0.5 watt and the purop power of the multmode pump laser 32 is, for
example, 10 watts, The single mode pump laser 26 in the pre-amplifier stage 20 is much more
expensive than the multimode pump laser 32, This is because the single mode pump laser 32 s
designed to pump light into a relatively small single mode core, e.g., & microns, whereas the
multimode pump laser is designed to pump light into a much larger space, .¢., 103 microns,
{0023} As s known in the art, a single mode fiber can support one fundamenial mode of
light, that i, light of one wansverse mode. By contrast, a mulmode fiber can support more than
ane transverse mode of light, and typically has many modes. Thus, a single mode fiber core 13
used in both the pre-amplifier stage 20 and the post-amplifier stage 30 to carry the optical signal
to be amplified. In the single mode fiber 28, the core is doped with Erbiuvm as the only optically
active. dopant and it is the element that performs the amplification of the optical signal.
However, the first cladding region of the multimode cladding fiber 36 in the post-amplifier stage
30 carvies light of multiple modes and allows light to intersect with the optically active dopants
Er and Yb in the single mode core to achieve the desired absorption and thus amplification of the
mput optical stgnal. The Yb in the fiber 36 absorbs the pump power and wransfers it efficiently to
the Er in the single mode core of the fiber 36 that performs the amphification fanction.

{0024}  Tuming now to FIG. 4, an example of a cladding pumped hybrid optical amplifier is
shown at 100, The amplifier 100 is referred to herein as an “all cladding pumped” apparatus
because it npses two cladding pumped optical fibers spliced or otherwise coupled togsther in
series. The amplifier 100 need not use a single mode fiber like that shown at 28 in FIGs. [ and 2.
The amplifier 100 comprises an inpwt port 102, a multmode pump laser 110, an TWDM
combiner 120, a first cladding pamped opuical fiber 130 followed by a second cladding pumped
optical fiber 148, Fibers 130 and 140 may have a cross-section similar to that shown in FIG. 3.
The output of the amplifier 100 is taken at the cutput port 150, In one example, the optically
active dopant in the first cladding puped optical fiber 130 is Er only (and not Yb). That is, the

stngle mode core of (36A) of the first cladding pumped optical tiber 130 is doped with only oue
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Rare Barth Element as the optically active dopant, that is Er only, On the other hand, the single
mode core (36A) of the second cladding pumped optical fiber 140 is doped with two Rare Earth
Elements as optically active dopants, that is with Er and Yb. The mwultimode pump laser 110
generates a purnp light beam that is coupled t the TWDM combiner 120 by an optical {fiber 112,
(00251 The TWDM combiner 120 bas a first fnput that receives the input optical signal to be
amplified from the input port 102 and a second input that receives the multimode pump fight
beam from the muolttmode pump laser 110, The first cladding pumped optical fiber 130 has a
first end 132 that is connected to an output of the IWDM combiner 120 and a second end 134
that is coupled to a first end 142 of the second cladding pumped optical fiber {40. The second
cladding pumped optical fiber 140 has a second end 144 coupled to the output port 158 to which
the output smplified optical signal 15 provided. The amplifier 100 may be said o consist of a
pre-amplifisr module and a post-amplifier module.  The pre-amplifier modole or section of
amplifier 100 comprises the first cladding pumped optical fiber 130. The post-amplifier module
ar section coinprises the second cladding pumped optical fiber 140,

{0026}  In one example, the second end 134 of the first cladding pumped optical fiber 130 is
fusion sphiced {connected} to the first end 142 of the second cladding pumped optical fiber 140,
However, 1t should be understood that the fibers 130 and 140 may be optically comnected by
other means, such as the use of standard optical copnectors. To this end, the amplifier 100 may
be built from multiple modules or sections, each of which has the relevant components such that
when assembled, an amplifier configaration is created that at least contains a multimode pump
Jaser, a IWDM combiner, a first cladding pumped optical fiber with low output power but low
aoise properties followed by a second eladding pumped optical fiber with higher output power
properties,

{00277  In one example of the amplifier 100, only « single pump, e.g., muhimode pomp laser
110, may be used and furthermore the multimode pumyp laser 110 is much less expensive than
the single mode pump laser (shown at 26 in FEG. 1) As & result, in one form ondy one optical
combiner 15 needed in the amplifier 100, The pump power of the yaultimode pump laser 110 is
only partially absorbed in the first cladding pumped optical fiber 130 but the first cladding

pumped optical fiber 130 has desirable low noise and low input power properties since Er is the
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only Rare Barth Element that serves as the optically active dopant in the single mode core of
fiber 130. Thus, the first cladding pumped optical 130 serves well as a pre-amplifier. On the
other hand, the second cladding pumped optical fiber 140 has muchk higher pump power
absorption {though maybe higher noise) properties than the fust cladding optical fiber 130
because its single mode core is doped with two Rare Earth Elements, Er and Yb, as the optically
active dopants. Therefore, the pump power that dues not get absorbed in the first cladding
puniped optical fiber 130 gets absorbed in the second cladding pumped optical fiber 140, but
only after the optical signal has been pre-aroplified with the low noise propesties of the first
cladding pumped optical fiber 130.

{90281  Another difference between the amplifier {80 shown in FIG. 4 and the conventional
amplificr 10 shown in FIG. 1 is that the first cladding pumped optical fiber 130 in amplifier 100
comprises 4 multimode cladding region that serves to guide the pump light beam, whereas the
first doped fiber 28 in aroplifier 10 is a single mode doped fiber that does not have a multimade
cladding for ransmitting the pump Hght beam down the fiber. Thus, fibers 130 and 140 in the
amplifier 100 are both cladding pumped optical fibers that have a single mode core and a
multimode cladding waveguide region. In addition, the multimode purmp laser 110 supplies the
pump light beam into the optical fiber 112, where the fiber 112 comprises a mudtimods
waveguide region whose diameter is approximately 103 microns, a dimension established by
manufacturers of the multimode purap laser 110, Thus, in order to capture as much of the
multimode pumyp Hght beam power, the dimmeters of the multimode waveguides in the eladding
pumnped optical fibers 130 and 140 of amplifier 100 are substantially the same as the diameter of
the waveguide of fiber 112, For example, the outer diameter of the first cladding egion
{multimode core or waveguide region) of fibers 130 and 140 is approximately 105 microns. It
would not be possible 1o use a single mode Er only doped fiber (shown at 28 i FIG. 1) in place
of the cladding pumped optical fiber 130 of amplifier 100 because the single mode Er-only
doped fiber 28 has a single waveguides whose dimension is, for example, 6 rmicrons; the majority
of the pump power would be lost in such a single mode fiber. Thus, the use of 105 micron
multimode diameter wavegunides for the punp power propagation in the cladding pumped optical

fibers 130 and 140 contributes to overall performance of the amplifier 1, as well a8 making the

-
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amplifier simpler to manufacture. Furthermore, in one example, the furst cladding pumped
optical fiber 130 is approximately 1.5 meters in length and the second cladding pumped optical
fiber 140 i3 approximately 8 meters. By comparison, the single mode fiber 28 in the amplifier 10
is 10 meters long.

{06297  The porformance of the smphifier 100 relies on the low noise and low input power
{but low output power) amplification of the first cladding pumped optical fiber 130 followed by
the high output power of the second cladding pumped optical fiber 140. Reference is now made
to FIG. 5 with continued reference to FIG. 4. FIG. 5 shows a plot at reference numeral 200 that
represents the output power performance of an amplifier comprising ounly the Er-only doped
cladding pumped fber 130 1o be conteasted against the plot 210 that iHlustrates the performance
of the amplifier 100 comprising the Er-only cladding pumped optical fiber 130 and the Ev/Yh co-
doped cladding pumped optical fiber 140, Use of the Er-only doped cladding puraped optical
fiber 130 alone would not provide sufficient outpit power and use of the Er/Yb co-doped
cladding pumped optical cladding fiber 140 alone would provide too much noise. However, the
combination of the two fibers 130 and 140 1o series achieves excellent performance, and i in
fact, nearly the same performance as the amplifier 10 shown in FIG. 1, but the amplifier 100
does not require a much more expensive single mode pump laser and an additional combiner.
{0036}  In one form, the optical amiplifier described herein is an all cladding pumped hybrid
amplifier that can use one multireode pump laser and one optical combiner, The first {e.g., Fr-
only doped) cladding pumped optical fiber 130 has a multimode waveguide core {e.g., 100
microns in diameter) that exhibits low absorption of the pump power. For cxample, the first
cladding pumped optical fiber 130 may absorb approximately three percent of the pump power.
The first cladding pumped optical fiber 130 therefore will have a lot of unabsorbed pump power
that would normally be wasted. However, the pump powsr that is not absorbed in the first
cladding pumped optical fiber 130 s absorbed by the second cladding pumped optical fiber 140
that follows the first cladding pumped optical fiber 130, This unique combination of forward
pumping an Er-only doped pre-amp cladding pumped optical fiber and an Br/Yb-dopad post amp
cladding pumped optical fiber with one pump laser and one optical combiner uses the available

pump power very efficiently and results in a low cost amplifier with good optical properties.
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{60311  The amplifier 100 may be best used in a co-propagating mode in which the optical
signal and optical pump signal from the pump laser are Jaunched in the same direction through
the amplifier 10

{66321 FIG. 6 illustrates an example of a varation to the amplifier 100, and more specifically
a configuration 1o increase the power of the amplifier 100, The amplifier 300 s similar 1o
amplifier 100 of FIG. 2, except that the amplifier of FIG. 6 has two or more mullimode pumg
lasers 31013, 331025, ..., 310(), and a multimode (MM WDM combiner 330, The MM WDM
330 combines the pump beams of the lasers 310(1}-310(n) into a single pump beam that is
supplied to the TWDM combines 120 for combining with the fuput optical signal to be amplified.
The remaining downstream components of the amplifier 300 are the same as the amplifier 100 of
FIG. 2. In the amplifier 300 of FIG. 6, the output power of the amplifier 300 & increased
depending on the mumber of pump lasers used. The output power approximately doubles if twe
pump lwsers are used, triples if three pump lasers are used, ete.  In one example, cach of the
muitimode purap lasers 31(1)-313(n] may be capable of producing a multimode pump hight
heam at a different wavelength, where at least one of the pump lasers 3101} to 310(n} produces
a beam at 980 nm needed for the Er-only doped cladding pumped optical fiber 130, The Er-only
doped cladding pumped optical fiber 130 reguires a pump laser with cutput near 980nm in order
w invert the Er so that it can properly amplify the input signal. The Er/Yh-doped cladding
pumped optical fiber 140 can efficiently use either 940 nns or 980 nm pumyp wavelengths, For
example, the multimode punp laser 310(1) produces a purep light beam at a first wavelength
(e.g., 980 nmj, the multimode pump laser 310(2) produces a pamp light boam at o second
waveiength, {e.g., 940 nm), and so on. There are sumerous optical combiners avatlsble on the
market that may be nsed for the function of the MM WDM 330

{0033]  In another example, the moltimode pump lasers 21H(13-310(n) veed not be configured
or selected to produce punip light beams at different wavelengths. For example, there is & fused
coupler known in the art that can combine from two 1o sy laser pump beams at the same
wavelength, Therefore, in another example, the plurality of multimode puvop lasers 310(13-

310(n) may produce pump light beams at the same wavelengths.

9
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{0034]  FIG. 7 illustrates an example of # plot that shows the absorption for an Ex/Yb-doped
cladding pumped optical fiber 140 and FIG. 6 Hllustrates an example of a plot that shuws the
absorption for an Br-omly doped cladding pumped optical fiber 130. The Ev/Yb-doped cladding
pumped optical fiber 140 absorbs pump power over a large wavelength range.  Even on the low
wavelength shoulder near 940 nm thers iy sufficient absorption. The Hr-ouly doped cladding
pumped fiber 130 needs a pumyp laser that s ouuch closer to the peak absorpton of 976 rum in one
example. Thus, one fiber configuration allows for use of a 940 mm pump laser {e.g., pump laser
31013y and a 980 pump laser {e.g., 310(2).

{00351  Reference is now made o FIG. 9 that illustraies an example of how the amplifier 100
or 300 may be deploved in an optical data distribution network shown at reference numeral 400,
The source optical signal to be distributed is at 402 and may originate at a convol facility or
head-end. There is one instance of the optical amphifier 100 or 300 at the conirol facility location
in the petwork 400 and the output aruplified optical signal is coupled to an optical fiber 405 tha
extends over a desired distance. The amplified output optical signal of this first instance of the
optical amplifier 100 or 300 ov fiber 403 is then split by 2 splitter 410 into multiple branches
shown at 420. At each branch 420), another instance of the amplifier 100 or 300 is deployed to
boost the signal priog to being again sphit by a splitter 410 into muktiple branches 420 for further
distribution.

fon36]  FIG. 101s a flow chant that illustrates an example of & method 300 for amplifving an
optical signal using the technigques described above. At 310, a multimode pump Hght beam is
combined with an input optical sigual o be amplified. At 520, the combined pump light beam
and input optical signal produced at 510 are coupled mto a first Er-only doped cladding pumped
optical fiber that serves as a low noise preamplifier due to the properties of the Er-only cladding
pumped optical fiber described above in connection with FIG. 4. At 520, power of the pump
light beam not absorbed by the Er-only eladding pumped optical fiber is passed out through the
end of the fiber. At 530, the pre~amplified input optical signal and the remaining pump power
{not absorbed by the Er-only cladding puraped optical fiber) is coupled into a second Ei/Yb-
doped cladding pumped optical fiber that servey as a higher output power amplifier due to

absorption properties of the Er/Yb-doped cladding pumped optical fiber. At 530, the pre-

10
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amplified input optical signal is further amplified {post-amplified} to a higher output power. At
540, the optical signal output by the Er/Yb-doped cladding pumped optical fiber is supplied as
the output amplified optical signal.

[0037]  Described above are example embodiments. The concepts described herein may be
embodied in other specific forms without departing from the spirit or essential characteristics
thereof. The foregoing embodiments are therefore to be considered in all respects Hlustrative and
not meant to be limiting,  Accordingly, it s intended to embrace all such alterations,
modifications and varjations that fall within the spitt and scope of @y claims filed in
applications claiming priority bereto inerpreted in accovdance with the breadth to which they are

fairdy, legally and equitably entitled,
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What is claimed 1s:

I AR apparatus comprising:

# fivst optical combiner that §s configured o receive an input optical signal to be
amplified and a pump light beam, wherein the first optical combiner s configured to
combine for output the Input optical signal and the pump Hght beam;

a first cladding pumped optical fiber having a first end and a second end, the first
end configured to couple to the output of the first optical combiner, wherein the only
optically active dopant in the first cladding pumped optcal fiber is Erbium only and the
first cladding pumped optical fiber outpats at the second end a first amplified optical
signal together with power of the pump light beam not absorbed by the first cladding
pumped optical fiber; and

a second cladding pomped optical fiber having a first end and o second end, the
first end configured 1o be coupled to the second end of the first eladding pumped optical
fiber, wherein Erbium and Yiterbiure are the optically active dopants in the second
cladding punped optical fiber and the second cladding pumped-optical fiber absorbs
power of the pumnp light beam not absorbed by the first cladding pumped aptical fiber to
further amplify the first amplified signal and produce an output amplified opucal signal
that 18 a desired amplified version of the miput optical signal.

2. The apparatus of claim 1, wherein each of the first and secound cladding pumped
optical fibers comprises a multimods waveguide region that has a dicameter that is substantially
equal to a diameter of an optical fiber that couples the pump Light beam to the first optical
combiner.

3. The apparatus of claim 1, and further coraprising ¢ pump laser that produces the
pump light beam, and wherein the pump light beam s a multimode pump hight beam.

4. The apparatus of clain 1, and further comprising & plurality of pump lasers each
of which outputs a multimode pump light beamy, and a second optical combiner that combines the
plurahity of muliimode pump light beams to produoce the pump light beam that is coupled to the

first optical combiner.
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5. The apparatus of claim 4, wherein each of the plurality of pump lasers outputs a
corresponding roultimode pump light beam at & different wavelength.

&, An apparatus comprising:

a first optical combiner that is configured to receive an input optical signal to be
anylified and a nudtimode pump light beam, and wherein the first combiner 15 configured to
combine for output the fnput optical signal and the multimode pump light beam;

2 first cladding pumped optical fiber having a first end and a second end, the first end
configured to couple to the output of the first optical combiner, wherein Erbium is the only
optically active dopant in the fist cladding pumped optical fiber and the first cladding pumped
optical {iber pre-amiplifies the input optical signal and outpuis at the second end 2 pre-amplified
optical sigral and power of the multimede pump light beam that is not absorbed by the first
cladding pumped optical fiben;

a second cladding pumped optical fiber having a first end and a second end, wherein the
first end of the second cladding puraped optical fiber is configured o be sphiced to the second
end of the first cladding pumped optical fiber, wherein Erbinm and Yitterbium are optivaily
active dopants in the second cladding pumiped optical fiber and the second cladding pumped
optical fiber absorbs power of the multimode pump light beam vot absorbed by the first cladding
pumped optical fiber and further amplifies the pre-amplified optical signal to produce an owtput
ampiified optical signal that is a desired amplified vevsion of the input optical signal.

7. The apparatus of claim 6, wherein each of the first and second cladding pumped
optical fibers comprise a roultimode waveguide region that has a diameter that is substantially
equal to a diameter of an optical fiber that couples the optical pump signal fron: the first pump
laser 1o the first optical combiner.

8. The apparatus of claim 6, and further comprizing a multimode pump laser that
produces the mltimode pump light beam that is coupled to the first optical combiner.

3 The apparatus of claim 6, and further comprising a plurality of multimode pump
fasers each of which cutputs @ multimods pump light beam, and a second oplical combiner that
combines the plurality of pump light beams to produce the pump light beam that is coupled to

the first optical combiner,
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10, The apparatus of claim 9, wherein each of the plurality of muitimode purap lasers
outputs & corresponding multimode punyp light bearn at a different wavelength.

. Asethod comprising:

optically combining an input optical signal to be amplified and 3 pump light beam and
coupling the same into a first cladding pumped optical fiber in which Erbium is the only
optically active dopant such that the first cladding pumped optical fiber pre-amplifies the input
optical signal and outputs power of the pump light beam not absorbed by the first cladding
pumped optical fiber and a pre-amplified optical sigeal; and

post-amplifying the pre-ampiified optical signal with a second cladding pumped optical
fiber that in which Erbiom and Ytterbivm are optically activate dopants such that the seconsd
cladding pumped optical fiber absorbs power of the pump light beam not abzorbed by the first
cladding pumpad optical fiber to further amplify the pre-amplificd optical signal and produce an
output ampiified optical signal that is a desired amplified version of the input optical signal.

12, The method of claim 11, wherein the pump light beam is & multimode pump light
beam.

13, The method of claim 11, and further comprising combining a plarality of
multimode pump light beams to produce the pump light beam that is combined with the input
optical signal to be amplified.

14, The method of claim 13, wherein each of the plurality of multimode pump light
beams 1s at a different wavelength,

15, An apparatus comprising:

an optical connbiner that is condigured to receive an input optical signal to be amplified
and a pump light beam;

a first cladding pumped opticat fiber doped fn which Exbium is the only optically active
dopant that is coupled to the optical combiner to receive the pump light beam and the input
optical signal, wherein the first cladding pemped optical fiber pre-amplifies the nput optical
signal and passes the pre-amplified input optical signal and power of the pump light beam not

absorbed by the first cladding pumped optical {iber; and

i4
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# second cladding pumped optical fiber that is coupled 1o an end of the first cladding
pumped optical fiber, wherein Erbium and Ytterbium are optically active dopants in the second
cladding pumped optical fiber so that the second cladding pumped optical fiber absorbs power of
the pump light beam that was not absorbed by the first cladding pumped optical fiber to further
amplify the pre-amplified input optical signal in order to produce an output amplified optical
signal that is a desired amplified version of the input optical signal.

16, The apparatus of claim 15, wherein each of the first and second cladding pumped
opticai fibers comprises a multimode waveguide region that has a diameter that is substantially
equal to a diameter of an optical fiber that couples the pump light beam to the first optical
combiner.

17. The apparatus of claim 13, and further comprising a pump laser that produces the
pump tight beam, and wherein the pump light beam 15 a multimode pump light beam.

18.  The apparatus of claim 15, and further comprising a plurality of pump lasers each
of which outpuis a multimode pump Hght beam, and a second optical combiner that combines the
plurality of multimode pump light bearos to produce the pump lght beam that is couplad 1o the
first optical combiner.

13, The apparatus of claim {8, wherein zach of the plurality of pump lasers outputs a

corresponding multimode punp light beam at a different wavelength.
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[COMBINE MULTINODE PUP LiGHT BEAM WITH iveur] 10
OPTICAL SIGNAL TO BE AMPLIFIED ~

‘COUPLE IPUT OPTICAL SIGNAL AND PUMP LIGHT BeaM iwTo | 20
AFIBST Er-OHLY DOFED CLADDING PUNPED 1/
GPTICAL FIBER T0 PERFORH LOW NOISE PRE-AMPLIFICATION

500 3

COUPLE OUTPUT OF Er-ONLY DOPED HIBER T 4 SECOND | 530
E/Yb-DOPED CLADDING PUMPED OPTICAL FIRER |
TO FERFORI HIGHER GAIN (POST) ANPLIFICATEON

SUPPLY QUTPUT OF Er/¥b-DOPED CLADDING PUMPED S?D
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