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Model of Temperature Dependence for Gain Shape
of Erbium-Doped Fiber Amplifier

Maxim Bolshtyansky, Paul Wysocki, and Nicholas Conti

Abstract—The problem of modeling the temperature depen- While this approach can be used for a small temperature vari-
dence of erbium-doped fiber amplifier (EDFAs) is important ation, a better approach is needed in order to achieve a good

for multichannel optical WDM systems. A physical model is  5ccyracy for a wide temperature range. Such an approach based
presented in this paper, which could be used to predict the gain the phvsical del will be d | d bel
change under temperature variations for such systems. Some on the pnysical model will be developed below.

of the input parameters for the model are the erbium energy

sublevel density, excitation coefficients from lower sublevels to Il. THEORETICAL MODEL

upper sublevels of erbium ions, and electron distribution over L I

energy levels. It is difficult to measure these parameters. In order ~ Before going into a description of the energy levels of an er-
to use the model for gain shape calculations, some simplifications bium ion in a glass host, consider first a simple system with
are demonstrated. These simplifications lead to two numerical discrete levels. The levels of this system can be degenerate. Let
models, which are shown to be consistent with experimental data a7 pe the concentration of active ions in the media apde the

with reasonable accuracy, and are based only on two spectral s ) L .
measurements for different temperatures. Both numerical models probability of electron to be at level By definition of proba

were tested for the signal band and the 980 nm pump band of a bility
typical erbium-doped fiber.

. . ) L n; = 1.
Index Terms—McCumber’s relation, optical fiber amplification, Z '
optical fiber thermal factors. ¢

1)

If a plane wave with frequency and intensityl propagates
along thez-axis through the medium, its evolution can be de-
scribed by, see, for example, [5]

N a typical WDM system, most components exhibit some g

temperature dependence in loss shape and/or magnitude. 1(z) = Ioc @
Early systems often had enough margin in performanegereq is the gain coefficient defined by
that such changes could be tolerated. However, as systems
evolve toward more wavelengths, higher bit rates and greater g=oulN [nu _ W m} . 3)
distances, such temperature dependencies are no longer ac- W
ceptable. Rare-earth ions such as erbium in a silica host &tereo,; is the stimulated emission cross sectionjs the sta-
generally considered to be insensitive to temperature. Howewigtical weight of theth level, and the electron transition occurs
in a typical erbium-doped fiber amplifier (EDFA), the erbiunbetween the upper level with= « and the lower level with
provides between 15 and 45 dB of gain. The erbium fiber gair= /, separated by an energy differengg; = huv.
compensates for the losses of components placed within théf several energy levels are separated by equal distance
EDFA and also provides the net gain of the amplifier. A 1%hen a summation over all such levels is required

. INTRODUCTION

change in the gain coefficient of the EDF with temperature w;
translates to a 0.3 dB gain difference in a typical EDFA with gy = > oyN {ﬂv e n,} : 4
30 dB of erbium gain. This change is a significant part of the E; —E;=hv I

available margin in an EDFA required to achieve flatness within The initial and terminal energy manifolds that produce gain
1 dB. Hence, the temperature dependence of the erbium igagn EDFA consist of seven and eight broadened levels, respec-
is an important part of the overall temperature dependencetkly. Each level can be further divided into vibration sublevels.
an EDFA. While several authors have recognized the preseigenis paper we use a continuous level density approximation to
and significance of this dependence [1]-{4], no general rule fgescribe each erbium ion manifold. The shape of the level den-
predicting the temperature dependence of a particular EDEfy is not expected to be a function of temperature. Hence, the
has been presented. temperature dependence of an EDF is mainly due to the varia-
Linear extrapolation techniques have been used by severalggh in the occupation probability density within each manifold.
thors [3], [4] to model the temperature dependence of EDFAg, particular, the relative occupation of two levels in thermal
equilibrium follows Boltzmann’s law:
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which satisfies condition (5) is For occupied low manifold, (11) gives

P(E) =exp <_k£T> (D). 6) 9v)=-a= —N/O o(E + hv, E)p(F + hv)P(E)dE.
(13)
Heref(T) is an arbitrary function of temperature, which will be
defined later by satisfying a normalization condition. Becau$¢ere. andF; stand for distributions for upper and lower mani-
each manifold is of finite extent, we can apply the same fund#/d occupied, respectively. Substitution of (8) and (9) into (12)
mental principal as for (1) that the sum of all occupation protsnd (13) gives expression for absorption and emission coeffi-

abilities for all states of the manifold must equal one (assumifgntse andg”

the ion is excited to manifold m). Using that rule and defining o0
the lowest and highest energy levels in the manifold faand a(v) =N - fu(T) '/0 o(E + hv, E)p(E + hv)
EH
m E
- - exp <_k—T> dE (14)
/ " p(E)P(E) dE
EL

() =N - fu(T) - exp (ﬂ)

Rl
= fm(T) / p(E) exp <—k£T> dE=1 (7) kKT

E

r oo E

i . / o(E + hv, E)p(E + hv) exp <——> dE.
wherep(E) is the energy density of states. This equation should 0 kT
be satisfied for all temperatur@and is equivalent to equation (15)

(1) for the continuous level density case. Function(T) is  This set of equations is the basis of our numerical model and
defined by this equation. o _ will be discussed later. Knowledge of the temperature depen-
Suppose that there are two identical manifalénd/, that  gence ofy* ande is very important for calculation of amplifier

is p(E) = p(E — AE) for some energy range, amslE’ is the  performance, because the gain of an erbium-doped fiber can be
distance between those manifolds. Then condition (7) can Sgyressed via these parameters [6]

satisfied if

(v, Inv) 1 dP(v)
— glv, Inv) =
P,(E) = exp <_M> - fu(T) (8) Py d=z
kT =[¢"(v) + a(¥)|Inv — a(v) — L(v) (16)
FE
P(E) = exp <—ﬁ) ~Jl(T) (9) whereL(v) is the background loss of the fiber atidv is the
local inversion of the erbium ions (fraction of ions in the first
and excited state).
Comparison of (14) and (15) gives
Ju(T) = f(T). (10)
. fu (1) AFE — hy
L L ) g ) =al)- cexp| —— ). a7
Of course, the erbium ion level density is different for dif- Ji(T) kT

ferent manifolds and, as a result, (10) is not valid; but, we stiflis expression can be rewritten as
would like to use (8) and (9) for definitions @f, and /. This

is especially valuable in the case that the level densities for the g (1) = a(v) - exp <w> (18)
upper and lower manifolds are not very different, and functions kT
f. and f; are similar.
Equation (4) can be transformed for a continuous erbium ion , Fu ()
spectrum by changing the summation into an integration Byer AE(T)=AE+n <fz(T) ) ’ (19)

substitutinge( F) P(E) for n; and substituting( E+hv)/p( E) o )
Because of logarithmic dependence in ()’ (T") could be

for wi/wji . -
considered constant for moderate change in temperature. More-
°° over for similar manifold structur& £” is close toAE. Equa-
= E E)N |p(FE P(FE . . . . .
9w) /0 (B +hv, B)N | p(E + hv) P(E + hv) tion (18) is known in the literature as McCumber's relation
p(E + hv) [71-[9], though it was derived here using a different method and

o(E) p(E)P(E)| dE. assumptions. This relation has been checked experimentally in
(11) the range from-40°C up to 80 C. The experimental measure-
ments were unable to find any temperature dependenadbf
When only the upper manifold is occupied, the equation yieldn 7'.

It should be mentioned here that the derivations above were
9(v) =g"(v) done under the assumption that all Er ions are identical, that is

:N/Oo o(E + hv, E)o(E + h)Po(E + hv) dE. that they_ ha_\ve identical energy Iev_el de_ns@(;E) and stimu-

0 lated emission cross section In reality this is not completely
(12) true, because each Erion can have a slightly different neighbor-
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hood and thus all equations should be averaged over differant below the temperature region of interest. We made a numer-

ions. However experimental results show that this is a small cacal optimization of these parameters in order to best-fit exper-

rection and one can still use McCumber’s relation (18). As wimental dependencies. The optimdmand?; are to be found

will show later, the numerical model based on (15) also giv€®K and 650K.

good accuracy. Itis interesting to note that for the long wavelength part of the

spectrum, the second (high temperature) termin (21) dominates.

I1l. NUMERICAL MODELS This means that we can neglect the first term for this region. In

In this section we will primary discuss how to use equatiofaCt’ \ive ijaf? evetnlf.u%gefstdropp!ng i_he preexponential multiplier

(14) for “real life” calculations. The general procedure is to firs{cl) get a ditierent kind of approximation

calculatex for a given temperature using (14), then to figid (X, T) = a(X, 0o)elPeN/KT] (24)

using McCumber’s relation (18), and finally to obtain gain

using (16) for a known inversion and background loss. Howev%\‘,hereo‘()" ) andf?f()\) are some functioEs fto b‘:‘ defined q
functions that are needed for absorption calculation inclade Lorr}two ;pe;triatk ! erentjterpperatrl:res.T € actr: ia\twe use
the cross section, and the level density. These are very hard (€ function,(A)/k instead of just the constalt; helps to

orimpossible to measure or calculate. Hence big simplificatioHEprove the precision for a vwder Wavglength range and com-
are needed in order to use the formula. pensates for neglecting the first term in equation (21) and for

A first simplification is in the calculation of;,. We suggest dropping the 1I" preexponential multiplier. A similar formula

assuming that in the normalization condition (7) the level defid" be used for g" approximation

sity p(E) is constant forE > EXand zero otherwise. We use g A, T) = g" (A, co)eld-N/KTT, (25)

here notationZ; instead ofZ,,, to show that we deal with the o

lower manifold. Because the results of the computation shodif#€ fitting parameters,(A, oc) andg*(}, ~) are both tem-

not depend on the location of the energy reference level, one @gfature independent and can be interpreted as the absorption

put B/ = 0. Taking the limit of Z/7 — o one can find that and gain at infinite temperature when all energy levels of each
manifold are equally occupied. The paramet&ss\) ands. ()

fill) = = (20) are expected to capture the thermal occupation probability of
T the initial energy level for the transition at a given wavelength.
wherec is some constant. A second suggestion is to substiti®reover, if McCumber’s relation (18) holds and~’ does not
integration in (14) by a finite summation. Moreover, becaustepend on temperature, then
of the relatively short temperature range of interest (about 100

°C) we would like to keep only two terms in that sum! Thus the (A, 00) = g7 (A, 00) (26)
whole expression can be replaced by a very simple sum
a(\, T) = % (Fl()\) L PURT 4 By - e—Ez/’“T) (1) Ba(A) = Be(N) + AE' — he/A. (27)

Even though the simplified model described by (24) is not as

not of temperaturé’. They are related somehow to cross sectio%OOd as the model described by (2.1) for the ;h_ort _wavelength
range, it has its own advantages. First of all, it is simpler, and

o and level deq3|typ, but this Te'a“"” IS not important rIOWit does not need two additional parametéisand’,. Second,
because we define those functions from actual measurementts.

Given two different spectra, (A) anday(\) at two different it'ls easier to use this mod_el for different erblur_n doped fibers,
when only one spectrum is known for a certain temperature.

temperature¥, and7;, one can derive the following system OfNamer, for different fiber, one can correst\, o) in such a

equations from (21): way that (24) gives correct spectrum at that temperature for the

wherel; (\) andF>(\) are some functions of wavelengthbut

e (V) L) samef,(A) as for our initial fiber. In this way spectra at other
<a ) =V <F I ) temperatures can be estimated. Spectral dependengiesaih

v (1) 2(1) b ) - .
1 1 e estimated by a similar technique.
_G_Tl/Ta _C_TZ/Ta
Ta a

C= 1 1 (22) IV. FITTING RESULTS

e /Ty o, TR/T, . . .
T, T, In order to compare the technique with experimental data, we

. used a typical high aluminum (12 M% Al) silica-based EDF.

can be easily calcu- The absorption and emission spectra were measured via cutback
method at temperaturesi0, —20, 0, 20, 40, 60, 80C for both

F () [ a(v) signal band (1450-1650 nm) and pump band (900-1050 nm).
<F2(l)> = ' < ) The spectra at-40 °C and at 80 C were used as input spectra
for (23). The experimental and fitting spectra of absorption for
and then they can be used in (21) for spectrum evaluation tbe signal band are shown in Fig. 1. Only spectra-40, O,
various temperatures. In additionkp(\) andf»(A), which are 40, and 80°C are shown for better clarity. The experimental
already found, (21) contains two parameté&rsand?;, which curves are solid and fit curves are dotted. The fit is so good that
should be defined. Intuitively, one should tdkeandZ; above it is practically not possible to see the difference between the

whereT; = E;/k. Thus,Fi () and F»(1)
lated

(V)
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Fig. 2. Part of absorption spectrums (solid lines) and fitting spectrums

Fig. 1. Measured absorption spectrums (solid lines) and fitting spectrufg®tted lines) from the Fig. 1 under grater magnifications. New measured and
(dotted lines) at temperatures40, 0, 40, and 80C. fitting spectrums at temperature20, 20, and 60 C are added. Numbers near
spectrums shows temperatures of the fiber at which spectrums were taken.

fit and the measured data. Fig. 2 shows part of the spectrums of
the Fig. 1 under greater magnification. In this figure all seven

spectra are shown. You can see that fit is really good, and it is ]
within experimental measurement error. The spectrum it 4000
and 80°C is perfect because these spectrums were used in (23) 44, ]
Fig. 3 shows the functions} (1) and F>(A) used for the fit-

ting of Fig. 1. Simple physical interpretation is possible for

5000

4500

3000

those functions. Since (21) is a substitution for (14),can be 3 2900 F2

treated as the absorption provided by the low temperature por-“’ 2000

tion of the electron distribution within the erbium ground-state . ] 1

manifold, andF, can represent the high temperature portion. ;

Both F;(\) and F5()\) are found to be positive functions, and ']

their behavior is reasonable for low-temperature and high-tem- 500

perature excited electrons. 0 , : . : : : _ .
As we have mentioned before, the simplified approximation 14580 1500 1650 1600 1650

(24) works well for the long wavelength region of the spectrum wavelength (nm)

but is not as precise as (21) for wavelengths shorter than 1540
nm. To demonstrate this we show in Fig. 4 the same region Rg 3
for Fig. 2, with the fit using the simplified approximation (21).
Again the approximation guaranteed that the spectrad@itand gain parameter plots. The small value of gain in these wave-
at 80°C were exactly fit. The use of different fitting functionslength ranges makes measurements difficult over temperature.
for a( A, o0) andf3, (A) can improve the accuracy of the simpli-At short wavelengths, complete inversion is critical for a good
fied approach if we are interesting only in-240-60°C temper- measurement and may not have been achieved in these measure-
ature range. Fig. 4(b) shows the simplified fit when #+20°C  ments. At long wavelengths, the presence of signal band ESA is
and 40°C spectra were used fei( \, oo) andg, (A) calculation a complication.
instead of—40°C and 80C pair. You can see much better fit The exponential fitting parameters used are shown in Fig. 6.
now. The dashed line is the exponential coefficight\)/k for the

Fig. 5 shows the measured gain coefficient for the same fikassorption while the dotted line is the exponential coefficient
over several temperatures. For simplicity of display only the efitd(A)/k for the gain. We would like to stress that these coeffi-
temperatures are labeled in Fig. 5. Again, only spectrad&, 0, cients were obtained from independent experimental measure-
40, and 80°C are shown for better clarity. The gain coefficientsnents of emission and absorption spectra at different temper-
of Fig. 5 represent the gain measured for a short section of EBfares, and were used in fitting procedure in Figs. 4(b) and 5.
pumped by over 300 mW at 980 nm, as interpreted from the fEhe solid line in Fig. 6 shows the exponential coeffici8nt)),
sultant ASE spectra measured. As such, they show the existewbéch was calculated using formula (27). The good overlap of
of signal-band ESA above 1600 nm and also include losses ptlee solid and dotted lines shows the validity of McCumber re-
duced by fiber scattering and uninverted erbium ions. The sifation (18) and the absence of temperature dependengéinf
plified fit is reasonably good over this temperature range. TI#£8) and (19). In fact, the greatest in accuracy is believed to be
greatest errors occur at the short and long wavelengths in thehe gain measurements that generated the dotted curve. The

Functiond’;, and £ used for fitting procedure.
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Fig. 5. Measured emission spectrums (solid lines) and simplified fitting
(@) spectrums (dotted lines) at temperature0, 0, 40, and 80C.

1

400 A
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Exponential Coefficient (K)
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1450 1500 1550 1600

3.1 y T T T y T T T ; 1 Wavelength (nm)
1500 1502 1504 1506 1508 1510
Wavelenght (nm) Fig. 6. Fit functiong.(\)/k, dashed line; and two versions of fit function
(b) B.(X)/k, solid and dotted lines.
Fig. 4. Two examples of simplified fit. Solid lines are measured absorption 6

spectrums, dotted lines are fitting spectrums. (a) Absorption spectrums
measured at-40 and 80°C were used for fitting parameters calculation;
(b) Absorption spectrums measured-a20 and 40C were used for fitting
parameters calculation.

fact that this curve is not smooth points to measurement error
and not to an error in the theory.

Fig. 7 shows fitting parameter plotg A, co) andg*(\, oo).
Again, according to (26), which is a result of McCumber re-
lation (18), the plots are overlapping with very good accuracy.
These plots both represent the summation of all transitions (ei-
ther upward or downward) when all sublevels of the manifold
involved are equally occupied. Hence, this plot shows the rela- %70 1550
tive strengths of the transitions participating at each wavelength
when the temperature dependence of the level occupation is re-
moved. Fig. 7. Fit functionsx(X, co), dotted line, and* (X, oo), solid line.

Both the original model of (21) and the simplified model of
(25) show much better precision in comparison with the lineéitting parameters for all models. As one can see, the error of the
fit suggestedin [3], [4]. For example, at 1550 nm the model errbinear fit is an order of magnitude higher than the error of other
for 20 °C spectra was 0.25% for the original model, 0.34% fanodels described here. This difference is expected to be even
the simplified model, and 1.7% for a linear fit. Again, the sammore dramatic for wider temperature ranges. As it was men-
pair of spectra (at 40 and 80 C) were used in order to calculatetioned before, a simplified model gives excellent accuracy for

Value at Infinite Temperature (dB/m)

1600
Wavelength (nm)
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Fig. 8. Measured absorption spectrums (solid lines) and fiting spectrufig- 10. Part of the measured absorption spectrums (solid lines) and

(dotted lines) for erbium pump band at temperaturd®, 0, 40, and 86C. simplified fitting spectrums (dotted lines) for erbium pump band at
temperatures-40, —20, 0, 20, 40, 60, and 8C.
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. Fig. 11. Predicted gain shape dependence of an EDFA on temperature. EDFA
Fig. 9. Functiong’; andF: used for fitting procedure for erbium pump band.jg ideally filtered to 25 dB flat gam from 1528-1563 nmZBAt= 20C. EDEA

operates in constant average gain mode (pump adjusts to keep average gain
wavelengths larger than 1540 nm, and only the original mod&f©ss Spectrum constant).
of (21) can be used in order to achieve the best precision for the
other wavelengths. rameters for equation (23). Obtained functiéfig\) and % ()

To complete the picture of the temperature dependence ofae shown in Fig. 9. A simplified fit in the form of equation (24)
EDF, the temperature dependence of the ground-state absatpe works well here, although as in the signal band, the long
tion near 980 nm has been measured. The data measured saeelength band is fit better than the short wavelength band.
standard cutback technique for the fiber treated here is sholig. 10 illustrates this statement by showing part of the fitting
in Fig. 8 (solid lines). The 980 nm pump band parameters ararves under greater magnification. Still, the fit is pretty good.
noisier than those measured in the 1550 nm band because Bhe same logic that was applied above to generate the fitting
much weaker white light source was used for the 980 nm mdarm of either (21) or (24) should also apply to other rare-earth
surements. The errors seen below 950 nm are present becéuse The authors have checked this by measuring and fitting the
the fiber cutoff wavelength is just below 950 nm, which lead tabsorption of Ytterbium in the 800-1200 nm range. The fit, not
excitation of nonfundamental modes in the fiber. In most of thehown here, is excellent across the entire band. The gain param-
wavelength range typically used for EDFA pumping, the pumgter of Yb was not fit because it is much more difficult to mea-
absorption drops as the temperature is increased. Operatiosuae precisely than the erbium gain coefficient. It is possible that
high temperatures is therefore expected to produce a penaltynimther rare-earths, the fit might not be as good. This might es-
noise figure for many EDFA designs. pecially be true of more inhomogeneously broadened ions such

The dotted lines in Fig. 8 represent the fit using (21). The fiis Neodymium. In this case, equation (24) might apply for sub-
is excellent for this data. As in case of the signal band, the mesats of ions but not across all ions, and more terms might be
sured absorption spectra a0 °C and 80°C were input pa- needed in (21). This is an interested area of further research.
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Fig. 12. 9¢/0T for fixed g = 3 dB/m at different wavelengths. The wavelength numbers are shown near correspondent plots.

V. THE USE OF THEMODELS filtered to flatness at the design temperature, SHB is accounted
for in the filter. Since the SHB is a relatively small effect, most

Th llent fit ob d to the f f (21 24) si .
e excellent fit observed to the form of (21) or (24) Slmgf]the temperature dependence should be captured in a homo-

plifies computer modeling of temperature dependent gain in reat t
EDFA. A single room temperature measurement of the gain afigneous treatment.

absorption coefficients of an EDF, combined with the fitting co- _An examplg of th'.s sortof approachiis llustrated in Fig. 11. In
glf case, an ideal filter was assumed at 20C to perfectly flatten

efficients, is all thatis required. From this data, accurate gain a
absorption coefficients can be derived at any temperature. As 25 dB EDFA between 1528 nm and 1563 nm. The EDFA was

plained above, these coefficients are expected to capture the gggymed to maintain the same constant output power (same av-

majority of the temperature dependence of an EDFA. A simp'f'éage gain) by controlling pump power for all temperatures. The

model can then easily compute EDFA performance at an t(_}Fﬁ_sultofFig.11isindependentofEDFAdesign exceptfortherel-
Y Py P y %i&ely small effect of SHB. Fig. 11 clearly shows that an EDFA

perature. Of course, the coefficients shown above are expec b rod t intain flat broad ;
to accurately represent the dependence of EDF spectra onlyq‘ﬁfmo € expected to maintain flatness over a broad spectrum

fibers of similar compositions. However, the authors have on er a wide temperature range. The error is greatest on the edge

observed minor differences for a variety of silica-based, al f the spectrum and is not linear. Reducing the temperature by a

minum-codoped EDFs with a wide range of germanium arﬁ?rtain numberofdegrees has agreater effectthanraisingthetem-

aluminum levels. This might be expected since the Spectrumqlgrature.Thisisexpectedfromthe Boltzmann-like formobserved

self is only slowly dependent on the absolute level of aIuminuFﬂrthe emission and absorption coefficients since this form has a

present. Confirmation of this generalization will be the focugmallerderivative the higherthetgmperature. .
The knowledge of the analytical dependence of the gain

of future work. Even if the data shown here does not gener- Inw. T) in (16 b d 1o find onti
alize to another host, the method certainly does. Hence, at wdfst’ - "% ) in (_ _ ) can be use 0 find optimum parame-
IS for an amplifier. For example, if the amplifier is being

case, capturing the temperature dependence of an EDFA in a dif=, o . . .
igned to maintain gain at a certain wavelength for various

ferent host only requires the measurement of parameters att ‘ th find oot lenath. at which
temperatures. In the simplest case, McCumber’s relation can paiperatures, then one can find opimum wavelength, at whic

used to compute the gain coefficient from the absorption coddn 1S fixed, in such a way that the temperature variation of

ficient so that only absorption at two temperatures needs to gain spectrum IS minimal. Th_|s can be done by finding
measured to predict EDFA performance at all temperatures, S€1vativedg/d1 for fixed g at certain wavelength (3 dB/m for

In reality, the temperature dependence of the spectrum of 3 example), where temperature dependence @ taking

EDFA can often be explored without even running a comple 8theT:]orm Ofthl) and% IS f(t)und via lMc?umbg:j rerllatlonb t
computer model. In particular, many EDFAs operate in such )- The resulting equation is too complex to provide here, bu

manner that pump power is varied to set the gain to the desit,secghe results are shown in F'g,' 12. The numbers_near the plots
icate the wavelength at which gain has been fixed. One can

level. In this case, the fact that average inversion is tempepa- v iud t what lenath th i1 should be fixed |
ture dependentisirrelevant to the spectrum produced. The pu lly judge at what waveleng € gain shou € fixed In
Jer to achieve minimum gain variation within the required

power must be adequate to achieve the desired gain at all t

peratures. Then the spectrum can be computed using (16) %elength range.
the known temperature dependencies. The average inversion can

be determined such that the required gain is achieved at each

temperature. The only effect neglected by this approach is spec¥e have developed a simple theory to describe the tempera-
tral hole-burning (SHB). However, assuming that an EDFA isire dependence of emission and absorption coefficients for er-

VI. CONCLUSION
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bium-doped fibers. McCumber’s relation has been rederived inj4] ——, “Reduction of temperature-dependent multichannel gain distor-
the view of temperature dependence The main assumptlon of tion using a hybryd erbium-doped fiber cascadBEE Photon. Technol.
he th is that th h d he d Lett, vol. 10, pp. 1168-1170, 1998.
the theory Is that t gtempgrature c anges are due to the _epem W. T. Silfvast, Laser Fundamentals Cambridge, U.K.: Cambridge
dence of electron distribution over erbium sub levels on fiber ~ Univ. Press, 1996, pp. 204-205.
temperature. Further simplifications are done to build two nu-[6] C. Giles and E. Desurvire, "Modeling erbium-doped fiber amplifiers,”

ical dels. Th tual ts sh that both J. Lightwave Technalvol. 9, p. 271, 1991.
merical moae S _e actual measurements S_ ow that bo SUQ[?] W. Miniscalco and R. Quimby, “General procedure for the analysis of
gested approximations (21) and (24) work with good accuracy  Er3+ cross sections,Opt. Lett, vol. 16, pp. 258260, 1991.
for both Slgnal and pump bands. Each apprOXImatlon has |t§8] D. McCumber, “Theory of phononterminated Opt|Ca| masef%hys.

d ither i .. . f | Reyv, vol. 134, pp. A299-A306, Apr. 1964.

own a Vantages elther In precision or in ease of use. In conyg , “Theory of vibrational structure in optical spectra of impurities in
junction with McCumber’s relation, the approaches described  solids. Il. Multiplets,”J. Math. Phys.vol. 5, pp. 508-521, 1964.
greatly simplify the computer modeling of EDFAS over temper-
ature while providing unique insight into the physical processes

involved.

Maxim Bolshtyansky, photograph and biography not available at the time of
publication.
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