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Abstract—In this paper, we introduce a different approach of
previously reported method to determine absorption and emission
cross-sections (σa and σe), and dopant concentration in Erbium doped
optical fibers (EDOFs) with low background loss (α). We call this new
method as variant input single cutback method (VISCM). There is
technical similarity between VISCM and conventional cutback method
(CCM) for determination of cross-sections, but in former pump and
signal powers are not used together. We numerically verify the effect of
different parameters such as input power, background loss, and EDOF
amplifier cutback length on the cross-sections using VISCM and CCM.
We also present the simulation results of maximum gain and optimum
length using obtained cross-sections by two methods. We show that the
VISCM presents more accuracy than that of CCM in any conditions.
In the presence of α, both CCM and VISCM give not actual but pseudo
values for the σa and σe. Using pseudo parameters values obtained by
VISCM for α < 10 dB/km, the error of maximum gain and optimum
length of designed EDOF is shown negligible.
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1. INTRODUCTION

There are several devices based on Erbium doped optical fibers
(EDOFs) such as optical sensors [1], lasers, and optical amplifiers [2, 3].
To design and improve such devices, we need to know the main
parameters of EDOFs. Absorption and emission cross-sections [4],
dopant concentration and distribution in the fiber core, background
loss (α), and steady-state lifetime are the main parameters of the
EDOFs. The main technique for measurements of the σa and σe

without co-dopants can be performed by a theoretical method called
as Judd-Ofelt [5–7] that is based on atomic level structure. Using
Fuchtbauer-Ladenburg equations enables us to evaluate experimentally
the steady-state lifetime of the EDOFs, which is an accurate but
costly method [2, 8, 9]. Conventional cutback method (CCM), which is
a simple and low cost technique, can be also used to evaluate the
σa and σe of the EDOFs [2, 10, 11]. Dopant concentration can be
determined using small angle X-ray scattering study [12], scanning
electron microscopy or X-ray diffraction methods [13]. The value of α
can be measured by the step function method [14], CCM [2] and Zech
technique [15–17].

Recently, we have reported experimental techniques for simulta-
neous measurement of the σa, σe and α in lossy DOFs [18–20] and
low-loss (< 10 dB/km) EDOF [21]. In the present paper, with an aim
of theoretical comparative studies of our proposed technique and the
CCM, we will utilize the same method but with a different approach
to evaluate simultaneously the σa, σe and dopant concentration in low-
loss EDOFs, which is based on variant input power, hence the name
variant input single cutback method (VISCM). The advantage of im-
plementing our model is that the pump power is not required, as σa and
σe are almost obtainable with a mono-beam operation of the EDOF at
any wavelength. But to evaluate σa and σe by CCM, the pump power
must be used. In our comparative studies, we choose a low-loss DOF
such as Erbium DOF and show that our model has more accuracy than
CCM in evaluating σa, σe, and the gain of an EDOF. In addition, the
analysis show that our model has a good agreement with the actual
values of the maximum gain and optimum length of the EDOF with α
less than about 10 dB/km.

Moreover, while using our model to characterize an EDOF with a
low value of α, contrary to CCM, we need not to determine α of the
sample, which in turn makes the rate equations simple. The proposed
characterization models are simple and low cost that can have an
advantageous use in measuring tasks of the EDOF characteristics in
manufacturing process. We note that both methods VISCM and CCM
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do not give actual values of the EDOF parameters.

2. CROSS-SECTIONS MODELS USING CCM AND
VISCM

In our previous report using VISCM [21], a mono-beam propagation
was used for determination of cross-sections in a low loss EDOF, but in
using CCM, a double-beam propagation is used for the same purpose.
The models of σa, σe, and the dopant concentration (Nt) using VISCM
were obtained as [21]:
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where P11, P12 and P21, P22 are the measured output powers of EDOF
for full length and cutback length, respectively, for input powers varied
twice, using Figure 3 in Ref. [21].

We note that for measuring Nt, the input signal should be at
980 nm.

For determination of cross-sections using CCM, the pump is
turned on and the output power is measured as Pp1, then the pump
is turned off and corresponding power at the same point is measured
as Ps1. In the second step, a small fiber length L is cutback and the
signal powers are measured as Pp2 and Ps2 when the pump is on and
off, respectively.

In a single mode EDOF, assuming unsaturated condition and the
negligible value of α, the value of σe is obtained at high pump regime
and σa is obtained from signal loss coefficient (αl) in the absence of
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pumping as follow [3]:

σe (λs) =
gs

Nt Γ
=

log (Pp1/Pp2)
Nt L

(4)

σa (λs) =
α`

Nt Γ
= − log (Ps1/Ps2)

Nt L
(5)

where Γ = 1 − exp(−2R2/ω2) is overlap factor of a step index
single-mode fiber (SMF) [22], where R is radius of constant Erbium
distribution in the core of the DOF, which is approximated to core
radius (r), and ω is the spot size, which is defined as a function of
V-parameter of the fiber as ω = r (0.65 + 1.619/V 1.5 + 2.879/V 6) [23].
The value of Γ factor for the SMF is nearly unity.

3. SIMULATION RESULTS AND DISCUSSIONS

For theoretical determination of σa and σe values in a lossless EDOF
at a given wavelength, we must extract the output responses using
formulation of each method. In the present paper, we choose an
Al/P/Er-DOF as a sample for comparative characterizations using
VISCM, CCM, and Fuchtbauer-Ladenburg (FL) approach. Our
intention in the comparative studies of the sample is to show that
the results obtained by VISCM and CCM are not actual values rather
pseudo ones whereas the results pertaining to FL approach [4] would be
actual measured values. We remind that α term is not included in the
FL approach, hence the reason of referring the results of FL approach
as actual ones is justified in our analysis. Finally, we will show that
the pseudo values of our proposed method VISCM are closer to the
actual values than that of CCM.

In VISCM for the sample Al/P/Er-DOF, we take input powers
of 4 and 7 mW at lengths Z0 = 0.9m and Z1 = 0.4m to simulate the
output powers, using Eq. (4) at given wavelengths. By using results
of Eqs. (1) and (2), the values of σa and σe in the lossless sample
are obtained and depicted in Figure 1. As shown in this figure, the
obtained values of cross-sections are the same as the actual values of
FL approach, as we expected, because we used exact form of mono-
beam propagation [15, 24]. The required parameters for the simulation
are selected from Table 1.

To simulate the results of CCM in a similar condition as above,
the rate equations [21, 25] are solved by Runge-Kutta method [26] with
signal and pump powers assumed as 4 mW and 50 mW, respectively.
The obtained results are used in Eqs. (4) and (5) to simulate σa and σe

of the sample, assuming λp = 980 nm, as illustrated in Figure 1. As it
is shown in this case, the values of cross-sections obtained by CCM are
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(a) (b)

Figure 1. Simulated values of (a) σa and (b) σe of lossless Al/P/Er
DOF using VISCM and CCM. The actual values of the σa and the σe

are indicated by FL approach.

lower than the actual values obtained by FL approach in the lossless
condition whereas the results obtained by VISCM coincide with the
actual curve, hence more accuracy resulted by VISCM.

As mentioned previously, the cross-sections are obtained using
Eqs. (1), (2) based on a lossless EDOF, which was extracted from
mono-beam equation. Since in practice, a lossless EDOF does not
really exist, then for simulation we should insert α term in propagation
relation to evaluate its effect on the output powers for final assessments
of the cross-sections using Eqs. (1), (2).

Therefore, the output power variations versus the length of a lossy
EDOF is [15, 24]:

∂P

∂z
= −αer

1
1 + P/Psat

P − αP (6)

where αer is the Erbium absorption coefficient. Eq. (6) has analytical

Table 1. Parameters values for simulation of Al/P/Er-DOF.

Al/P/Er-DOF Parameters [4]
λp = 980 nm λs = 1530 nm λs = 1550 nm

σp
a = 5.6× 10−25 m2 σs

a = 6.5× 10−25 m2 σs
a = 2.7× 10−25 m2

σs
e = 5.9× 10−25 m2 σs

e = 3.6× 10−25 m2

r = 2.6µm; τ = 10ms; Nt = 1025 ion/m3
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(a) (b)

Figure 2. (a) The pseudo dopant concentration, (b) the pseudo σa

variations of Al/P/Er DOF using VISCM.

solution [15], but in this paper we solve it by Runge-Kutta method [26]
at a given wavelength. By using 980 nm as input wavelength, the
variations of output power at the same lengths Z0 = 0.9m and
Z1 = 0.4 m (as in Figure 1) for input power of 4 and 7 mw for different
values of α are determined. The determined output powers are utilized
in Eqs. (1), (2) and (3) to evaluate the variations of σa at 980 nm and
dopant concentration in a lossy EDOF. When α in EDOF increases,
the σa value will decrease linearly whereas the dopant concentration is
increased, as shown in Figure 2.

It is noted that by including α in the mono-beam equation
(Eq. (6)), the effect of the loss reflects itself in the obtained values
in Figure 2, resulting in no actual values for the σa and the dopant
concentration.

To differentiate the parameters values obtained from Eq. (6) and
mono-beam relation, for lossy and lossless conditions, respectively, we
term the results from Eq. (6) as pseudo parameters values, i.e, pseudo
cross-sections and pseudo dopant concentration. Here, as in cases of
Eqs. (1)–(3), by the prefix pseudo we mean not actual.

By solving Eq. (6) at a given wavelength and then using Eqs. (1)
and (2) the values of σa and σe are determined. In Eqs. (1) and
(2), we can replace the dopant concentration either by its actual or
pseudo value. For actual and pseudo values of dopant concentrations,
the corresponding variations of σa and σe are depicted in Figure 3 at
1550 nm and 1530 nm. In addition, by inserting a value for α in rate
equations [21, 25], the variations of signal power in presence of α is
obtained. Now, based on CCM procedure for determination of σa and
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(a) (b)

Figure 3. Variations of (a) pseudo σa and (b) pseudo σe as functions
of α in Al/P/Er DOF at 1530 and 1550 nm using VISCM and CCM
with pseudo and actual dopant concentrations.

σe, the values of the pseudo σa and the pseudo σe at 1550 and 1530 nm
in presence of α are obtained from Eqs. (4), (5) and are shown in the
same Figure 3.

As observed in Figure 3(a), using VISCM at 1530 nm and
1550 nm, the pseudo values of σa for actual and pseudo values of Nt

monotonically decrease to minimum values when α = 0.19 dB/m and
α = 0.13 dB/m, respectively, and then increases for actual Nt, while
almost remain constant for pseudo Nt. For the higher α, by using
actual Nt (solid curve), the value of pseudo σa at 1530 nm is the same
as actual one at α = 1.03 dB/m whereas at 1550 nm the value of pseudo
σa equals actual one at α = 0.75 dB/m.

As shown in Figure 3(b), as α increases, the pseudo values of σe

decrease using actual Nt, while using pseudo Nt, the pseudo values
of σe tends to a constant value. When using actual value of Nt, the
pseudo values of σe are less than the case of using pseudo value of
Nt. Using actual Nt in VISCM to determine pseudo σe at 1530 and
1550 nm for α greater than 0.55 and 0.36 dB/m, respectively, the values
of pseudo σe become negative, as shown in Figure 3(b), indicating that
this method is only valid for α < 0.36 dB/m.

We note in Figure 3, when α increases, using actual value of Nt

would give high error in determination of the cross-sections, where in
case of pseudo σe, the error is more. So in comparison of using pseudo
and actual Nt to determine pseudo cross-section, the pseudo value of
Nt is preferred.
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Using CCM to determine the cross-sections, by increasing α in
the sample, the value of the pseudo σa increases while the value of the
pseudo σe decreases, as noted in Figure 3. In a comparison of VISCM
with CCM, at the lower values of α, the VISCM shows that the pseudo
values of the cross-sections are more closer to actual ones than in case
of the CCM. At the higher values of α, the two methods have results of
nearly equal errors. So at high α, the two methods have no superiority
on each other. The actual values of σa and σe at 1530 and 1550 nm
are presented in Table 1.

In CCM, not only the presence of α in the sample affects on the
pseudo values of cross-sections but also other input variables such as
input signal power would affect on the parameters values. For example,
when the input signal power increases, the pseudo value of σa and σe

will change and go farther than actual ones, as illustrated in Figure 4.
Therefore, in practice, the value of input signal power must be very
low to increase the accuracy of experiment when using CCM.

The effect of input pump power, on the result of CCM
determination of σe with α = 10 dB/km is shown in Figure 5. The
value of σe will increase up to the actual value when the pump power
increases as compared with data in Table 1. Therefore, in a practical
case, for a high value of the pump power, the value of σe will be closer
to its actual value. It is noted that for determination of the σa using
CCM, the pump power is turned off, hence no effect of pump power is
envisaged on the σa.

Variations of σa and σe with respect to input signal power change

(a) (b)

Figure 4. Variations of (a) pseudo σa and (b) pseudo σe as a function
of input signal power in Al/P/Er DOF at 1530 and 1550 nm using
CCM.
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∆P using VISCM are depicted in Figure 6 at two wavelengths for
actual and pseudo dopant concentrations, where ∆P = Pin2 − Pin1.
We note that when using VISCM, the values of σa and σe are not
affected by input signal power as compared with CCM.

Another influential factor on results of both the measuring
methods is the EDOF cutback length. The variation of output results
of VISCM by increasing EDOF cutback length are shown in Figure 7
at 1550 and 1530 nm for a lossy EDOF. As observed from Figures 7(a),
7(b), 7(c), by increasing the EDOF cutback length, the pseudo pump
σa(= σp

a), pseudo signal σa(= σs
a) and the pseudo signal σe(= σs

e) tend

Figure 5. Variation of the pseudo σe as a function of pump power in
Al/P/Er DOF at 1530 and 1550 nm using CCM.

(a) (b)

Figure 6. Variations of (a) the pseudo σa and (b) the pseudo σe as
a function of input signal power change in Al/P/Er DOF at 1530 and
1550 nm using VISCM with actual and pseudo dopant density.
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(a) (b)

(c) (d)

Figure 7. Variations of pseudo (a) pump σa, (b) signal σa, (c)
signal σe, and (d) dopant concentration with respect to EDOF cutback
length using VISCM. Input wavelength = 1550 nm and 1530 nm and
α = 10 dB/km, input power = 4mW.

to constant values, approaching the actual ones at cutback length of
1m, 2 m, and 2m, respectively. So in using input power of 4 mW, the
best EDOF length for cutback is about 2 m. In Figure 7(d), dopant
concentration approaches to a constant value for EDOF cutback length
of about 1 m.

Similar to Figure 7, the effect of EDOF cutback length for CCM is
also simulated, as illustrated in Figure 8. As observed in Figures 8(a),
8(b), by increasing the cutback length the pseudo values of the σa

at pump and signal wavelengths are increased while the pseudo value
of σe at signal wavelength is decreased, as shown in Figure 8(c). By
increasing the EDOF cutback length, the pseudo values of σa improve
to the actual values whereas the pseudo value of σe keeps away from it.
So deciding to introduce a proper EDOF cutback length is not straight



Progress In Electromagnetics Research B, Vol. 23, 2010 157

forward in CCM, because for σe short cutback length and for the σa

longer cutback length is suitable to obtain actual values.
Now we want to see that how different are the pseudo gain and the

optimized length of the EDOF, obtained from pseudo cross-sections by
VISCM, CCM, and the corresponding results yielded by FL approach.
To illustrate the actual gain, we assume α is practically present and the
rate equations are solved for the cross-sections which are resulted from
FL approach. However, we noted previously that α in the formulations
of VISCM and CCM was not considered, but in practice its presence
would affect the cross-sections. Similarly, for determination of pseudo
gain by VISCM and CCM, the rate equations are solved without α
using pseudo cross-sections. Moreover, we note that in VISCM, pseudo
concentration is used instead of the actual one.

Using the actual- and pseudo-values of σs
a, σp

a and σs
e from Figure 3

at λs = 1550 nm and λp = 980 nm, respectively, and the corresponding
dopant concentrations, the actual- and pseudo-values of the gain are
obtained in terms of EDOF length for different values of α. The results
of the simulation for VISCM and CCM are plotted in Figures 9(a) and
9(b), respectively.

Here, for the plot of pseudo gain of CCM, first by using rate
equations [21, 25], the value of σa at 980 nm is obtained when only
pump is on. In other word we use 980 nm as signal wavelength. In
this simulation, we have taken actual Nt = 1×1025 ion/m3, τ = 10 ms,
and αs = αp = α (Variant). Like in previous cases, in our analysis,
we have called all the gains obtained from any techniques as pseudo
gains, which differ from actual ones.

In Figure 9(a), the values of pseudo gains obtained from VISCM
are close to actual ones as compared with Figure 9(b), which is
determined from CCM. As shown in Figure 9(b), for any α values
(i.e., α = 10, 50, 100 dB/km), the pseudo gain becomes about 15 dB
lower than that of actual ones. But in Figure 9(a) using VISCM the
pseudo gain shows lower error than that of CCM. So use of CCM to
measure σa and σe is not recommended, because of high error in the
gain.

More investigations are carried out on the effect of α of EDOF
on the maximum differences between the actual and pseudo gain
values given by ∆Gmax = Gmax(pseudo) − Gmax(actual) and the
corresponding difference in the optimized EDOF length expressed
as ∆Lopt = Lopt(pseudo) − Lopt(actual). The results of VISCM
are illustrated in Figures 10(a) and 10(b) for two signal wavelengths
1530 nm and 1550 nm, respectively.

When α of EDOF increases, the maximum difference between the
actual- and pseudo- gain values and the corresponding difference in the
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(a) (b)

(c)

Figure 8. Variations of pseudo (a) σp
a, (b) σs

a, (c) σs
e with respect

to EDOF cutback length using CCM. Input wavelengths = 1550 nm
and 1530 nm and α = 10 dB/km, the pump power = 50 mW and signal
power = 4 mW.

optimized EDOF lengths ∆Lopt will increase. The difference ∆Gmax

and ∆Lopt for shorter signal wavelength are higher. For instance, at
α = 80dB/km, and 1550 nm, ∆Gmax is about 0.9 dB and ∆Lopt is
1.2m long while at 1530 nm they are 1.2 dB and 1.6 m, respectively.

Similarly, the variations of ∆Gmax and ∆Lopt with respect to α
using CCM, are depicted in Figure 11 for both 1550 nm and 1530 nm.
As shown in Figure 11(a), the effect of α growth on ∆Gmax beyond
about 10 dB/km is almost constant. We note that the use of the cross-
sections obtained by CCM to design amplifier, creates about 10 dB/km
error in determination of gain, and the value of optimum length is more
than 7 m longer than the actual one.

In Table 2, the calculated error % of maximum gain
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(∆Gmax/Gmax(actual) × 100) and error % of the optimum length
(∆Lopt/Lopt(actual)×100) of EDOF using VISCM and CCM are com-
pared. It is observed from Figure 9(a) that for α up to 10 dB/km, the
differences between the actual and pseudo gain values are negligible.
However, when α in the EDOF amplifier increases, the pseudo gain
value becomes less than the actual value.

In most recent EDOFs in the market, α value is limited to
10 dB/km [27, 28]. At this α value, the maximum difference between
the actual and pseudo gain values is about 0.2 dB, as shown in Figure 10
for VISCM, and the optimized length difference of the EDOF amplifier

(a) (b)

Figure 9. Variations of pseudo- and actual gains of Al/P/Er DOF
amplifier for different values of α using (a) VISCM, (b) CCM. PG
stands for pseudo gain.

(a) (b)

Figure 10. (a) Maximum difference between actual and pseudo gain
values and (b) corresponding optimized EDOF length at 1530 and
1550 nm using VISCM.
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Table 2. Comparison of calculated error % of VISCM and CCM.

Max. gain/Opt. length

Error % at 10 dB/km

VISCM with:
CCM

Actual Nt Pseudo Nt

Max. gain at 1550 nm 1.49% 1.62% 67.40%

Max. gain at 1530 nm 1.40% 1.57% 73.31%

Optimum length

At 1550 nm
9% 9% > 200%

Optimum length

At 1530 nm
10% 10% > 230%

(a) (b)

Figure 11. (a) Maximum difference between actual and pseudo gain
values and (b) corresponding optimized EDOF length difference at
1530 and 1550 nm using CCM.

between actual and pseudo-values is quite negligible (i.e., 0.2 m).
Therefore, for characterization of a low-α EDOFs, pseudo parameter
values can be useful using VISCM.

In using the proposed method (VISCM)) for characterization of an
Al/P/Er DOF with a low-α, not only the parameters are determined
simultaneously but also there is no need of considering α in design
procedure of optical amplifier. In VISCM, although at the preliminary
stage pseudo parameter values are assumed for simulation, the outcome
of the calculation yields a relatively accurate optimized EDOF length
for a maximum gain value.

The results of the analysis are summarized in Table 3 where the
proposed method is compared with our former work and the method
CCM and FL approach.
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Table 3. Comparison of the proposed method with others.

Methods
VISCM Our former

work [18, 19]
CCM FL

Actual Nt Pseudo Nt

Measurands σa, σe, Nt σa, σe
σa, σe, α,

Nt

σa, σe σa, σe

Measurable

range

of loss

-Valid for

low loss

with

accuracy

higher

than

CCM

-For high

loss,

accuracy

similar to

CCM

-Valid for

low loss

with

higher

accuracy

than CCM

-For high

loss

accuracy

lower than

CCM

No

limitation

Valid

for high

loss

No

limitation

Type of

parameters
Pseudo Pseudo Actual Pseudo Actual

Accuracy Medium Medium High Medium Higher

Range of

Cutback

length

2m 2m No range*

Not

determi-

nistic*

No range

Range of

input

power

No

limitation

No

limitation

No

limitation
High

No

limitation

*To avoid ASE effect, the cutback length should be less than 2 m.

4. CONCLUSION

This paper presents a simple novel method to characterize Erbium
doped optical fibers with low background losses of less than 10 dB/km.
The absorption- and emission cross-sections, and dopant concentration
can simultaneously be determined by this method.

In the new technique, called as variant input single cutback
method (VISCM), the input power is varied twice, and the
corresponding powers (intensities) at initial and cutback length are
measured.

For a comparison with VISCM, we have reviewed the conventional
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cutback method (CCM) for determination of emission- and absorption
cross-sections, and verified the effect of pump and signal powers on the
results of cross-sections values using CCM. The results of analysis of
both the methods are compared with Fuchtbauer-Ladenburg approach.
We have shown that our new model is not sensitive to input power
values whereas in CCM, when the input pump power is low and/or
the signal power is high, the values of cross-sections and the gain show
relatively high errors.

The effect of existing background loss in EDOF on the results
of VISCM and CCM are analyzed. Our new model exhibits lower
sensitivity to background loss as compared with CCM.

In both methods the results depend on the EDOF cutback length.
We have shown in our model the best EDOF cutback length is about
2m. On the other hand, the CCM has more sensitivity to EDOF
cutback length.

The parameters values, obtained by both methods, are assumed
to be pseudo values rather actual ones that is obtained by Fuchtbauer-
Ladenburg approach

The simulations show that for Erbium doped glass fibers with
background loss less than 10 dB/km, the difference between the
maximum gains and optimum length obtained with pseudo- and the
actual values are negligible.
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