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Abstract
Measuring the absorption coefficient and analyzing the saturable absorption property of 
erbium-doped fiber (EDF) of different lengths at different values of input power is neces-
sary for designing amplifiers and lasers with optimum features. Absorption coefficient for 
shorter lengths such as 1 m results in a perfect match between the experimentally obtained 
data and the trend expected for a homogeneously broadened system. This was not the 
case for longer lengths such as 4.6 m, 11 m and 25 m of EDF. The characteristic equa-
tion for saturable absorption needs modification at longer lengths of EDF. The deviation 
in the trend, from systems with homogeneous and inhomogeneous broadening, is very sys-
tematic with an increase in fiber length, input power and the operating wavelength. The 
influence of an increase in these three factors is similar, with a larger deviation from the 
standard inhomogeneous case to an increased inhomogeneity. The characteristics of satura-
ble absorption in the presence of another signal at a lower wavelength imply a more rapid 
deviation from inhomogeneous broadening, but towards homogeneous broadening.

Keywords Saturable absorption · Erbium-doped fiber · Homogeneous and inhomogeneous 
broadening

1 Introduction

Erbium-doped fiber (EDF) has been an integral part of the fiber-based optical systems since 
the 1990s. It has been studied extensively for its performance characteristics over the years 
(Ainslie 1991; Becker et al. 1999; Desurvire 2002; Giles and Desurvire 1991; Harun et al. 
2007; Kang et al. 2012). As a result, it is deployed extensively in commercial use, becom-
ing an essential component present within the optical amplifiers of today’s optical commu-
nication links. Apart from its most well-known commercial application in optical ampli-
fiers, EDF in lasers has been studied for tunability, broad-band output, ultrashort pulses, 
coherence characteristics, chaotic output, bistable characteristics, high-power possibilities, 
and multi-wavelength lasing (Bellemare 2003; Bradley and Pollnau 2011; Digonnet 1993; 
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Li et al. 2021; Suchita and Vijaya 2017). In these studies, different lengths of EDF have 
been used as suitable to each application. In spite of the vast amount of reported research 
on EDF, some of its properties are not fully explored, partly because it is a highly com-
plex system (Desurvire 2002) as well as because it is subject to fabrication conditions, 
doping concentration levels and spatial inhomogeneity of the dopants. One such property 
is whether it has a homogeneous or an inhomogeneous or a mixed broadening in its line 
shape, and how this aspect may influence some of its applications.

Homogeneous broadening is the consequence of natural line-broadening mechanisms. 
Stark splitting of the levels in EDF is not homogeneous; but, the Stark-split sub-levels 
have very small differences in energy and are therefore strongly coupled by the effect of 
thermalization at room temperature in EDF (Desurvire 2002). This is expected to lead to 
homogeneous broadening of the line shape. In doped glasses at room temperature, which 
includes the EDF used in amplifiers and lasers, site-to-site variations can induce strain 
broadening and may increase the role of inhomogeneous broadening (Siegman 1986). In 
fact, radiative transitions can be strongly homogeneous or strongly inhomogeneous or even 
somewhere in between for doped glasses (Siegman 1986). There can be other factors that 
contribute as well, and the role of homogeneous and inhomogeneous broadening can mani-
fest differently in different designs. For example, the length of the active medium and the 
resonator design decide the number of longitudinal modes in a laser; in EDF-based laser 
designs that employ multiple longitudinal modes, inhomogeneity has been reported (Deepa 
and Vijaya 2007). For a complex material system such as the EDF, categorizing it as only 
homogeneously or only inhomogeneously broadened may not be valid. Mixed broadening 
was extensively studied in semiconductor lasers in the 1970s and 1980s, and led to sev-
eral improvements in commercial designs (Casperson 1981, 1987). Our work indicates the 
importance of understanding this mechanism in EDF-based lasers and amplifiers.

In our recent work, we studied the process of saturable absorption in EDF through an 
extensive set of measurements to quantify its role in absorptive optical bistability (Jach-
pure and Vijaya 2022). As its extension, we analyze here some more aspects of saturable 
absorption in EDF, such as whether the saturable absorption is that of a purely homogene-
ously or inhomogeneously broadened transition and if it has a dependence on its length, 
and how the presence of an additional signal affects this property. While the answers to 
these questions are extremely important in applications where short/long EDF is used (Ge 
et  al. 2018; Jachpure and Vijaya 2022; Li et  al. 2017) and/or multiple signals could co-
exist and experience gain/loss, such as in EDF-based amplifiers/lasers, these have not been 
explored through suitable measurements, to the best of our knowledge. We study the quan-
titative aspects of the absorption coefficient of EDF in short and long lengths of the fiber, 
at different wavelengths in the C-band, and at different input power levels. In addition, we 
analyze its properties in the presence of another signal. This is because absorptive optical 
bistability has been studied earlier with a control laser in EDF-based lasers (Ge et al. 2018; 
Li et al. 2017). The wavelength and power of a control laser signal can affect the bistabil-
ity dramatically by modifying its threshold while increasing the input power, and thus the 
bistable width.

The prime motivation of this work is to discuss why the effect of EDF is very different at 
short and long lengths, and in the presence and absence of other signals. Moreover, we aim 
to clarify why the earlier published work variously refers to EDF as being homogeneously 
broadened or inhomogeneously broadened in different experiments. There seems to be no 
published work (in our view) which indicates that this categorization has a dependency on 
EDF length (as well as the presence of an additional signal) and input power, and demon-
strates those effects. Towards these objectives, we measured the transmitted power from 



Mixed line broadening in the saturable absorption of erbium‑doped…

1 3

Page 3 of 15 113

EDF for a wide range of input powers, from different lengths of EDF with no change in 
glass composition. Then, we extracted the absorption coefficient from these measurements 
and analyzed its trend for short and long lengths of EDF individually at different powers. 
This methodology has been adopted because standard propagation models in EDF will not 
show the trends seen in the experiment because saturable absorption is not included in 
them. The experiment brings out the effects in different conditions as it happens, and does 
not extrapolate the results from one condition to the other. Our method of measuring first 
and then fitting the piece-wise trends to a simple model indicates that inhomogeneities are 
manifest when the EDF length is not as short as a couple of meters.

We also studied the trend in the presence of another signal at two different power lev-
els. Thus, we establish that there is a modification in the basic property of the active fiber 
upon increasing its length up to several meters, and the presence of another signal affects 
the saturable absorption of EDF differently at short/long lengths. While the use of long 
length of EDF in a cavity configuration leads to interesting phenomena such as the bistabil-
ity (Jachpure and Vijaya 2022), and knowing its effects are essential for the accuracy and 
optimization of the desired results, the application of our analysis can have far-reaching 
consequences. For example, on the one hand, it is reported that to get multiwavelength las-
ing operation in an EDF laser (with EDF lengths of 50 cm, 100 cm, and 2 m), inhomogene-
ous broadening is necessary, and therefore homogeneous broadening is to be suppressed 
(An et  al. 1999; Cai and Liao 2020; Zhao et  al. 2021); on the other hand, it is reported 
that for the wavelength division multiplexed and amplifier applications with EDF (with 
an EDF length of 15.5 m for C-band and 77 m for L-band), homogeneous broadening has 
to dominate because inhomogeneous broadening distorts the EDF amplifier gain spectrum 
(Flood 2000; Laurent et al. 2001; Liu et al. 1999). These indicate that the dominant line 
broadening mechanism has an immense influence on the performance of commercial prod-
ucts made with widely different lengths of the EDF. Apart from the fact that our work dem-
onstrates that the EDF behaves very differently at different lengths/powers/wavelengths, 
as known from multiple earlier reports, it is also to emphasize that EDF requires more 
in-depth and precise modelling to account for its saturable absorption during its device 
performance.

2  Theoretical background

EDF is an excellent absorber in the absence of any pump (Mao and Lit 2002). At suffi-
ciently high input powers P, the absorption coefficient α of EDF shows the very interesting 
property of saturable absorption. The characteristic of saturable absorption in a homogene-
ously broadened system is governed by the following equation (Huang et al. 2021; Ismail 
et al. 2021; Zhou et al. 2019)

where the linear or low-intensity absorption coefficient is α0, the input intensity is I, and the 
saturation intensity is Isat (which is the value of input intensity that gives α = α0/2 + αNS). 
Here, αNS is the non-saturable and intensity-independent part of the absorption coefficient, 
while the first term is the saturable part. This Eq.  (1) is applicable for the saturation of 
a homogeneously broadened system, where the system saturates at all the wavelengths 
in the same way while maintaining the profile of the absorption/gain spectrum; only the 
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magnitude is changed. For the case of saturable absorption in an inhomogeneously broad-
ened transition, where there is a change in the spectral profile, there is a modification in the 
equation for intensity-dependent α as (Anderson and Boffard 2017)

Here I′
sat

 is the saturation intensity at the center frequency of the transition (emission 
band). This indicates that the inhomogeneous system saturates for higher input in compari-
son with the homogeneous system, as a function of input intensity (Anderson and Boffard 
2017) as the value of I′

sat
 will be calculated through α = α0/

√

2 + αNS in this case. It may be 
noted that Eqs. (1–2) are also applicable for powers P and P

sat
 ( P′

sat
 ) in the place of I and 

I
sat

 ( I′
sat

 ). In the following sections, we will analyze if the property of saturable absorption 
in EDF follows the features of a homogeneously or an inhomogeneously broadened system 
based on our power-dependent absorption measurements with different lengths of EDF. 
This will help us to analyze the changes in the system behavior, if any, by using the same 
medium and merely changing its length. Then, we study how the behaviour of saturable 
absorption in EDF gets altered in the presence of another signal, and based on its power. 
This will aid in applications where there is a need for user-defined controlled absorption by 
the EDF.

3  Absorption coefficient as a function of input power

The schematic of the experimental setup shown in Fig.  1a is used for carrying out the 
power-dependent absorption measurements in EDF at different wavelengths. A CW laser 
tunable in the wavelength range of 1540–1565  nm, with variable output power (Yenista 
OSICS mainframe) available through a single-moded fiber is used at the input to the EDF. 
A fixed attenuator is used to widen the range of powers available at the input of the EDF. 
The widest possible range is required to establish the dependence of absorption on the 
input power (or intensity) in an unambiguous manner. The input power (Pin) and the out-
put power (Pout) from the EDF are measured at different input wavelengths using a fiber-
coupled sensor connected to a power meter (Ophir PD300 sensor and Nova-II meter). The 
measured output power is used to calculate the absorption coefficient (Jachpure and Vijaya 
2022). We also compared the absorption coefficient extracted from the measurements using 
a power meter and from an optical spectrum analyzer (OSA) (EXFO FTB 200). Both are 
used in our studies, and we found that the trends are very similar in both of them for input 
powers greater than − 30 dBm.

3.1  Short length of EDF

In this case, EDF (Fibercore, M-5) with a fixed dopant concentration of 1.405 ×  1025 
ions/m3 and length of 1  m is used for performing the experiment. The black square 
symbols in Fig. 1b, c show the variation of absorption coefficient (in dB/m) as a func-
tion of input power at 1540 nm and 1565 nm, respectively. When the input power is 
very low, the small-signal absorption coefficient has a constant value. From Eqs. (1, 2), 
this corresponds to α0 + αNS which is independent of power. Then it is seen to reduce 
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significantly when the input power is increased. Subsequently, the value flattens out 
at higher input powers (to the value αNS). It is also apparent from the figure that the 
value of α in EDF at lower wavelengths is greater than its value at higher wavelengths 
at low input powers, for the wavelength range studied here. This is expected from its 
wavelength dependent absorption (Desurvire 2002). The value of αNS, however, seems 
to be less dependent on the wavelength and is a constant value reached asymptotically 
at higher powers for all the wavelengths.

We analyse the trend seen in this measurement with the trend of the absorption coef-
ficient expected for homogeneously and inhomogeneously broadened systems, given in 
Eqs. 1, 2 earlier. For modelling the absorption coefficient in these two cases with the 
help of their characteristic equations, we require the values of parameters such as αo, 
P
sat

 and αNS, and these are extracted from the experimental data. For this compari-
son, we assume P

sat
 = P′

sat
 . Figure 1b, c depicts the extent of the fit in the two cases 

at the two extreme wavelengths of 1540 nm and 1565 nm, respectively, in our meas-
urement range. At both these wavelengths (and all the intermediate wavelengths not 
shown here), a perfect match is obtained between the experimentally obtained absorp-
tion coefficient (symbols) and the absorption coefficient expected for a homogeneously 
broadened system (dotted line) throughout the input power range of − 30 dBm to + 15 
dBm. We note that at very low input powers, the absorption coefficient from the exper-
imental data, as well as that due to homogeneous and inhomogeneous broadening are 
all comparable. But, as the input power increases, the experimental data match per-
fectly well only with the homogeneous case. This is true for all the wavelengths in the 
range studied here (1540–1565  nm) though this is depicted only at two wavelengths 

Fig. 1  a Schematic of the experimental setup. Measured data is shown with symbols. The absorption coeffi-
cient expected for the cases of homogeneous and inhomogeneous broadening are shown with purple dotted 
line and red solid line, respectively. The input wavelength is b 1540 nm and c 1565 nm
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in Fig. 1b, c. It is clear that 1 m length of EDF is following the saturable absorption 
expected for a homogeneously broadened system.

3.2  Long length of EDF

To know if the EDF length plays a role in the type of saturable absorption, we consider 
the measured data for the absorption coefficient from 25  m long EDF. Figure  2 pre-
sents the values of absorption coefficient obtained with the same experimental setup as 
shown in Fig. 1a but with a 25 m long EDF, for several input wavelengths in the range 
of 1540–1565 nm. Very low input powers are not useful here as the long length of EDF 
results in an unreliably low transmitted power for them. Even though the absorption coef-
ficient as a function of input power in Fig. 2 shows the trend expected for saturable absorp-
tion, there are differences with the results seen with the 1 m long EDF in Fig. 1b, c. The 
value of small-signal α has reduced considerably at all the wavelengths. The slope of the 
curves is more during the decrease with increasing input power. The effect of changing the 
input wavelength is not significant for the wavelength range of 1540–1555 nm as the value 
of α is almost the same for this range. This is a consequence of the longer length of EDF as 
this was not observed in the case of 1 m (not shown here).

To analyze further for the long length of EDF, we again fit the experimentally measured 
data with the absorption coefficient expected for the cases of homogeneous and inhomo-
geneous broadening. Figure  3 illustrates this dependence. Unlike the case of 1  m EDF, 
the experimental data of the absorption coefficient for 25 m EDF does not match with the 
homogeneous case for any power range. It does not match fully with the inhomogeneous 
case too; rather the trend lies somewhere in between the two cases. The trend of reduction 
seen in the experimental data shows a sharper slope even after taking the P

sat
 values in all 

the three cases (symbols, dotted line, and solid line) to be the same. Hence, it leads us to 
the following observations: longer length of EDF is neither homogeneously nor inhomo-
geneously broadened over the entire power range studied here; the type of saturation may 
change with the input power range; and/or the presence of mixed broadening may require a 
change in the equation governing the saturation process. Many earlier reports mention EDF 
to be a homogeneous medium at room temperature for lengths such as 2.6–12  m (Bing 

Fig. 2  Absorption coefficient 
obtained from output power 
measurements as a function of 
input power. Output power is 
measured with a power meter. 
EDF length is 25 m
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et al. 2019; Desurvire et al. 1990; Wang et al. 2013; Zhang et al. 2013). Our results for 1 m 
EDF support this. But this is clearly not the case for longer lengths such as 25 m used in 
our work. Considering the result seen in our work, it appears essential to modify the equa-
tion governing saturable absorption characteristics when working with longer lengths of 
EDF. In the next section, we will analyze the results from different lengths of EDF for their 
saturable absorption characteristics at different input wavelengths.

3.3  Modification of the characteristic equation for longer lengths of EDF

If a medium has linear optical characteristics, the basic properties of the medium such as 
its absorption coefficient or absorption spectrum remain unchanged even when the length 
of propagation of light in the medium is increased. But for EDF with the nonlinear opti-
cal property of saturable absorption, we have discussed earlier (Jachpure and Vijaya 2022) 
about how αo and P

sat
 are modified at different lengths. Now, with the results in Figs. 1 and 

3, it is clear that homogeneous broadening fits excellently to the saturable absorption for 
short lengths, but neither homogeneous nor inhomogeneous feature fits for longer lengths. 
In order to evaluate the required modification in the governing equation that fits the experi-
mental data, we will first assess the impact created in the characteristic plot by changing 
the factors in the Eqs. 1, 2. For example, changing the P

sat
 value will shift the entire plot 

along the x-axis. But the value of P
sat

 cannot be changed independently as it is dependent 
on the values of αo and αNS. To start with, we change the exponent in the denominator of 
Eq. (1) and see its effects. The exponent value of 1 implies homogeneous broadening, while 
0.5 refers to the inhomogeneous case (Anderson and Boffard 2017). So, we calculated the 
trend for different exponent values lying between 0.20 and 2.25 to extract the trend for the 
case of mixed broadening. In Fig. 4, we have presented the exponent value that matches 
the best, along with the standard cases of homogeneous and inhomogeneous broadening 
(dotted and solid curves respectively). This is shown for the data measured from three dif-
ferent EDF lengths viz., 4.6 m, 11 m, and 25 m and the two input wavelengths of 1540 nm 
and 1565 nm. There was no reason for the choice of these specific lengths; these are shown 
as they sufficiently highlight the various effects. The blue-colored star, plus and triangle 

Fig. 3  Experimentally obtained absorption coefficient is shown with black square symbols, along with the 
absorption coefficients generated for the cases of saturation of homogeneous (purple dotted line) and inho-
mogeneous (red solid line) broadening, for input wavelength of a 1540 nm and b 1565 nm, for 25 m EDF. 
(Color figure online)
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symbols in the figures show the cases where the characteristic equation with the specified 
exponent value matches well with the experimental data (black square symbols).

The best fitting exponent is clearly different in different cases of EDF length and wave-
length. As a single value of exponent does not fit satisfactorily with the entire range of the 
experimental data, we have divided the range into three sections, namely Section I at very 
low input powers (blue shaded region), Section II for intermediate input powers near  P

sat
 

(grey shaded region), and Section III at the tail end of α values (green shaded region), and 
fitted the exponent values separately for each section. The width of the regions is not fixed 
prior to the fit, and is decided as appropriate for each case. For the shorter EDF length of 
4.6 m (Fig. 4a, d), at lower input powers (blue shaded region), we note that the exponent 
value which fits best is 0.5 corresponding to the case of inhomogeneous broadening; at 
the higher powers (green shaded region), the best-fitting value for the exponent is higher 
than 1 (1.30 at 1540 nm, and 1.15 at 1565 nm). When the EDF length is increased to 11 m 
(Fig. 4b, e) and 25 m (Fig. 4c, f), the best-fitting exponent at lower powers reduces to 0.20 
and 0.20 at the wavelength of 1540 nm, and 0.40 and 0.30 at the wavelength of 1565 nm. 
The best-fitting exponents at the higher power range have values of 1.70 (1540 nm) and 
1.40 (1565 nm) for 11 m, and 2.25 (1540 nm) and 1.60 (1565 nm) for 25 m. For an easier 
comparison, these values of exponents are listed in Table 1. We conclude that the saturable 
absorption in EDF fits with an exponent smaller than the inhomogeneous case at lower 

Fig. 4  Comparison of absorption coefficient in different lengths of EDF: experimental data and standard 
cases of homogeneous and inhomogeneous saturation cases are shown along with the best fitting exponent 
values at low (blue shaded region, star symbols) and high input powers (green shaded region, plus symbols) 
and modified exponent and factor for mid-power range (grey shaded region, triangular symbol). The EDF 
length is 4.6 m in (a) and (d), 11 m in (b) and (e) and 25 m in (c) and (f). The left column is for the wave-
length of 1540 nm, while the right column is for 1565 nm. (Color figure onilne)
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powers, while it fits with an exponent larger than the homogeneous case at higher pow-
ers, with an increase in its length. The deviation from homogeneous case is much more 
pronounced at the lower wavelength (1540 nm) compared to higher wavelength (1565 nm), 
and more pronounced for much longer lengths too, as the value of α is higher at lower 
wavelengths.

Similar to the lower and higher input power ranges (Sections I and III) discussed above, 
fitting the experimental data at the intermediate power values (Section II, grey shaded 
region) was also possible. But to do so, it was necessary to change the constant factor of 
1 in the denominator of Eq. (1) along with the exponent value. The triangular symbols are 
for modifying both the exponent as well as the constant factor for this intermediate power 
range. As the length of EDF is increased, the modified value for the constant factor that 
fits the measured data at any given wavelength is reduced. As the slope in the intermedi-
ate range is steeper, a lower constant factor is required for a better fit. The constant factor 
is less than 1 for all the EDF lengths studied here, while being of lesser value at the lower 
wavelength and larger value (closer to 1) at the higher wavelength as seen in Fig.  4a–f. 
These are clear from the values tabulated for the three EDF lengths and two wavelengths 
over three different power ranges of Sections I, II and III in Table 1.

Hence, we conclude that with an EDF length of 4.6 m and lower input powers, the value 
of α from the experiment matches with the inhomogeneous case (best fitting exponent is 
0.5). In addition, the equation for this region does not need any modification for the wave-
length range of 1540–1565  nm. With the same EDF length of 4.6  m, and input powers 
exceeding the saturation power, the value of α from the experiment matches only with the 
mixed line broadening case as an exponent value more than 1 is required for the best fit; 
however, this value for the exponent is different for different wavelengths. For matching the 
trend in the measured data for the intermediate input powers for the EDF length of 4.6 m, 
we need to modify both the exponent and the constant factor in the denominator of Eq. (1). 
The results from longer lengths of 11 m and 25 m EDF indicate deviation from the homo-
geneous and inhomogeneous cases at all the power ranges (low, mid and high), and the 
deviations are much more for longer lengths. In addition, the power range corresponding 
to the saturation power requires change of both the exponent and the constant factor to a 
considerable extent (more than that for shorter length). These conclusions indicate that the 
inhomogeneity gets compounded in longer length of EDF. In addition, one expects intui-
tively that if the dimension of core is reduced, the modal qualities of the doped fiber will 
be affected more by the increased power per unit area, thus invoking the inhomogeneous 

Table 1  List of values for the exponent in the expression for saturable absorption that fit best with the 
experimental data as obtained from the three sections (blue, grey, and green- shaded regions of Fig. 4) of 
input power variation. For section II, the value of the factor deviates from unity

Length of 
EDF (m)

Input wave-
length (nm)

Best-fitting value of 
exponent in Section I 
(blue-shaded region)

Best-fitting value of expo-
nent and factor for Section 
II (grey-shaded region)

Best-fitting value of 
exponent for Section III 
(green-shaded region)

4.6 1540 0.50 1.30, 0.78 1.30
1565 0.50 1.15, 0.86 1.15

11.0 1540 0.20 1.50, 0.60 1.70
1565 0.40 1.30, 0.80 1.40

25.0 1540 0.20 2.25, 0.40 2.25
1565 0.30 1.40, 0.70 1.60
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broadening effect at lower input power levels than in the case of larger core size. Likewise, 
if we change the concentration of Er-ions in the core, the magnitude of absorption coeffi-
cient and the input power levels at which saturation will occur or homogeneous/inhomoge-
neous effects will dominate may change; however, the conclusions drawn from the studies 
reported here will continue to be valid.

4  Measurement of absorption coefficient at different wavelengths 
in the presence of another signal at a fixed wavelength

As the emission spectrum of EDF is very broad, signals of different wavelengths can 
be present in the medium simultaneously either as in a multi-channel amplifier, or as 
in a multi-longitudinal mode laser. This can influence its properties such as its absorp-
tion coefficient at the working wavelength. In order to analyze any modification in the 
absorption coefficient at the working wavelength due to the presence of a signal at 
another wavelength in the medium, we measured α of a tunable, variable-power probe 
signal, in the presence of another lower-wavelength signal (referred to as the saturating 
signal) at two different powers. The saturating signal is at a wavelength lower than that 
of the probe signal, and lies closer to the centre wavelength of emission band, to ensure 
that downward transitions induced due to it contribute to the power measured for the 
probe signal. The measurement method is the same as described previously in Fig. 1a. 
However, as we need to provide two signals into the EDF, there is a slight modification 
in the experimental setup as shown in Fig. 5a. The power values recorded by the OSA 
here are the integrated power values (instead of the absolute power at the input wave-
length) of the probe signal recorded with its spectral content at the output.

4.1  Short length of EDF

Measurement of absorption coefficient of the probe signal (at 1545 nm) in the presence 
of a saturating signal (at 1530 nm) is carried out initially for 1 m EDF. Figure 5b contains 
the measured absorption coefficient (symbols) of the probe signal both in the absence of a 
saturating signal and in the presence of a saturating signal (power of 0.09 mW or − 10.36 
dBm). In the presence of the saturating signal at 1530 nm, the absorption experienced by 
the probe signal is significantly lesser than the value it would have had in the absence of 
that saturating signal, especially at the lower powers of − 40 to – 20 dBm. This implies 
that it is already saturated even at − 40 dBm of input power in this situation. Further, as 
its input power is increased, the absorption of the probe signal shows the characteristic 
saturable absorption features as in the absence of the saturating signal. The value of P

sat
 

extracted from this measurement is higher in the presence of the saturating signal than the 
P
sat

 obtained in the absence of the saturating signal. These values are marked with two 
vertical lines (thick and thin respectively) for the two cases. As the probe signal power 
increases to that of the saturating signal power and exceeds it, the effect of the saturating 
signal is not present. Upon analysing its power variation with the two cases of broaden-
ing, we again found that there is perfect match of the experimentally measured data with 
the values generated using the equation for homogeneous saturable absorption. Hence, we 
conclude that the presence of a saturating signal at even a low power such as – 10 dBm can 
create a change in the absorption of the probe signal if it is lower in power. For the short 
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length of EDF, homogeneous broadening remains valid even in the presence of the saturat-
ing signal of low power.

4.2  Long length of EDF

For an EDF length of 25 m, the measured results are presented in Fig. 5c–h. The saturat-
ing signal wavelength is fixed at 1530 nm as before. The saturating signal power is set at 

Fig. 5  a Experimental setup for the measurement of alpha in the presence of a saturating signal. b Absorp-
tion coefficient of the probe signal at 1545 nm, in the presence (power of 0.09 mW) and absence of a satu-
rating signal (at 1530 nm) in 1 m EDF is shown; absorption coefficient of the probe signal, in the presence 
of a saturating signal at 1530 nm with two different powers of 0.76 mW and 1.22 mW, for 25 m long EDF 
is shown at probe wavelengths of c 1540 nm, d 1545 nm, e 1550 nm, f 1555 nm, g 1560 nm and h 1565 nm. 
The measured data is shown with symbols in (b–h). Red curve in all the plots represents the trend expected 
for the inhomogeneous case, and purple represents the trend for the homogeneous case. Text explains the 
significance of vertical lines in (b) and (f)
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two fixed levels of 0.76 mW and 1.22 mW, both of which are quite small for a 25 m long 
EDF. The absorption characteristics of the probe signal are measured for different values 
of its wavelength in the range of 1540–1565 nm. The effect of the saturating signal is sig-
nificant at all the probe wavelengths. The α values in the absence of the saturating signal 
are not shown for the probe wavelengths of 1540 nm, 1545 nm and 1550 nm (Fig. 5c–e), 
because the OSA was unable to detect the peak at the probe wavelength at the output of 
EDF due to its extremely low power (the equivalent measurement with power meter is 
shown in Fig. 2). But the trend in the absence of the saturating signal could be measured 
with the OSA at the probe wavelengths of 1555 nm, 1560 nm and 1565 nm and are shown 
in Fig. 5f–h. This is because the absorption loss at the larger wavelengths is lesser (Fig. 1c) 
and it is possible to measure the output power. It is clear that there is a large reduction (ini-
tial saturation or lowering of αo value itself) of the absorption coefficient in the presence of 
the saturating signal. The extent of this reduction is not the same at the three wavelengths 
shown in Fig. 5f–h in the absence and presence of saturating signal power of 0.76 mW (and 
1.22 mW as well). This is a signature indicative of an inhomogeneously broadened system 
(Anderson and Boffard 2017). In addition, if we compare the α values of the probe signal 
in the presence of the saturating signal powers of 0.76 mW and 1.22 mW, the initial satura-
tion is more at the higher power of 1.22 mW. But the change in α between the two cases is 
nearly comparable in Fig. 5c–h.

Therefore, we conclude that the effect of even a small increment in the strength of the 
saturating signal has a significant impact on the absorption coefficient of the probe signal 
for longer EDF. In addition, if we compare the value of P

sat
 for 25 m (as indicated by blue 

vertical lines in Fig. 5f) in the absence and presence of two saturating signal powers, the 
value of P

sat
 extracted from the measurement is lower in the presence of the saturating sig-

nal than the P
sat

 obtained in the absence of the saturating signal. This result is the opposite 
of that of 1 m EDF (Fig. 5b). Hence the mechanism of saturation of absorption is different 
for shorter and longer lengths of EDF.

Analysing the fit of α to the homogeneous and inhomogeneous cases in the presence of 
the saturating signal at two different power levels, the saturated α values (with the saturat-
ing signal at a higher power of 1.22 mW) are much lower and they seem to fit better with 
the homogeneous case (Fig. 5c–h). This is definitely not seen in the absence of the saturat-
ing signal (Fig. 3), and in its presence if its power level is lower at 0.76 mW (Fig. 5c–h)). 
Thus, we conclude that the longer length of EDF is very unlike the case of shorter length 
(1  m) EDF even in the presence of the saturating signal. Moreover, the presence of the 
saturating signal reduces the small-signal absorption coefficient of the probe signal for 
any length of EDF. While the type of saturable absorption of shorter length EDF remains 
homogeneous, the saturating signal of different powers affects the type of saturable absorp-
tion of longer length EDF very differently; inhomogeneously at lower powers and homoge-
neously at higher powers. The inhomogeneity in longer lengths cannot be attributed to the 
manufacturing process as all the EDF used in this work were of commercial-grade.

The significance of this study lies where one deals with more than one signal in an 
amplifier system or in a laser cavity. To be specific, we can consider the optical bistability 
case reported earlier in (Ge et al. 2018; Li et al. 2017). There will be a broadband emis-
sion from the gain medium to start with, which will be restricted to lase at one selected 
wavelength chosen by the cavity filter (analogous to the probe signal in our case). There is 
another signal (at a different wavelength, analogous to saturating signal in our case) from 
an external laser to alter the output features leading to bistability. If we compare the thresh-
olds in the absence and presence of this external signal, there is a significant reduction 
in threshold value in the presence of the external signal which enables one to control the 
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width of the bistable region. This reduction can be attributed to the fact that the absorption 
of the signal (set by the filter wavelength) has been reduced in the presence of an external 
signal in the gain medium, leading to more power in the output, and thus reducing the 
threshold. Similar will be the influence in amplifier systems employing the EDF, because 
multiple channels will not be active simultaneously at all times. The presence or absence of 
channels at lower wavelengths (and their combined power values) will impact the channels 
at higher wavelengths to a different extent depending on the length of EDF. Simple and 
similar gain flattening techniques will not suffice for all the EDF lengths.

5  Conclusion

We have compared the absorption coefficient measured from 1  m EDF with that from 
25 m EDF by analyzing the trend at different input powers, with the two cases of saturable 
absorption in homogeneous and inhomogeneous broadened systems. For 1 m length, we 
get a perfect match between the experimentally obtained data and the homogeneous case. 
For 25  m, it matches neither with the homogeneous nor with the inhomogeneous case. 
Hence, we conclude that EDF of shorter length behaves as a homogeneously broadened 
medium. The longer length of EDF has a trend that lies beyond (since the modified expo-
nent value is beyond 0.5 and 1) the two cases, necessitating a modification for the satura-
ble absorption characteristic equation for longer lengths. This modification can be done by 
changing the value of the exponent and the factor 1 in the denominator of the characteristic 
equation. Saturable absorption data from the measurements fits well with a smaller expo-
nent than the inhomogeneous case at lower powers, while it fits with a larger exponent than 
the homogeneous case at higher powers, for the case of longer length. Shorter lengths of 
EDF such as 1 m result in an absorption coefficient value close to the value provided by 
the manufacturer, which is around 5 dB/m for M-5 EDF at 1540 nm. But 25 m EDF gives 
the value to be around 1.4 dB/m which is considerably less. We also analysed the absorp-
tion in the presence of a saturating signal at a lower wavelength and conclude that even a 
very low power of the saturating signal can significantly reduce it. Interestingly, the trend 
expected for a homogeneously broadened system is still valid for this reduced value in 1 m 
EDF while there is a change in the matching trend for 25 m; with a higher saturating sig-
nal power of 1.22 mW, the match with the homogeneous case gets better than it was in its 
absence. All the power values used in these measurements were kept in the range often 
used in EDF-based amplifiers and lasers. Our work shows that some of the advantages of 
homogeneous and inhomogeneous broadening can be invoked with an appropriate length 
of EDF, suitable signal powers, choice of operating wavelength, and the presence/absence 
of another signal for longer lengths.
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