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In this study, the amplified spontaneous emission (ASE) spectra of Erbium (EDFA), Ytterbium
(YDFA), and Erbium-Ytterbium (EYDFA) doped optical amplifiers were obtained in single-pass
and double-pass simulation setups, compared and interpreted with each other. The spectra of the
single-pass and double-pass setups of EDFA, YDFA, and EYDFA were compared using the ASE
equations obtained at the Erbium energy level. The values applied in the single-pass and double-
pass simulations, pump wavelength, pump power, amplifier length, and amplifier parameters,
were assumed equally in both models. The pump wavelength for EDFA was 1480 nm, and the
pump power was 1400 mW; the pump wavelength for YDFA was 960 nm, and the pump power
was 800 mW, and these values were applied as 1025 nm and 1600 mW for EYDFA, respectively.
The graphs at the output of the dual port spectrum analyzer showed that higher ASE values were
obtained in the double-pass environment compared to the single-pass environment.

Tek Gegisli ve Cift Gegcisli Er, Yb, Er-Yb Katkili Fiber Amplifikatorlerin
ASE Spektrumlarinin Karsilastirilmasi
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Bu ¢alismada, Erbiyum (EDFA), iterbiyum (YDFA) ve Erbiyum-iterbiyum (EYDFA) katkil
optik yiikselteclerin gii¢lendirilmis spontan emisyon (ASE) spektrumlar tek gegisli ve ¢ift gegisli
simiilasyon diizeneklerinde elde edilmis, birbirleriyle karsilagtirilmis ve yorumlanmistir. EDFA,
YDFA ve EYDFA'nin tek gegisli ve ¢ift gecisli kurulumlarinin spektrumlari, Erbiyum enerji
seviyesinde elde edilen ASE denklemleri kullanilarak karsilagtirilmigtir. Tek gecisli ve ¢ift gegisli
simiilasyonlarda uygulanan degerler, pompa dalga boyu, pompa giicii, yiikselteg uzunlugu ve
yiikselteg parametreleri her iki modelde de esit olarak kabul edilmistir. EDFA i¢in pompa dalga
boyu 1480 nm ve pompa giicti 1400 mW idi; YDFA i¢in pompa dalga boyu 960 nm, pompa glicl
ise 800 mW olarak bulunmus, bu degerler EYDFA igin sirasiyla 1025 nm ve 1600 mW olarak
uygulanmigtir. Cift portlu spektrum analizériiniin ¢ikigindaki grafikler, ¢ift gecisli ortamda, tek
gegisli ortama kiyasla daha yiiksek ASE degerlerinin elde edildigini gostermistir.

1. INTRODUCTION (GiRriS)

Optical sensing and communication systems are
important in various applications in terrestrial,
space, and submarine environments. However,
integrating these systems poses several challenges,
especially regarding energy sustainability and
control [1-3]. Optical amplifiers are used to
compensate for signal loss in optical systems. These

amplifiers are classified according to various
characteristics. The most used amplifiers are rare
earth-doped fiber optic amplifiers. Erbium,
Ytterbium, and Erbium-Ytterbium doped optical
amplifiers are widely used due to their operating
wavelengths and other properties [3-5].

Power attenuation and signal loss due to long
distances in fiber optic transmission lines have been
the subject of much research today. Increasing the
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signal power along the transmission line is the best
solution, and various methods are used [6-8]. The
most common and efficient of these methods are
rare earth-doped optical amplifiers. Erbium,
Ytterbium, and Erbium-Ytterbium doped optical
amplifiers are widely used due to their operating
wavelengths and other features [9-14].

In rare earth-doped fiber optic amplifiers, amplified
spontaneous emission (ASE) is a noise generated by
the pump signal applied to the system and in the
amplifier energy band structure. The pump signal
applied to the doped fiber causes the atoms of the
element to move from the ground level to a higher
level. Some of the atoms accumulated at the
metastable level emit photons from themselves
while descending to a lower level, and the emitted
photon beams are called ASE. Since ASE emission
does not have the same phase and characteristics as
the input signal, it reduces the gain [10]. In general,
ASE is a type of noise that occurs in optical laser
sources, semiconductor optical amplifiers, and
doped optical amplifiers. Still, more efficient
optical amplifiers have been designed for certain
wavelengths by optimizing the ASE value [15-30].

Broadband optical devices in the 1500-2100 nm
wavelength range have recently attracted much
research attention [21-24]. These devices include
lasers, amplifiers, sensors, and optical sources.
Optical sources can be based on doped fibers'
enhanced spontaneous emission phenomenon. ASE
sources are widely used in many applications,
including medicine, imaging, and environmental
monitoring through the detection of chemicals [10,
12].

In this study, ASE values of Er, Yb, and Er-Yb
doped optical amplifiers were obtained and
examined in single-pass and double-pass setups. In

addition, absorption, emission, I\Iland N, graphs
and values of the amplifiers were obtained.

In the second part of the study, information about
the theory of EDFA will be given; simulation setups
will be given in the third part. Finally, the results
obtained from the study will be concluded in the
fourth part.

2. EDFA THEORETICAL MODEL (EDFA
TEORIK MODELI)

For theoretical modeling of EDFA systems,
equations obtained from Erbium energy band level
facilitated doped fiber design, and the effects and
characteristics of the parameters can be found.
Therefore, in this study, Er3+ energy band level rate

equations were first written, then equations for
propagation equations and ASE were obtained.

2.1. Rate Equations (Oran Denklemleri)

Figure 1 shows the 2-level erbium energy band
4 4
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Figure 1. Erbium energy band levels (Erbiyum enerji
bant seviyeleri)
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Here, the transition rate corresponds to the energy
levels W. , N, and N;, and R; is the pump

ij !
transition rate between N; , N; and  [8].

Generally, 7,, is the stimulated emission lifetime
and is radiative [9].

At the 1480 nm pump wavelength, the EDFA
energy band level operates in 2 levels. Level 2
contributions are made only through the 1480 nm
pump wavelength absorption cross-section from
Level 1 to Level 2, as shown in Figure 1 [14]. This
study performed EDFA simulation studies at 1480
nm pump wavelength.

2.2. Propagation Equations (Yayilim Denklemleri)

The dynamic propagation equations can be written

as follows, with pump propagation at P

wavelength of 1480 nm and signal propagation P,
at 1550 nm with EDFA length (L) and z-direction:

dR,
d_:_FpPP(Nlo-H(pa) = NyGype) =P, (3)
dr,

= _Fs I:)s (Nlalz(sa) - N1021(se)) — Qg Ps (4)

z

\ IR/ §timulated emisson
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In the above equations, P and P.are the pump
", and I'

are the pump and signal overlap factor, respectively,
Oy(pa) 1S the pump absorption cross-sectional area,

power and signal power, respectively,

O1(pey 1S the pump propagation cross-sectional area,
O1y(sa) 19 the signal absorption cross-sectional area,
O,y (e) 19 the signal propagation cross-sectional area,

o, is the loss in pump signal wavelength and ¢is
the loss in signal wavelength [13].

2.3. Amplified Spontaneous Emission (ASE)

Equations (Kendiliginden Yiikseltilmis Yayilma
(ASE))

ASE is generated in the active fiber and travels
forward and backward. The total ASE power is the
sum of the forward and backward ASE powers in
the z-direction in the erbium-doped fiber. ASE
emission can be obtained from the following
equations at a given wavelength:

dF)JrASE
dz
+2F3c721(se) N,hv, AV — o P* e

=P e (N2621(se) - Nlo-lz(sa)) 5)

dP” e

dz = TP ase (N2 O1e) = NiOl(ca)) (6)
_ergzl(se) NZhVSAV o P_ASE
Pase = 1500130 N2 Ry )
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2hc
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dN, = dN, =0 , equations
dt
N, and N, are as follows:
_ 1L+W,7, )N )
=
1+ Wy, + Wy, )75 + R,75
_ (Rip7y +Wip7p)N (10)
2
1+ Wy, + Wy )7, +R,7y

Finally, the following equations can be written for
the pumping rate R;, and the throughput rate W

FS sa + —
W12 - ﬁ(P +P ase T ASE) (11)
1—‘s se + _
W21 - h 21;\ ) (P +P ase T ASE) (12)
I' Po
p’ p~12(pa)
—_ b pla(p) 13
R, v A (13)

p

3. SIMULATION SETUPS (SIMULASYON
DUZENEKLERI)

Figure 2 shows all doped fibers' single and double
pass configurations. Table 1 shows the parameters
used in the simulation for all doped fibers.

Optical
spectrum
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Pump
Iaser 2

Dual port \ Doped Fiber 2 \
optical . 7
spectrum ~< .

analyser

Figure 2. Single-pass and double-pass schemes (Tek ve ¢ift gegisli diizenekler)
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Table 1. Doped fiber parameters (Katkl: fiber parametreleri)

Parameters EDFA YDFA EYDFA
Numerical aperture 0.24 0.2 0.15
Metastable lifetime (ms) 10 9.9 Er=10, Yb=1.5
Core radius (um) 1.4 34 2
lon density (m”-3) 2200 1000 Er= 5140, Yb= 6200
doping radius (um) 1.3 34 2
Pump wave length (nm) 1480 960 1025
Pump power (mW) 400 800 1600
Doped fiber length (m) 43 6 16

3.1. EDFA Analysis (EDFA Analizi)

In this section, the results were obtained by placing
Erbium-doped fiber (EDF) in the doped fiber blocks
in Figure 2 and using the EDFA parameters in Table
1. Figure 2 shows the ASE comparison of two
different setups fed from two pump sources in the
EDFA simulation setup. The dual port optical
analyzer makes the comparison, and the obtained
result is shown in Figure 3. According to the results,
the ASE value in the double-pass amplifier reached
its highest value of -0.25 dBm at 1533 nm, and this
value was obtained as -6.25 dBm at 1533 nm in the
single-pass amplifier.

Power (dBm)

-28 e Double pass
-33 = Single pass
-38

1520 1530 1535 1545 1551 1556 1562 1573 1591
Wavelength (nm)

Figure 3. Comparison of ASE spectrums in EDFA

double-pass and single-pass configurations (gift
gecisli ve tek gecisli EDFA ASE spektrumlarinin
karsilastirilmasi)

EDF absorption and emission values are shown in
Figure 4. In the obtained graphs, as seen in Figure
2, the absorption and emission cross section reached
their highest values at the wavelength where ASE

has the highest value, and an increase is observed in
these values at the point where ASE rises at 1558
nm.

6

—Absorption parameters
~J

——Emission parameters

I

W

Cross-section (m? ) x 1072

0

1420 1440 1461 1482 1502 1523 1544 1564 1585 1606
Wave length (nm)

Figure 4. Erbium absorption and emission cross-
section spectrums (Erbiyum sogurum ve yayilim kesit

alan1 spektrumlar)
In this study, the EDF length was selected as 4.3 m.
In Figure 5, the forward, backward ASE and N,

N, change graphs were obtained according to the

EDF length. N, had the highest and lowest values

around the EDF length of 1.81 meters, and the
reason for this is that the population inversion
reached its maximum value. Therefore, this region's
forward and backward ASE values reached
minimum values. As the length increased, the
population inversion value decreased with the

increase of N,and the decrease of N,in the
lengths after 3.62 meters, and thus, the forward ASE
value also started to increase. The fact that N, and
N, were equal at 3.65 meters shows that light's
absorption and emission ratio is balanced.
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Figure5. N, N, , forward and backward ASE spectrums (ileri ve geri ASE, N1 ve N2 spektrumlari)

3.2. YDFA Analysis (YDFA Analizi)

In the YDFA study, simulations and results were
obtained for YDFA by taking the EDFA equations
in Figure 1 as an example. The ASE graph is shown
in Figure 6 using the same parameters in single and
double-pass setups. The results were obtained using
the YDFA parameter values in Table 1. According
to the results, the ASE value increased to 9 dBm at
the wavelength of 975.5 nm in the double pass
simulation setup. This value was found to be -16.88
dBm for the single-pass system at the same
wavelength. ASE values moved parallel to each
other at wavelengths before 988 nm, and in the
graphs after 988 nm, the two ASE intervals started
to decrease and had almost equal values at 1100 nm.

13
6
-1
-8 == Single pass
-15
-22
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-36
-43
-50
-57

-64
$¥ g% g g N & S

Wavelength (nm)

Figure 6. Comparison of ASE spectrums in YDFA

double-pass and single-pass configurations (YDFA
tek ve ¢ift gegisli diizenekte ASE spektrumlart)
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Yb absorption and emission cross-section values
were obtained graphically in this part of the study.

The wavelength at which the emission has the
highest value is the highest value reached by ASE.
However, the wavelength at which the absorption
value reaches the highest point is the wavelength at
which ASE is the lowest.
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Figure 7. Yb absorption and emission cross-

section spectrums (Yb sogurum ve yayilim kesit alan
spektrumlari)

Figure 8 shows Population N,, Population N, ,
forward ASE (F-ASE), and backward ASE (B-
ASE). The number of electrons transferred from
N, to N, reaches its highest value at the 1.3 m
YDF length, and the forward ASE reaches its

highest value with the number of electrons at the
ground level reaching its highest value. At the

length of 0.6 m, where N, has its highest value, the

forward and backward ASE values become zero due
to the high population inversion and in the region
where stimulated emission is low.
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Figure 8. N,, N,, forward and backward spectrums in YDF (ileri ve geri ASE, N1 ve N spektrumlari)

3.3.EYFDA Analysis (EYDFA Analizi)

For the EYDFA study, the equations obtained from
the Erbium energy band level in Figure 1 were taken
as an example, and the values of the parameters
effective for ASE were obtained graphically using
the EYDF parameters in Table 1.
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Figure 9. Comparison of ASE spectrums in
EYDFA double-pass and single-pass
configurations (Tek ve cift gegisli EYDFA diizeneginin
ASE spektrumlarr)

The ASE graphs of the double-pass and single-pass
systems are shown in Figure 9. In the double-pass
setup, the ASE value increased to 5 dBm at 1558 nm
wavelength, and for the single-pass simulation
environment, the highest ASE value increased to -
14 dBm at 1565 nm. EYDFASs generally operate at
a pump wavelength of 800-1100 nm; therefore,

considering studies in the literature, a pump
wavelength of 1025 nm was applied for EYDFA in
this study. Since the applied pump wavelength is
close to the YDFA operating pump wavelength, the
Yb emission and absorption values are higher than
Er in Figure 10. Other reasons for this are the
transfer of the energy of the pump source from Yb
to Er and the ion density of Yb being higher than
that of Er.
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Figure 10. Yb and Er absorption and emission

Cross-sections spectrums (Yb, Er sogurum ve yayilim
kesit alani spektrumlart)

Figure 11 shows the energy and total forward and
backward ASE graphs in the EYDF band levels. Yb
has an energy level of 2, and Er has an energy level
of 4. Since the lifetimes of the electrons in the Er
3rd and 4th levels in the EYDF energy band level
are very short, the energies of these levels are shown
as zero in Figure 11, so as seen in the figure, the
highest energy transfer (from 0 to 1W) is made for
Yb at the N5 and N6 levels.
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Figure 11. N1, N2, N3, N4, N5, N6, F-ASE and B-ASE according to EYDFA length (EYDFA uzunluguna
gore ileri ve geri ASE, N1, N2, N3, N4, N5 ve N6 spektrumlart)

4. RESULTS AND CONCLUSIONS
(BULGULAR VE SONUGLAR)

In this study, Er, Yb, and Er-Yb doped optical
amplifiers were examined and compared in single-
pass and double-pass setups. The equations
obtained from the Erbium energy band level (Figure
1) were taken as an example, and results were
obtained for YDFA and EYDFA setups.

For the EDFA study, the highest ASE value in the
double pass setup increased to 0 dBm at 1532 nm
wavelength. At the wavelength where the emission
value (Fig. 4) is highest, this value became -6 dBm
in single pass at the same wavelength, and ASE
values were obtained as 0 dBm and -3 dBm in
double pass and single pass setups at 1558 nm
wavelength, respectively.

In the YDFA setup, the highest ASE value was
obtained at 975.3 nm in the region where the
emission parameter is the highest, 11 dBm, while in
the single pass setup, this value was obtained at 976
nm, -17 dBm. The highest ASE value obtained in
the EYDFA simulation was 4.84 dBm at 1560 nm
wavelength in the double pass setup and -14 dBm at
1568 nm in the single pass setup. In addition, the
double pass setup increased the ASE spectrum to 2
dBm at 1533 nm.

As a result, the highest ASE value was obtained as
4.84 dBm in the C operating band at 1560 nm

wavelength in the double pass EYDFA setup, and -
14 dBm ASE value was obtained in the 1568 nm L
band in the single pass setup with the same
amplifier. As can be seen, in EDFA and YDFA
amplifiers, the highest ASE values did not reach the
L band, and with the combination of Er and Yb rare
earth elements, the ASE peak value and the
amplifier operating band also moved towards the L
band.
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