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Modeling and optimizations of triple-pass TDFAs for
next-generation fiber optical communication systems
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The main goal of designing a multi-stage fiber amplifier is to achieve higher performance for long-haul optical transmission
systems. In this paper, multi-stage triple-pass (TP) TDFAs are represented. Three types of TP-TDFA are modeled,
optimized, and compared. Firstly, signal power, pump power, fiber length, and ion concentration were optimized in the input
signal at the 1469 nm wavelength, which gives the highest gain in the S-band. Secondly, the input signals in the 1444-1499
nm band gap were amplified using these optimized values in all designs. Finally, all types were compared to conclude the

best TP-TDFA.
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1. Introduction

Communication traffic has grown tremendously in
recent years with high bandwidth applications such as
video conferencing, online gaming, social networks, high-
definition video streaming, and voice-over IP. While these
new-generation technologies, the usage of which is
increasing, require an increase in transmission speed and
capacity, they also necessitate a change in the
communication infrastructure. Fiber optic communication
systems and optical amplifiers have a great share in
meeting all these requirements [2-5]. The studies carried
out to date are on Erbium Doped Fiber Amplifier (EDFA)
with high efficiency in the C and L bands [6-10]. Since C
and L bands may be insufficient, optical amplifiers that
can operate effectively in the S-band are researched.
Thulium Doped Fiber Amplifier (TDFA) and Fiber Raman
Amplifier (FRA) are optical amplifiers with high
efficiency in the S-band [11]. Due to some limitations of
FRA, such as high pump power and multi-pump usage,
TDFAs are seen as a better alternative. [12-14]. To
increase the gain of TDFA, in some studies, the amplifier
parameters were changed [15-20], while in others,
different pumping configurations were tried to excite all
Thulium ions [21-26]. In addition, in some research, the
gain has been increased by adding a mirror or an optical
circulator to the basic TDFA design with double-pass
configurations [27-31]. In some, these designs are called
double-pass; in others, they are called double-stage [30-
31].

Multi-stage fiber amplifiers have fundamentally
changed the architecture of long—haul optical
communication systems and networks. Although studies of
multi-pass optical amplifiers are mostly focused on
double-pass, there are also studies of triple-pass (two-stage
triple-pass and three-stage triple-pass) EDFA [32-34].

Akhter and Ibrahimy modeled all possible EDFA
configurations, examined their characteristics, and
compared them with each other [32,33]. In their study,
S.W. Harun et al. used and compared two types of two-
stage triple-pass EDFA [34]. On the other hand,
considering the S-band, no study has been done on the TP-
TDFA other than the research we have done before [30].

In this paper, multi-stage TP-TDFA structures are
used, optimized, and compared for the next-generation
fiber optical communication systems. There are three types
of TP-TDFAs. The performance of each structure was
analyzed using signal power, pump power, TDF length,
and thulium ion concentration. All these parameters have
been optimized, and the results have been examined. At
the end of the study, all types were compared to determine
the best TP-TDFA.

2. TP-TDFA designs
2.1. Simulation setups

All types of TP-TDFA designs are respectively shown
in Fig. 1, and simulated via OptiSystem 21.0. The first
type, composed of one-stage single-pass TDFA and one-
stage double-pass TDFA, is connected serially to obtain
TP-TDFA. Fig. 1 (a) shows the schematic diagram of
Type 1 TP-TDFA. The output signal of the first TDFA is
the input signal for the second TDFA. In addition to TDFs,
two pump couplers (PC), an optical circulator (OC), a
power splitter (PS), and a mirror are used in Type 1 and
Type 2 TP-TDFA designs. A PC combines the pump laser
signal and input signal into the TDF. A circulator (CIR) is
used to ensure the separation between the input and the
output signal. A PS splits the power from two or more
ports, and a mirror repasses the amplified signal through
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the TDF.

Type 2 TP-TDFA has a single pass TDF and a double
pass TDF, as in Type 1. Differently, in Type 2, the signal
first goes through the double pass TDF and then the single
pass TDF. As a result, the output signal power of the
double-pass TDF is the input signal power of the single-
pass TDF, as shown in Fig. 1 (b). As in Type 1, in this
setup, the pump power is divided into two by PS.

Fig. 1 (c) shows the Type 3 TP-TDFA design. It

consists of a serial combination of three single-pass TDFs.
The output signal power of the first TDF is the input signal
power of the second thulium-doped fiber (TDF). The
output signal power of the second TDF is the input signal
power of the third TDF. Since the total signal passing
through the TDFs is amplified three times, it is called TP-
TDFA. Unlike the others in this setup, the pump power is
divided into three by PS.
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Fig. 1. TP-TDFA designs (color online)

2.2. Optimization steps

The cases to be tried in this study are listed in Table 1.
In the first case, each design is simulated separately by
feeding at different input power changed from -40 to 0
dBm, and the most efficient input power is determined.

In the second case, using the input power determined
in the first case, each design is separately simulated by
increasing 250 mW each time at pump powers between
250 and 3500 mW. Gain and noise figure spectra are
created using the obtained values, and the most efficient
pump power is determined.
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Table 1. Input powers, pump powers, TDF lengths, and TDF ion concentration of all designs used in the simulations

Input Power (dBm) | Pump Power (mW) | TDF Length (m) | TDF Ion Concent. (m™)

Between 5 24

Case 1 (-40) - 0 1000 (cach TDF) 20e
Between 5 124

Case 2 | The result of Case 1 250 - 3500 (cach TDF) 20e
Case 3 | The result of Case 1 | The result of Case 2 Be3th/(;en 20e"?*
Case 4 | The result of Case 1 | The result of Case 2 | The result of Case 3 Segit_wf g:+24
Case 5 | The result of Case 1 | The result of Case 2 | The result of Case 3 The result of Case 4

In case 3, using the values determined in the first and
second cases, the TDF 1 length of Type 1 and Type 2 are
optimized separately. Then, using the optimum TDF 1
length, the TDF 2 length has been simulated by the
increment of 0.5 m each time between 3 and 7 m. Gain and
noise figure spectra are created using the obtained values,
and the most efficient TDF 2 length is determined. Then
again, using the values determined in the first and second
cases, the TDF 1 length of Type 3 is optimized. It is
simulated using the optimum TDF 1 length by increasing
0.5 m each time at TDF 2 length between 3 and 7 m. After
that, the most efficient TDF 2 length is determined. Then,
using the optimum TDF 1 and TDF 2 lengths, it is
simulated by increasing 0.5 m each time at the TDF 3
length between 3 and 7 m. Finally, gain and noise figure
spectra are generated using the obtained values, and the
most efficient TDF 3 length is determined.

In case 4, the ion concentrations of TDF 1, TDF 2,
and TDF 3 are called ion concentration 1, ion
concentration 2, and ion concentration 3, respectively.
Using the values determined in the first, second, and third
cases, the ion concentration 1 of Type 1 and Type 2 are
optimized separately. Then, using the optimum ion

concentration 1, Type 1 and Type 2 were simulated by
increasing 2.5¢"* m3 each time at ion concentration 2
between 5¢'?* and 30e™?* m>. Gain and noise figure
spectra of the ion concentration 2 are produced, and the
optimum value is determined. Then again, using the values
determined in the first, second, and third cases, ion
concentration 1 of Type 3 is optimized. Secondly, the
optimum ion concentration 1 is simulated by increasing
5¢™?* m each time at ion concentration 2 between 5¢***
and 30e' m3. After that, the most efficient ion
concentration 2 is determined. Then, using the optimum
ion concentrations 1 and 2, it is simulated by increasing
5¢™* m™ each time at the ion concentration 3 between
5¢"2* and 30e*?* m>. Finally, gain and noise figure spectra
are generated using the obtained values, and the optimum
ion concentration 3 is determined.

In the last case, using all values determined in the
previous cases, all designs are simulated, and gain and
noise figure spectra are produced using the obtained values
in S bands. The parameters used in all simulations are
listed in Table 2, and Tm emission cross-section spectra
are shown in Fig. 2. Optisystem 21.0 uses the theoretical
analysis of TDFA in [35] for its calculations.
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Fig. 2. Tm emission cross-section spectra used in the simulation
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Table 2. Parameters used in the simulation

3. Simulation results

Parameter Value Unit Gain and noise figure values were obtained by
Core Radius 1.3 um simulating all TP-TDFA designs separately. For ecasy
Doping Radius 03 um comparison,. these vglues were shown in two separate
graphs as gain and noise figures.
Non-radiant ion lifetime 430x 10 s In the first case, the input signal at 1469 nm
1 wavelength, pumps at 1050 nm wavelength with 1000 mW
Non-radiant ion lifetime 45x10° s power, 5 m length, and 20e"* ion concentration for each
2 TDF were applied to all designs. Each design was
Non-radiant ion lifetime 784x10° § simulated separately by feeding at different input power
g changed from 0 dBm to -40 dBm. Fig. 3a shows the gain
1 2857 (1s) spectrum according to the input power, and Fig. 3b shows
Ar30 1353.85 (1/s) the spectrum of the noise figure according to the input
Ar3l 13846 (1/5) power. According to Fig. 3a, -30 dBm was determined as
the most efficient input power. While the noise figure
i U0 ey @y 140 0.2 dB values of Type 1 and 2 are close to each other, Type 3 is
The loss of PS 0.2 dB half of the others.
The insertion loss of OC 0.2 dB
(K3101) 0.18 & m3/s
Cross-relaxation
coefficient
(K1310) 5.12¢2 m3/s
Up-conversion
coefficient
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Fig. 3. Gain and noise figure graphs of all types of TP-TDFA fed at different input powers (color online)

In the second case, using -30 dBm, determined in the
first case, each design was separately simulated by
increasing 250 mW each time at pump powers between
250 and 3500 mW. Fig. 4 (a) shows the spectrum of the
gain according to the wavelength, and Fig. 4 (b) shows the
spectrum of the noise figure according to the wavelength.

It can be seen in Fig. 4 (a) that the most efficient pump
power was 1750 mW for Type 1 and 2, while it was 2750
mW for Type 3. When the noise figure spectra in Fig. 4 (b)
are considered, it is seen that the noise figures of Type 2
are higher. This increase is attributed to the higher
counter-propagating ASE at the input part of the amplifier.
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Fig. 4. Gain and noise figure graphs of all types of TP-TDFA fed at different pump powers (color online)

In case 3, using 1750 mW, which was determined as
the optimum pump power for Type 1 and Type 2 in the
second case, TDF 1 of Type 1 and Type 2 were optimized
separately using the software, which was 5.2 m for both of
them. Then, using TDF 1: 5.2 m, Type 1 and Type 2 were
simulated by increasing 0.5 m each time at TDF 2 length
between 3 and 7 m. Fig. 5a shows the spectrum of the gain
according to the TDF 2 length, and Fig. 5b shows the
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spectrum of the noise figure according to the TDF 2
length. In Fig. 5 (a), it can be seen that the optimum value
of TDF 2 length for Type 1 is 5.5 m, and the optimum
value of TDF 2 for Type 2 is 5 m. These values continued
to be used in the next case. In Fig. 5 (b), it is seen that the
noise figure values of these types are close to each other.
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Fig. 5. While optimum TDF 1 is 5.2 m, TDF 2 lengths versus gain and noise figure of Type 1 & Type 2 of TP-TDFA (color online)

Then again, using 2750 mW, determined as the
optimum pump power for Type 3 in the second case, TDF
1 of Type 3 was optimized using the software, and it was
6.3 m. It was simulated by increasing 0.5 m each time at
TDF 2 length between 3 and 7 m while using TDF 1: 6.3
m constant. Fig. 6a shows the spectrum of the gain
according to the TDF length, and Figure 6b shows the
spectrum of the noise figure according to the TDF length.

As shown in Fig. 6a, the most efficient TDF 2 length is 6
m. Then, using the optimum TDF 1: 6.3 m and TDF 2: 6 m
lengths, it was simulated by increasing 0.5 m each time at
TDF 3 length between 3 and 7 m. Finally, the obtained
values were added in Fig. 6. The most efficient TDF 3
length is 3.5 m. The noise figure values are lower since the
third TDF is near saturation.



224 A. Dincer, M. Yiicel
3.55
50
a5 T b - b
35
40 +
»
35 | 3.45
30 4 o i
=
& 3.4
. : I‘\""\\.__-——'—I""
= k= |
T 20 f i
o
2335 |
15 | g
z
10 - 33 |
5 ~&-TDF 2 of Type 3 TP-TDFA (When TDF 1: 6.3) i -o-TDF 2 of Type 3 TP-TDFA (When TDF 1: 6.3)
-#-TDF 3 of Type 3 TP-TDFA (When TDF 2: 6 and TDF 1: 6.3) -=-TDF 3 of Type 3 TP-TDFA (When TDF 2: 6 and TDF 1: 6.3)
0 . . . . . . . 3.25 . , , , . . .
3 35 4 45 5 5.5 6 6.5 7 3 35 4 4.5 5 5.5 6 6.5 7
TDF"X" Length (m) TDF"X" Length (m)
(a) Gain (b) Noise figure

Fig. 6. Gain and noise figure graphs of Type 3 TP-TDFA with different TDF lengths (color online)

In case 4, using TDF 1: 5.2 m and TDF 2: 5.5 m,
which were determined the optimum lengths for Type 1
and Type 2 in the third case, ion concentration 1 of Type 1
and Type 2 were optimized separately, and it was 18¢"*
m> for both of them. Then, using ion concentration 1:
18¢"* m?3, Type 1 and Type 2 were simulated by
increasing 2.5¢"?* m-3 each time at ion concentration 2

between 5¢2* and 30e*?* m. Fig. 7 (a) and (b) shows the
gain spectrums and the noise figure according to ion
concentration 2. Fig. 7 (a) shows that 20e*** m> is the
optimum value of ion concentration 2 for Type 1, and
22.5¢"?* m3 is the optimum value of ion concentration 2
for Type 2. These values continued to be used in the next
case.
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Fig. 7. While optimum ion concentration 1 is 18¢*%*, ion concentration 2 versus gain and noise figure of Type 1 & Type 2 of TP-TDFA
(color online)

Then again, using TDF1: 6.3 m, TDF 2: 6 m, and TDF
3: 3.5 m, which was determined the optimum TDF lengths
for Type 3 in the third case, ion concentration 1 of Type 3
was optimized by using the software, and it was 16e*
m>. Using ion concentration 1: 16e™* m3, it was
simulated by increasing 2.5¢">* m™ each time at ion
concentration 2 between 5¢*** and 30e*** m™. Gain and
noise figure graphs in Fig. 8 were created using the
obtained values. As shown in Fig. 8 (a), 22.5¢"* m™ is the
optimum value of ion concentration 2 for this type. Then,

the optimum ion concentration 1: 16e*** m3 and ion
concentration 2: 22.5¢™2* m was simulated by increasing
2.5¢"™* m* each time at ion concentration 3 between 5¢*?*
and 30e*?* m. Finally, the obtained values were added in
Fig. 8. The most efficient ion concentration 3 is 17.5¢**
m>. Additionally, since the third TDF is near saturation,
the noise figure values are slightly lower. The noise figure
is 3.45 dB at the 17.5¢" m™ ion concentration. When
noise figures of other ion concentrations are considered,
this value is average.
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Fig. 8. Gain and noise figure graphs of Type 3 TP-TDFA with different ion concentrations (color online)

All optimization studies so far have been conducted
on the input signal at 1469 nm wavelength, which is the
highest gain obtained from the S-band. The values
obtained for this signal listed in Table 3 were applied to
the input signals in the 1444-1499 nm wavelength range

(S-band). The values of Type 1 and Type 2 are quite close.
TDF 2 of Type 1 is slightly longer, while the ion
concentration 2 of Type 2 is slightly higher. For easier
comparison, the obtained gain and noise graphs of all
types are shown in Fig. 9.

Table 3. Optimized values were determined in all cases

Input | Pump | TDF Length | TDF Ion Concentration (m=)
Power | power (m)
(dBm) | (mW)
Type 1 (-30) 1750 | TDF 1:5.2, ion conc. 1: 18",
TDF 2:5.5 ion conc. 2: 204
Type 2 (-30) 1750 | TDF 1:5.2, ion conc. 1: 18¢*%4,
TDF 2: 5 ion conc. 2: 22.5¢*%**
Type 3 (-30) | 2750 | TDF 1:6.3, ion conc. 1: 16e*%4,
TDF 2: 6, ion conc. 2: 22.5¢™%4,
TDF 3:3.5 ion conc. 3: 17.5¢"**

As shown in Fig. 9 (a), the gain values of the models
optimized for the signal in the 1469 nm wavelength are
44.64 dB for Type 1, 45.67 dB for Type 2, and 43.95 dB
for Type 3. While the highest gain and noise figure values
belong to Type 2, the lowest gain and noise figure values
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belong to Type 3. The gain values of Type 2 are higher
than Type 1. As a result, the gain value of the signal
amplified with a single pass after a double pass is higher
than that of a double-pass amplified signal used after a
single pass.
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Fig. 9. Gain and noise figure graphs of all types of TP-TDFA at optimized values (color online)



226 A. Dincer, M. Yiicel

The highest noise figure values have occurred in the
Type-2 design. This increase is attributed to the higher
counter-propagating ASE at the input part of the amplifier.
This reduces the population inversion at the input part of
TDF and afterward increases the noise figure [29].

4. Conclusion

Three types of TP-TDFA have been presented in this
research. Input power, pump power, TDF length, and ion
concentration were optimized for all three types,
respectively. Then, the performance comparison was made
over the gain and noise figure values in the S-band for all
types using the determined optimized values. Examining
the gain performance of all optimized TP-TDFA types, it
can be concluded that Type 2 is the best design.
Nevertheless, the noise figure values of designs are higher
than other types and seem to be a disadvantage. On the
other hand, considering the noise figure graphs in Fig. 9

(b), Type 3 has less than half of the noise figure values of
the other types and seems to be the best choice for systems
requiring low noise. If a comparison is made by looking at
the results obtained, two-stage triple-pass models (Type 1
& 2) are more useful and economical than the three-stage
triple-pass model (Type 3). Using these two types, whose
gain values are high and close to each other, can increase
the repeater distance in long-haul next-generation fiber
optical communication systems.

A comparison of similar designs in the literature is
made in Table 4. There are two TP-TDFA studies; our
previous study [30] and another study close to the 2000
nm band [26]. Since no other studies have been found, a
comparison has been made with TP-EDFA. Since different
doped materials, input signal bandwidths, parameters,
equipment, and techniques are used in different studies,
gain and noise figures also differ. However, in general
terms, similar gains were obtained from TP-EDFA designs
and TP-TDFA designs.

Table 4. Comparison with similar design studies in the literature

Design Input Signal Pump Power Fiber Gain Noise
Power Wavelength (mW) Length (dB) Figure
(dBm) (nm) (m) (dB)
Type 1 TDFA -30 1469 1750 5,2+5,5 44,6 6,4
(current study)
Type 2 TDFA -30 1469 1750 5,2+5 45,6 7,8
(current study)
Type 3 TDFA -30 1469 2750 6,3+6+3,5 439 33
(current study)
Type 1 TDFA|[26] 0 1975 200 3+4 19,9 ~5,6
Type 1 TDFA[30] -20 1469 1000+1000 5+4,8 ~427 ~ 10
Type 1 EDFA[32] -20 1550 10+50 - ~55,0 ~35
Type 1 EDFA|[33] - - 150+240 - 78,7 33
Type 1 EDFA[34] -20 1550 100 10 ~42,0 ~7,0
Type 1 EDFA|[36] -30 1560 300 6+11 54,9 3,7
Type 2 EDFA[32] -20 1550 10+50 - ~35,0 ~39
Type 2 EDFA|[33] - - 150+240 - 59,6 8,1
Type 2 EDFA[34] -20 1550 100 10 ~41,0 ~7,0
Type 2 EDFA[37] -30 1550 30+70 10+7 ~42,0 ~54
Type 3 EDFA[32] -20 1550 10+50+100 - ~40,0 ~4,6
Type 3 EDFA[33] - - 150+240+290 - 58,5 7,0
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