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Optical wireless communication (OWC) links enable high-speed data transmission between earth sta-
tions and satellites. The propagation of optical signals through the atmosphere suffer from atmospheric
attenuation and turbulence due to rain, fog, snow, clouds, and wind. The impact of these impairments on
propagation of optical signals becomes more pronounced in the case of deep space links. Therefore, opti-
cal amplifiers of high output power and gain are extremely useful in deep space links to achieve error free
transmission by improving the link budget. In this paper, we propose the design of an efficient Thulium-
doped fiber amplifier (TDFA) as booster as well as an in-line based on dual-stage pumping scheme for
employment in a dual-hop earth to satellite OWC Link. The pumping scheme, length of Thulium-doped
fiber (TDF), and Tm3+ concentration in the proposed design of TDFA are optimized in such a way so that
high output power and gain are achieved for booster and in-line stages, respectively. Output power and
gain of 4.6 W and 18.8 dB, respectively are achieved for signal power of 0 dBm at 1807.143 nm when
TDFA is used as booster amplifier. Similarly, gain and output power of 66.6 dB and 1.5 W, respectively
are achieved for signal power of �35 dBm at 1807.143 nmwhen TDFA is used as in-line amplifier. A noise
figure (NF) of 4.4 dB is achieved for signal wavelength of 1807.143 nm and power of 0 dBm. Finally, the
system level performance of the designed TDFA is investigated using bit error rate (BER) metric for a dual-
hop earth to satellite OWC wavelength division multiplexed (WDM) transmission system of four quadra-
ture phase shift keying (QPSK) modulated optical signals with an aggregate data rate of 104 Gbps. The
BER results showed different possible ranges of error-free transmission at the forward error correction
(FEC) limit of 10�4 for different values of atmospheric attenuation.

� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

The rapid progress in development of low attenuation around
1550 nm silica based single mode fibers (SMFs), Erbium-doped
fiber amplifiers (EDFAs), wavelength division multiplexing
(WDM), and newly introduced digital coherent transmission have
taken the internet infrastructure at its climax. Hence, record trans-
mission speed and capacity of 1.6 Tb/s by wavelength division
multiplexing of 160 optical channels over a single SMF was demon-
strated recently [1]. Due to inception of various technologies in our
daily life such as IoTs, HDTVs, high-definition online streaming,
video gaming, video conferencing, social media platforms, VoIP
optical
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etc result into a rapid increase in internet traffic [2,3]. Telecom net-
works today are swiftly being pushed towards their capacity limits
as a result of customers demand for high-speed and high-data rate
transmission to run the bandwidth intensive services and applica-
tions. Hence, the network designers and telecom operators have
forseen a future ‘‘capacity crunch” [4]. Therefore, the fibre-optic
transmission systems based on most favourite and currently
exhausted 1550 nm optical window is supplemented by the intro-
duction of new optical windows to contain the rapid increase in
demand for greater bandwidth [2,5]. Different solutions have been
considered by the research community to address the capacity and
bandwidth demand related problems of fibre-optic transmission
systems. For example, (I) optimal use of the available limited
resources by employing advance multi-level modulation formats
such as PAM-4/8, 64-QAM etc, (II) development of the communica-
tion systems based on multi-mode fibers (MMFs) to accommodate
more spatial data streams, and (III) development of the efficient
multi-band transmission (MBT) systems based on exploiting the
theoratically unlimited bandwidth of the existing silica SMFs [6].
The MBT systems rely upon the design and development of novel
active and passive optical components and use of existing infras-
tructure for the efficient transmission in O-, E-, S-, L-, U-bands,
and beyond [7]. Therefore optical window around 1900 nm is get-
ting huge research attraction for future optical communication sys-
tems as an extension to the C-, L-, and U-bands.

The growing research interests around 1900 nm optical window
are compelling to find optical amplifiers that provide high gain,
high saturated output power, and low NF. TDFAs enable signifi-
cantly enhanced amplification bandwidth by operating in 1750–
1950 nm wavelength range and have attracted huge research
attractions for potential applications such as optical communica-
tion, spectroscopy, remote sensing, photo-medicine, material pro-
cessing, and mid-IR generation [4,8,9]. Due to recent boom in
research interests in optical communication window around
1900 nm, TDFAs are being widely explored in near past. R. E. Tench
et al. demonstrated a dual-stage 940 nm multimode semiconduc-
tor pumped polarization maintaining TDFA (PM-TDFA) with a high
output power of 2.2 W and gain over 46 dB at 1909 nm. Wide oper-
ating bandwidth of 1875–2000 nm and NF of 7 dB was observed
[8]. Romano et al. reported performance evaluation of a dual-
stage single clad TDFA of high output power and gain of 5 W and
60 dB at 1952 nm without stimulated Brillouin scattering (SBS).
A power conversion efficiency (PCE) over 60% was achieved [10].
Muravyev et al. demonstrated [11] an ultrabroadband TDFA
promising the gain of 30 dB and 7 dB simultaneously at 1900 nm
and 2300 nm, respectively in a Tm3+-doped tellurite fiber. C. Gaida
et al. proposed a TDFA of record average output power of 1 kW
pumped with state-of-the-art laser diodes of combined pump
power of around 2 kW at 793 nm [12]. PCE of more than 60% has
been achieved. Mukhatar et al. theoretically analyzed the perfor-
mance of an in-band pumped TDFA operating at 1900 nm [13].
The performance is analyzed by considering the optimized doping
concentration of Tm3+, TDF length, and the pump power. A small-
signal gain of around 41 dB is demonstrated at optimized parame-
ters. The minimum NF of 4.15 dB is observed at 1900 nm. X. Jin
et al. demonstrated a high-efficiency ultrafast TDFA based on a res-
onant pumping technique by employing a CW fiber laser at
1940 nm as pump source [14]. Maximum output power of 40 W
and PCE of 87% was observed at 1970 nmwhen the launched pump
power was 53 W. The performance of a heavily doped TDFA has
been theoretically investigated for operating at 2000 nm when
pumped at 1570 nm with power of 2 W in [15]. Small-signal gain
of 35 dB was achieved at optimum TDF length of 0.7 m. Khamis
et al. investigated the dynamic behavior of a TDFA operating at
2000 nm for 20 channels having �4 dBm total input power recon-
figurable WDM system [16]. It has been shown by simulation
2

results that the deleterious channel power fluctuations which are
generated by variation in signal power can be mitigated by pro-
posed optical gain-clamping technique. In [17], the short wave-
length amplification in 1650–1800 nm wavelength range is
investigated using silica-based TDFAs. A gain of around 29 dB
was demonstrated by in-band diode pumped TDFA operating in
1650–1800 nm wavelength range and NF as low as 6.5 dB was
observed. M. A. Khamis et al. proposed a theoretical model of TDFA
by considering the cross-relaxation process and different pump
wavelengths [18]. It has been shown that the performance of TDFA
is more better for 1570 nm pump instead of 793 nm pump. There-
fore, peak gain of 30 dB was achived for pump and signal powers of
27 dBm and �10 dBm, respectively for signal wavelength of
1840 nm is used while only 22 dB gain was achieved using indirect
pumping at 793 nm under the same conditions. Jung et al. pro-
posed several designs of silica-based in-band pumped at
1550 nm TDFAs operating across the 1650–2050 nm wavelength
range [19]. A broadband gain of 36 dB, NF of 4.5 dB, and saturated
output power of 100 mW over 400 nm were demonstrated by
using these designs of TDFA for short, central, and long wavelength
operation. A multiwatt dual-stage TDFA employing a 1567 nm L-
band shared pump source was experimentally demonstrated in
[20]. The performance of the TDFA was evaluated for three specific
signal wavelengths of 1909 nm, 1952 nm, and 2004 nm. High gain,
output power, and NF of 60 dB, 2 W, and 4 dB, respectively were
observed. In [21], a TDFA model was proposed to study various
performance characteristics such as peak temperatures, expected
output powers and efficiencies, presence of amplified spontaneous
emission (ASE), and transverse mode instability (TMI) by consider-
ing single as well as two-tone configurations based on numerical
simulations. Singh et al. analyzed the gain performance of a S-
band silica based TDFA by employing multiple pumping schemes
[22]. The pumping schemes of 1050 nm, 1050 nm + 800 nm,
1050 nm + 1400 nm, and 1050 nm + 1400 nm + 800 nm have been
considered. It has been demonstrated that the best gain enhance-
ment was achieved for 1050 nm + 1400 nm + 800 nm pumping
combinition. R. E. Tench et al. demonstrated through experimental
and simulation results a tandem single clad TDFA operating in
1900–2050 nm wavelength range which was in-band pumped at
1560 nm [23]. High gain > 50 dB, output power of 2.6 W, dynamic
range >30 dB, and NF around 4 dB were achieved. R. E. Tench et al.
reported the design of a broadband hybrid single-clad PM-HDFA/
TDFA operating in 2000–2100 nm wavelength range [24]. Small-
signal gain of 49.1 dB, NF of 6.5 dB, and output power of 3.54 W
were achieved at signal wavelength of 2051 nm. R. E. Tench et al.
reported the design of a broadband hybrid PM-HTDFA operating
in 2000–2100 nm wavelength range [25] generating an output
power of over 25 W at 2051 nm and a dynamic range of 34 dB.
We compare the main structural artifacts and results obtained
from the proposed design (in bold) with published work as
reported in the literature. It may be observed from Table 1 that
the proposed design of TDFA gives good performance along with
added advantages of simplicity and cost efficiency. It is also worth
mentioning here that the past studies mentioned in Table 1 are
mainly experimental which may not be directly compared with
our work, which is simulation based. However, our work paves
the way for research groups having relevant facilities to perform
experimental investigations. In this work, we propose the design
of an efficient TDFA operating in 1700–1950 nm wavelength range
employing a dual-stage pumping technique at 1210 nm with two
forward pump sources each of 2.5 W. The pumping scheme, TDF
length, and doping concentration of Tm3+ are optimized to achieve
high output power and gain for the use in dual-hop earth to satel-
lite OWC links as booster as well as in-line amplifier, respectively.
Output power and gain of 4.6 W and 18.8 dB are achieved in the
case of TDFA as booster amplifier while gain and output power of



Table 1
Comparison of the important results of the proposed work with results of the past related studies.

Study Gain NF PCE TDF length No. of pumps & pumping stages

[8] 46 dB 7 dB 26.5% 4 m, 2 m 1, 2
[10] 60 dB 7 dB 78.7% 4.3 m, 2 m 2, 2
[12] - - 60% - 2, 1
[13] 41 dB 4.2 dB - 10 m 1, 1
[14] - - 87% 7 m 2, 1
[15] 35 dB - - 0.7 m 1, 1
[17] 29 dB 6.5 dB - 0.5 m, 0.5 m 2, 1
[18] 30 dB 6.5 dB - 1.25 m 2, 1
[19] 36 dB 4.5 dB - 8 m 2, 1
[20] 60 dB 4 dB 54.2% 4.3 m, 2 m 1, 2
[22] 27 dB 6.5 dB - 10 m 3, 1
[23] 50 dB 4 dB 82% 7 m, 5 m 3, 2
[24] 49.1 dB 6.5 dB 13.4% 3 m, 2.5 m 1, 2
[25] 54 dB 10 dB 70% 3 m, 2 m, 5 m 3, 3

[Proposed] 66.6 dB 4.4 dB 95% 1.5 m, 1.5 m 2, 2
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66.6 dB and 1.5 W are achieved in the case of TDFA as in-line
amplifier for signal power of 0 dBm and �35 dBm, respectively
at 1807.143 nm. NF of around 4.4 dB is observed for signal wave-
length of 1807.143 nm and power of 0 dBm. The system level per-
formance of the TDFA is investigated for a dual-hop earth to
satellite OWC link by considering WDM transmission of four QPSK
modulated optical signals having an aggregate data rate of 104
Gbps. The BER performance metric is used for different atmo-
spheric attenuation while considering strong turbulence regime
(refractive index structure parameter of 5� 10�12m�2=3) using
Gamma-Gamma channel model for OWC link.

We implemented the proposed design using a well known opti-
cal communication system design software‘‘OptiSystem” from
Optiwave System Inc [26]. The software is used to optimize the
pumping scheme, length of TDF, and Tm3+ concentration. The sys-
tem level performance of the TDFA is analyzed by considering
Gamma-Gamma channel model.
2. Application Scenario of the Proposed TDFA

Satellite communications have been getting rapid attention in
variety of applications where terrestrial communication networks
usually flop in meeting a particular requirement, such as remote
sensing, earth observatory, military surveillance, radio astron-
omy, deep space exploration, broadband backhaul communica-
tion, satellite constellation, and navigation [27]. These
applications require the transmission of huge amount of data, i.
e in Tb/s from earth to satellite, satellite to earth, satellite to
satellite, satellite to airborne platforms etc. It is prediced that
the data volume will surpass 7 PB/year in the near future [28].
Consequently, the traditional X to Ka satellite frequency bands
being used for data transmission are expected to reach their
capacity limit soon [28]. OWC is the latest technology in which
high power laser beams either in the visible or infrared range
are used to transfer the information from one point to another
using a pair of telescopes through an unguided channel which
may be in the atmosphere, free space or both [29,30]. OWC sys-
tems offer very high data rates comparable to optical fibers, easy
installation, unlicensed spectrum utilization, low power con-
sumption, low carbon footprint, compact, and highly secure to
eavesdroppers [29,31]. Therefore, the use of OWC links in satel-
lite communication is a viable solution. However, OWC links
are also vulnerable to various detrimental effects arising from
unstable weather conditions and geometry of telescopes [32].
The major impairments which affect the quality of service in
OWC links are atmospheric attenuation, turbulence, and pointing
errors [32] which limit the range of OWC links by compromising
3

the link budget. One of the solutions to extend the range of the
OWC links is the transmission of high power optical signals by
using high power lasers and booster amplifiers at the transmit-
ters to maintain sufficient link budget [33]. Alternatively, use of
relay assisted OWC techniques based on all-optical amplify and
forward (OAF) or all-optical regenerate and forward (ORF) relays
help in realizing the long range OWC links by combatting the
above mentioned impairments [33]. As mentioned earlier that
atmospheric attenuation, turbulence, and pointing errors limit
the range of OWC links due to insufficient link budget. Therefore,
the earth stations are usually equipped with high power laser
sources and booster amplifiers to transmit the high power laser
beams through free space in order to compensate the atmo-
spheric attenuation and pointing errors so that sufficient link
budget can be maintained. Different weather conditions can
cause variable extent of atmospheric attenuation and turbulence.
Normally, all weather related disturbances occur inside of the
troposphere, which extends up to an altitude of 11 km [34].
Therefore, the influence of the atmosphere on OWC link beyond
11 km altitude up to geostationary earth orbit (GEO) is much
smaller than it is for an OWC link from earth station to upper
boundry of the troposphere. It is estimated that the atmospheric
attenuation from an altitude of 11 km towards GEO is around
0.22 dB for a wavelength of 1550 nm [34]. It is also inferred that
the loss will be even much smaller for longer wavelength beyond
1550 nm. Fig. 1 shows the application scenario of the proposed
design of TDFA for employment in a dual-hop earth to satellite
OWC link. It may be observed that an earth station is installed
on surface of the earth and equipped with high power TDFA as
booster amplifier. After power boosting, the earth station trans-
mits the data modulated optical signal over OWC link using a
telescope towards a high-altitude platform station (HAPS) which
is at an altitude of 10 km above earth surface as shown in Fig. 1.
As the OWC link between earth station and HAPS is more signif-
icant for weather related disturbances, therefore the high output
power TDFA is used at earth station to efficiently encounter the
atmospheric attenuation. The optical signal is then received at
HAPS with the help of a telescope. The HAPS functions here as
an OAF relay which houses the high gain TDFA as in-line ampli-
fier. As the OWC link beyond troposphere is not significant for
weather related disturbances, therefore the prime requirement
here is the improvement of the gain instead of power boosting.
Therefore, high gain TDFA is used at HAPS to improve the signal
quality. After amplification, the optical signal is then transmitted
over OWC link towards low earth orbit (LEO) satellite where the
signal is received and further processed. A LEO is relatively close
to earth’s surface. It is normally at an altitude of less than
1000 km but could be as low as 200 km above the earth [34].



Fig. 1. Application scenario of the proposed design, HAPS: High-altitude platform station, LEO: Low earth orbit.
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3. Theoretical Background

Fig. 2a shows the absorption and emission spectra of Tm3+. It
may be observed that although Tm3+ has multiple pump absorp-
tion bands resulting into emission at different wavelengths but
pumping around 793 nm, 1000 nm, 1064 nm, 1200 nm,
1400 nm, 1570 nm, 1600 nm, and 1840 nm is widely employed.
In this work, 1210 nm pumps are used for pumping the TDFs in
both of the stages. Fig. 2b shows the energy level diagram of
Tm3+ where 3H6 is taken as ground energy state and 3H4 is the first
excited manifold. The most common transition causing the lasing
around 1800 nm is 3H6 $ 3H4. Similarly, the rate equations can
be written as [35].

dN1

dt
¼ �ðW10 þ Pprap

hfp
þ Psras

hfs
ÞN1 þW21N2 þ Psras

hfs
N3 ð1Þ

dN3

dt
¼ Psras

hfs
N1 � ðW30 þ Pprap

hfp
þ Psras

hfs
ÞN3 þW43N4 ð2Þ

dN5

dt
¼ Pprap

hfp
N3 þ ðW50 þW52ÞN5 ð3Þ
Fig. 2. (a) Absorption and emission spectra o
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Neglecting the ASE and fiber attenuation, the propagation equations
of pump and signal along the TDF in the z-direction can be written
as [35].

dPp

dz
¼ �CpðrapN0 � rapN1 � rapN3ÞPpðzÞ ð4Þ

dPs

dz
¼ �CsðresN3 � rasN1 � r01N0ÞPsðzÞ ð5Þ

Various symbols used in Eq. (1)–(5) are shown in Table 2.
4. Optimization of pumping scheme

Apart from length of TDF and Tm3+ concentration, the pumping
scheme is a crucial design constraint which affect the overall per-
formance (i.e. PCE) and cost of TDFAs. Therefore, it is important to
select a suitable pumping configuration before optimizing rest of
the parameters. Fig. 3 shows different pumping schemes used to
pump Tm3+. In this work, we optimize the pumping configuration
with the help of PCE values obtained from the plots between pump
power and output power measured with an optical power meter
(OPM) attached at the output of TDF in each pumping configura-
tions i.e., forward, bidirectional, and dual-stage. We have used
f Tm3+ (b) Energy level diagram of Tm3+.



Table 2
Different symbols used in Eq. (1)–(5).

Sr.
No

Symbol Description

1 Ni Population densities at i level
2 Pp; Ps Pump and signal powers
3 hfp; hfs Pump and signal photon energies
4 rap;ras Absorption cross-section of the pump and signal
5 res Emission cross-section of signal
6 r01 Transition cross-section from background leve to first

excited level
7 Cp;Cs Overlap integral of pump and signal
8 Wij Radiative transition rates from level i to level j
9 h Plank’s constant

Fig. 4. Plots between pump power versus output power for different pumping
configurations.
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same values of pump power, TDF length, and Tm3+ concentration in
each configuration for a fair comparison. The Pumping scheme
which produces the highest value of PCE will be considered as opti-
mum pumping scheme. Fig. 4 shows pump power versus output
power plots for different pumping configurations. The plot in the
case of forward pumping configuration is obtained by considering
the TDF length, Tm3+ concentration, signal power, and pump power
of 3 m, 25� 1024m�3, 0 dBm, and 5 W, respectively. Similarly, the
plot in the case of bidirectional configuration is obtained by con-
sidering the TDF length, Tm3+ concentration, signal power, and
pump power of 3 m, 25� 1024m�3, 0 dBm, and 5 W (2.5 W for each
pump), respectively. Finally, the plot in the case of dual-stage con-
figuration is obtained by considering the TDF length, Tm3+ concen-
tration, signal power, and pump power of 3 m (1.5 m for each TDF)
[10], 12:5� 1024m�3 for each TDF [10], 0 dBm, and 5 W (2.5 W for
each pump) [10], respectively. The signal and pump wavelengths
used in each configuration are 1807 nm and 1210 nm, respectively.
It may be observed that forward, bidirectional, and dual-stage
pumping configurations yield PCE of 41.7%, 39.6%, and 95% respec-
tively. Therefore, it is concluded that dual-stage is the optimum
pumping configuration which produces the highest PCE.
5. Simulation setup

The schematic of the proposed design of TDFA as booster as well
as in-line amplifier based on dual-stage pumping has been shown
in Fig. 3c. It is important to mention here that TDFs in this work are
pumped using semiconductor laser diodes, but alternatively can be
pumped using fiber laser based pump sources as we did in one of
our past works [36]. Dual port WDM analyzer, OPM, and optical
Fig. 3. Different pumping configurations for TDFA
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spectrum analyzer (OSA) are used to monitor and analyze the
results.

The schematic of system level performance analysis of the
designed TDFA as booster as well as in-line amplifier in a dual-
hop earth to satellite OWC Link has been shown in Fig. 5. It may
be observed that four CW signals having powers of 0 dBm and
wavelengths of k1 ¼ 1800nm; k2 ¼ 1800:8nm; k3 ¼ 1801:6nm, and
k4 ¼ 1802:4nm are modulated with electrical QPSK signals at the
rate of 26 Gbps at earth station. The structure of optical QPSK
transmitter is shown in inset of Fig. 5. The resulting optical QPSK
signals are multiplexed and then the combined optical signal at
an aggregate data rate of 104 Gbps is transmitted towards HAPS
over first OWC link having range of 10 km after optical amplifica-
tion with booster TDFA as shown in Fig. 5. The average optical
power of combined signal at the input of transmitter telescope is
37 dBm. The signal is received at the HAPS where an in-line TDFA
is installed. In other words, the HAPS simply plays the role of an
OAF relay. After amplification, the average optical power of com-
bined signal at the input of transmitter telescope is 31.5 dBm.
The signal is then transmitted over second OWC link having range
of 990 km towards LEO satellite. The power of the received optical
signal by the receiver telescope is given by the following relation
[37].
(a) Forward (b) Bidirectional (c) Dual-stage.



Fig. 5. Schematic of system level performance analysis of the designed TDFA.

Table 3
Important simulation parameters.

Sr.
No

Parameter Value

1 Data rate (each channel) 26 Gbps
2 Range of first OWC link (first-hop) [34] 10 km
3 Range of second OWC link (second-hop) [34] 990 km
4 Atmospheric attenuation of first OWC link 5 dB/km
5 Atmospheric attenuation of second OWC link [34] 0.22 dB
6 Refractive index structure parameter (C2

n) of both
OWC links

5� 10�12m�2=3

7 Transmitter and receiver aperture diameter [39] 5 and 10 cm
8 Beam divergence 2 mrad
9 Pump wavelength 1210 nm
10 Pump power [10] 2.5 W
11 Core radius [35] 1:3lm
12 Numerical aperture [35,40] 0:3
13 Doping radius [41] 1:3lm
14 Signal attenuation 0.1 dB
15 Pump attenuation 0.15 dB
16 Responsivity of PIN 0.9 A/W
17 Temperature 300 K
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Pr ¼ Ptgtgr
k

4pL

� �2

GtGrLtLr ð6Þ

Where; Pt ; Pr;gt;gr; k, L, Gt ;Gr; Lt;and Lr is transmitted power,
received power, transmitter optics efficiency, receiver optics effi-
ciency, operating wavelength, length of OWC link, transmitter tele-
scope gain, receiver telescope gain, transmitter pointing loss and
receiver pointing loss, respectively. In Eq. 6, the receiver telescope
gain is given by [37].

Gr ¼ pDr

k

� �2

ð7Þ

Where, Dr is the receiver telescope diameter. It may be observed
from above expressions that the receiver telescope gain depends
on receiver telescope diameter. Thus, smaller the telescope diame-
ter, the less power received by it and vice versa. Both of the OWC
links are modeled using Gamma-Gamma channel model [3]. The
probability density function (PDF) of signal intensity fluctuations
owing to atmospheric turbulence of OWC links is governed by
Gamma-Gamma distribution which is given as [3,38].

pðIÞ ¼ 2ðabÞaþb
2

CðaÞCðbÞ I
ðaþbÞ=2�1Ka�b 2

ffiffiffiffiffiffiffiffi
abI

p� �
ð8Þ

Where, Knð:Þ is the Bessel function of nth-order andCð:Þ is the Gamma
function in terms of propagation distance z over OWC links as [38].

CðzÞ ¼
Z 1

0
expð�tÞtz�1dt ð9Þ

In the case of planar wave propagation, the parameters a and b rep-
resenting large and small scale eddies of the scattering process,
respectively are given by the following expressions [38].

a ¼ exp
0:49r2

l

1þ 1:11r2:4
l

� �1:17
 !

� 1

" #�1

ð10Þ

b ¼ exp
0:51r2

l

1þ 0:69r2:4
l

� �0:833
 !

� 1

" #�1

ð11Þ

Where, r2
l ¼ 1:23C2

nk
7=6L11=6 is log intensity variance describing the

strength of atmospheric turbulence, L is the length of OWC link in
6

km, k ¼ 2p=k is the wave number, and C2
n is the refractive index

structure parameter whose values can vary over time even for a
specific link due to the complex dynamics of the weather. Normally,
the value of C2

n varies from 10�17 for weak turbulence to 10�12 for
strong turbulence [38]. After demultiplexing, the individual optical
QPSK signals are detected by the QPSK receivers where optical to
electrical conversion takes place based on the principle of homo-
dyne detection. The structure of optical QPSK receiver is shown in
inset of Fig. 5. After PSK decoding, the retrieved binary data signals
are passed on to the BER test sets for BER calculation as shown in
Fig. 5. The important simulation parameters used in this work are
shown in Table 3.
6. Results and Discussion

This section discusses the design optimization of TDFA as boos-
ter as well as in-line amplifier and system level performance of the
designed TDFA based on simulation results.
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6.1. TDFA as Booster Amplifier

The output power of the TDFA is calculated for different signal
wavelengths at different lengths of the TDF and Tm3+ concentra-
tion with a signal power of 0 dBm and pumping powre of 5 W
(2.5 W for each pump) as shown in Fig. 6. It may be observed from
Fig. 6a that the output power of the TDFA is highest equals to 4.6 W
at 1807.143 nm at 3 m length of TDF (1.5 m for each TDF) for Tm3+

concentration of 12:5� 1024m�3 for each TDF. Hence, TDF length of
3 m is used as the optimum length which contributes towards
maximum output power. Similarly, the plots between signal wave-
length and output power are obtained at different Tm3+ concentra-
tions by considering the optimized TDF length. It is obvious that
the output power of TDFA is highest corresponding to Tm3+ con-
centration of 12:5� 1024m�3 for each TDF as shown in Fig. 6b.
The effect of TDF length and Tm3+ concentration on the particular
shape of the plots shown in Fig. 6 is due to the amount of absorbed
pump power and its conversion to higher wavelength to amplify
the signal wavelength. The balance of the amount of absorption
of the amplified signal and its gain due to pump conversion cause
this particular shape of the plots.

Fig. 7 shows the plots between signal wavelength and gain as
well as between signal wavelength and NF obtained at optimized
parameters for a signal power of 0 dBm and pump power of 5 W
(2.5 W for each pump). It may be observed from Fig. 7a that the
maximum gain of 18.8 dB is obtained at 1807.143 nm. Similarly,
Fig. 7b shows that NF of 4.44 dB is achieved at signal wavelength
of 1807.143 nm, while a NF below 4.6 dB is achieved over 1700–
1950 nm wavelength range. In order to study the impact of change
in pump wavelength on output power and gain of TDFA, the pump
wavelength is varied and its effect on output power and gain of
Fig. 6. Signal wavelength versus output power plots as a

Fig. 7. Signal wavelength versu
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TDFA is observed by considering the optimized parameter for sig-
nal wavelength, pump power, and signal power of 1807.143 nm,
5 W (2.5 W for each pump), and 0 dBm respectively as shown in
Fig. 8. It may be observed from Fig. 8a that the output power of
TDFA decreases for 1190–1200 nm wavelength range and then it
becomes almost constant for wavelengths longer than 1200 nm.
The reason behind this trend can be understood considering the
absorption and emission spectra of Tm3+ as shown in Fig. 2a. The
Tm3+ has maximum absorption around 1210 nm, while at the same
time absorbs part of the amplified signal as described in its absorp-
tion spectrum shown in Fig. 2a. However, the more the pump is
absorbed, the higher gain the signal attains according to its emis-
sion spectra shown in Fig. 2a where a positive slope exists of inter-
ested amplified signal wavelength range. The balance between the
absorption of the amplified signal and the amount of gain, the sig-
nal is amplified using the pump at a specific wavelength results in
the behavior illustrated in Fig. 8a. Similarly, it may be noticed from
Fig. 8b that the gain of the TDFA first increases gradually for
1190–1205 nm wavelength range. Beyond 1205 nm, a saturation
region appears and the gain stops increasing significantly as evi-
dent from Fig. 8b. This trend may again be interpreted considering
the absorption and emission spectra of Tm3+ as shown in Fig. 2a. It
is clear that absorption of the pump photons gradually increases in
1190–1205 nmwavelength range with the peak absorption around
1210 nm, resulting in an increase in gain of the TDFA in this wave-
length range. After 1210 nm, the absorption of the pump photons
starts decreasing gradually which results into gain saturation. To
validate the effect of pair-induced quenching (PIQ) on the output
power and gain of the TDFA, the signal wavelength versus output
power and gain plots are obtained by considering the effect of
PIQ as shown in Fig. 9 at optimized parameters for pump and signal
function of (a) TDF length (b) Tm3+ concentration.

s (a) gain plot (b) NF plot.



Fig. 8. Pump wavelength versus (a) Output power plot (b) Gain plot.

Fig. 9. Signal wavelength versus (a) output power plot by considering the PIQ (b) gain plot by considering the PIQ.

Fig. 10. Signal wavelength versus gain plots as a function of (a) TDF length (b) Tm3+ concentration.
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powers of 5 W (2.5 W for each pump) and 0 dBm, respectively. The
values of cross-relaxation (CR) and homogenous up-conversion
(HUC) coefficients used for validation of PIQ are 18� 10�27m3s�1

and 0:51� 10�24m3s�1, respectively. It may be noticed from
Fig. 9a that the output power of the TDFA is decreased by 0.4 W
by considering the PIQ. Similarly, it is also evident from Fig. 9b that
a penalty of around 2 dB in peak gain of TDFA has been observed at
1807.143 nm by considering the PIQ. Hence, it has been confirmed
that the PIQ negatively affects the performance of TDFA by lower-
ing the gain and output power.

6.2. TDFA as in-line Amplifier

The evolution of gain of the TDFA is investigated by varying the
wavelength of signal at different TDF lengths and Tm3+ concentra-
8

tions for a signal power of �35 dBm and pump powre of 5 W
(2.5 W for each pump) as displayed in Fig. 10. It can be noticed
from Fig. 10a that the gain of the TDFA is highest equals to
66.6 dB at 1807.143 nm for TDF length and Tm3+ concentration
of 12 m (6 m for each TDF) and 25� 1024m�3 for each TDF respec-
tively. Therefore, TDF length of 12 m is turned out as the optimum
length yielding the highest gain. It is also evident that the gain
gradually decreases after further increasing the length of TDF
which is due to a decrease in population inversion [2]. Similarly,
the signal wavelength versus gain plots are obtained as a function
of Tm3+ concentration by considering the optimized TDF length. It
is clear that the gain of the TDFA is highest equals to 66.6 dB at
Tm3+ concentration of 25� 1024m�3 for each TDF as shown in
Fig. 10b. Therefore, Tm3+ concentration of 25� 1024m�3 is the opti-
mized concentration which yields the highest gain. Fig. 11 shows



Fig. 11. Signal wavelength versus (a) gain plots as a function of signal power (b) output power plots as a function of signal power.

Fig. 12. Signal wavelength versus ASE plots as a function of pump power.
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the plots of signal wavelength versus gain and output power as a
function of signal power obtained at optimized parameters for
pump power of 5 W (2.5 W for each pump). It may be observed
from Fig. 11a that the gain of the amplifier is lowest equals to
33.6 dB for signal power of 0 dBm and highest equals to 66.6 dB
for signal power of �35 dBm at 1807.143 nm. A decreasing trend
in gain of the TDFA is clear for the wavelengths longer than
1810 nm for all signal powers which may be attributed to greater
number of Tm3+ ions in lower energy manifold than higher energy
manifold [2,42]. Similarly, the output power of the amplifier is
lowest equals to 1.54 W for signal power of �35 dBm at
1807.143 nm and highest equals to 2 W for signal power of 0
dBm at 1771.429 nm as shown in Fig. 11b. Fig. 12 shows the signal
wavelength versus ASE plots obtained at different pump powers at
optimized parameters for signal power of �35 dBm. It may be
observed that the peak ASE equals to 1.54 dBm is obtained at signal
wavelength of 1860.714 nm for pump power of 5 W (2.5 W of each
pump). The ASE has a decreasing trend at higher wavelengths
which is due to the effect of ground state absorption at higher
wavelengths due to poor population inversion [2]. Further, 3 dB
ASE bandwidth of 85 nm is obtained for pump power of 5 W.
Fig. 13. Range versus BER plots of all four channels obtained at (a) 0.22 dB/m (b)
4 dB/km (c) 5 dB/km.
6.3. System Level Performance of the Designed TDFA

The system level performance of the designed TDFA is investi-
gated for different OWC link ranges versus BER considering strong
turbulence regime (i.e. C2

n ¼ 5� 10�12m�2=3) at different values of
atmospheric attenuation as shown in Fig. 13. It is important to
mention here that the range of first OWC link is kept constant at
9



Fig. 14. Eye and constellation plots of channel-1 at (a) and (d) 0.22 dB/km (b) and
(e) 4 dB/km (c) and (f) 5 dB/km.
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10 kmwhile the range of second OWC link is varied up to 3000 km.
The variation in the overall range of OWC link gives different BER
values of different channels. It is important to mention here that
we are considering FEC limit of 10�4. It may be observed from
Fig. 13a that at FEC limit, the maximum error free average range
equals to around 1450 km is achieved for all channels at atmo-
spheric attenuation of 0.22 dB/km. At atmospheric attenuation of
4 dB/km, the maximum error free average range equals to around
1100 km is achieved at FEC limit for all channels. Similarly, the
maximum error free average range equals to 500 km is achieved
for all channels at atmospheric attenuation of 5 dB/km. A small
variation in the achieved average range at FEC limit is observed
among all four channels at different values of atmospheric attenu-
ation which can be ignored. To further elaborate the performance
of the channels, we have obtained the eye diagrams and constella-
tion plots of channel-1 only at FEC limit by considering the strong
turbulence and different values of atmospheric attenuation as
shown in Fig. 14. Fig. 14a, b, and c show eye diagrams of
channel-1 obtained at atmospheric attenuation of 0.22 dB/km,
4 dB/km, and 5 dB/km, respectively. It is clear that the opening
of the eye diagrams decreases on increasing the value of atmo-
spheric attenuation. Similarly, Fig. 14d, e, and f show constellation
plots of channel-1 obtained at atmospheric attenuation of 0.22 dB/
km, 4 dB/km, and 5 dB/km, respectively. We see that the constella-
tions get radiation with increasing values of atmospheric attenua-
tion because of low received optical power at the photodetector.
However, the constellations are clearly distant resulting into easy
decision at the receiver.
7. Conclusion

The design of an efficient Thulium-doped fiber amplifier for the
use as booster as well as in-line based on dual-stage forward
pumps for employment in a dual-hop earth to satellite optical
wireless Link is proposed. The pumping scheme, length of
Thulium-doped fiber, and Tm3+ concentration are optimized. Out-
put power of 4.6 W and gain of 18.8 dB are obtained for signal
power of 0 dBm at 1807.143 nm when TDFA is considered as boos-
ter amplifier while a gain of 66.6 dB and output power of 1.5 W are
obtained for signal power of �35 dBm at 1807.143 nm when TDFA
is used as in-line amplifier. Noise figure of around 4.4 dB is
observed for signal wavelength of 1807.143 nm and power of 0
dBm. The system level performance of the TDFA is evaluated using
BER metric for dual-hop earth to satellite OWC link considering
Gamma-Gamma channel model at different values of atmospheric
10
attenuation. The BER results show that different ranges for error
free transmission at the FEC limit of 10�4 are achieved at different
values of atmospheric attenuation.
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