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The study of three hybrid rare-earth-doped fiber amplifiers Holmium-Ytterbium (Ho + Yb), Holmium-
Thulium (Ho + Tm), and Ytterbium-Thulium (Yb + Tm) for 200 Mbit/s is conducted for optical transmission
systems. Leveraging a custom simulation framework in OptiSystem, we evaluate gain, noise figure, Q-factor,
and bit error rate (BER) across 1535 — 1560 THz and fiber lengths of 0 — 50 meters. The Ho: Yb configuration
demonstrates unparalleled performance, achieving a peak gain of 0 dB, a noise figure of 5 dB, and an ultralow
BER of < 10~!4, attributed to efficient energy transfer between Ho>* and Yb?* ions. In contrast, (Ho 4+ Tm)
exhibits suboptimal gain (—0.5 dB) and elevated noise (6 dB) due to spectral mismatches, while (Yb + Tm)
offers moderate stability for medium-haul applications. By correlating dopant interactions with performance
metrics, this work establishes (Ho + Yb) as the optimal choice for high-speed, long-distance networks,
addressing critical gaps in hybrid amplifier design.
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1. Introduction

The exponential growth of global data traffic, driven by the
increasing reliance on digital communication, cloud com-
puting, and high-speed internet services, necessitates the
development of advanced optical networks capable of han-
dling high data capacities with minimal latency. Fiber optic
technology, recognized for its exceptional bandwidth and
low attenuation properties, has emerged as a fundamental
enabler of modern telecommunication networks. However,
the challenge of sustaining high data transmission rates over
extended distances persists due to signal degradation caused
by fiber attenuation, chromatic dispersion, and nonlinear
effects. To address these limitations, optical amplifiers
incorporating rare-earth elements have been extensively ex-
plored as a means of enhancing transmission capacity by

mitigating signal loss and supporting long-haul, high-speed
optical communication [1].

Existing literature predominantly focuses on Erbium-
Ytterbium (Er-Yb) hybrids, neglecting the potential of
Holmium-Thulium (Ho-Tm) and Ytterbium-Thulium (Yb-
Tm) configurations. Additionally, prior studies inade-
quately address the energy transfer dynamics between Ho*,
Tm3*, and Yb>* ions in hybrid amplifiers. This work
bridges these gaps by providing the first comparative anal-
ysis of Ho/Yb/Tm-doped hybrid amplifiers for 200 Mbit/s
OCDMA systems integrated with Fiber Bragg Gratings
(FBGs). The novel integration of FBGs with Ho-Yb am-
plifiers achieves unprecedented BER of < 10~'% and C +
L band coverage, addressing scalability challenges in next-
generation optical networks [2].

Erbium-doped fiber amplifiers have historically dominated
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optical communication systems, particularly for C-band
transmission. Despite their established performance, their
restricted gain bandwidth and cumulative noise effects con-
strain their scalability for future high-capacity networks. To
overcome these limitations, hybrid rare-earth-doped fiber
amplifiers incorporating holmium, thulium, and ytterbium
have gained prominence. These hybrid configurations ex-
tend the available gain bandwidth while reducing noise
accumulation, offering a superior amplification strategy
for next-generation networks. The unique energy trans-
fer mechanisms among these rare-earth elements enable
broader spectral coverage, making them an optimal choice
for modern optical communication infrastructures [3].
Further advancements in optical system performance have
been achieved by integrating rare-earth-doped fiber ampli-
fiers with uniform Bragg fiber gratings. These gratings
function as highly selective reflectors and wavelength fil-
ters, optimizing signal stability and enhancing wavelength
division multiplexing system efficiency. This synergy sig-
nificantly increases the overall data transmission capacity of
optical networks. Additionally, optical code division multi-
ple access, a multiplexing technique that encodes data using
unique optical codes, benefits substantially from hybrid am-
plification, as it mitigates multiple access interference and
nonlinear impairments. This integration results in enhanced
signal fidelity, reduced bit error rates, and improved scala-
bility for high-speed communication networks [4, 5].
Despite significant progress in hybrid rare-earth-doped fiber
amplifiers, several critical aspects require further investiga-
tion. Specifically, understanding the interactions between
different dopant elements and their influence on gain and
noise characteristics is essential for optimizing amplifier
performance. Additionally, determining the spectral regions
where specific hybrid configurations exhibit superior per-
formance and analyzing the impact of amplifier length on
signal integrity in long-haul transmission systems are key
areas of ongoing research. Recent studies have explored the
role of space-division multiplexing and photonic integration
in improving data transmission efficiency [6]. Moreover, ex-
tensive research has examined nonlinear effects, including
four-wave mixing, self-phase modulation, and cross-phase
modulation, which can degrade signal integrity. Hybrid rare-
earth-doped fiber amplifiers have demonstrated potential in
mitigating these effects, thus ensuring robust and efficient
high-speed optical communication [7].

This study provides an in-depth analysis of the performance
of an encoded optical communication system employing hy-
brid amplifiers based on holmium, thulium, and ytterbium-
doped fibers in conjunction with uniform Bragg fiber grat-
ings. The evaluation encompasses key performance metrics,
including transmission distance, signal integrity, noise sup-
pression, and amplification efficiency. The findings under-
score the substantial advantages of hybrid rare-earth-doped
fiber amplifiers in enhancing optical network performance,
reinforcing their potential to improve reliability and effi-
ciency in high-speed data transmission systems. These
insights contribute to the advancement of next-generation
optical communication networks, where maximizing data
throughput and maintaining signal integrity over extended
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distances are of paramount importance [8, 9].

Optical communication systems face challenges such as
dispersion, noise, and nonlinearities, particularly in high-
capacity networks. Recent advancements have focused on
dispersion compensation [10], hybrid amplification [11, 12],
and symmetrical configurations [13, 14] to improve perfor-
mance metrics like SNR and eye diagram quality. Opti-
mized amplifier placement and advanced modulation for-
mats, such as 16-QAM, have enabled error-free transmis-
sion at data rates exceeding 10 Gbps [15, 16]. Addition-
ally, numerical techniques [17-30] have been employed to
model nonlinear effects and optimize system design. This
study builds on these developments to propose a unified
framework for enhancing scalability and robustness in next-
generation optical networks.

Complementary investigations have further advanced our
understanding of amplifier configurations and transmis-
sion methodologies. Goyal et al. demonstrated robust
microwave-over-fiber systems using direct detection for
both single-tone and multi-tone signals, establishing foun-
dational approaches for radio-frequency transport in hybrid
networks [31]. Their subsequent analysis of polarization-
dependent bidirectional hybrid WDM/TDM systems em-
ploying 16-QAM modulation revealed critical performance
trade-offs in amplifier selection at 10 Gbps data rates [32].
Thakur et al. expanded this work to free-space optical
(FSO) communications, quantifying line coding impacts
on SS-FSO system performance [33]. Comparative studies
by Gupta et al. systematically evaluated amplifier behav-
ior across varied data rates in WDM architectures, high-
lighting semiconductor optical amplifier (SOA) efficacy for
high-speed transmission scenarios [34, 35]. Recent break-
throughs in holmium-doped amplifiers include spectral op-
timization in the 2 —2.15 um window [36] and novel cas-
caded pumping schemes using 1.48 pm lasers [37], address-
ing critical efficiency limitations in long-wavelength am-
plification. Foundational studies on Yb-sensitized erbium-
doped amplifiers [38] and rare-earth energy transfer mech-
anisms in NaYbF,4 microtubes [9] have further elucidated
dopant interaction physics essential for hybrid amplifier de-
sign.

In this paper, we investigate the performance of a 200 Mbit/s
Encoded OCDMA system using uniform Bragg fiber grat-
ings and hybrid amplifiers based on Ho, Tm, and Yb-doped
fibers. The system’s performance is analyzed in terms
of transmission distance, maximum Q-factor, minimum
BER, noise figure, and gain, with a focus on understanding
the impact of nonlinearities. Our study demonstrates that
rare-earth-doped fiber amplifiers, particularly in hybrid con-
figurations, can significantly improve the performance of
high data rate systems by providing enhanced signal am-
plification and noise reduction across a wide wavelength
range. This advancement holds significant implications for
future high-speed communication systems, where maximiz-
ing data throughput and signal integrity over long distances
is paramount.

2251-7227[https://doi.org/10.57647/j.jtap.2025.1903.31]


https://doi.org/10.57647/j.jtap.2025.1903.31

Kaur et al.

2. Mathematical framework for hybrid optical
amplifiers

The performance analysis of hybrid optical amplifiers in-
volves several key metrics, including gain, Q-factor, bit
error rate (BER), and noise figure. The following mathe-
matical expressions , given in Table 1, can be utilized to
quantify these parameters.
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2.1 Gain dynamics with energy transfer

The gain in hybrid amplifiers like Ho-Yb is modeled us-
ing coupled rate equations that account for pump absorp-
tion, spontaneous emission, and inter-ionic energy transfer.
These dynamics govern the population inversion levels of
Ho** and Yb3* ions and ultimately affect the amplifier gain
profile. The total gain (Gyo,) in hybrid configurations is

Table 1. Definition of symbols used in mathematical models.

Symbol Description Unit
W Pump rate (probability of pump -
P absorption per unit time)
o Ho Absorption cross-section of m2
P Holmium at pump wavelength
Op Pump photon flux m 25!
. Lifetime of the excited state s
Ho of Holmium ions
Energy transfer coefficient 1
CybHo from Yb3* to Ho?* m’s
1 level lati . .
o Upper laser eve popu;}tlon Dimensionless
of acceptor ions (Ho ™)
r Optical confinement factor Dimensionless
Ho for Holmium-doped region
o, Ho Emission cross-section of m2
¢ Holmium
a Fiber attenuation coefficient m !
Mean photocurrent for bit “1”
1,0 p
HoHR and bit “0” A
Standard deviation of
cl,0° photocurrent for bit “1” A
and bit “0”
Nsp Spontaneous emission factor Dimensionless
h Planck’s constant Js
By Optical bandwidth Hz
q Electron charge C
R Photodetector responsivity AWT
Input signal power to the w
" amplifier
p Amplified spontaneous
ASE emission (ASE) power
B, Electrical bandwidth Hz
Gi Gain of the 1-.th amplifier Dimensionless
stage (linear)
donor Emission cross-section m2
emission of donor ions
acceptor Absorption cross-section m2
absorption of acceptor ions
B2 Group velocity dispersion 2.m-!
parameter
Y Nonlinear coefficient W TmT
Position-dependent gain 1
8() coefficient m
Q° QO-factor at fiber length L =0 Dimensionless
g
erf Error function Dimensionless
EOO Eye openlrig it glber length Unit of signal
Legs Effective fiber length m
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governed by coupled rate equations:

dNHo
d[ = W ¢P NYbNHO7 7
dNy, N
i Wp P, — ? — Cyb—HoNYbNHo, 0,
Yb

The total gain is then:
L H Yb
Grotal = /o (THoO, °Nio +T'yv0, "Nyv)e™ *dz,

2.2 Q-factor with ASE noise contributions

The Q-factor represents the signal quality and is influenced
by amplified spontaneous emission (ASE) and shot noise. It
quantifies the signal-to-noise ratio at the receiver, impacting
the bit error rate in optical communication systems.

__HizHo
- \/ol+o} 7
1 0
Oase = 2n5phvBy(G — 1),
cyszhot = 2qR(PinG + PASE)Beo

2.3 Cascaded noise figure model

In multi-stage hybrid amplifiers, the total noise figure is
calculated cumulatively using the Friis formula. Each sub-
sequent amplifier stage contributes less to the overall noise
if the preceding stage has higher gain.

NF,—1 NF—1

NE = NF,
total 1+ Gl + Gl G2 + )

2.4 Spectral overlap integral

This integral quantifies the efficiency of energy transfer
between donor and acceptor ions by measuring the spectral
overlap of emission and absorption cross-sections. A higher
overlap enhances the performance of hybrid amplifiers.

f Gdonor (l)dl

( ) acceptor
emission

absorption
f Gdonor

emission (l )dl
2.5 Nonlinear Schrodinger Equation (NLSE)

The NLSE models the propagation of optical pulses in non-
linear dispersive media. It incorporates effects like fiber
loss, group velocity dispersion, self-phase modulation, and
gain, essential for accurately simulating hybrid amplifier
systems.

NET =

IA o B %A , g2
3o Tt S g MPA =S

010..=

PR-S\)EF am Ue
Bit rate Mbit/
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2.6 Length-dependent BER and Eye Opening

As transmission length increases, the bit error rate rises
exponentially due to attenuation and noise, while the eye di-
agram narrows. These metrics reflect signal degradation and
are critical in evaluating amplifier placement and spacing.

1 QO — L>
—erfc i ) |
(i

L
EO(L) = EOy. exp( Lff)
€

BER(L) =

3. Simulation setup

This setup is designed for high-speed data transmission,
utilizing key components like NRZ pulse generators, Mach-
Zehnder interferometers (MZIs), and optical amplifiers. A
Pseudo-Random Binary Sequence (PRBS) Generator pro-
duces data at a rate of 200 Mbit/s. The PRBS is converted
into non-return-to-zero (NRZ) format by the NRZ Pulse
Generator, a common encoding scheme in optical systems.
A broadband optical signal is generated by a White Light
Source operating at 1580 nm. This signal is modulated with
the PRBS data using a Mach-Zehnder Modulator, which
has an extinction ratio of 30 dB, ensuring a clear distinction
between the “on” and “off” states.

In this study, we designed a system incorporating three
hybrid amplifier configurations for high data rate signal
transmission. The first setup uses a Holmium-Thulium (Ho
+ Tm) hybrid amplifier, the second employs a Ytterbium-
Thulium (Yb + Tm) amplifier, and the third utilizes a
Holmium-Ytterbium (Ho + Yb) amplifier. Each ampli-
fication section consists of 10-meter segments, alternating
between holmium- and thulium-doped amplifiers. Figure 1
illustrates the simulation setup used to evaluate the perfor-
mance of an optical communication system with Holmium
and Thulium-doped fibers, along with Fiber Bragg Gratings
(FBGs) for wavelength filtering. A pseudo-random binary
sequence (PRBS) is generated at 200 Mbit/s and modulated
onto an optical carrier at 1580 nm using a Mach-Zehnder
modulator. The modulated signal is transmitted through
10-meter Holmium and Thulium-doped fibers and analyzed
with a dual-port WDM analyzer operating in the 185 — 200
THz frequency range. The concentrations fixed at 1.5 x
10% ions/m>® (Ho/Yb) and 2 x 10% ions/m> (Tm) per in-
dustry standards.

The 1535 — 1560 THz range (corresponding to 192.1 —

BER Analyzer - USER 1

Optical Null

Figure 1. Block diagram for simulation setup.
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195.9 THz in wavelength) is selected to align with the
ITU-T G.694.1 standard for dense wavelength-division mul-
tiplexing (DWDM). Ho-Yb hybrids are chosen for their
complementary emission spectra: Yb3* sensitizes Ho’*’s
C+L band (1530 — 1600 nm), while Yb-Tm configura-
tions extend coverage to the S+C bands (1450 — 1530 nm).
This dual-band compatibility enhances scalability for multi-
channel systems.

Multiple FBGs are employed to filter specific wavelengths,
and a PIN photodetector converts the optical signal to an
electrical one. The signal then passes through a low-pass
Bessel filter to remove high-frequency noise and is evalu-
ated for signal quality using a bit error rate (BER) analyzer.
The system’s performance was assessed through repeated
simulations, testing various parameters including Eye Open-
ing, maximum Q-factor, and noise levels, across amplifier
sections of different lengths (0, 10, 20, 30, 40, and 50 me-
ters) and a frequency range of 1535 — 1560 THz.

This study (shown in figure 2) demonstrates tunable up-
conversion luminescence (UCL) in NaYbF, microtubes by
selectively doping with Tm**, Ho*, or both, excited using
a 980 nm laser diode [9]. Some details are as under:

* Tm>"-doped NaYbF;: It exhibits intense purplish-
blue UCL with emissions at 345, 361, 451, 475,
649, and 696 nm, resulting from 116%3F4, 1D2%3H6,
1D2—>3F4, 1G4—>3H6, 1G4—>3F4, and 3F3—>3H6 tran-
sitions of Tm3*.

* Ho**-doped NaYbF,: It shows intense green (538
nm, 7S,/ F4—71Ig) and weak red (644 nm, F5—°I3)
emissions from Ho’*.

» Tm>*/Ho’* co-doped NaYbF,: Achieves green-
ish white UCL, a combination of blue (451/475 nm,
Tm3*), green (538 nm, Ho’"), and red (649 nm,
Tm3*/Ho*t) emissions.

JTAP19 (2025) -192531 5/11

4. Simulation results and discussions for
frequency range from 1535 THz to 1560 THz

The simulation aimed to assess the performance of three
hybrid amplifier by (Ho + Yb), (Yb + Tm) and (Ho + Tm)
for frequency range from 1535 THz to 1560 THz.

4.1 Maximum gain analysis

Across the three examined amplifier configurations, sub-
stantial variability in gain was observed, predominantly in-
fluenced by the choice of dopants. The Holmium-Ytterbium
(Ho + YDb) hybrid configuration consistently achieved the
highest gain across the examined frequency spectrum of
1535 to 1560 THz. This superior performance suggests
an optimal interaction between the Ho and Yb dopants in
amplifying the signal at these frequencies. Conversely, the
Ytterbium-Thulium (Yb + Tm) setup, while offering mod-
erate gain, displayed enhanced stability over extended fiber
lengths, potentially indicative of its robustness in maintain-
ing signal quality in long-haul transmissions. The Holmium-
Thulium (Ho 4+ Tm) configuration, however, manifested
the lowest gain, highlighting possible suboptimal synergy
between these dopants at the specified frequencies or a less
efficient energy transfer mechanism under the simulated
conditions. This differential performance underscores the
critical impact of dopant selection and interaction on the
amplifier’s effectiveness in optical communication systems.
Figure 3 illustrate the frequency range from 1535 THz to
1560 THz with the maximum gain in dB, with values rang-
ing from —0.4 to 0.0 dB. A gain closer to 0 dB indicates
better amplification performance. The Ho-Yb configuration
maintains near-0 dB gain with minimal fluctuations (40.05
dB), as evidenced in figure 2. In contrast, Ho-Tm exhibits
greater variability (—0.5 dB + 0.1 dB), and Yb-Tm shows
intermediate stability (—0.2 dB £ 0.15 dB). These results
underscore the critical role of dopant synergy in stabilizing
gain profiles, particularly in the C-band (1535 — 1560 THz).

3 F') - -
Bl .»77 Blue emission
7
980 nm J 3H,
A
|
| : o
! 3F, Green emission
|
|
1
: Red emission
|
1
|
|
|
Yb3ty ! y ¥
Ho3* Tm3+

Figure 2. Schematic representation of UCL mechanisms (redrawn based on Z. Yi et al. [9]).
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-0.2

-0.3

Max Gain (dB)

0.4

—— HoYb
05 _m- yoIm

1535 1540 1545 1550 1555 1560
Frequency (THz)

Figure 3. Maximum gain vs frequency.

4.2 Q-factor performance

Here we examined amplifier configurations, where substan-
tial variability in the maximum quality factor (Q) was ob-
served, predominantly influenced by the choice of dopants.
The Holmium-Ytterbium (Ho + Yb), Holmium-Thulium
(Ho + Tm) and Ytterbium-Thulium (Yb + Tm) were se-
lected (figure 4). The Holmium-Ytterbium (Ho 4 Yb) and
Ytterbium-Thulium (Yb + Tm) hybrid configuration show
similar plot consistently achieved higher Q values across
the examined frequency spectrum of 1530 to 1560 THz.
This superior performance suggests an optimal interaction
between the Ho and Yb dopants in enhancing the resonance
at these frequencies. Conversely, the Holmium-Thulium
(Ho 4+ Tm) setup, while showing similar variations in Q,
generally exhibited lower Q values compared to the Ho-Yb
and Yb + Tm configuration. This indicates a possible a less
efficient energy transfer mechanism under the simulated
conditions. These results underscore the critical impact
of dopant selection and interaction on the amplifier’s res-
onance performance, highlighting the Ho-Yb hybrid as a
potentially more effective choice for applications requiring
high-quality resonance in optical communication systems.

4.3 BER (Bit Error Rate) performance

Figure 5 shiows that the minimum BER was observed for
the (Ho + Tm) and (Ho + YDb) configuration, particularly

100

40

1530 1535 1540 1545 1550 1555 1560
Frequency (THz)

Figure 4. Maximum Q vs frequency.
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at higher frequencies, demonstrating its robustness in main-
taining signal integrity. The (Ho + Yb) configuration also
performed well but showed increasing BER as the frequency
increased, reflecting a decrease in the Q-factor. The (Ho +
Tm) setup had the highest BER values at higher frequencies,
making it less suitable for high-frequency transmission.
The Yb + Tm configuration achieves a minimum Bit Error
Rate (BER) of < 10~ !2 at 1536 THz, maintained up to 1560
THz. The Ho + Yb configuration shows an exceptional min-
imum BER of < 10~ !4 at 1536 THz, sustained across the
same frequency range. The Ho + Tm configuration also
reaches a minimum BER of < 10712 at 1536 THz, with
stability across frequencies up to 1560 THz.

4.4 NOISE performance

Figure 6 compares the noise figures of three hybrid amplifier
configurations-Holmium-Ytterbium (Ho-YDb), Ytterbium-
Thulium (Yb-Tm), and Holmium-Thulium (Ho-Tm)-across
a frequency range from 1552 THz to 1560 THz. The noise
figure is a key parameter for assessing the efficiency of
optical amplifiers, as it directly reflects the degradation of
the signal-to-noise ratio (SNR) caused by amplified spon-
taneous emission (ASE) and other intrinsic noise sources
within the fiber.

Ho-Yb Configuration demonstrates the lowest noise fig-
ure, remaining consistently near 0 dB across the frequency
spectrum. The stability of the Ho-Yb hybrid configura-
tion indicates highly efficient energy transfer between the
Holmium and Ytterbium ions, minimizing ASE noise. This
behavior is ideal for high data rate applications, where low
noise levels are crucial for maintaining signal integrity, par-
ticularly in long-haul optical transmissions. The Yb-Tm
configuration shows moderate noise levels with noticeable
fluctuations across the frequency range. A sharp increase in
noise is observed around 1556 THz, suggesting that the en-
ergy transfer between Ytterbium and Thulium ions becomes
less efficient at specific frequencies. This configuration is
more sensitive to frequency variations, likely due to the
broader gain spectrum of Thulium, which may introduce
additional noise sources. Despite this, the Yb-Tm configu-
ration remains relatively stable in the remaining frequency
range, offering a balanced trade-off between gain and noise
performance for certain applications. The Ho-Tm config-

—&— HoYb
u- YbTm
—A— Ho-Tm

0.8 \

Min BER
o
@

o
=

02

1530 1535 1540 1545 1550 1555 1560
Frequency (THz)

Figure 5. Minimum BER vs frequency.

2251-7227[https://doi.org/10.57647/j.jtap.2025.1903.31]


https://doi.org/10.57647/j.jtap.2025.1903.31

Kaur et al.

—&— HoYb
-m- Yb-Tm -
—a- HoTm . : -

~

Noise Figures
&

1552 1554 1556 1558 1560
Frequency (THz)

Figure 6. Noise figure vs frequency.

uration exhibits the highest noise figures, with significant
noise peaks observed from 1554 THz to 1559 THz. The
high noise levels suggest inefficient energy transfer between
Holmium and Thulium dopants, likely due to limited spec-
tral overlap or suboptimal population inversion dynamics.
This configuration’s higher ASE noise limits its suitability
for high-performance optical systems, particularly where
noise suppression is critical for maintaining signal fidelity.

5. Simulation results and discussion on the

impact of amplifier length on transmission

performance over distances ranging from 0
to 100 meters

The simulation aimed to assess the performance of three
hybrid amplifier configurations-Holmium-Thulium (Ho +
Tm), Holmium-Ytterbium (Ho + Yb), and Ytterbium-
Thulium (Yb + Tm) for high data rate signal transmis-
sion over optical fibers. The key performance parameters
evaluated include maximum gain, maximum Q-factor, and
minimum bit error rate (BER). Additionally, the study exam-
ined the influence of amplifier length on signal quality over
transmission distances of 0 to 100 meters. These metrics
were chosen to comprehensively understand the efficiency
and reliability of each amplifier configuration in maintain-
ing signal integrity over varying fiber lengths. Since the
transmission length of fiber is twice the length of each fiber.

5.1 Effect of amplifier length on Max Q

In this study, three different amplifier configurations were
tested: Ho + Tm, Ho + Yb, and Yb 4+ Tm, to evaluate
their performance in terms of signal quality over varying
fiber distances (figure 7). The attached graph represents
the results for one of these configurations, plotting Max Q
against each fiber distances of 0, 10, 20, 30, 40, and 50
meters. Q-factor fluctuations (figure 7) are attributed to
nonlinear effects such as self-phase modulation (SPM) and
cross-phase modulation (XPM), which intensify with fiber
length. For the Ho-YDb configuration, optimal performance
(Q = 15=£0.5) is achieved at 20 — 30 meters, where gain
saturation balances ASE noise accumulation. Beyond 50
meters, ASE-induced SNR degradation becomes significant.
The rise in BER reflects the cumulative impact of nonlin-

711
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0 10 20 30 40
Each Fiber Distance

Figure 7. Max Q vs each fiber distance.

earities and amplified spontaneous emission, necessitating
strategic amplifier spacing in long-haul systems.

5.2 Eye Opening vs fiber distance performance

Figure 8 presents an analysis of the relationship between
the eye opening and the optical fiber distance.

In figure 8, the Ho-YDb hybrid consistently maintained a
robust “Eye Opening” value across varying fiber distances.
This superior performance suggests an effective interaction
between Holmium (Ho) and Ytterbium (Yb) dopants. The
Yb-Tm configuration exhibited moderate “Eye Opening.”
It demonstrated stability over extended fiber lengths, mak-
ing it suitable for long-haul transmissions. The Ho-Tm
combination showed the lowest “Eye Opening.” This differ-
ential performance highlights suboptimal synergy between
Ho and Thulium dopants or less efficient energy transfer
mechanisms. Our findings emphasize the critical impact
of dopant selection and interaction on optical amplifier ef-
fectiveness. The Ho-YDb hybrid configuration stands out as
the preferred choice for achieving consistent signal quality
across varying fiber distances.

5.3 Noise figure vs fiber distance performance

Figure 9 presents an analysis of the relationship between
the noise figure, measured in decibels (dB), and the optical
fiber distance. The noise figure is a critical parameter in op-

400

s

Eye Opening
<]
8

100

—e— Ho-Tm

== YbTm —_—

0 —a- HoYb B

0 10 20 30 40
Each Fiber Distance

Figure 8. Eye Opening vs each fiber distance.
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tical communication systems, representing the degradation
of the signal-to-noise ratio (SNR) as the signal propagates
through the fiber. As the fiber length increases, factors
such as fiber attenuation, amplified spontaneous emission
(ASE) noise, and energy transfer inefficiencies between
dopants contribute to a rising noise figure, which negatively
impacts signal quality. In this figure, we examine how differ-
ent dopant configurations influence the noise figure across
varying fiber distances, providing insights into the perfor-
mance stability and efficiency of various optical amplifier
setups. This analysis is crucial for understanding the trade-
offs involved in optimizing optical transmission systems for
long-distance, high-data-rate applications.

—— Hob
== Yb-Tm
—a- HoYb

Noise Figure (dB)

0 e — e — e ————
[ 10 20 30 40
Each Fiber Distance

Figure 9. Noise figure vs each fiber distance.

In the Holmium-Ytterbium (Ho-YDb) hybrid configuration,
the noise figure gradually increases with fiber distance, at-
tributed to the cumulative effects of spontaneous emission
and fiber attenuation. However, this configuration maintains
relatively low noise figures due to the efficient energy trans-
fer between Yb and Ho ions, minimizing signal degradation
over extended distances. The Ytterbium-Thulium (Yb-Tm)
setup also experiences a rising noise figure with distance,
driven by similar physical processes, yet it exhibits superior
stability across longer fiber spans due to effective co-doping,
which enhances gain bandwidth and minimizes nonlinear
scattering effects.

In contrast, the Holmium-Thulium (Ho-Tm) configuration
demonstrates the highest noise figure, likely due to sub-
optimal energy transfer between Ho and Tm ions and the
limited overlap of their emission spectra. This suggests
inefficiencies in population inversion or energy exchange,

Kaur et al.

leading to greater amplified spontaneous emission (ASE)
noise. These findings highlight the critical role of dopant
selection and energy transfer dynamics in determining the
noise performance of optical amplifiers. The Ho-Yb hybrid
stands out as the most effective configuration for maintain-
ing signal integrity and low noise levels over a wide range
of fiber distances, making it particularly suited for long-
distance, high-data-rate optical transmission systems. This
can be further strengthened when we see the details of the
comparison of the proposed techniques with the existing
methods in Table 2 and Table 3.

6. Results and discussion

The Ho-Yb amplifier’s near-ideal gain (0 dB) stems from
the complementary emission spectra of Ho** (1530 — 1600
nm) and Yb>* (975 — 1150 nm), enabling broadband
amplification. In contrast, Ho-Tm’s lower gain (—0.5 dB)
arises from Tm3*’s narrower 1.45 — 1.53 um emission
band, misaligned with Ho3*’s optimal range. The Ho-Yb
hybrid’s ultra-low BER (< 10~'%) and minimal noise (0
dB) position it as a benchmark for high-fidelity systems. Its
performance surpasses recent reports on Erbium-Ytterbium
amplifiers. However, Yb-Tm’s moderate BER and noise
(5.5 dB) may suit cost-sensitive metro networks where
slight SNR degradation is tolerable. The Ho-Yb configura-
tion’s stability over 100 meters aligns with its high energy
transfer efficiency, minimizing nonlinear effects like Raman
scattering. Conversely, Ho-Tm’s rapid Q-factor decline at
greater than 30 meters highlights limitations in ion-pairing
sustainability. Yb-Tm’s intermediate performance suggests
its viability for medium-haul applications (40 — 60 km).
These findings are further contextualized in Table 1, which
benchmarks our results against prior studies on Ho, Yb, and
Tm amplifiers.

For long-haul systems (> 50 km), the Ho-Yb hybrid is
strongly recommended due to its ultralow BER (< 107!%),
and stable gain (0 dB). The Yb-Tm configuration, with
moderate noise (5.5 dB) and BER (< 10~!%), is suitable for
cost-sensitive metro networks (40 — 60 km). Conversely,
the Ho-Tm configuration, exhibiting high noise (> 6 dB)
and BER (> 10719, is unsuitable for practical deployment.
These recommendations are grounded in the comprehensive
analysis of gain, noise, and nonlinearities.

A key limitation of this study is the use of fixed dopant
concentrations (1.5 x 10% ions/m> for Ho/Yb and 2 x
10%5 ions/m? for Tm), based on industry standards. Future

Table 2. Summary of the previous methods.

Operating . Noise Doping
Configuration | wavelength Gain Figure | concentration | Reference
(nm) @ (dB) | (x10*m3)
Ho 2000 —2150 | 34.5 8.2 95 [37]
Ho 2000 —2050 | 52.5 5.58 30 [38]
Yb 1541 — 1565 34 23 600 [9]
Tm 1900 — 2020 35 6 - [9]
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Table 3. Summary of performance metrics proposed techniques.

Hybrid .
Parameter Current Study Findings
Configuration
1. Gain and Noise HoYb Gain: 0 dB in the C-band (1535 — 1560 THz);
0_
Performance Noise Figure (NF): 5 dB
Gain: —0.5 dB in the C-band;
Ho-Tm
NF: 6 dB
Achieves an ultralow BER of 7.08 x 10~278
2. Bit Error Rate (BER)
Ho-Yb and high Q-factor (>14),
and Q-Factor
reflecting exceptional signal fidelity.
Exhibits a moderate BER of ~ 107193,
Yb-Tm balancing performance with cost-sensitive

requirements in metro networks.

3. Dopant Synergy and
P ynerey Ho-Yb vs. Ho-Tm

Energy Transfer

Ho-Yb: Efficient Yb3+ —Ho3* energy
transfer contributes to superior performance.
Ho-Tm: Limited spectral overlap in

the C-band results in less efficient energy transfer.

4. Amplifier Length and
Ho-Yb & Yb-Tm

Stability

Ho-Yb maintains a Q-factor >14 up to 50 m;
Yb-Tm demonstrates stability over longer spans (40 — 60 km),

indicating robust performance with increasing fiber length.

5. Comparison with Erbium-Based .
Ho-Yb vs. Erbium

Systems

The Ho-Yb hybrid exhibits broader gain

coverage (extending to C + L bands) and

achieves 0 dB gain, outperforming

Erbium-based amplifiers which are typically

limited to the C-band and show gains of <—2 dB at 1550 nm.

6. Key Advancements and
Ho-Yb

Limitations

Advancements:

- Demonstrated viability for 200 Mbit/s OCDMA systems.
- Achieved low BER.

Limitations:

- Limited analysis of nonlinear effects (e.g., SRS, TMI).

- Fixed dopant concentrations were used.

work will explore concentration-dependent performance,
including scenarios where higher Yb3* densities enhance
energy transfer efficiency or where Tm3* concentrations
are optimized for S-band amplification. The Ho-Yb hybrid
is ideal for submarine cables and data center interconnects
requiring ultralow BER (< 10~!%), over > 50 km spans.
The Yb-Tm configuration, with moderate noise (5.5 dB),
suits 5G fronthaul networks and metro ring architectures
(40 — 60 km). Both configurations are compatible with
OCDMA systems (Mrabet, 2020), enabling secure,
high-capacity transmission. These applications, aligning
with industry demands for scalable, energy-efficient optical
networks.
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