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Abstract: With the explosive growth of global data traffic, extending communication bandwidth is one of the important methods to
alleviate the pressure on communication capacity. As the core device of an optical fiber communication system, the bandwidth extension
of the optical amplifier is an indispensable research focus. Bismuth-doped fiber amplifier (BDFA) has been widely studied because of its
unique broadband luminescence characteristics. In wavelength division multiplexing systems, the signal power fluctuates as the signal goes
up and down, and the network is reconstructed. This results in a gain variation of the BDFA, which deteriorates the transmission system
performance. The introduction and application of gain control technology can solve this problem well. In addition, the endogenous
pump generated by the gain control structure can be combined with the characteristics of bismuth-doped fiber to achieve low-cost and
efficient broadband amplification. The combination of these two technologies provides inspiration for the development and application
of a broadband amplifier.
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1. Introduction

In recent years, with the rapid development of cloud comput-
ing, the Internet of Things, and artificial intelligence technology,
the demand for data traffic has increased exponentially. Many
examples related to information and communication show that
exponential growth can be sustained for decades but eventually
saturates [1]. The core challenge of scaling the capacity of opti-
cal communication systems in response to the increasing capacity
requirements has become a research focus. At present, the main
technical approaches include adopting high-order modulation for-
mats, introducing space division multiplexing technology, and
widening the available communication band [2–5]. According to
Shannon’s formula, broadening the bandwidth increases the sys-
tem capacity linearly. This extension requires the support of the
underlying optical communication components.

As a key component of an optical transmission system, the
expansion of the operating bandwidth of the optical amplifier
is worthy of attention. The silicon-based fiber low-loss window
covers 1250–1650 nm. The erbium-doped fiber amplifier (EDFA)
operates in the C+L band (1530–1620 nm) [6–10]. Therefore,
bismuth-doped fiber amplifier (BDFA) with broadband lumines-
cence in the range of 1150–1800 nm shows great potential in
extending the communication bandwidth. The emission band-
width and emission position of bismuth-doped fiber (BDF) depend

*Corresponding author: Jingjing Zheng, Key Lab of All Optical Network &
Advanced Telecommunication Network of EMC, Beijing Jiaotong Univer-
sity, and Institute of Lightwave Technology, Beijing Jiaotong University,
China. Email: jjzheng@bjtu.edu.cn

on the excitation wavelength and glass composition [11, 12]. By
controlling the doping of different elements such as Al, P, Ge, and
Si in the glass substrate, the working wavelength of BDFA can
be adjusted to fabricate amplifiers applied to different wavelengths
[13–18]. Phosphosilicate BDF is often used for amplification in the
O band and E band, and its maximum gain has exceeded 40 dB
to date [19–21]. A compact O-band BDFA based on the concave
cladding fiber structure has been reported [22, 23]. The operat-
ing bands of germanium silicate BDF are mainly in the E and S
bands [24–26], and wideband amplification in the S+C bands can
be achieved by series-connecting erbium-doped fiber (EDF) [27].
The fabrication of U-band amplifiers and lasers can be achieved
by highly germanium-doped silicate BDF [13, 28]. The lumines-
cence spectrum of BDF contains multiple emission bands, and
the 3 dB bandwidth reaches the range of 200–500 nm [29], which
contributes to the bandwidth expansion of fiber amplifiers at the
present stage. To date, wideband amplification of BDF in O, E,
S, and U bands has been verified.

Not only should parameters such as the bandwidth, gain, and
noise figure (NF) of BDFA be considered, but its application within
transmission systems also requires attention. Broadband optical
amplifiers are typically employed in wavelength division multiplex-
ing (WDM) systems. In WDM communication systems, the change
of the sum of optical power values of each channel will lead to
transient power fluctuations and low-frequency cross modulation
[30]. Usually, the optical amplifier works in the saturation state,
and its total output optical power is unchanged. This means that
when the number of channels changes, the gain and output power
of the remaining channels will change, which worsens the system
performance. The gain control technique is an effective way to solve
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these problems. The technique consists of electrical automatic gain
control and all-optical automatic gain control. There are three steps
to implement electro-automatic gain control: gain detection, signal
calibration, and gain regulation. In 1991, Ellis et al. [31] detected
part of the amplified signal at the output of EDFA and used the
signal to adjust the drive current of the pump to control the gain of
EDFA. In 2000, Na et al. [32] proposed to add an additional feed-
back signal for gain control to the pump. Electrical automatic gain
control technology is mature and offers precise control, enabling
highly stable output power. It has become the mainstream technol-
ogy for commercial EDFAs. However, its response speed is limited
and constrained by photoelectric conversion. In contrast, all-optical
automatic gain control requires a specific wavelength of laser light
to be introduced into the amplifier to control the gain. According
to the optical feedback structure, all-optical automatic gain control
is subdivided into linear cavity gain control [33, 34] and ring cav-
ity gain control [35, 36]. All-optical automatic gain control requires
no control circuitry integration, eliminates photoelectric conversion
and electronic delays, and avoids electronic bottlenecks. It oper-
ates several orders of magnitude faster than electrical automatic
gain control and effectively suppresses power transients. However,
all-optical control technology remains immature, largely confined
to experimental research or preliminary applications, and requires
further development.

In particular, gain control technology is one of the key tech-
nologies for the application of the new type of broadband fiber
amplifier—BDFA in WDM systems. The convergence of these
two emerging hotspots has garnered widespread attention and
discussion in recent years, serving as a technological reserve to
address the challenges of future ultra-high-speed all-optical net-
works. According to the reported theoretical and experimental
research, this paper introduces the basic principle and implemen-
tation method of gain control technology, and summarizes the
characteristics of several BDFA based on gain control technology,
which provides solutions for the application of broadband fiber
amplifier in modern optical communication systems.

2. Electrical Automatic Gain Control

Gain control is a key technology used to keep the gain of the
fiber amplifier constant, which plays an important role in the stable
operation of the optical communication system. According to the
component type, the technology is divided into electrical automatic
gain control and all-optical automatic gain control. As the name
suggests, electrical automatic gain control requires the introduction
of feedback circuits to control the gain.

2.1. Electrical automatic gain control method

The principle of electrical automatic gain control is to intro-
duce a feedback circuit to change the pump power according to
the change of the output signal power to suppress the gain satura-
tion effect. Figure 1 shows the traditional electric automatic gain

control structure. The coupler was used to separate part of the
output light into the photodetector to generate an electrical signal,
and then the electrical signal was processed by the control circuit
acted on the drive current of the pump to realize the regulation
of the pump power. In simple terms, as the input signal power
changes, the feedback loop adjusts the pump power to keep the
gain of the amplifier constant. In 1991, Ellis et al. [31] proposed the
basic model of electrical gain control. Moreover, in 2012, Oikawa
et al. [37] reported a digitally controlled Automatic gain control
EDFA that combines a feed-forward-controlled (FF) pump LD
and an FF-controlled variable optical attenuator (VOA) to effec-
tively suppress gain transients, achieving a gain excursion of less
than 0.2 dB for a 100-channel equivalent add/drop operation.

2.2. BDFA based on electrical automatic gain control

BDFA has attracted wide attention due to its wideband gain
characteristics, but its gain inhomogeneity limits its application in
optical communication networks. Combined with the unique per-
formance of BDFA, electrical gain control has a new application.
In 2023, Wang et al. [38] explored the relationship between signal
wavelength and gain deviation with the help of electrical automatic
gain control technology. Figure 2 [38] illustrates the experimental
setup. Five laser diodes (LDs) of different wavelengths act as signal
sources. The variation of a VOA simulates random light attenu-
ation. Two optical spectrum analyzers receive input and output
signals. The automatic gain control system adjusts the pump power
to control the amplifier gain according to the collected informa-
tion. Under automatic gain control, when operating in 1450  ~  1490
nm, the gain deviation reduced to ~4%, which is similar magnitude
as that in the C-band EDFA. In EDFAs, electronic automatic gain
control technology has matured and been commercially deployed.
Through the design of electronic feedback loops and optimization
of control algorithms, it can achieve high-precision output power
stability. However, applying this technology to BDFAs requires
switching the operating wavelength band of related components.
Replacing and adjusting electro-optic conversion devices within the
electronic feedback loop is also complex and costly.

3. All Optical Automatic Gain Control

Electrical gain control has high-precision gain flatness, but the
introduction of electronic devices leads to limited response speed
[32]. In contrast, the all-optical automatic gain control is composed
of optical devices without the intervention of additional control
circuits, which has a fast response speed and is conducive to all-
optical integration.

3.1. Conventional all-optical automatic gain control
method

All-optical automatic gain control requires the introduction
of a laser feedback structure in the amplifier to generate a specific

Figure 1
Schematic diagram of electrical automatic gain control
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Figure 2
The experimental setup and (b) gain deviation of BDFA with electrical automatic gain control

Figure 3
Schematic of (a) linear cavity gain control and (b) annular cavity gain control

wavelength of control laser and signal to jointly consume the
number of inversion particles, to control the gain. According
to the type of resonator, all-optical automatic gain control is
divided into linear cavity and ring cavity gain control [39–41]. The
underlying structures of these two gain controls are presented in
Figure 3. Obviously, the structure of the linear cavity is simpler,
but the intra-cavity loss of the linear cavity is achieved by replac-
ing the fiber Bragg grating (FBG). The intra-cavity loss of the ring
cavity can be realized by directly adjusting the VOA. The change
of the loss in the cavity affects the average number of inversion
particles to control the gain. According to Yu and Mahony [42],
the average number of inversion particles in the gain control case
can be expressed as

n = 𝛼 (𝜆l) + l(𝜆l)𝛼 (𝜆l) + g∗(𝜆l) + −10 log(lc)/L
4.34𝛾[𝛼 (𝜆l) + g∗(𝜆l)] (1)

where 𝜆l, 𝛼, g∗, l, and L represent the laser wavelength, absorption
coefficient, emission coefficient, background loss, and gain fiber
length, respectively. lcis the effective cavity loss at the control laser
wavelength, and −10 log(lc) is always positive. Depending on the
structure, 𝛾 is equal to 1 (ring cavity) or 2 (linear cavity). When
other things are equal, 𝛾 is higher for the linear cavity, and then
n is smaller. Assuming that the amplifying medium has uniform
broadening, the gain of the amplifier at the signal wavelength 𝜆
can be expressed as:

G (𝜆) = e{[𝛼(𝜆)+ g∗(𝜆)]n−[𝛼(𝜆)+ l(𝜆)]}L (2)

Therefore, the linear cavity gain control is more efficient for
the same intra-cavity loss.

The derivation method described above allows direct testing
to determine the number of inverted particles and gain. Of course,
another traditional approach involves solving the power transfer
equation of the amplifier through numerical analysis to obtain the
pump, signal, and amplified spontaneous emission (ASE) powers
within the fiber and then calculating the gain and NF. The rate
transfer equation for the amplifier is as follows [43]:𝜕N1𝜕t = −W12N1 +W21N2 + N2𝜏 (3)

𝜕N2𝜕t =W12N1 −W21N2 − N2𝜏 (4)

N = N1 +N2 (5)

where N, N1, and N2 denote the total particle number density,
ground-state particle number density, and metastable-state particle
number density, respectively. 𝜏 is the spontaneous emission lifetime.
W12 and W21 represent the ion-stimulated absorption transition
rate and stimulated emission transition rate, respectively. We study
the amplification process in the steady state, so 𝜕Ni/𝜕t = 0. The
calculations for W12 and W21 are as follows:

W12 = Γs𝜎12sPs𝜆s
hcAef f

+ Γp𝜎12pPp𝜆p
hcAef f

+ Γs𝜎12asePase𝜆s
hcAef f

(6)

W21 = Γs𝜎21sPs𝜆s
hcAef f

+ Γp𝜎21pPp𝜆p
hcAef f

+ Γs𝜎21asePase𝜆s
hcAef f

(7)
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where 𝜎12s, 𝜎21s, 𝜎12p, 𝜎21p, 𝜎12ase, and 𝜎21ase represent the signal
wavelength absorption cross section, signal wavelength emission
cross section, pump wavelength absorption cross section, pump
wavelength emission cross section, ASE absorption cross section,
and ASE emission cross section, respectively. Γs, Γp, and Γase
represent the overlap factors for the signal, pump, and ASE,
respectively. 𝜆s, 𝜆p, and 𝜆ase denote the wavelengths of the signal,
pump, and ASE. h and c are Planck’s constant and the speed of
light, respectively. Ae f f is the effective mode field area.

The power variations of the pump, signal, and ASE spectral
components within the gain fiber can be described by the power
transfer equation:

𝜕P±s𝜕t = P±s Γs (𝜎21sN2 − 𝜎12sN1) − 𝛼sP±s (8)

𝜕P±p𝜕t = P±pΓp (𝜎21pN2 − 𝜎12pN1) − 𝛼pP±p (9)

𝜕P±ase𝜕t = P±aseΓs (𝜎21aseN2 − 𝜎12aseN1) − 𝛼sP±ase
+ 2hc2Γs𝜍21aseN2∆𝜆𝜆3

(10)

where P±s , P±p , and P±ase represent the forward and reverse propa-
gation signals, pump power, and ASE power, respectively. 𝛼s and𝛼p denote the loss coefficients of the gain fiber at the signal and
pump wavelengths.

In Figure 4 [44], we conducted numerical modeling and sim-
ulation of the gain control effects of linear cavity and annular
cavity amplifiers based on the Matlab platform. In contrast to
conventional amplifiers, the boundary conditions of gain control
amplifiers need to be adjusted. For the line-cavity gain control
amplifier, the boundary conditions are P+c |z=0 = R1P

−
c |z=0 and

P−c |z=L = 𝛼VOAR2P
+
c |z=L. P+c and P−c represent forward and

backward transmission optical power. z = 0 and z = L represent
the signal input and output positions. R1, R2, and 𝛼VOA repre-
sent the reflectance and intra-cavity loss of the two FBGs. The
boundary condition of the loop cavity gain control amplifier is
given by P−c |z=L = 𝛼VOAP−c |z=0. Based on numerical simulations
using MATLAB to solve the rate and power transfer equations,
we can directly observe the relationship between gain and input
signal power for different gain-clamping techniques, as shown in

Figure 4
Theoretical analysis result of ring cavity and linear cavity gain

control

Figure 4. Under identical VOA losses, the linear cavity gain main-
tains gain fluctuations below 1 dB across a broader input signal
power range, validating the conclusion that the linear cavity gain
control structure is more efficient for the same intra-cavity loss.

3.2. EDFA based on all-optical automatic gain control

Starting from the traditional linear cavity and annular cavity
gain control structures, the research focus has gradually shifted
to the structural improvement and performance optimization of
EDFA. On this basis, a large number of improvement schemes
and research on the gain control structure of EDFA have been
reported.

In Luo et al. [45], the control laser clamped part of the gain
at 1532 nm, but the gain was not completely clamped at 1552.3
nm due to the inhomogeneous broadening characteristics of EDF.
When the number of input channels is changed, the gain depth
at 1552.3 nm is changed, resulting in a steady shift of the chan-
nel gain. This suggests that gain clamping can only be locally
effective in an inhomogeneously broadened medium. Therefore, it
is necessary to introduce multi-wavelength control lasers into the
gain control structure. In order to suppress the gain transient and
steady-state error caused by spectral hole-burning and relaxation
oscillation simultaneously, a dual-wavelength all-optical automatic
gain control scheme is presented in Figure 5 [46]. Using an F-
P filter and two tunable long-period gratings, two control lasers
of 1530.5 nm and 1557.2 nm are simultaneously generated in the
same loop. The gain change caused by the input power change is
less than 0.3 dB under the dual-laser control, while it is 0.8 dB
under the single-laser control.

As an amplifier that has been widely applied in optical com-
munication systems, the gain control-related work of EDFA has
been widely discussed for a long time. Moreover, this series of
work provides an important reference for the subsequent devel-
opment of BDFA. In 2006, Yi et al. [34] proposed an EDFA
with adjustable gain control in a double-pass linear cavity. It has
solved the problem of cumbersome operation in adjusting the
gain control of traditional linear cavities. Its structure is shown in
Figure 6 [34]. The signal is separated from the control laser
by using a thin-film filter, and the independent control of the
laser power is achieved by adjusting the VOA. The dual-pass
configuration involving the circulator is used to enhance the gain.

For the extended band of C-band, that is, L-band, the com-
bination of the multi-stage EDFA scheme and the ring cavity gain
control technique achieves high gain, low noise, and gain control
[47–49]. Figure 7 [47] shows the scheme and gain-clamping effect
of the three-stage ring cavity gain control EDFA. The first-stage
EDFA is used as a preamplifier to improve the NF performance.
The backward ASE of the C-band enters the ring cavity to achieve
gain control. At the same time, the introduction of C-band ASE
is beneficial to the gain of L-band. In Liu et al. [8] and Lin et al.
[47], the gain of EDFA at 1580 nm is 21.75 dB, the dynamic gain
control state is -10 dBm, and the gain change is less than 0.22
dB. The NF is less than 5.5 dB in the range of 1570–1610 nm. In
Wu et al. [48], erbium–ytterbium co-doped fiber was used for sec-
ondary amplification, with an EDFA gain of 23.78 dB, a dynamic
gain control state of -10 dBm, and a gain change of less than 0.09
dB.

The gain control structure is not only applied to single-
wavelength gain control but also suitable for flattening the gain
spectrum [50–52]. In 2016, Yang et al. [50] investigated a two-
stage amplification EDFA based on linear cavity gain control to
achieve precise control and flattening of L-band gain. Moreover,

Pdf_Fol io:404



Journal of Optics and Photonics Research Vol. 00 Iss. 00 2026

Figure 5
(a) The scheme and (b) dependence of the gain on the signal power for the ring cavity gain control EDFA of the dual-wavelength

controlled laser

Figure 6
(a) The scheme and (b) dependence of gain on signal power of adjustable linear cavity gain control EDFA

Figure 7
(a) The scheme and (b) gain-clamping effect of three-stage ring cavity gain control EDFA

the structure and gain-clamping effect of this EDFA are shown in
Figure 8 [50]. In the range of 1570–1610 nm, the gain is 20.2 ±
0.44 dB. The gain fluctuates by 0.1 dB within the signal range of
less than -10 dBm. The final structure determined by this scheme
is simple, but compared with the scheme shown in Figure 6, it
undoubtedly requires more time and effort to replace the FBG
during the debugging process. In 2017, the team proposed a novel
linear cavity gain-clamped amplifier, in which the resonant cavity
is formed by a high-reflectivity uniform FBG and a low-reflectivity
chirped FBG. By finely tuning the central wavelength of the uni-
form FBG, a high-gain output of 24±0.8 dB across the entire
L-band was achieved [53].

In 2024, Zhang et al. [54] proposed a tunable linear cavity
gain-clamping EDFA. The amplifier employs a two-stage ampli-
fication structure, with a gain-clamping configuration based on
fiber reflective mirrors and a VOA introduced in the second stage,
as shown in Figure 9(a) [54]. The results demonstrate that at 1605
nm, the maximum gain reached 30.5 dB, the minimum NF was
4.8 dB, the dynamic range was 30 dB, and the instability was
only 0.1 dB [54]. Compared with conventional linear cavity gain-
clamping amplifiers, the broadband reflection of the mirror induces
laser mode competition, causing the winning laser to consume
more population inversion and effectively compress the signal gain.
Meanwhile, the introduction of the VOA not only preserves the
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Figure 8
(a) The scheme and (b) gain-clamping effect of linear cavity gain control EDFA controls L-band gain flattening

Figure 9
(a) The scheme and (b) dependence of gain on signal power of tunable linear cavity gain control EDFA

Figure 10
(a) The scheme and (b) dependence of gain on pump power of ring cavity 4-LP-mode gain-clamped EDFA

advantages of the linear cavity but also enhances the flexibil-
ity of the gain-clamping structure. This study provides a reliable
approach and method for the design of gain-clamping amplifiers.

With the development of mode division multiplexing, the related
gain control EDFA is worth discussing. In 2018, Wada et al. [55]
experimentally evaluated the modal gain characteristics of 4-LP-
mode EDFA with gain control and verified that gain-controlled
EDFA can simultaneously reduce the temporal modal gain variation
in all modes. The scheme and dependence of gain on pump power
of the ring cavity 4-LP-mode gain-clamped EDFA are shown in

Figure 10 [55]. The application of gain control technology enhances
the performance of mode division multiplexing networks and is a
promising solution for future optical communication systems.

In 2023, Ono and Yamada [56] investigated the gain control-
lability of 4-LP-mode EDFAs using both an analytical model and
a full model. Through a combination of theoretical and simulation
analysis, they demonstrated that for specially designed ring-core
fibers, a simple pump power adjustment strategy is sufficient to
control the gain error within 0.25 dB. This study provides a new
approach to simplifying gain control schemes.
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3.3. Bismuth-doped fiber

Unlike EDFA, which relies on gain amplification achieved
through the explicit Er3+ ion 4f energy level transition [38], BDFA’s
near-infrared light source originates from different bismuth active
centers (BACs) formed within the glass composition. The exter-
nal electrons of Bi exhibit pronounced matrix dependence in
their absorption and emission characteristics due to interactions
with different substrate glasses. By doping the main matrix with
elements such as Al, P, and Ge, ultra-broadband fluorescence
emission spanning 1100–1700 nm can be generated under corre-
sponding pump source excitation. BDFs with different substrates
exhibit characteristic luminescent centers. As shown in Figure 11
[29], the luminescent center of bismuth-doped aluminosilicate fiber
is located at 1150 nm, phosphosilicate BDF at 1300 nm, while
germanosilicate and high-germanium-doped germanosilicate fibers
exhibit emission centers at 1450 nm and 1700 nm, respectively
[29]. Therefore, selecting different matrix materials and corre-
sponding pump wavelengths enables the creation of BDFAs with
distinct gain bands, meeting the demand for broadband gain across
various application scenarios.

Figure 12 [57] shows the gain spectra of phosphosilicate and
germanosilicate BDFs. Bismuth-doped phosphosilicate fiber has
the strongest inhomogeneous broadening among all BDFs. Under
different pump wavelengths, BDFA exhibits different emission

Figure 11
Primary pumping wavelengths and emission bands of BDF on

different glass substrates

Figure 12
Gain spectra of phosphosilicate BDF and germanium silicate BDF

ranges. As the pump wavelength increases, the gain spectrum of
BDFA shifts toward longer wavelengths. For phosphosilicate BDF,
when excited with a 1180 nm pump, the gain center is around
1290 nm. If a 1270 nm single-wavelength pump or a combination
of 1180 nm and 1270 nm pumps is adopted, the gain center will
shift to around 1340 nm, and the gain bandwidth will increase.
Long-wavelength gain can be achieved by exciting germanosilicate
BDF with a 1270 nm pump, while the gain center will shift to
near 1425 nm. Therefore, multi-wavelength pumping and the series
connection of BDFs with different doping can further expand the
operating bandwidth of BDFA.

3.4. BDFA based on all-optical automatic gain control

In recent years, BDFA operating in different bands has been
realized, and its amplification effect has been getting better. The
application and research of related gain control technology have
also become a hot topic. Although the pilot research on EDFA
has provided support for gain control BDFA, the specific imple-
mentation plan still needs to be developed in combination with
the characteristics of BDFA.

The gain characteristics of BDFA are significantly affected
by inhomogeneous broadening, which is closely related to the
diversity of BACs and the inhomogeneity of the glass substrate.
Inhomogeneous broadening may lead to spectral hole burning,
where gain at specific wavelengths is locally depleted under strong
signals or control lasers, forming “depressions” in the gain spec-
trum. This phenomenon may induce nonlinear crosstalk and gain
skew in WDM systems, compromising the uniformity of multi-
channel transmission. Therefore, when designing and optimizing
gain-clamping structures, it is essential to account for the influence
of control laser wavelength on the gain spectrum to prevent gain
skew caused by localized population depletion.

3.4.1. All-optical automatic gain control structure achieves
BDFA gain stabilization

Electrical automatic gain control, which relies on photodetec-
tors, electronic circuits, and control algorithms, faces challenges
including high system upgrade costs and limited response speed.
In contrast, all-optical automatic gain control eliminates opto-
electronic conversions and electronic processing delays, thereby
simplifying the system architecture and avoiding electronic bot-
tlenecks. Its superior response speed also makes it a promising
solution for future high-speed, dynamic application scenarios, such
as transparent optical networks and optical packet switching,
advancing the realization of comprehensive all-optical networks.

1) Tunable ring cavity for gain clamping

In BDFA, the gain stabilization effect of gain control
technology can also be realized under different gain-clamping
structures. Considering that the ring cavity gain-clamping structure
is equipped with VOA to regulate and control the feedback power,
research and discussion on the performance of the ring cavity gain-
clamping BDFA were conducted in 2024 by Wang et al. [58]. The
scheme and dependence of gain on signal power of ring cavity
gain-clamped BDFA are shown in Figure 13 [58]. Compared with
the conventional amplifier structure, the BDFA with a ring cavity
gain-clamping structure achieves gain stability over a wider range
of input signals. With a pump power of 500 mW and a VOA loss
of 0 dB, the gain variation of the signal less than 6 dBm is less
than 0.52 dB, and the average output gain is 6.28 dB. When the
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Figure 13
The (a) scheme and (b) dependence of gain on signal power of ring cavity gain-clamped BDFA

Figure 14
The (a) scheme and (b) gain-clamped operation of BDFA with adjustable semi-ring semi-linear cavity

VOA loss is 10 dB, the gain variation of the signal below -2 dBm
is less than 3.08 dB, and the average output gain is 13.81 dB.

2) Tunable semi-ring semi-linear cavity for gain clamping

In 2022, Khegai et al. [57] presented their gain-clamped
BDFA to investigate the amplifier performance with one- and
two-wavelength pumping and gain-clamped schemes. Through the
gain control structure, a 1280 nm control laser is generated within
the amplifier and acts in conjunction with a 1180 nm pump
on the BDF. Compared with the dual-wavelength pump without
gain control, the gain coefficient of the BDFA with gain control
increases, and the 3 dB bandwidth also increases. Additionally,
as observed in Figure 14(b) [57], the power of the 1280 nm con-
trol laser increases with the rise in 1180 nm pump power when
the external pump power changes. When the control laser power

increases, the amplifier gain—particularly at longer wavelengths—
also increases. Consequently, the output power rises while the
input signal remains unchanged. From Figure 14(c), it is found that
when the external pump power at 1180 nm is constant, the increase
in reflectance leads to an increase in the control laser power. In this
case, the short-wavelength gain decreases and the long-wavelength
gain increases. This side shows that different luminescence centers
will have obvious differences in their behavior under the action of
the same control laser.

This gain-clamped structure generates adjustable feedback
power in its linear part, which is similar to that in Yi et al. [34],
while the ring cavity part guarantees a much wider path for the
feedback power. This structure combines the features of both ring
cavity and linear cavity gain-clamping structures, which is why we
call it a semi-ring semi-linear cavity for gain clamping.
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Figure 15
(a) The scheme and (b) dependence of gain on signal power of tunable gain-clamping linear cavity BDFA with two three-port circulators

Figure 16
(a) The scheme and (b) dependence of gain on signal power of tunable gain-clamping linear cavity BDFA with a uniform FBG and a

triangular FBG (inset: reflection spectrum of the triangular FBG)

3) Tunable linear cavity for gain clamping

Based on the previous theoretical analysis, it can be known
that compared with the ring cavity, the gain control efficiency
of the linear cavity is higher. In 2025, Wang et al. proposed an
adjustable linear cavity gain control BDFA as shown in Figure 15
[44]. Combining the broadband emission characteristics of BDFA,
two circulators are used to add VOA in the linear cavity to con-
trol the cavity loss. It retains the wideband performance of the
amplifier while achieving gain control. In addition, the closer to
the controlled laser wavelength, the more obvious the gain sup-
pression effect becomes. Therefore, the rational utilization of gain
control can also be used for the flattening of the gain spectrum.
With a pump power of 500 mW and a VOA loss of 0 dB, the
gain variation of the signal less than 6 dBm is less than 0.27 dB,
and the average output gain is 4.34 dB. When the VOA loss is 10
dB, the gain variation of the signal below 6 dBm is less than 0.52
dB, and the average output gain is 7.28 dB.

By comparing the gain of BDFA with adjustable linear cavity
and ring cavity gain control under different VOA losses, it is easy
to find that the gain curves of the two structures almost overlap
without gain control, and the linear cavity has a better clamp-
ing effect when gain control is introduced. This means that the
adjustable linear cavity gain control BDFA has a higher tolerance
to the fluctuation of signal power under the same conditions. The
complexity of the two structures presented in Figures 10 and 14
is comparable, and the reliability of the tunable line-cavity gain
clamp BDFA in the transmission system is no less than that of
the conventional structure.

Recently, we proposed a tunable gain-clamping structure
shown in Figure 16. In this design, the linear cavity is formed
with a uniform FBG and a triangular FBG. The triangular FBG
used in the study was self-designed by the authors and fabricated
by Shanghai Jinlei Optoelectronics Technology Co., Ltd. The tri-
angular FBG exhibits a reflection spectrum that varies linearly
with wavelength, and its reflectivity changes as the wavelength of
the uniform FBG is shifted. By tuning the central wavelength of
the uniform FBG via applied stress, the spectral overlap with the
triangular FBG is adjusted, thereby controlling the effective reflec-
tivity of the triangular FBG and, in turn, the intra-cavity feedback
strength. In Figure 16(b), R denotes the reflectivity of the triangu-
lar FBG. The results indicate that effective control of the linear
cavity gain clamping can be achieved by adjusting the reflectivity
of the triangular FBG.

3.4.2. Internal pump and external pump expand BDFA gain
bandwidth

In 2022, Khegai et al. [57] connected phosphosilicate BDF
and germanium silicate BDF in series; by applying the adjustable
semi-ring semi-linear cavity, the BDFA achieved a 6 dB band-
width of 150 nm in the O and E bands. In 2024, Wang et al. [59]
constructed a two-stage BDF amplification system using 1180 nm
and 1275 nm pumps. The results show that, when the input signal
power was -23 dBm, a gain greater than 23 dB was achieved over
the 1300–1470 nm wavelength range, with an average NF of 5 dB.
In the same year, Zhai and Sahu [16] reported a dual-pump BDFA
operating in the O+E+S bands. By employing dual-wavelength

Pdf_Fol io:9 09



Journal of Optics and Photonics Research Vol. 00 Iss. 00 2026

Figure 17
Absorption coefficient of phosphosilicate BDF

pumping at 1270 nm and 1310 nm, the amplifier achieved a 6 dB
gain bandwidth of 140 nm (1333–1473 nm) under a 0 dBm input
signal power.

The FORC-Photonics dataset shows the absorption coeffi-
cient of phosphosilicate BDF (refers to Figure 17). This BDF has
strong absorption at both 1240 nm and 1310 nm. It is not difficult
to find from Figure 11 that when the pump wavelength increases,
the luminescence center of BDF shifts toward longer wavelengths.
For phosphosilicate BDF, the 1240 nm and 1310 nm pumps,
respectively, excite the O and E bands to emit light. If dual pumps
are adopted, the gain range of the BDF can be expanded.

When considering adding a 1310 nm or longer wavelength
pump to the O+E band BDFA to improve the E band gain, com-
pared with adding a 1180 nm or other shorter wavelength pump,
there is also a practical problem: it’s difficult for WDM compo-
nents commonly used in fiber amplifiers to separate an additional

narrow channel within the signal band for the input of an O-band
pump. At present, the solution to this problem mainly depends
on replacing WDM with a coupler. However, this solution not
only introduces higher insertion loss but also remains challenging
to achieve satisfactory results. Based on this situation, we con-
sider to replace the additional external pump with an “endogenous
pump.” That is, only the pump or pump combination whose wave-
length is lower than the amplification range is reserved externally,
such as 1240 nm or 1240+1180 nm. The pump with the required
longer wavelength, such as 1310 nm, is generated through narrow-
band feedback, and the gain enhancement of longer wavelength
is further induced by this pump. Since the endogenous pump is
generated inside the amplifier, we also call it the internal pump or
inner pump.

In 2024, Wang et al. [60] proposed the BDFA, adopting a
linear cavity gain-clamping structure to achieve the expansion of
amplification range from the O band to the O + E bands. Com-
pared with the traditional dual-wavelength pumping, replacing the
grating can achieve the wavelength transformation of the endoge-
nous pumping. And as shown in Figure 18 [60], the 1310 nm
control laser occupies less than 1 nm of bandwidth. These are
convenient and cost saving for the engineering application and
experimental test of BDFA. In addition, we introduce a dual-pass
configuration on the basis of the line cavity; thus, high gain can be
achieved with much shorter optical fibers, especially in the current
situation where BDF resources are relatively precious. This design
is of great significance. In particular, the requirements for the sta-
bility of the pump and the signal power of the line-cavity dual-pass
BDFA are more lenient, which is conducive to its application in
optical networks.

The structure proposed in Figure 14 not only enables flexible
gain-clamping control but also allows regulation of the internal
pump, achieving bandwidth extension without replacing the FBGs.
By tuning the central wavelength of the uniform FBG via applied

Figure 18
(a) The scheme, (b) ASE, and (c) gain spectra of bandwidth-expanding dual-pass linear cavity gain control BDFA
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Figure 19
The bandwidth-expanding under different feedback in tunable
gain-clamping linear cavity BDFA with a uniform FBG and a

triangular FBG

stress, the spectral overlap with the triangular FBG is adjusted,
allowing precise control of intra-cavity feedback and internal pump
generation, thereby extending the gain bandwidth. The ASE results
shown in Figure 19 demonstrate the effectiveness of this approach.
This method therefore provides a practical and efficient means to
extend the gain bandwidth in BDFA systems.

4. Discussion

This paper reviews research progress in BDFA gain control
technology, spanning from mature electro-optic automatic gain
control to cutting-edge all-optical automatic gain control solutions.
Although these techniques, particularly all-optical approaches,
have demonstrated exceptional potential for gain stability and
bandwidth extension in BDFAs, challenges remain in transitioning
them from laboratory settings to practical applications.

First, trade-offs must be made between electrical and optical
technology approaches. Electrical automatic gain control inherits
the mature technology of EDFAs and offers high control precision,
making it a pragmatic choice for advancing BDFA toward initial
commercialization. However, its inherent electro-optic conversion
and electronic delay limit response speed. All-optical automatic
gain control provides rapid response, making it an ideal solution
for future dynamic optical networks. Second, optimization of all-
optical gain-clamping structures is essential. Traditional line-cavity
and ring cavity gain control structures each possess distinct advan-
tages. Recent work, including our proposed approach, represents a
key direction for structural optimization. Future structural design
should continue focusing on simplifying adjustment mechanisms,
reducing insertion loss, and enhancing compatibility with BDFs.

Specifically, gain control for BDFAs cannot simply adopt
the EDFA experience. BDF gain characteristics strongly depend
on the type of BACs, glass matrix composition, and pump
wavelength. This complexity leads to significant inhomogeneous
broadening [57], potentially triggering the spectral hole burning
effect and thereby causing high-gain inhomogeneity in ultra-
wideband links. Gain deviation accumulation in a cascade
amplifier may lead to the failure of the entire link [38]. Further-
more, the energy transfer and competition mechanisms between
different BACs remain incompletely understood, complicating the
development of precise gain control models. Therefore, future
research must extend beyond amplifier structural innovations to
deeply integrate materials science for fundamental improvements
in BDF gain homogeneity.

Finally, the “endogenous pumping” approach discussed herein
offers a systematic integration solution for BDFA engineering

applications. It not only reduces system cost and complexity but also
provides novel insights for achieving compact broadband amplifica-
tion. However, this strategy relies on precise cavity feedback control,
imposing higher demands on optical component performance.

5. Conclusion

The gain bandwidth coverage capability of BDFA exceeds
200 nm, far surpassing that of EDFA, which currently has rel-
atively mature gain control technology. Due to the extremely
high-gain bandwidth of BDFA and the fact that different bands
are affected by different pumps to varying degrees and in differ-
ent ways, this implies that the clamping effect of single-wavelength
feedback may vary across different wavelength ranges. With
the continuous deepening of research on ultra-wideband BDFA,
clamping may also face the demand of shifting from a single wave-
length to a combination of wavelengths to cover multiple bands,
which also puts forward higher requirements for understanding
the behavior and mechanism of BDFA under different wavelength
feedbacks. On the other hand, the ultra-high-gain bandwidth
characteristic of BDFA also poses higher requirements for the
performance of gain-controlled devices. In the clamping structure,
WDM or couplers are usually used to form a ring cavity. As the
coverage bandwidth of BDFA increases, the bandwidth of such
devices will affect the gain performance of BDFA and even limit its
bandwidth. In comparison, FBGs have superior wideband trans-
mission characteristics. The linear cavity structure that provides
narrowband feedback using FBGs may play a more important
role in the gain-clamping application of ultra-wideband BDFA.
New technologies, such as BDF and space division multiplexing
(SDM), not only expand the application space of traditional gain
control techniques but also rely on gain-clamping techniques to
provide key performance guarantees.
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