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We design a high-gain optical amplification system based on optical injection locking (OIL) technology, which has
an all-fiber structure and is ideally suited for fiber-based optical frequency transfer system. The paper investigates the
relationship between amplification gain and frequency detuning under different injection linewidths, showing that smaller
injection linewidths result in higher gains for the same frequency detuning. Preliminary experiments show that with a 5 Hz
injection linewidth and sufficiently small frequency detuning, an amplification gain exceeding 60 dB can be achieved. In
contrast to previous approaches, we introduce an out-of-loop optical path with an acousto-optic modulator to counteract
the additional phase noise introduced by the asymmetric optical paths, achieving a higher-performance optical injection
amplification system. After effective phase noise suppression, the noise floor of 1m coherent fiber link constructed based
on the optical amplification system achieves a fractional frequency instability floor of 1.6 x 10720 at an integration time of
10000 s. Based on this high-performance system, a long-distance coherent transmission experiment over a 200 km spooled
fiber link was demonstrated, which showed a fractional frequency instability of 3.4 x 10713 at 1 s, scaling down to 3.4 x
10729 at 10000 s in terms of modified Allan deviation (Mod-ADEV). This work presents a high-gain optical amplification
method for transferring ultra-stable optical frequency standards, reducing the number of repeaters and amplifiers in optical
frequency transfer, and simplifying the system complexity.

Keywords: optical injection amplifier, optical frequency transfer, coherent fiber link, phase noise cancellation
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1. Introduction

The instability and uncertainty of optical clock system
in the world have now reached the 10~'8 level,l!'™* and
the clock network linking these high-precision optical fre-
quency standards will greatly promote the development of ra-
dio astronomy,! seismology,! gravitational wave, dark mat-
ter detection!”-8! and frequency metrology.l’! Among vari-
ous frequency transfer and comparison methods, traditional
satellite-based technical solutions cannot be applied due to

101 while the fiber-optic links

limited transmission accuracy,
have proven to be highly effective for distributing and compar-
ing state-of-the-art optical clocks due to their characteristics of
low attenuation, anti-interference and large bandwidth. [11,12]
To achieve high-performance of the fiber-based opti-
cal frequency transfer, it is essential to compensate for the
power attenuation that occurs during long-distance transmis-
sion. Consequently, various amplification techniques are em-

ployed to compensate optical attenuation and increase the
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transmission distance. The bi-directional erbium-doped fiber
amplifier (Bi-EDFA) has been extensively utilized for the co-
herent fiber links due to its straightforward design and efficient
operation. However, its effective gain in practical application
is commonly limited to less than 20 dB due to the presence
of the lasing effect caused mainly by end-face reflections and
Rayleigh scattering.[!3] Additionally, the unwanted amplified
spontaneous emission (ASE) noise generated during the am-
plification process will degrade the optical signal-to-noise ra-
tio (OSNR) and deteriorate the transfer performance. In 2010,
the fiber Brillouin amplification (FBA) with transfer fiber link
as the gain medium was proposed and demonstrated as an al-
ternative and effective amplifier solution, which provided a
narrow amplification bandwidth of 20 MHz and a higher gain
of 50 dB.!'*] In this configuration, the phase of the pump laser
should be locked to the transmitted light with the offset Bril-

15161 Degpite its excellent

louin frequency of about 11 GHz.!
performance, this system is unable to eliminate the intensity

noise inherent in the transmitted optical signal and necessi-
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tates a strong pump laser. This requirement may introduce ad-
ditional stray laser light within the coherent link, subsequently
reducing the OSNR of the high-precision optical signal. Fur-
thermore, the same solutions utilizing EDFA!'7! and Raman
amplification!'®) are also ineffective in addressing these issues.

To address the issue, Kim et al. proposed and investi-
gated optical injection amplification as a mid-stage amplifier
to achieve high optical gain in establishing a coherent fiber
link, a single-span 146 km installed fiber link with transfer
instability below 107! was achieved.['” In order to further
optimize the system structure to reduce the additional phase
noise, Feng et al. studied the optical injection amplifier with
an acousto-optic modulator (AOM) based coherent detection

scheme, [20:21]

in which the phase noise for different injec-
tion ratios corresponding to transfer frequency instability was
investigated. Their work also examined the relationship be-
tween the amplification gain and the frequency detuning be-
tween the master and slave lasers. However, above-mentioned
studies did not consider the relationship between the linewidth
of the injected light and the achieved amplification gain. As
the linewidth of a narrow-linewidth laser broadens when pass-
ing through optical fibers of varying lengths, the required
minimum injection power for the injected light changes as
the linewidth increases, leading to variations in amplification
gains.

In this paper, we construct a high-gain OIL-based ampli-
fication system and investigate the impact of key core param-
eters related to the injection conditions, including the injec-
tion linewidth, the injected optical power, and the frequency
detuning, on the ultimate achievable optical gain of the ampli-
fication system. An external AOM was incorporated to realize
noise detection and suppression, resulting in low additional
phase noise in the optical amplification system. Consequently,
the coherent optical frequency transmission system utilizing
this system achieved a noise floor on the order of 1072, Fi-
nally, we experimentally validate this approach by transferring
optical frequency over a 200 km spooled fiber link, achieving
the fractional frequency instability of 3.4 x 10~ at integra-
tion time of 1 s and 3.4 x 10729 at 10000 s. The experimental
results demonstrate that the OIL-based amplification system
is well-suited for establishing coherent fiber link for the trans-
mission and comparison of state-of-the-art optical clock sig-
nals.

2. Experimental setup

The phenomenon of optical injection locking occurs
when light from a master laser is injected into a slave laser, en-
abling the slave laser to surpass its internal spontaneous emis-
sion. Consequently, the output of the slave laser tracks the
frequency of the master laser while maintaining a fixed phase
offset, which is determined by the frequency detuning between

the two lasers. Figure 1 depicts the principle diagram of OIL-
based optical amplification. The slave laser is a semiconductor
laser without an optical isolator in this case, and upon success-
ful injection, its frequency will track that of the master laser,
resulting in an output power equivalent to that of the master
laser. Since the power of the input signal is usually much lower
than that of the slave laser, the OIL-based system effectively
functions as an amplifier for the input signal.

Signal input OC1 0oC2 OC3 Signal output
@) O

Optical injection unit EOM

Fig. 1. The high-gain OIL-based optical amplification system based optical
injection locking. AOM, acousto-optic modulator; AM, amplitude mod-
ulator; EOM, electro-optic modulator; CIR, circulator; PD, photodetec-
tor; LPF, low pass filter; PS, power splitter; PID, proportional-integral-
derivative; Ref, reference; Monitor, laser wavelength monitoring.

2.1. Principle of OIL based amplifier system

As illustrated in Fig. 1, the input light (master laser) with
a frequency of @y, which has passed through an optical fiber
and is split into two parts. A small portion of the light passes
through the electro-optical modulator (EOM) working at am-
plitude modulation (AM) mode, while the remaining portion
is injected into the slave laser through the port 1 of optical
circulator. Once the injection lock is completed, the laser fre-
quency exiting from port 3 is equal to that of the master laser,
and the output power is the same as that of the slave laser. A
wavelength meter (High-Finesse, WS-7) is used in the exper-
iment to confirm the success of the injection. The amplified
light then passes through an AOM with a frequency shift of
30 MHz. The slave laser selected in this study is a distributed
feedback (DFB) laser with a central wavelength of approxi-
mately 1550.12 nm and a linewidth of 2 kHz, which is op-
erated using a commercial driver (Thorlabs, CLD1015). Its
operating temperature ranges from 25 °C to 35 °C, and the
driving current does not exceed 100 mA. The injection pro-
cess introduces additional phase noise, at the same time, the
slave laser exhibits slow drift.

To achieve long-term stability in the optical injection sys-
tem, the two signals entering the photodetector (PD) carry the
frequency (phase) fluctuation information introduced during
the injection process and the AM sidebands noise. The error
signal is divided into two paths: one feeds back to the slave
laser for locking, while the other suppresses the phase noise in-
troduced by the injection process. The use of the AM enables
the system to detect phase variations with higher sensitivity,
thereby facilitating ultra-high-precision feedback control. It
should be emphasized that the enhanced locking capability of
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the system is achieved through the joint application of the AM,
AOM and the phase-locked loop (PLL).

detuning frequency A® is smaller than the locking bandwidth
LB, which are given by following expression:

Using the basic theoretical model of injection
locking,?>?3] the achieved gain Gy by the OIL based am- OLB = AWnax — Amin, 2
i i A A
plification system can be expressed as —x/1+ az,Tm — AWy < A® < Ay = K,Tm’ 3)
S S

An\
60=r'=()
S

—Aw !
B (K‘ 1+ o2 sin(@p +tan~! a)> ’
the optical injection ratio y represents the ratio of the injection
light power Ay, to the slave laser power Ag, the A®w and @
respectively represent the frequency detuning and phase dif-
ference between the master laser and slave laser. The x is the

ey

coupling coefficient and ¢ is the linewidth enhancement fac-
tor. Successful injection locking can be achieved as long as the

the parameter o quantifies the phase shift in the slave laser
due to refractive index variations caused by changes in carrier
density. Since « is non-zero, it introduces asymmetry in the
locking range, and the achieved gain Gy exhibits asymmetry
in both positive and negative frequency detuning. Therefore,
during injection locking adjustment, it is common to approach
the frequency of the slave laser’s frequency from the negative
frequency direction. From the established model, it can be
seen that in order to obtain a high gain, we need to reduce Aw
as much as possible.
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> 008
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Fig. 2. (a) Measurement of the laser linewidth broadening of narrow-linewidth laser after passing through fibers of varying lengths. (b) The
relationship between the achieved gain Gy and frequency detuning Aw for different injection laser linewidths. The purple curve represents the

simulation result. (c) Graph showing the relationship between the achieved gain Gy and linewidth at different frequency detuning values.

In addition, we explored the relationship between Gy and
the linewidth v, of the injected master laser. An ultra-stable
laser with a 5 Hz initial linewidth was used in conjunction
with optical fibers of various lengths to generate the master
laser with different linewidths. As shown in Fig. 2(a), the
linewidths were measured using the beat frequency method
followed by Lorentzian fitting. The results indicate that as the
transfer distance increases, the linewidth of the injected light
broadens. When the fiber length reaches 300 km, the linewidth
increases to approximately 797 Hz. Based on the obtained
four groups of injected light with different linewidths, we in-

vestigated the relationship between gain Gy and frequency de-
tuning A, the results are illustrated in Fig. 2(b), the purple
simulation curve and the other three experimental data curves
demonstrate that the relationship between Gg and frequency
detuning is asymmetric about zero, with the experimental re-
sults closely matching with the simulation. We experimentally
determined the minimum injection power by gradually reduc-
ing the injection power while observing whether the system
could maintain continuous and stable locking. It is worth not-
ing that with an injection light linewidth of 5 Hz and a min-
imum frequency detuning of —0.01 GHz (limited to a mea-
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surable minimum of 10 MHz by the wavelength meter’s accu-
racy), the minimum injection power can be as low as —52 dBm
(approximately 6.31 uW), while the output power is equal to
that of the slave laser (10.7 dBm), resulting in a corresponding
gain of 62.7 dB. Additionally, the data in Fig. 2(c) show that a
smaller injection linewidth corresponds to a higher gain, and a
larger locking bandwidth, which aligns well with the require-
ments of our application. The minimum injection power under
different linewidths has been summarized in Table 1.

Table 1. The minimum injection power and output power.

Linewidth (Hz) Input (dBm) Onput (dBm) Gain (dB) Aw (GHz)

5 —52.0 10.7 62.7 —0.01
118 —47.3 10.7 58.0 —0.01
354 —41.9 10.7 52.6 —0.01
797 —36.3 10.7 47.0 —0.01

2.2. The Coherent fiber link established by using OIL
based amplifier system

In the injection locking module (Fig. 1), we utilize
acousto-optic modulators (AOM) to suppress phase noise dur-
ing the locking process, along with an amplitude modulator
(AM). The amplitude modulator extends the locking range and
improves stability, ensuring robust locking even when the de-
tuning (A®) is large and the slave laser (distributed feedback
laser, DFB) drifts slowly with time.

In this optical system, asymmetric optical paths can sig-
nificantly impact system performance, particularly in terms of
phase and frequency stability. Since the circulator is unidirec-
tional, some degree of asymmetry in the system is inevitable.

(path 1)

Therefore, it is essential to minimize the influence of these
asymmetric optical paths. One of the main objectives of this
paper is to mitigate the effects of asymmetry on the optical
injection locking system. To address this, we design an exter-
nal optical path where a portion of the output light is split off,
reflected by the partial Faraday mirror (PFM), passes through
the AOM, and then returns to the local path. The returned light
is subsequently mixed with the local light for beat frequency
detection, thereby compensating for the impact of the asym-
metric optical path.

The detailed experimental setup of the optical frequency
transmission system based on optical injection locking, com-
bined with bidirectional comparison technology, is shown in
Fig. 3. The master laser used in the system is a commercially
available narrow-linewidth laser with a linewidth of 5 Hz.
Similar to conventional optical frequency transfer systems, the
system consists of three parts: the local site, the measurement
section, and the remote end.

At the local site, light from the master laser is split using
an X-type splitter OC1. A small portion of this light passes
through AOM3 (down-shifted mode, 160 MHz) and reaches
PD3, where it is reflected back to point A for bidirectional
comparison. Another portion is reflected by PFM1 to photo-
detector PD1 as a reference signal. The majority of the light
passes through AOM1, which operates in down-shifted mode
with a driving frequency of 157 MHz at the local site and is
transmitted to remote site via optical fiber and port 2 of the cir-
culator. The AOM1 is primarily employed to suppress phase
noise of the fiber optic links.

-160 MHz
—
AOM3}—

Fiber link

-157 MHz

Master

=

30 MHz

Optical
Injection

BPF

Fig. 3. Schematic diagram of the optical frequency transfer system based on optical injection locking amplification. Laser, narrow linewidth
laser; PFM, partial Faraday mirror; AOM, acousto-optic modulator; AM, amplitude modulator; PD, photodetector; FDPD: a programmable
digital frequency division phase discriminator; BPF, band-pass filter; LA, logarithmic amplifier; PID, proportional-integral-derivative.

After transmission to the remote site, the light is split into
two parts, one part is injected to the optical injection system,
while the other is used for beat frequency detection with the
light from AOM?2 driven with a frequency of 52 MHz in the
second loop. This helps eliminate the phase noise induced by
the asymmetric optical path of the optical injection part, ensur-

ing phase alignment of points C and D. The light from AOM2

is split, with one portion entering PD2 for beat frequency mea-
surement and the other portion returning to the local site via a
circulator. The circulator is primarily used to return the ampli-
fied light to the local site for comparison and to transmit the
light to the optical injection part. Under the ideal condition,
the phase noise of the loop can be perfectly compensated by

suppressing the phase noise detected by PD1. The beating sig-
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nal of 232 MHz between the round trip and the reference car-
ries the phase information of the fiber link and the asymmet-
ric path. The 320 MHz signal detected by PD1 is generated
through the beat frequency between the master laser vy and
the light that double-passed path 1 and returned to PD1. The
phase information carried by this 320 MHz signal is denoted as
2¢3. To minimize nonlinear effects in the fiber and achieve a
high-performance optical frequency transfer system, it is cru-
cial to reduce any additional phase contributions. The AOM3
plays an important role in mitigating the phase noise caused by
the asymmetric optical path, the signal detected by PD3 is ob-
tained from the light in path 2 (vo — 157 4+ 30+ 52) MHz and
the light in path 1 (vy — 160) MHz, resulting in an 85 MHz
signal carrying phase information (¢@; — ¢3). In the measure-
ment section, the 160 MHz signal, obtained by dividing the
320 MHz signal by a factor of 2, carries phase information
¢3. When the 160 MHz signal is mixed with the 85 MHz sig-
nal, the resulting 245 MHz signal carries phase information
@1, which corresponds to the phase information of the output
light. This process effectively eliminates the influence intro-
duced by the AOM3 measurement path.?*]

Due to the use of an optical circulator, asymmetrical op-
tical paths are inevitably present in the experiment. Since
the optical fibers used are made of the same material and
have identical thermal sensitivity coefficients, the asymmet-
ric equivalent length of the fiber segments BC, DE, and BE

(shown in Fig. 3) can be expressed as!>!

L. =Lpc+Lpe — Lpk “4)

to achieve a high-performance optical frequency transfer sys-
tem, it is essential to minimize any additional phase contribu-
tions. We minimized the lengths of the fiber segments BC, DE
and BE, while ensuring that asymmetric equivalent length L.
is as close to zero as possible. To verify the suitability of the
amplifier for the establishment of coherent fiber optic links, we
constructed an optical frequency transfer system based on it,
measured the system’s noise floor, furthermore, experiments
were conducted with a single-span distance of 200 km, for
which the total fiber loss was measured to be 44 dB. The trans-
mission performance was then tested and analyzed in both
time and frequency domains. To characterize system proper-
ties such as fractional frequency stability and phase noise PSD,
we employed a dead-time free frequency counter (FXE K&K)
and a commercial noise analyzer (Rohde&Schwarz, FSWP).

3. Experimental results

Figure 4 presents the measurement results of the system’s
noise floor. In this scenario, an adjustable optical fiber attenu-
ator approximately 20 cm in length was employed to connect
the local and remote ends, following the methods described

in the literature.?®! In the frequency domain, the phase noise
PSDs in both free-running (dark blue curve) and stabilized (red
curve) conditions were measured, as shown in Fig. 4(a). In the
free-running case, the phase noise PSD exhibits a decline pro-
portional to f~3 in the Fourier frequency range from 1 Hz to
10 Hz , and f —2 linearity from 10 Hz to 100 Hz. After com-
pensation, the phase noise PSD follows a power law of £ from
10 Hz to 100 Hz, achieving a noise suppression ratio of ap-
proximately 37.9 dB at a Fourier frequency of 1 Hz. The frac-
tional frequency instability, a key time-domain characteristic,
is calculated using the recorded frequency values and is shown
in Fig. 4(b), representing the system’s noise floor under stabi-
lized condition. No cycle slips were observed throughout the
entire frequency measurement period. In the stabilized case,
the fractional frequency instability is 5.6 x 10~!7 for an inte-
gration time of 1 s, and scales down to 1.6 X 10729 at 10000 s
in terms of Mod-ADEV (red circles). These results demon-
strate that the OIL-based amplification system exhibits excep-
tional performance and is well-suited for establishing a coher-
ent fiber link for the transmission and comparison of state-of-

the-art optical clock signals.

Free-running
Stabilized

102 B

\ ‘

Phase noise PSD (rad*/Hz)

o

10 . h B R W P
100

10
Frequency (Hz)

Mod-ADEV
=)

1 10 100 1000 10000
Integration time (s)

Fig. 4. The measurement results of the system’s noise floor are as follows.
(a) The phase noise power spectral densities (PSDs) measured under free-
running conditions (dark blue curve) and stabilized conditions (red curve)
using the shortcut method. (b) The fractional frequency instability of the
transfer system under stabilized conditions, measured with a IT-type fre-
quency counter and represented by Mod-ADEV (red circles).

Furthermore, we conducted laboratory experiments to
evaluate the properties of the 200 km coherent spooled fiber
link. The measured phase noise PSD is illustrated in Fig. 5(a),
the phase noise PSD in the unsuppressed case St (blue curve)
follows the relationship of /g / f> with Fourier frequency f, in-
dicating that white frequency noise predominantly contributes
to the characteristics of the fiber link when no noise suppres-
sion is applied. After implementing a noise compensation, the
residual phase noise PSD S;(f) (red curve), follows a different
dependence on the Fourier frequency with 4 0, demonstrat-
ing that the residual phase noise is primarily dominated by

white phase noise in the stabilized condition. The theoretical

044209-5



Chin. Phys. B 35, 044209 (2026)

suppression limitation for phase noise PSD S;(f) can be de-
rived using the following time delay 7 correlation formula?”]

1
S = g(27rfr)25free, 5)

where T =nL/c, n = 1.468 is the refractive index of the fiber, L
is the fiber length, and c is the speed of light in a vacuum. The
theoretical result (green curve) aligns closely with the mea-
sured residual phase noise, confirming the effectiveness of the
noise suppression technique. Notably, the phase noise PSD
in the free-running condition aligns with that in the stabilized
case at the Fourier frequency 1/4t. The suppression band-
width of the 200 km fiber link was measured to approximately
250 Hz, which is consistent with theoretical predictions.

After studying the frequency-domain characteristics, the
time-domain feature of the fractional frequency instability of
the 200 km coherent fiber link was analyzed and shown in
Fig. 5(b). Prior to noise suppression, the frequency instabil-
ity (blue triangle) reaches 5.5 x 10713 at 1 s integration time,
fluctuating around the 10~'# level. After implementing noise
suppression, the frequency instability improved to approxi-
mately 3.4 x 10~ at 1 s and further decreased to 3.6 x 10~1?
at 10000 s, with a slope of 7! in terms of the overlapping Al-
lan deviation (OADEV). In Mod-ADEV mode, the fractional
frequency instability decreases to 3.4 x 10720 with a slope of
3 /2

system, consistent with the results shown in Fig. 5(a).

at 10000 s, indicating that white noise dominates the
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Fig. 5. (a) The measured phase noise PSDs of the 200 km coherent fiber link respectively in the free-running case (dark blue curve) and the
stabilized case (red curve). The theoretical compensation limitation due to time delay is also indicated (green dashed line). (b) The measured
fractional frequency instabilities in the free-running case (dark blue triangles) and the stabilized case, represented in terms of OADEV (red
circles) and Mod-ADEV (green squares), using a Il-type frequency counter. Error bars are included within the symbols.
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Fig. 6. (a) Frequency data collected using a dead-time-free PI-mode

frequency counter with a 1-second counting time, resulting in 58000
data points (dark cyan, left axis). The unweighted arithmetic means of
these data points are represented by 58 mean values (orange, right axis).
(b) Histograms and Gaussian fits for the recorded frequency values (dark
cyan dots) and the 58 arithmetic mean values (orange dots), illustrating
the distributions and statistical characteristics of the data.

In addition, we conducted an accuracy evaluation of the

frequency data following optical injection locking amplifica-

Frequency deviation (mHz)

tion over a stabilized 200 km fiber link with total loss of 44 dB.
Figure 6(a) illustrates the frequency deviation of the transmit-
ted signal after noise suppression. The data were recorded
using a II-type mode with a 1-second gate time, a total of
58000 data points (illustrated as dark cyan dots on the left axis)
were measured and evenly divided into 58 groups of 1000 data
points each, yielding 58 averaged values. Figure 6(b) presents
the histogram and Gaussian fit for the recorded frequency val-
ues, along with the 58 averaged points. The arithmetic mean
of the obtained data is 29.8 Hz (1.5 x 10~?), with a standard
deviation of 0.49 mHz (2.5 x 10~'®). Taking into account the
results of Fig. 5, we conservatively estimate that the system-
atic uncertainty is smaller than 3.2 x 10~'°. Within this un-
certainty range, the retrieved light at the remote site shows no
frequency deviation relative to the local reference light. These
above-mentioned results demonstrate that the OIL-based am-
plification system is highly effective for transmitting advanced
optical clock signals, making it ideal for state-of-the-art fre-

quency metrology applications.
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4. Conclusion

In this study, we focus on the development of a substan-
tial optical amplification system using an OIL technology. Ini-
tially, we design a high-gain OIL-based amplification system
capable of delivering ultra-precision optical frequency signals.
The effects of injection linewidth, frequency detuning and in-
jection power on the achievable optical gain of the OIL-based
amplifier are systematically investigated. Experimental results
demonstrate that the system can achieve an amplification ex-
ceeding 60 dB, significantly extending the transfer distance
between sites. To mitigate the residual phase noise introduced
by the asymmetric optical paths, an AOM was incorporated
to facilitate noise detection and suppression. Based on this
OIL-based amplifier, the coherent frequency transfer system
has a noise floor of 1072 level. This low noise floor ensures
reliable transfer of optical frequency signals over longer dis-
tances. Additionally, we demonstrate the system performance
over 200 km coherent spooled fiber link, achieving an instabil-
ity of 3.4 x 10720 at 10000 s. These findings indicate that opti-
cal injection locking is a promising approach for long-distance
optical frequency transfer, offering a robust solution for reduc-
ing system complexity.
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