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Abstract

Ambient temperature fluctuations of system environments can significantly degrade the
stability of fiber-based phase-stabilized RF transfer systems. In this work, the underlying
mechanism of such degradation is systematically investigated. It is shown that, in con-
ventional single-ended architectures, temperature-dependent phase variations originating
from the laser source and local RF components are directly accumulated in the phase-locked
loop, resulting in pronounced instability. To address this issue, a symmetric dual-carrier
architecture is proposed by introducing independent optical carriers at both the central and
remote sites. This configuration transforms the system into a differential reference scheme,
where temperature-induced phase perturbations exhibit common-mode characteristics
and can be effectively suppressed. Meanwhile, the reduced reliance on erbium-doped
fiber amplifier (EDFA) in the return path mitigates amplified spontaneous emission noise
and temperature-sensitive gain fluctuations. Experimental results demonstrate that, un-
der ambient temperature variations of approximately 7 °C, the link delay fluctuation is
reduced from over 15 ps to about 1.2 ps. The corresponding frequency stability reaches
a modified Allan deviation of 6.70 x 101 at an averaging time of 10,000 s without strict
temperature control. These results validate the effectiveness of the proposed approach for
robust high-stability frequency transfer.

Keywords: phase-stabilized RF transfer; optical fiber transmission; temperature fluctuation
suppression; dual-carrier architecture; frequency stability; microwave photonics

1. Introduction

Ambient temperature fluctuations pose a critical challenge to the stability of fiber-
based phase-stabilized frequency (RF) transfer systems, particularly in practical deployment
environments [1-3]. Such systems are widely used in large-scale time—frequency synchro-
nization networks, radio astronomy arrays, and deep-space communication systems [4—6].
Phase-stabilized transmission techniques have been extensively developed to suppress
fiber-induced phase noise, enabling ultra-stable frequency dissemination over long
distances [7-9]. However, most existing studies primarily focus on compensating distur-
bances introduced by the fiber link itself, while the influence of environmental perturbations
on the transmission system remains insufficiently addressed.

Early studies demonstrated the feasibility of phase-stabilized RF transmission
over optical fiber using interferometric delay sensing and fiber-length compensation
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techniques [10,11]. In practical applications, the transmission system is inevitably sub-
ject to ambient temperature fluctuations, which affect active components such as lasers,
photodetectors, and RF electronics [12-14]. In conventional single-ended architectures, a
single optical carrier serves as the reference source, and temperature-dependent phase
variations originating from the laser and local RF chain are directly accumulated in the
phase-locked loop [15-17]. As a result, system stability becomes highly sensitive to en-
vironmental temperature changes. Although temperature control and operating-point
optimization have been explored, these approaches increase system complexity and fail to
fundamentally eliminate temperature-induced instability [18-20].

Recent work has demonstrated dual-wavelength cancellation of group-delay-induced
phase noise in opto-terahertz fiber links using a dual-channel round-trip noise-cancellation
architecture [21]. In that work, the differential phase noise between two optical wave-
lengths is extracted through a dual-channel round-trip measurement to compensate group-
delay fluctuations in opto-terahertz transmission. In contrast, the present work focuses
on the common-mode suppression of ambient temperature-induced phase perturbations
in a 50 km phase-stabilized RF fiber link by introducing independent optical carriers
at the central and remote sites. To overcome this limitation, we propose a symmetric
dual-carrier phase-stabilized transmission architecture. Unlike conventional dual-ended
schemes that primarily focus on link noise compensation, this work reveals and experimen-
tally verifies the common-mode suppression mechanism of ambient temperature-induced
system-level phase perturbations. By introducing independent optical carriers at both
the central and remote sites, the system is transformed from a single-ended reference
configuration into a symmetric differential topology, in which temperature-induced phase
fluctuations exhibit strong common-mode characteristics and are intrinsically suppressed.
Furthermore, the underlying mechanism is analyzed in terms of temperature-dependent
phase-noise transfer, showing that the proposed configuration converts the accumula-
tion of temperature-induced phase errors into differential residuals. Experimental results
under varying ambient temperature conditions demonstrate significantly reduced delay
fluctuations and enhanced long-term stability. These findings provide new insight into
temperature-noise coupling in phase-stabilized fiber links and establish a general approach
for achieving intrinsically temperature-resilient frequency transfer.

2. System Architecture and Principle

Figure 1 illustrates the schematic diagram of the actively compensated phase-stabilized
RF transmission system based on a distributed feedback (DFB) analog directly modulated
laser (DML). Building upon previous work, the system architecture has been further opti-
mized toward higher integration and compactness [22]. As shown in the inset at the upper
right of Figure 1, key RF components are monolithically integrated to form the frequency
modulation module (FMM) at the central site and the phase amplification module (PAM) at
the remote site. By integrating the FMM, PAM, and associated optoelectronic components
into a standard 1U chassis (see the inset at the upper left of Figure 1), the system footprint
is significantly reduced, improving flexibility and adaptability for practical deployment.

The phase-stabilized transmission system operates by performing phase detection
and active compensation of the round-trip signal at the central site, thereby suppressing
phase noise induced by the fiber link and enabling the recovery of a highly stable RF signal
at the remote site that is phase-locked to the reference source. In the system, a rubidium
(Rb) atomic clock provides three coherent 100 MHz reference signals. One is used as the
local oscillator for direct mixing measurement to evaluate system stability, while the other
two serve as reference signals for DRO2 and DRO3 in the FMM to construct the error signal
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generation chain. The output signals of DRO2 and DRO3 maintain a fixed frequency offset
of 100 MHz relative to DRO1, enabling subsequent mixing and phase comparison.
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Figure 1. Schematic diagram of the RF signal phase-stabilized transmission system. The red lines
indicate optical connections, whereas the black lines indicate RF signal connections. DRO: Dielectric
resonant oscillator, OCXO: Oven-controlled crystal oscillator, PID: Proportional-Integral-Derivative,
DML: Directly Modulated Laser, PS: Power Splitter, LPF: Low-Pass Filter, PD: Photodetector, OF:
Optical Filter, EDFA: Erbium-Doped Fiber Amplifier, FM: Faraday Mirror, OC: Optical Coupler.

At the central site, the signal from DROL1 is used to modulate the DFB DML, gen-
erating the optical carrier. The optical signal passes through a polarization scrambler to
mitigate polarization-related effects and is then launched into the 50 km fiber link via
an optical circulator. At the remote site, the received optical signal is split by an optical
coupler: 90% of the optical power is reflected back to the central site by a Faraday mirror,
while the remaining 10% is detected by a photodetector (PD) and fed into the PAM for
local signal recovery. The returned optical signal is amplified by an erbium-doped fiber
amplifier (EDFA) to compensate for the fiber-link loss. Since the EDFA also introduces
amplified spontaneous emission (ASE) over its gain bandwidth, the amplified signal is
subsequently passed through an OF to suppress out-of-band ASE and other unwanted
optical components while transmitting the desired optical carrier. OF1 and OF2 have center
wavelengths of 1550.918 nm and 1550.116 nm, respectively, with a working bandwidth of
less than 0.1 nm and an insertion loss of no more than 0.8 dB. The narrow passband of
the OFs reduces the optical noise reaching the photodetector and thereby improves the
SNR of the recovered RF signal. The resulting RF signal, containing the round-trip phase
noise of the fiber link, is then fed into the FMM, where it is mixed with DRO2 and DRO3
through successive mixing stages. After low-pass filtering, the extracted error signal is fed
back to the oven-controlled crystal oscillator (OCXO), enabling closed-loop control of the
frequency and phase of DRO1, and ultimately achieving phase locking of the remote signal
to the central reference.
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To evaluate the system stability, the direct mixing method is employed to compare
the phase of the recovered remote signal with that of the reference signal. By adjusting the
phase difference between the two signals over a range of 0 to 27, the phase difference can be
determined from the extrema of the mixer output voltage. This allows the corresponding
time delay fluctuation to be derived, from which the frequency stability of the transmission
system is calculated.

3. Results
3.1. Temperature Sensitivity of the Conventional Architecture

The temperature sensitivity of the conventional phase-stabilized transmission system
shown in Figure 1 was first experimentally evaluated under laboratory ambient conditions.

As shown in Figure 2, the ambient temperature surrounding the system was contin-
uously monitored during the experiment. The entire system was placed on an optical
platform in a laboratory environment. Due to frequent human activity and day-night
temperature variations, the ambient temperature exhibited noticeable fluctuations, ranging
from approximately 24 °C to 29.5 °C over the measurement period. During the approxi-
mately 400,000 s test duration, the temperature variation was irregular and slowly varying.
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Figure 2. Ambient temperature variation (red line) and corresponding link delay fluctuation (black
line) of the phase-stabilized transmission system measured simultaneously.

Meanwhile, the corresponding link-delay fluctuation obtained using the direct mix-
ing method is also presented in Figure 2. The delay variation shows a clear dependence
on the ambient temperature. During periods of relatively stable temperature, such as
40,000-50,000 s and 100,000-130,000 s, the delay fluctuation remained at a relatively low
level of approximately 2.5 ps. In contrast, when the ambient temperature variation ex-
ceeded approximately 1 °C, the delay fluctuation increased significantly, with peak values
exceeding 15 ps. The system remained locked throughout the measurement period, al-
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though a pronounced increase in the residual delay fluctuation was observed under larger
ambient-temperature variations.

3.2. Performance of the Optimized Dual-Carrier Architecture

The optimized phase-stabilized transmission system shown in Figure 3 was subse-
quently evaluated experimentally under varying ambient-temperature conditions. To
quantitatively evaluate the phase stability of the transmission system, a direct mixing
method was employed [23]. The intermediate-frequency output voltage of the mixer was
measured using a digital multimeter (DMM). By experimentally determining the maximum
and minimum output voltages corresponding to a phase variation, the measured voltage
was converted into the corresponding time-delay fluctuation according to

1 -1 ZV(t) - (Vmux + Vmin)

AT(t) = 2nf cos (Var — Vo) )

where the frequency of the reference signal is 9 GHz. The resulting time-delay fluctu-
ation sequence was then imported into Stable32 for calculation of the modified Allan
deviation (mADEV).
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Figure 3. Schematic diagram of the optimized phase-stabilized transmission system based on
a symmetric dual-carrier architecture for common-mode suppression of system-level tempera-
ture perturbations( The red lines indicate optical connections, whereas the black lines indicate RF
signal connections).

Figure 4a shows the ambient temperature variation and the corresponding compen-
sated link-delay fluctuation measured simultaneously. Over approximately two days,
the ambient temperature fluctuated between 22.5 °C and 29.5 °C, exhibiting a clear non-
stationary behavior. Under these conditions, the corresponding link-delay fluctuation is
also presented in Figure 4a. The total delay variation remained within approximately
1.2 ps over the entire measurement duration.
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Figure 4. (a) Ambient temperature variation (red line) and corresponding compensated link delay
fluctuation (black line) of the system measured simultaneously. The inset shows the temperature
variation in the 50 km fiber spool inside the temperature control box, sharing the same time axis
as the main panel and using the right y-axis for temperature; (b) comparison of system stability
under different conditions (black: optimized system under varying ambient temperature; red: unop-
timized system under varying ambient temperature; blue: unoptimized system under quasi-constant
ambient temperature).

During the experiment, only the 50 km fiber spool was placed inside the temperature-
controlled box, while the remaining optical and electronic components, including the
interconnecting patch cords and OF1/0OF2, were exposed to the ambient environment.
The temperature variation in the 50 km fiber spool is shown in the inset of Figure 4a. Its
temperature remained within 1 °C throughout the experiment, indicating a quasi-constant
thermal condition.

Compared with the unoptimized system under similar ambient-temperature variations
shown in Figure 2, the compensated link-delay fluctuation was reduced from peak values
exceeding 15 ps to approximately 1.2 ps.

Figure 4b compares the system stability under different conditions. For the unopti-
mized system under varying ambient temperature (red curve), the short-term stability was
1.60 x 10712 /s, and the stability saturated at approximately 2.71 x 10~17/100,000 s. When
the ambient temperature was stabilized (blue curve), the short-term stability improved to
1.28 x 10~!%/s, while the long-term stability reached 1.90 x 10~'8/10,000 s.

In contrast, the optimized system maintained stable performance under the same
varying ambient-temperature conditions (black curve). The short-term stability remained
at a similar level, while the long-term stability was improved to 6.70 x 1071°/10,000 s.

To further evaluate the detection signal quality, the optical and RF power levels were
compared between the conventional and proposed architectures. In the conventional single-
carrier configuration, the DML output optical power was approximately 9.11 dBm. The
optical power received by PD2 was approximately —3.1 dBm, while the returned optical
power at PD1 decreased to approximately —12.44 dBm after passing through the circulator
and coupler. The corresponding demodulated RF powers at PD1 and PD2 were —11.11 dBm
and —23.36 dBm, respectively, with a measured RF SNR of approximately 46 dB
at PD1.

In the proposed dual-carrier configuration, the optical powers received by PD1 and
PD2 were approximately —3.1 dBm and —3.4 dBm, respectively, while the corresponding
demodulated RF powers were —11.11 dBm and —11.21 dBm. The measured RF SNR at
PD1 increased to 53.92 dB.
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4. Discussion
4.1. Mechanism of Common-Mode Suppression and Phase Stabilization

The experimental results in Section 3.1 demonstrate that the conventional single-
ended architecture exhibits pronounced sensitivity to ambient temperature variations. This
behavior originates from the temperature dependence of both the optical propagation path
and the optoelectronic components involved in the phase-stabilization loop. In particular,
temperature variations modify the fiber propagation delay through changes in both the
fiber length and refractive index, while temperature-dependent characteristics of the laser
and electronic components can introduce additional phase perturbations.

Taking the laser as an example, its central wavelength varies with temperature accord-
ing to the established temperature dependence of semiconductor lasers [10]:

AA = kAT @)

where AA denotes the wavelength shift, kt is the temperature coefficient of the laser
wavelength, and AT represents the ambient temperature variation. Based on the standard
expression for the optical propagation phase [24], the phase accumulated over an optical

path can be written as:
2rtnL
0= ©)

where # is the refractive index, L is the effective propagation length, and A is the op-

tical wavelength. Considering the temperature-induced wavelength variation given by
Equation (2), the corresponding phase perturbation due to wavelength drift can be obtained

from Equation (3) as:
2ntnL

Ap = —TkTAT (4)
It can thus be concluded that temperature variations introduce phase perturbations
through wavelength drift and changes in the properties of the optical and electronic
components. It should be noted that, in addition to the laser, other components in the RF
chain-such as mixers, amplifiers, and PDs are also affected by temperature fluctuations.
Their phase response and gain characteristics may drift accordingly. Therefore, ambient
temperature variations correspond to multiple coupled sources of phase error within
the system.
In the single-ended reference architecture, these temperature-dependent errors are
accumulated along the same reference path. The resulting output phase can be expressed as:

Perror = A¢Opt + Adgie ®)

where A®p,; and Ay, represent the equivalent temperature-induced drift terms in the
optical and electrical paths, respectively. Since the system relies on a single reference source,
these temperature-dependent errors cannot be suppressed through structural symmetry.
Instead, they are directly transferred to the phase-locked loop (PLL) output, making the
overall system stability highly sensitive to ambient temperature fluctuations.

In contrast, the proposed dual-carrier architecture transforms the temperature-induced
phase perturbation from a single-ended accumulation process into a differential process. As
illustrated in Figure 3, independent optical carriers are employed at the central and remote
sites, allowing the phase perturbations associated with the two transmission directions to
be jointly evaluated through the phase-detection process.

To address this limitation, in the optimized system shown in Figure 3, independent
optical carrier reference sources are introduced at both the central site and the remote site,
with wavelengths A1 and A, respectively, where A;#A;. Based on the above fundamental
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relationships, the temperature-dependent phases of the two independent optical carriers in
the proposed dual-carrier architecture can be expressed as:

2nnL
2nnL

= 7

/) o (7)

When ambient temperature variations occur, the phases at the central site and the
remote site evolve to A®; and Ad,, respectively. The detected differential phase is therefore
obtained as:

Gaiff = (P1+AP1) — (P2 + Ad2) = (P1 — ¢2) + (Ap1 — A¢gn) (8)

For the experimental configuration, where the central and remote units are located in
close spatial proximity, their ambient temperature variations can be reasonably assumed to
be strongly correlated:

Ad1 = A )

The common-mode suppression described by Equation (9) relies on sufficient cor-
relation between the temperature-induced phase perturbations experienced by the two
transmission paths. When the environmental perturbations at the two terminals are highly
correlated, the common-mode component can be effectively rejected through differential
detection. In contrast, spatially or temporally uncorrelated temperature variations will
produce a residual differential phase component that cannot be completely canceled.

Based on the proposed architecture and the above phase relationships, the reference
signal generated at the central site can be written as:

So = cos(wot + @) (10)

where wg and @y denote the angular frequency and phase of the reference signal, respec-
tively. For simplicity, the amplitude of the cosine function is normalized. After compen-
sation by the OCXO, the signal propagating from the central site to the remote site is
expressed as:

S1 = cos(wot + Qo + Peom + Ap) (11)

where Ag represents the propagation delay of the fiber link from the central site to the re-
mote site, and ¢ denotes the phase shift introduced by the OCXO. After being modulated
and reflected back at the remote site, the round-trip signal is derived as:

Sy = cos(wot + @0 + 2@com + 2A¢) (12)

By mixing the round-trip signal with the local reference signal and feeding the resulting
error signal back to the OCXO, the compensated output signal at the remote site can be
derived as:

S3 = CUS(WOt + ¢o + qoéom + Aq))

13
= cos(wot + Qo + Pcom) (13)

Thus, phase noise induced by temperature variations and mechanical perturbations
along the link is effectively suppressed.

4.2. Residual Differential Effects Due to Chromatic Dispersion

Although the dual-carrier architecture can suppress the correlated component of
temperature-induced phase perturbations, the two optical carriers do not experience ex-
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actly identical propagation conditions because they operate at different wavelengths. In
particular, chromatic dispersion introduces a wavelength-dependent group delay, resulting
in a residual differential delay between the two optical carriers.

It should be noted that Equations (6) and (7) use the same refractive index n as a
simplified representation of the common fiber propagation path. In practice, the two optical
carriers at 1550 nm and 1550.8 nm experience slightly different group delays because of
chromatic dispersion. The resulting static differential delay, however, does not directly
represent a temperature-induced phase error. Instead, the relevant residual error for the
proposed common-mode suppression scheme is the temperature-dependent variation in
the differential delay between the two wavelengths.

To evaluate this effect quantitatively, the temperature dependence of chromatic dis-
persion was considered. For a commercial G.652 fiber at approximately 1550 nm, the
chromatic dispersion D is approximately 17 ps/(nm-km), while the thermal coefficient of
chromatic dispersion is approximately ¥ = —1.45 x 103 ps/(km-nm-°C), with a thermal
expansion coefficient of 5.6 x 1077 °C~! [24]. The temperature sensitivity of the differential
propagation delay between two wavelengths can be approximated as [25]

aATd,'ff
aT

= AAL(x + Da) (14)

where AA =| A1 — Ay |, L is the fiber length, « is the thermal expansion coefficient, and
« is the thermal coefficient of chromatic dispersion. For A; = 1550 nm, A, = 1550.8 nm,
and L = 50 km, the estimated differential-delay temperature coefficient is approximately
—0.058 ps/°C. Therefore, even if the entire 50-km fiber link were subjected to a 7 °C tem-
perature variation, the corresponding differential delay variation would be approximately
0.40 ps. In the actual experiment, the 50-km fiber spool was maintained inside a
temperature-controlled box, with its temperature variation limited to less than 1 °C, cor-
responding to a differential delay variation of less than approximately 0.058 ps. This
value is much smaller than the approximately 1.2 ps residual link-delay fluctuation mea-
sured for the complete transmission link. Therefore, the wavelength-dependent dispersion
and thermal-expansion effects are not expected to dominate the measured residual delay
fluctuation under the experimental conditions.

4.3. Optical Crosstalk and Rayleigh Backscattering

Bidirectional transmission over a single fiber can introduce optical crosstalk through
Rayleigh backscattering and parasitic reflections at optical interfaces. These unwanted
counter-propagating optical components may interfere with the desired optical signals and
consequently affect the beat-note quality and phase-detection accuracy.

The influence of Rayleigh backscattering has also been investigated in previous 50-km
fiber-optic RF transmission work [26]. In that system, a Faraday mirror was used at the
remote site to rotate the polarization of the returned optical signal by 90°, thereby making
it orthogonal in polarization to the corresponding Rayleigh-backscattered component.
Experimental comparison showed that replacing the remote circulator with a Faraday
mirror reduced the RF noise floor by approximately 3 dB and increased the signal-to-
noise ratio from 66.61 dB to 69.65 dB [26]. These results provide experimental evidence
that polarization rotation by a Faraday mirror can mitigate the influence of Rayleigh
backscattering on the detected RF signal.

In the present dual-carrier system, however, a separate quantitative measurement
of the optical spectrum immediately before PD1 or the change in PD1 optical power
with DML1 and DML2 operated individually was not performed. Therefore, the specific
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contribution of Rayleigh-backscattered DML1 light to the phase-detection signal at PD1
cannot be quantitatively isolated from the present measurements.

Nevertheless, the experimentally demonstrated phase-stabilization performance of
the complete system indicates that the residual optical crosstalk under the investigated
conditions did not prevent effective phase detection and phase stabilization. The use of
two optical carriers together with high-isolation circulators provides an additional means
of reducing the potential interaction between the counter-propagating optical signals.

A quantitative investigation of the residual optical crosstalk as a function of the
wavelength separation between the two optical carriers would be valuable in future work.
Such measurements could include the optical spectrum and received optical power at the
photodetection points under individually controlled operation of the two lasers, providing
a more direct evaluation of the contribution of Rayleigh backscattering and parasitic
reflections to the phase-detection process.

4.4. Temperature Robustness, Limitations, and Practical Implications

The experimental improvement observed in Section 3 can be understood from the
different responses of the two architectures to environmental perturbations. In the con-
ventional single-ended architecture, temperature-induced phase perturbations accumulate
along the transmission path and are directly reflected in the residual phase fluctuation. In
the proposed dual-carrier architecture, the correlated component of these perturbations
is converted into a common-mode contribution and partially rejected through differential
phase detection. This mechanism accounts for the substantially reduced delay fluctuation
and improved long-term stability observed under varying ambient-temperature conditions.

The temperature robustness of the proposed architecture is nevertheless subject to
the spatial and temporal correlation of the environmental perturbations experienced by
the two transmission paths. If the temperature variations at the central and remote sites
become strongly asymmetric or rapidly decorrelated, the resulting differential phase pertur-
bation will not be fully suppressed. In addition, chromatic dispersion and residual optical
crosstalk introduce differential contributions that remain outside the ideal common-mode
cancellation mechanism.

To further evaluate whether the reduced dependence on EDFA amplification affects
the detection signal quality, the optical and RF power levels were compared between the
conventional and proposed architectures. In the conventional single-carrier configuration,
the DML output optical power is approximately 9.11 dBm. The optical power received
by PD2 is approximately —3.1 dBm, while the returned optical power at PD1 decreases to
approximately —12.44 dBm after passing through the circulator and coupler. Therefore,
EDFA amplification is required to increase the optical power at the local detection path to
approximately —3 to —4 dBm. The corresponding demodulated RF powers at PD1 and PD2
are —11.11 dBm and —23.36 dBm, respectively, with a measured RF SNR of approximately
46 dB at PD1. In contrast, in the proposed dual-carrier configuration, the optical powers
received by PD1 and PD2 are approximately —3.1 dBm and —3.4 dBm, respectively, and the
corresponding demodulated RF powers are —11.11 dBm and —11.21 dBm. The measured
RF SNR at PD1 increases to 53.92 dB. These results indicate that the reduced dependence
on EDFA amplification does not compromise the effective RF detection SNR. Although
a reduction in optical power could in principle increase the relative contribution of shot
noise and detector noise, the received optical powers in the proposed configuration remain
at approximately —3.1 dBm and —3.4 dBm, and no degradation of the measured RF
SNR is observed. Furthermore, the proposed system achieves a short-term stability of
approximately 1.20 x 10~'* at T = 1 s under varying ambient temperature conditions,
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demonstrating that the reduced dependence on EDFA amplification does not result in a
noticeable degradation of short-term stability.

From a practical perspective, the proposed architecture provides a means of improving
the temperature robustness of phase-stabilized RF fiber links without relying solely on strin-
gent thermal stabilization of every component in the transmission system. The approach is
particularly attractive for high-stability RF frequency dissemination in environments where
slow or moderately varying temperature perturbations are spatially correlated. Further
optimization of the optical wavelength separation, optical isolation, and environmental
configuration may provide additional improvements in long-term stability.

5. Conclusions

The impact of ambient temperature fluctuations on fiber-based phase-stabilized RF
transmission systems has been systematically investigated. In conventional single-ended
architectures, temperature-dependent phase variations originating from the laser source
and local RF components are directly accumulated in the phase-locked loop, leading to
significant degradation of system stability. To overcome this limitation, a symmetric dual-
carrier architecture is proposed, in which independent optical carriers are introduced at
both the central and remote sites. By transforming the system from a single-ended reference
scheme into a differential configuration, temperature-induced phase perturbations are
converted into common-mode components and effectively suppressed. Experimental
results show that, under ambient temperature variations of approximately 7 °C, the link
delay fluctuation is reduced from over 15 ps to about 1.2 ps. Meanwhile, the frequency
stability reaches a modified Allan deviation of 6.70 x 10~ atan averaging time of 10,000 s,
even without stringent environmental temperature control. In addition, the reduced
reliance on EDFA amplification reduces the contribution of EDFA-related ASE noise and
temperature-dependent gain fluctuations while maintaining high-quality RF detection.

These results demonstrate that the proposed architecture significantly enhances the
robustness of phase-stabilized RF transmission systems against environmental perturba-
tions. This approach relaxes the requirement for strict thermal control and provides
a practical solution for high-stability RF frequency transfer in complex and variable
operating environments.
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