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Abstract—A convolutional neural network combined with long
short-term memory (CNN-LSTM) phase compensation method
(PCM) is proposed and demonstrated, where CNN is employed
to extract spatial features, and LSTM is used to capture temporal
features and realize the long-term predictions of residual phase
fluctuations. This is the first-time machine learning (ML) has been
used to mitigate the effects of optical path asymmetry caused
by temperature variations on radio frequency (RF) transmission
systems. The performance is verified by experiments on a unidi-
rectional two-way RF transmission system, in which both the two
259-km-long separate fibers are coupled into one optical cable.
The results demonstrate the CNN-LSTM model presents better
prediction performance than the other eight previously proposed
ML models. When the prediction duration is 40,000 s and the
ambient temperature variation range is 14.38 °C, the coefficient
of determination (R Squared, R2) between the predicted value and
the actual value is higher than 0.99. In addition, compared to the
phase locked loop (PLL) PCM, the proposed CNN-LSTM PCM
can reduce the root-mean-square (RMS) phase jitter of the received
signal from 219 ps to 19.72 ps, and improve the frequency stability of
the system at 10,000 s by 84.5%. Overall, the proposed CNN-LSTM
PCM can effectively compensate for residual phase fluctuations
generated by the optical path asymmetry, providing a potential
option for achieving stable RF transmission in telecommunication
networks.

Index Terms—Convolutional neural network, frequency
transmission, long short-term memory network, unidirectional
two-way, frequency stability.
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I. INTRODUCTION

A LARGE number of advanced scientific and industrial
fields rely on high-precision frequency transmission,

such as atomic clock comparison, navigation and position-
ing, and very long baseline interferometry (VLBI) [1], [2],
[3]. Nowadays, standard telecommunication networks present
excellent characteristics and have been applied all over the
world. To further expand the application range of radio fre-
quency (RF) transmission, the stable RF transmission in
telecommunication networks has attracted extensive attention of
researchers [4].

Theoretical research shows that optical fiber links are sensitive
to temperature variations, mechanical perturbations, and laser
wavelength drifts, which cause the phase fluctuations of the
transmitted signal. Therefore, it is necessary to compensate
for the phase fluctuations to achieve stable RF transmission in
optical fiber link. Currently, high-precision frequency synchro-
nization schemes generally require bidirectional transmission of
signals in the same fiber, where the phase fluctuations of the two
propagation directions are highly correlated, therefore the phase
fluctuations of the uplink can almost perfectly compensate for
the phase fluctuations in the downlink [5], [6]. However, the
above scheme is in conflict with the existing telecommunication
networks, which are equipped with unidirectional amplifiers,
and the optical signals can only be transmitted in one direction
along the link. In a standard telecommunication network, RF
transmission can be accomplished using two methods. One
method is to modify the unidirectional link into a bidirectional
link for signal transmission [7], [8], [9], which is more stable,
but costly and complicated to operate. An alternative method in-
volves using two unidirectional optical fiber links for round-trip
transmission of RF signals, known as the unidirectional two-way
RF transmission system [10], [11]. The unidirectional two-way
RF transmission system does not require any modifications to
existing telecommunications networks. However, the stability
of the system is affected by the residual phase fluctuations gen-
erated by the asymmetry between the uplink and the downlink
caused by temperature variations [12]. When the system is used
for a long-term working environment, the accumulated residual
phase fluctuations can deteriorate the received signal’s long-term
frequency stability. Therefore, the study of how to compensate
for the residual phase fluctuations and improve the stability of
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the unidirectional two-way RF transmission system effectively
is of great significance.

Recently, research on machine learning (ML) has ignited
massive applications both in industry and academia [13], [14],
[15]. In the field of optical fiber communication systems, ML
has also been investigated to solve important problems, such as
resisting noise interference [16] and predicting nonlinear time
series [17]. The convolutional neural network (CNN) [18] and
the long short-term memory (LSTM) [19] are two effective net-
work architectures in ML. CNN is a type of feedforward neural
network, which can extract spatial features from data effectively.
The local perception and weight sharing characteristic of CNN
can greatly reduce the number of parameters, and improve the
model learning efficiency [20], [21]. LSTM networks are exten-
sions of recurrent neural networks (RNNs), not only able to learn
temporal correlations in series prediction problems, but also able
to memorize information for a long time. In recent studies,
the LSTM has achieved good results in nonlinear time series
prediction, such as voltage prediction [22], pressure prediction
[23], and GNSS time series prediction [24]. The residual phase
fluctuations of the system cannot be obtained in advance, but its
changing trend is related to temperature variations and the uplink
phase fluctuations, all three of which are typical nonlinear time
series. Therefore, the CNN-LSTM model can be used to capture
the intrinsic connection between the three. In this way, we can
predict the residual phase fluctuations of the system based on the
temperature variations and uplink phase fluctuations during the
system operation, and compensate for it to improve the stability
of the unidirectional two-way RF transmission system.

In this paper, a CNN-LSTM phase compensation method
(PCM) is proposed to predict and compensate for the residual
phase fluctuations generated by the asymmetry between the
uplink and downlink caused by temperature variations, and to
improve the long-term frequency stability of the unidirectional
two-way RF transmission system. The CNN is employed to ex-
tract spatial features, and the LSTM is used to capture temporal
features and predict residual phase fluctuations for a long-term.
By experimenting on 2.4 GHz unidirectional two-way radio fre-
quency (RF) transmission system with a transmission distance of
259 km, the results demonstrate that: the CNN-LSTM model can
effectively capture the nonlinear features of the residual phase
fluctuations, and has better prediction performance than the other
eight previously proposed ML models. When the prediction
duration is 40000 s and the ambient temperature variation range
is 14.38 °C, the coefficient of determination (R Squared, R2)
between the predicted and the actual values is 0.9919, which is
79.49%, 41.36%, 12.26%, 7.84%, 3.97%, 2.70%, 2.33%, and
0.38% better than Random Forest Regression (RFR), Support
Vector Regression (SVR), bidirectional long short-term mem-
ory (Bi-LSTM), Back Propagation Neural Network (BPNN),
RNN, Gated Recurrent Units (GRU), LSTM, and CNN-GRU
models, respectively. Moreover, compared to the phase locked
loop (PLL) PCM, the proposed CNN-LSTM PCM can reduce
the root-mean-square (RMS) phase jitter of the received signal
from 219 ps to 19.72 ps during a measurement time of 40000 s,
and improve the frequency stability of the system at 10000 s by
84.5%.

II. PRINCIPLE OF THE PROPOSED METHOD

A. Principle of the CNN-LSTM Model

The main structures of the CNN-LSTM model are the CNN
and the LSTM. The CNN is employed to extract spatial features
from input data, while the LSTM is used to capture temporal
features and make long-term predictions. Fig. 1 shows the ar-
chitecture diagram of the CNN-LSTM model, which comprises
input layer, convolution layer, pooling layer, LSTM layer, and
output layer. In this study, the input of the CNN-LSTM model is
ambient temperature and uplink’s phase fluctuations. The output
is system’s residual phase fluctuations.

CNN is the base layer of CNN-LSTM model, which mainly
consists of convolutional layer and pooling layer. The convolu-
tional layer extracts spatial features of multivariate time series
using multiple convolutional filters. If xi = {x1, x2, · · · , xn} is
the input vector, the output from the convolutional layer can be
represented as

yij = σ

(
bj +

M∑
m=1

wm,jxi+m−1,j

)
. (1)

Where yij is the output from the convolutional layer, σ repre-
sents the activation function,mis the index value,w is the weight
of the filter, xi,j is the input layer and bj is the bias for the jth

feature. The pooling layer is added after the convolution layer
to reduce the feature dimension of the network, and also has the
effect of adjusting the overfitting. (2) represents the operation
of the max-pooling layer. S is the stride that decide how far to
move the area of input data, and R is the pooling size of less
than the size of the inputy.

pij =
l−1
max

i×S+r,j

r∈R

. (2)

LSTM, which is a lower layer of CNN-LSTM. The struc-
ture of an LSTM unit is configured by a cell and three gates,
that is: the forget gate, input gate and output gate. The forget
gateft responsible for determining the information that should
be removed from the cell state, it can be expressed as

ft = σ(wf · [ht−1, pt] + bf ), (3)

where σ(·) is the sigmoid function, ht−1 is the output of the
LSTM unit at timestep (t− 1), pt is the output of the pooling
layer, [ht−1, pt] represents a vector concatenated by ht−1 andpt.
wf and bf are the weight matrix and bias vector of the forget gate,
respectively. The input gate can determine which information to
put into the current cell state, the sigmoid function determines
the value it to be updated, and the tanh function is used to create
a new candidate vector c̃t .The calculation process of the input
gate is

it = σ(wi · [ht−1, pt] + bi), (4)

c̃t = tanh(wc · [ht−1, pt] + bc), (5)

where tanh(·) is the hyperbolic tangent function, wi, bi and wc,
bc are the weight matrix and bias vector of the input gate, and the
state update vector, respectively. The output gate receives new
information by multiplying the output intermediate cell state c̃t
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Fig. 1. The architecture diagram of the CNN-LSTM model.

Fig. 2. The schematic diagram of the unidirectional two-way RF transmission system: (a) without CNN-LSTM phase compensation module, (b) with CNN-LSTM
Phase compensation module.

by the result of the input gate it. It also updates the cell state
by discarding data by multiplying the past state ct−1 by the
result of the forget gate ft. The output ht of LSTM is calculated
using the finally updated cell state and the output gate ot. These
calculations can be expressed as

ct = ft ◦ ct−1 + it ◦ c̃t, (6)

ot = σ(wo · [ht−1, pt] + bo), (7)

ht = ot ◦ tanh(ct). (8)

The last layer of CNN-LSTM is the fully connected layer.
The output of the LSTM unit is flattened to a feature vectorhl =
{h1, h2, · · ·hl}, l is the number of units in LSTM. The output
of the LSTM is used as the input to the fully connected layer. (9)
shows the equation used in this layer. σ is a non-linear activation
function, w is the weight of the ithnode for layer l − 1 and the
jth node for layer l, and bl−1

i represents a bias vector of the fully
connected layer.

dli =
∑
j

wl−1
ji

(
σ
(
hl−1
i

)
+ bl−1

i

)
. (9)

B. Principle of the CNN-LSTM PCM

Fig. 2 shows the schematic diagram of the unidirectional
two-way RF transmission system without/with the CNN-LSTM
phase compensation module. The reference signal generated by
the remote auxiliary signal source is transmitted to the local

site (LS) along the uplink. This signal is discriminated with
the reference signal to obtain the phase fluctuations of the
uplink ϕuplink. In the classical PCM, as shown in Fig. 2(a),
ϕuplink is used as the pre-compensation phase to compensate
the phase fluctuations of the downlinkϕdownlink when the signal
is transmitted to the remote site (RS) along the downlink. The
residual phase fluctuations of the system after compensation by
the classical PCM can be expressed as

Δϕ = ϕdownlink − ϕuplink. (10)

In the CNN-LSTM PCM, as shown in Fig. 2(b). The CNN-
LSTM network can obtain the predicted value of the residual
phase fluctuations Δ

�

ϕ based on the uplink’s phase fluctuations
and ambient temperature. Δ

�

ϕ will compensate the phase fluc-
tuations of the downlink together with the pre-compensation
phase−ϕuplink provided by the classical PCM. The residual
phase fluctuations of the system after compensation by the
CNN-LSTM PCM can be expressed as

Δϕ′ = ϕdownlink − ϕuplink −Δ
�

ϕ = Δϕ−Δ
�

ϕ. (11)

III. EXPERIMENTAL SETUP AND MODEL CONSTRUCTION

A. Experimental Setup

In order to analyze the performance of the proposed method,
we set up a 2.4 GHz unidirectional two-way RF transmission
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Fig. 3. The schematic diagram of the unidirectional two-way RF transmission system based on PLL PCM. PLL: phase locked loop. PDRO: phase-locked dielectric
resonant oscillator. BPF: band pass filter. LPF: low pass filter. PI: proportional integral controller. OCXO: oven-controlled crystal oscillator. PD: photo-detector.
LD: laser diode. MZM: Mach–Zehnder modulator. SMF: single-mode fiber. Uni-EDFA: unidirectional-erbium doped fiber amplifier.

system based on PLL PCM. Two 259-km-long fibers are coupled
into one optical cable, and four unidirectional-erbium doped
fiber amplifiers (Uni-EDFAs) are installed on both the uplink and
the downlink. The proper dispersion compensation fiber (DCF)
is contained to reduce the asymmetry of time delay between the
two directions due to group velocity dispersion. The schematic
diagram of the unidirectional two-way RF transmission system
based on PLL PCM is shown in Fig. 3. The system synchronizes
the 2.4 GHz RF signal at the RS with the 2.4 GHz RF signal
at the LS, which is locked to a rubidium clock (Quartzlock,
A1000). There are mainly three steps involved in phase fluc-
tuations cancellation. At first, the 2.4 GHz RF signal at RS is
intensity modulated on the optical carrier and transmitted to the
LS via uplink. The photo-detector (PD) at the LS can detect
the 2.4 GHz RF signal carrying the uplink’s phase fluctuations
ϕuplink. ϕuplink can be measured by a high precision digital
multimeter (Keysight 34465A). Then, the PLL and the auxiliary
RF signal (2.5 GHz) complete the phase conjugation at the LS
[25]. Finally, the pre-compensated phase is transmitted to the
RS via downlink, which is used to compensate for the phase
fluctuations of the downlink ϕdownlink. The PLL at the RS
acts as signal regenerator, it improves the signal-to-noise ratio
(SNR) of the transmitted signal. The phase fluctuations Δϕ of
the 2.4 GHz RF signal at the RS is the residual phase fluctuations
introduced by incomplete compensation. The temperature of the
optical cable can be measured by the temperature sensor.

In practical applications, optical fiber links are generally
distributed over a large area, at which time we will capture tem-
perature information from multiple nodes for model training. In
addition, the model input is not only the temperature but also the
uplink’s phase fluctuations, mainly caused by the temperature
variations, so even when temperature information is difficult
to collect, the model can capture the temperature information
from the uplink phase fluctuations, which is also why we choose
multiple input variables for model training.

B. Construction of CNN-LSTM Model

CNN-LSTM model is constructed using 400000 sets of sam-
ple data from a unidirectional two-way RF transmission system

TABLE I
THE PARAMETER SETTINGS OF THE CNN-LSTM MODEL

based on PLL PCM (Fig. 3), with a sampling interval of 1 s and
an average daily temperature variation range of 15.22 °C. Each
set of sample data contains three features, including uplink’s
phase fluctuations, ambient temperature around the fiber, and
system’s residual phase fluctuations. To reduce the pressure on
the model for long-term prediction, we down-sampled 400000
sets of sample data at equal intervals to 800 sets (sampling
interval of 500). These data are divided into three groups: the
training set (80%), the validation set (10%) and the testing set
(10%). The validation data set is used to ensure that the network
will perform well on new data and avoid overfitting. We build the
CNN-LSTM network based on Keras package using TensorFlow
as the backend. The parameter settings of the CNN-LSTM used
in this experiment are shown in Table I.

IV. RESULTS AND DISCUSSION

A. The Prediction Performance of CNN-LSTM Model

The performance of the constructed CNN-LSTM model is
verified on a newly collected dataset. The model is used to
predict residual phase fluctuations in the future 80-time steps.
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Fig. 4. (a) The prediction results of different models. (b) The RMSE and R2 of different models.

It is necessary to interpolate the predicted data to restore the
original data. A second-order curve interpolation method is
used to restore 80 predicted values to 40000 by inserting 500
points between two-time steps. In order to demonstrate the
effectiveness of the CNN-LSTM model, we constructed eight
other ML models using the same dataset: RFR, SVR, Bi-LSTM,
BPNN, RNN, GRU, LSTM and CNN-GRU. Fig. 4(a) shows the
prediction results of different models for a time period of 40000
s with an ambient temperature variation range of 14.38 °C. In
the nine models, CNN-LSTM is the model with the highest
correlation between the predicted value and the actual value.
The predicted curve of phase fluctuations (orange dashed line)
is almost coincident with the actual curve (black dashed line).
Followed by CNN-GRU, LSTM, GRU, RNN, BPNN, Bi-LSTM,
SVR, and RFR.

To evaluate the prediction performance of CNN-LSTM, mean
absolute error (MAE), root mean squared error (RMSE) and R2

are used as evaluation criteria of different methods. The calcu-
lation formulas of the three evaluation criteria can be expressed
as follows:

MAE =
1

n

n∑
i=1

∣∣Δϕi −Δ
�

ϕi

∣∣ (12)

RMSE =
1

n

√∑n

i=1
(Δϕi −Δ

�

ϕ
i
)
2

(13)

R2 = 1−
∑n

i=1 (Δϕi −Δ
�

ϕi)
2∑n

i=1 (Δϕi −Δϕ̄i)
2 (14)

Where Δϕi, Δ
�

ϕi and Δϕ̄i denote the actual, predicted and
average value of residual phase fluctuations respectively, and n
is the number of test samples.

Fig. 4(b) shows the RMSE and R2 between the predicted value
and actual value of different models, and the RMSE and R2

are represented by the green and brown curves, respectively.
Columns 2, 3, and 4 of Table II present the calculated results of
three evaluation criteria. Model predictions are more accurate
when MAE, RMSE are close to 0, and R2 is close to 1. The MAE
and RMSE of the CNN-LSTM model are 0.2442 and 0.2981,

TABLE II
RMSE, MAE, R2 AND TIME COMPLEXITY OF DIFFERENT PREDICTION

MODELS

respectively, which are the smallest of the nine models. The R2 of
the CNN-LSTM model is 0.9919, which is the largest of the nine
models. It is 79.49%, 41.36%, 12.26%, 7.84%, 3.97%, 2.70%,
2.33%, and 0.38% higher than RFR, SVR, Bi-LSTM, BPNN,
RNN, GRU, LSTM, and CNN-GRU models, respectively. This
indicates that the CNN-LSTM model has better prediction per-
formance than the other eight previously proposed ML models.
Compared to other ML models, the CNN-LSTM model not only
utilizes CNN’s powerful weight sharing ability to extract the
features of the input data effectively, but also takes full advantage
of the three gates (the forget gate, input gate and output gate)
of LSTM that can selectively memorize information. The coor-
dinated cooperation of the three gates not only overcomes the
gradient vanishing problem existing in RNN, but also memorizes
the temporal correlation of the phase fluctuations data for a long
time. Therefore, the CNN-LSTM model captures the nonlinear
features of the residual phase fluctuations effectively performs
better in long time prediction.
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Fig. 5. (a) The residual phase jitter and (b) the OADEV of the uncompensated system, PLL phase compensation system, and CNN-LSTM phase compensation
system.

In order to fully analyze the model performance, we compare
the time complexity of the nine ML models in the last column of
Table II. The complexity of the nine models can be categorized
into the following four gradients:

1) Lowest Complexity: Typically, RFR and SVR have lower
complexity for smaller datasets, but SVR’s complexity can grow
significantly with the number of samples.

2) Medium Complexity: BPNN and RNN fall into this cate-
gory, depending on their size and depth.

3) Higher Complexity: LSTM, GRU, and Bi-LSTM have
higher computational requirements due to their recurrent nature
and the complexity of their gating mechanisms.

4) Highest Complexity: CNN-GRU and CNN-LSTM are the
most computationally intensive due to combining convolutional
layers with recurrent layers, significantly increasing their pa-
rameter count and computational steps.

Among the nine ML models mentioned above, the CNN-
LSTM we utilized exhibits the highest complexity, and its
outstanding prediction performance relies on complex computa-
tional processes. However, this does not affect the performance
of the RF transmission system. Because the CNN-LSTM phase
compensation module is used to further compensate for the
residual phase fluctuations generated by optical path asymme-
try caused by temperature variations after PLL compensation.
Temperature variation is a slow process, so the CNN-LSTM
compensation module does not need to compensate all the time.
During the entire compensation process, the PLL compensates
the main phase fluctuations of the system in real time, and
the CNN-LSTM module compensates for the residual phase
fluctuations every 500 s. Therefore, the time complexity of the
CNN-LSTM module does not affect the performance of the RF
system.

B. The Performance of CNN-LSTM Compensation System

We compare the performance of the uncompensated system
(purple curve), the PLL compensated system (green curve),
and the CNN-LSTM compensated system (orange curve) in
Fig. 5. Fig. 5(a) shows the residual phase fluctuations of the
three systems in the form of phase jitter. During a measurement
time of 40000 s, with an ambient temperature variation range

of 14.38 °C, the asymmetry between the uplink and downlink
caused by temperature variations has a significant impact on the
unidirectional two-way RF transmission system. The uncom-
pensated system exhibits an RMS phase jitter as high as 5044.87
ps. Following compensation using a PLL, the RMS phase jitter
of the system reduces to 219 ps, while compensation using
CNN-LSTM further reduces it to 19.72 ps. Hence, CNN-LSTM
PCM can efficiently compensate for residual phase fluctuations
in the system based on PLL PCM.

Overlapping Allan Deviation (OADEV) is a key index to
evaluate the frequency stability of RF transmission systems. A
smaller OADEV results in a more stable system. In order to fur-
ther analyze the compensation performance of the three systems,
we show the OADEV curves of all three systems in Fig. 5(b).
The OADEV curve for the uncompensated system has a general
upward trend and warps severely after 200 s, with an OADEV
of 5.11 × 10−13 at 10000 s. In comparison with the uncompen-
sated system, the PLL compensated system’s OADEV curve de
significantly lower, but the curve is still warping after 200 s.
This indicates that although the PLL system can compensate
most of the phase fluctuations in the unidirectional two-way RF
transmission system, the long-term stability of the system is still
impacted by uncompensated phase fluctuations, primarily gen-
erated by asymmetry between the uplink and downlink caused
by temperature variations. However, the OADEV curve of the
CNN-LSTM compensated system still shows a decreasing trend
after 200 s. This indicates CNN-LSTM can further compensate
for the residual phase fluctuations. The OADEV of the PLL
phase compensation system and the CNN-LSTM compensation
system at 10000 s is 2.11×10-14 and 3.26×10-15, respectively.
It is evident that the proposed CNN-LSTM PCM can improve
the frequency stability of the system at 10000 s by 84.5 compared
to the PLL PCM.

C. Discussion

Compared with the PLL PCM, CNN-LSTM PCM can further
compensate for the residual phase fluctuations generated by the
asymmetry between the uplink and downlink caused by tem-
perature variations, thereby improving the long-term frequency
stability of the unidirectional two-way RF transmission system.
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Fig. 6. (a) The OADV of DF-SW and DF-DW system. (b) The OADV of SF-DW and DF-DW system. In DF-SW system, the optical signal wavelengths of both
the LS and the RS are 1553.33 nm (30#), and in DF-DW system, the optical signal wavelengths of the LS and RS are 1553.33 nm (30#) and 1550.12 nm (34#),
respectively.

However, the specific source of the asymmetry between the
uplink and downlink requires to be investigated and analyzed.
There are three factors that limit the long-term frequency stabil-
ity of the system: the wavelength difference between the LS and
the RS, the number of amplifiers, and the length asymmetry
between the uplink and downlink. In order to determine the
primary restriction, we analyze the effects of the above three
factors on the frequency stability of the unidirectional two-way
RF transmission system based on PLL PCM (as shown in Fig. 3)
under different experimental conditions.

When the wavelengths of optical signals used between LS
and RS are different, the time delay difference introduced
by temperature-induced variation of group velocity dispersion
(TIVGVD) cannot be alleviated by dispersion compensation
technology, resulting in asymmetry in the round-trip trans-
mission of signals. We measure the frequency stability of the
unidirectional two-way RF transmission system with the same
wavelength (DF-SW) and different wavelengths (DF-DW) over
distances of 74 km, 185 km, and 259 km, respectively, the results
are shown in Fig. 6(a). Under the same transmission distance,
the long-term stability of the DF-SW system is slightly better
than that of the DF-DW system, which is most noticeable in
the system with a transmission distance of 74 km. However, as
transmission distance increases, whether it is a DF-SW or DF-
DW system, its long-term stability will decrease significantly.
Long-term stability of the system is much more significantly
influenced by transmission distance than wavelength asymme-
try. Therefore, we can conclude that the wavelength difference
between the LS and the RS is not the primary restriction for the
long-term stability of the unidirectional two-way RF transmis-
sion system.

The extension of transmission distance implies an increase in
the number of amplifiers and an increase in the length asymmetry
between the uplink and the downlink. We measure the frequency
stability of the single-fiber bi-directional different wavelength
(SF-DW) RF transmission system over distances of 74 km, 185
km, and 259 km, and compare the results with those of the
DF-DW system. The experimental setup of the SF-DW system is
the same as that of the DF-DW system. The number of amplifiers

in 74 km, 185 km and 259 km optical fiber links is 1 × 2, 3 × 2
and 5 × 2 respectively. In Fig. 6(b), the lower three curves are
the experimental results of SF-DW system, and the upper three
curves are the experimental results of DF-DW system, where
the purple, orange and green colors represent the transmission
distances of 74 km, 185 km and 259 km, respectively. when
the transmission distance is extended, the long-term stability of
the SF-DW system deteriorates only slightly, while the long-
term stability of the DF-DW system deteriorates significantly.
This indicates that the number of amplifiers is not the primary
restriction for the long-term stability of the system. When the
transmission distance is 259 km, the OADEV of the DF-DW
system at 10000 s is 2.11 × 10−14, whereas the OADEV of the
SF-DW system is 1.17 × 10−16. The only difference between
the two systems is that the DF-DW system uses two optical
fibers for round-trip transmission of RF signals. Therefore, we
can conclude that the length asymmetry between the uplink and
downlink is the primary restriction for the long-term stability
of the unidirectional two-way RF transmission system, and the
longer the transmission distance, the greater the length asym-
metry between the uplink and downlink.

V. CONCLUSION

In this paper, a CNN-LSTM PCM has been proposed and
demonstrated, which can predict and compensate for the residual
phase fluctuations generated by the asymmetry between the
uplink and the downlink caused by temperature variations, and
improve the long-term stability of the unidirectional two-way
RF transmission system. The performance has been verified
by experiments on a 259 km unidirectional two-way RF trans-
mission system. The results demonstrate that the CNN-LSTM
model presents better prediction performance than the other
eight previously proposed ML models. When the prediction
duration is 40000 s and the ambient temperature variation range
is 14.38 °C, the R2 between the predicted value and the actual
value is higher than 0.99. Moreover, compared to the PLL PCM,
the proposed CNN-LSTM PCM reduces the RMS phase jitter
of the received signal from 219 ps to 19.72 ps, and effectively
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improves the frequency stability of the system at 10000 s by
84.5%. The proposed CNN-LSTM PCM provides a promising
choice for realizing the shared transmission of RF signals and
data traffic in telecommunication networks.
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