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Abstract. In order to further improve the accurate detection signal, reduce
interference between signals, this paper designs a new type of signal detection
algorithm for satellite communication systems, using stochastic resonance
technology improve the signal-to-noise ratio of the input signal, the signal by
using energy detection, double threshold, accurate judgment. The first step in the
conventional energy of double threshold detection, the second step into the
energy detection method based on stochastic resonance detection process. The
experimental results show that this algorithm under the condition of low SNR
signals effectively detect, promoted the whole satellite communication system
performance.
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1 Introduction

The increasing demand for wireless spectral resources in communication systems has
led to an increasingly tight spectral resource, which is a bottleneck that restricts the
development of wireless communications. The rapid growth of current data commu-
nication services increasingly requires satellite communication networks to have higher
throughput and spectral efficiency. The current 4G satellite wireless communication
network networking mode achieves full frequency multiplexing [1]. In the case of full
frequency multiplexing, severe mutual interference often occurs between all the base
stations transmitting the same frequency in the same frequency. The upcoming 5G
satellite communication network will also adopt the same-frequency full-duplex
technology, that is, in the same spectrum, the transmitting and receiving sides of the
satellite communication simultaneously transmit and receive signals, and the full-
duplex technology can break through the spectral resource usage restrictions of fre-
quency division multiplexing and time division multiplexing, making the use of
spectral resources more flexible. However, full-duplex technology requires extremely
high interference cancellation capability, which poses a great challenge to interference
cancellation technology. Effective detection of signals is the most important part of
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reducing mutual interference [2, 3]. However, in satellite communication networks,
information transmission is also highly susceptible to interference such as channel
decay effects, how to perform effective signal detection under low SNR conditions is
directly related to the performance of the entire satellite communication network
system. People began to seek a new signal detection algorithm combining multiple
technologies to reduce the negative impact on signal detection reliability when the SNR
caused by channel decay is low [4]. Through investigation, it is found that the
stochastic resonance theory provides a good technical improvement for better signal
detection under low SNR. Stochastic resonance theory states that when a stochastic
resonance occurs in a noisy system, part of the noise energy is converted into the
energy of the useful signal, which greatly increases the SNR of the system [5]. Based
on stochastic resonance technology, this paper uses a double threshold two step
algorithm to achieve signal detection, which greatly improves the overall performance
of the satellite communication network.

2 Bistable Stochastic Resonance Model

The classical deterministic equation with bistable properties can be expressed as:

S xð Þ ¼ ax� bx3 ð1Þ

a and b are adjustable parameters, both greater than zero. According to this deter-
ministic equation, the corresponding potential function of the system can be obtained
as:

U xð Þ ¼ �ax2=2þ bx4=4 ð2Þ

The waveform of this function is shown in Fig. 1. From the picture, U xð Þ has a
maximum value at x ¼ 0, has two minimum values at x ¼ � ffiffiffiffiffiffiffiffi

a=b
p

. Corresponding to
one barrier point and two potential well points of the system, at this time, potential well
depth U0 ¼ a2=4b. We also call this the height of base (6).

According to the stochastic resonance theory, if the values of a and b change, the
depth and width of the well will change, but they will remain symmetrical. Given an

Fig. 1. Bistable system potential function characteristic curve
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initial state, the system will evolve differently, but will always stabilize at a certain
point in x ¼ � ffiffiffiffiffiffiffiffi

a=b
p

or x ¼ 0. When a ¼ b ¼ 1, the system potential function U xð Þ
and the state of the system evolve. At this time, the position of the bottom of the two
symmetric wells is x ¼ �1, the position of the barrier is x ¼ 0, and the height of the
barrier is U0 ¼ 1=4.

Following, we analyze this nonlinear system, If assuming the motion of particles, if
the initial value of the system is x ¼ 0, the particles will stop at the unstable state of
x ¼ 0, until any slight interference, the particles will tend to a stable state of xþ or x�.
If the particle is in the initial state x\ 0, the particle will tend to the stable state of x�.
If the particle is in the initial state x[ 0, the particle will tend to the stable state of xþ .
When t ! 1, the particle will stop approximating to the stable fixed point. It can be
seen that the nonlinear system described by Eq. (1) has two stable states, and in the
absence of the force outside the system, the system will eventually infinitely approach
any one of the two stable fixed points, so Eq. (2) describes a bistable system.

Under the action of external force, the system will become more complicated, but
more meaningful. If the periodic signal f tð Þ and noise n tð Þ are added, the formula will
change as

S tð Þ ¼ ax� bx3 þ f tð Þþ n tð Þ ð3Þ

Physically: the particles moving in the potential well U xð Þ, the Langevin equation
followed by f tð Þ and n tð Þ. When there is an external periodic force s tð Þ ¼ A cosXt, the
potential function is modulated. In a period T ¼ 2p=X, it is apparent that the presence
of a periodic external force causes the potential well to periodically tilt, as shown in
Fig. 2, this tilt provides a condition for the systematic output state to cross the barrier
and transition between the two potential wells, when the conditions are appropriate (7),
the transition frequency is exactly equal to the periodic frequency of the signal, then the
SR phenomenon occurs.

Fig. 2. Change of bistable function under plus signal driven
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3 Algorithm Design and Analysis

Due to the random decay effects in a satellite communication environment, the energy
of the user receiving other user signals at different times and at different locations is
different. When the satellite communication environment between the user and other
users is better, the conventional energy detection can also achieve better detection
results, and the gain effect of the stochastic resonance system on the signal with better
signal to noise is not obvious, so this time it is not necessary to use stochastic resonance
processing. Therefore, we use a two-step signal detection improvement mechanism
based on stochastic resonance.

3.1 System Model

Hypothesis test model for energy detection, whose energy detection statistic is calcu-
lated as (8)

Tr ¼
XN
t¼1

1
N
r2ðtÞ ð4Þ

N is the number of samples. According to the central limit theorem, when the
number of samples N is sufficiently large, the Tr approximation follows a normal
distribution.

Tr � Normalðr2w; 2N r4wÞ; H0

Normalðr2wð1þ gÞ; 2N r4wð1þ gÞ2Þ; H1

�
ð5Þ

g ¼ h2r2s
r2w

is the user’s received SNR. Therefore, the detection probability of energy

detection can be expressed as

PD ED ¼ PðTr [ kEDjH1Þ ¼ Q
kED � r2wð1þ gÞffiffiffi

2
N

q
r2wð1þ gÞ

0
B@

1
CA ð6Þ

False alarm probability is

PF ED ¼ PðTr [ kEDjH0Þ ¼ Q
ðkED � r2wÞffiffiffi

2
N

q
r2w

0
B@

1
CA ð7Þ

kED is the decision threshold of energy detection. Under the Newman-Pearson
criterion, when the target constant false alarm probability of a wireless communication
network is given, the threshold can be obtained by the following formula.
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kED ¼
ffiffiffiffi
2
N

r
Q�1 PF ED þ 1

� �
r2w ð8Þ

3.2 Perceptual Mechanism Design

A new type double-threshold signal detection algorithm based on stochastic Resonance
technology includes two stages of a first threshold detection and a second threshold
detection. It is assumed that the channel is an AGWN fading channel, the first threshold
detection phase adopts the conventional double threshold energy detection, and the
second step deep detection uses the energy detection method based on stochastic
resonance. The schematic is shown in Fig. 3.

In the first step, the statistic is compared ðk1\ k2Þ with the two thresholds k1 and
k2 to determine its reliability and whether the second step of in-depth testing is
required. If the statistic of the first threshold detection is outside the interval ðk1; k2Þ, it
is considered to be reliable, and the second step of in-depth detection is not required at
this time. If the statistic is greater than or equal to the upper limit k2, the user directly
determines that H1 is established. If it is less than the lower limit k1, the user directly
determines that H0 is true. However, when the first threshold detection statistic falls
within the interval ðk1; k2Þ, the statistic is considered to be unreliable and further in-
depth detection is required. Since the unreliable statistic is usually caused by weak
signal under H1 condition or strong noise under H0 condition, in the two-step signal
detection, when other user signals exist, the stochastic resonance system will only
process weak signals. In the second step of the in-depth detection phase, the statistics
formed by the output of the stochastic resonance system will be compared to the
corresponding thresholds to arrive at a decision message as to whether or not the final
other user signals are present. If the statistic is greater than or equal to the threshold, it
is considered that the other user is using the sensing frequency band, and the user
cannot access; if the threshold is less than the threshold, the sensing frequency band is
considered to be idle. The flow chart is shown in Fig. 4.

Fig. 3. Stochastic resonance, double threshold two-step sensing schematic
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3.3 Performance Analysis

(1) Parameter selection

The selection of thresholds plays a crucial role in the overall signal detection
process. The thresholds of the first-stage sensing phase are assumed to be k1 and k2,
respectively. In order to meet the requirements of the satellite communication network
and fully utilize the idle frequency band, the improved perceptual algorithm based on
stochastic resonance energy detection also needs to maintain a constant false alarm
probability. In the following (9), Tr� is used to represent the statistics of the first-stage
sensing phase in the double-threshold signal detection algorithm based on stochastic
resonance to distinguish the statistic Tr in the conventional single-level perceptual
mechanism, which we discuss separately below.

Firstly, the decision threshold based on the stochastic resonance double threshold
two step energy detection algorithm is discussed. Since the probability of constant false
alarm is maintained, the threshold can be calculated by the Newman-Pearson criterion.
However, in order to minimize the computational complexity, the lower threshold is
defined as k1 ¼ infðTr� : TrSR � kSRÞ, that is, the statistic after the stochastic resonance
processing is greater than or equal to the minimum value of the first-order sensing
phase statistic of the threshold kSR. When the statistic Tr is smaller than k1, it is not
necessary to introduce a stochastic resonance process because the stochastic resonance
process does not improve the performance of signal detection at this time. Under the
Newman-Pearson criterion, the improved signal detection algorithm based on
stochastic resonance energy detection should have the same constant false alarm

Fig. 4. Stochastic resonance, double threshold two-step Signal detection flow chart
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probability as the conventional single-stage energy detector. The false alarm proba-
bility of a conventional single-stage energy detector can be calculated as

Pf ¼ PðTr� kEDjH0Þ ð9Þ

kED is the decision threshold of the conventional single-stage energy detection
method. The stochastic resonance double threshold signal detection algorithm false
alarm probability can be expressed as

P�
f ¼ PðTr� � k2jH0Þ
þ PðTrSR � kSRjk1 � Tr�\k2;H0Þ 	 Pðk1 � Tr�\k2jH0Þ

ð10Þ

kSR is the decision threshold of the second-step perceptual stochastic resonance
energy detection method.

Therefore, according to the Newman-Pearson criterion Pf ¼ P�
f

PðTr� kEDjH0Þ ¼ PðTr� � k2jH0Þ
þ PðTrSR � kSRjk1 � Tr�\k2;H0Þ � Pðk1 � Tr�\k2jH0Þ

ð11Þ

Depending on the characteristics of the stochastic resonance system, it can enhance
other user signals input by the system when the conditions for generating stochastic
resonance are met. Therefore, when other user signals are present, the user can obtain
an enhanced received signal by stochastic resonance processing. However, when other
user signals are not present, the stochastic resonance system will not function.
Therefore, when k2 � kED, under the H0 condition, if the statistics of the first-stage
sensing stage is less than k2, the statistics of the second-step sensing stage will not
exceed kSR, because the Newman-Pearson criterion needs to maintain the same constant
virtual alarm probability. This means that when k2 � kED, there is

PðTrSR � kSRjk1 � Tr�\k2;H0Þ ¼ 0 ð12Þ

Thus, the Eqs. (4–9) can be simplified to

PðTr� kEDjH0Þ ¼ PðTr� � k2jH0Þ ð13Þ

In the actual perception process, the statistic Tr and Tr* expressions are the same,
so if and only if k2 ¼ kED, the above equation holds.

When k2 [ kED; P�
f can be further expressed as

P�
f ¼ PðTr� � kEDjH0Þ � PðkED � Tr�\k2;H0Þ
þ PðTrSR � kSRjk1 � Tr�\kED;H0Þ � Pðk1 � Tr�\kEDjH0Þ
þ PðTrSR � kSRjkED � Tr�\k2;H0Þ � PðkED � Tr�\k2jH0Þ

ð14Þ
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Similarly, due to the Newman-Pearson criterion Pf ¼ P�
f ; PðTrSR � kSRjk1 � Tr�

\kED;H0Þ ¼ 0, the statistics Tr and Tr* expressions are the same (10), so

PðkED � Tr�\k2;H0Þ ¼ PðTrSR � kSRjkED � Tr�\k2;H0Þ
	 PðkED � Tr�\k2jH0Þ

ð15Þ

According to the stochastic resonance linear response theory and the Newman-
Pearson criterion, we can get PðTrSR � kSRjkED � Tr�\k2;H0Þ ¼ 1. So the above
formula is always established. That is, when k2 � kED; Pf ¼ P�

f is always established.
Since the upper threshold k2 is larger, the probability of performing the second step of
perception is greater. Therefore, in order to minimize the computational complexity and
ensure that the stochastic resonance system processes the weak signal, we select the
upper threshold as k2 ¼ kED.

(2) Detection probability

According to the thresholds k1 and k2 determined in the previous section, the
detection probability P�

d of the two-step energy detection signal detection algorithm
based on the stochastic resonance double threshold can be calculated as

P�
d ¼ PðTr� � k2jH1Þ
þ PðTrSR � kSRjk1 � Tr�\k2;H1Þ � Pðk1 � Tr�\k2jH1Þ

ð16Þ

In order to compare with the performance of stochastic resonance energy detection,
we will explore the user detection probability using stochastic resonance energy
detection, which can be expressed as

Pd ¼ PðTrSR � kSRjH1Þ ð17Þ

Using the full probability formula, we can get

Pd ¼ PðTrSR � kSRjTr\k1;H1ÞPðTr\k1jH1Þ
þ PðTrSR � kSRjk1 � Tr\k2;H1ÞPðk1 � Tr\k2jH1Þ
þ PðTrSR � kSRjTr[ k2;H1Þ � PðTr[ k2jH1Þ

ð18Þ

Because k1 ¼ infðTr� : TrSR � kSRÞ, PðTrSR � kSRjTr\k1;H1Þ ¼ 0. According to
the rules selected above, in the presence of other users, if the stochastic resonance
system works normally, when Tr� k2, there is naturally TrSR � kSR, so

Pd ¼ PðTrSR � kSRjk1 � Tr\k2;H1ÞPðk1 � Tr\k2jH1Þ
þ PðTr[ k2jH1Þ

ð19Þ

Comparing (16) and (19), since the stochastic resonance double threshold two step
detection algorithm and the stochastic resonance energy detection statistic are the same,
both methods have the same detection probability.
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The reference paper [11] and [12] proposed and discussed the compromise opti-
mization of satellite communication network sensing and throughput. The perceptual
time in a frame of user is obtained by maximizing the throughput of the satellite
communication network, so

max
ts

RðssÞ ¼ Tf � ss
Tf

C0PðH0Þð1� Pf ðssÞÞþC1PðH1Þð1� PdðssÞ
� �

s:t: PdðssÞ[Pd

ð20Þ

Among, ss is sensing time, Tf is MAC frame length, C0 represents the throughput of
authorized users is not occupy the channel, C1 represents the throughput of authorized
users is occupy the channel, PdðssÞ is the detection probability, Pf ðssÞ is the false alarm
probability, Pd is the target detection probability required by the PU.

In fact, since the occupancy rate of the PU to the target frequency band is no more
than 0.3, the maximum satellite communication network throughput R can be equiv-
alent to the maximization function R0 ¼ C0PðH0Þð1� s=TÞð1� Pf ðsÞÞ: Among the
new Algorithm, k1 � Tr�\k2, so P can be written as:

P1 ¼ Pðk1 � Tr�\k2=H0ÞþPðk1 � Tr�\k2=H1Þ ð21Þ

In this paper, the average sensing time required: sT�SR ¼ s1 þPs2, so s1 and s2 can
be obtained by optimizing the throughput in the algorithm. The Throughput opti-
mization problem of the double-threshold signal detection algorithm based on
stochastic resonance technology can be described as:

max
s1;s2

C0P(H0Þð1�
ðs1 þP1s2Þ

T
Þð1� PF SRÞ

s:t: s1 þ s2 � T
ð22Þ

To simplify the analysis, it is assumed that additive channel noise nðtÞ fully meets
the requirements for noise when stochastic resonance system synergizes. In other
words, the input noise power is 0, so PF SR can be written as:

PF SR ¼ Qð1þ 1
g
ÞQ�1ð�PD SRÞþ 1

g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fsðs1 þ s2Þ=2

p
ð23Þ

Among, �PD SR is the target detection probability given to ensure the communi-
cation quality of PU, the formula (22) Can be further expressed as:

max
s1;s2

C0P(H0Þð1�
ðs1 þP1s2Þ

T
Þð1� Qð1þ 1

g
ÞQ�1ð�PD SRÞþ 1

g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fsðs1 þ s2Þ=2

p
Þ

s:t: s1 þ s2 � T

ð24Þ
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When the perceived duration s1 or s2 is fixed, the optimization objective function is
simplified into a convex optimization problem. For the one-dimensional convex opti-
mization problem, the conventional efficient method can be used to solve the opti-
mization problem.

4 Simulation Results and Analysis

The above theoretical derivation and analysis are verified by simulation. In order to
improve the detection performance, a typical bistable system is used in the simulation.
Its potential function is VðxÞ ¼ � 1

2 x
2 þ 1

4 x
4, other user signals use BPSK signals with

a frequency of 10 kHz. The signal received by the user is a signal that superimposes
additive white Gaussian noise after the other user signals and other BPSK interference
signals pass through the flat slow fading channel.

Figure 5 shows the signal detection algorithm for conventional energy detection,
double threshold energy detection, stochastic resonance energy detection and stochastic
resonance double-threshold two-step energy detection under different conditions of
sample number N = 1000 and false alarm probability of 0.05. Comparison of simu-
lation probability under noise ratio conditions; Fig. 6 shows a comparison of receiver
operating characteristics at a signal-to-noise ratio of −10 dB. It can be seen from the
figure that compared with the conventional energy detection, based on the stochastic
resonance energy detection algorithm, the detection probability is significantly

Fig. 5. Signal-to-noise ratio and the detection probability curve
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improved under low noise conditions, the signal detection algorithm based on
stochastic resonance energy detection and stochastic resonance double threshold two
step energy detection is superior to conventional energy detection and dual-threshold
energy detection algorithms. From the simulation diagram, we also found that the
stochastic resonance energy detection and the double-threshold energy signal detection
algorithms based on stochastic resonance have the same detection performance
regardless of the conditions, which also verifies the correctness of the theoretical
derivation.

Now let’s verify the throughput optimization problem. Take the MAC frame length
as 60 ms. The sampling frequency of BPSK signal is 10 kHz. Assuming that P
(H0) = P(H1) = 0.5, �Pd = 0.9. The maximum reachable throughput under different s1
and all possible s2 is shown in Fig. 7.

It can be seen that under different SNR, the curve of its maximum achievable
throughput is convex. So, under all possible conditions, it can always find one that
enables the maximum through put to be reached. When the SNR is at −5 dB, it reaches
the maximum value s1 = 8 ms, which is 2.2790. When the SNR is −5.2 dB, it reaches
the maximum value s1 = 10 ms, which is 2.0839.

Fig. 6. Detection performance curve comparison chart
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Furthermore, the maximum throughput rate and optimal average perceived time of
the two algorithms are simulated under different signal-to-noise ratios. In the simulation
condition, the SNR under H0 condition is set to 20 dB, under H1 condition is −10 dB,
the MAC frame length is 50 ms, and P(H0) = 0.7, the detection probability is set to 0.9.

Fig. 7. Relation with maximum throughput curve and s1 under different SNR

Fig. 8. The contrast of the Maximum throughput rate under different SNR
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Figure 8 shows the comparison of maximum reachable satellite communication
network throughput rate under different signal-to-noise ratios between the double-
threshold signal detection algorithm based on stochastic resonance and the energy
detection algorithm based on stochastic resonance. It can be seen from the simulation
figure that compared with the energy detection method based on stochastic resonance,
double-threshold signal detection algorithm based on stochastic resonance can achieve
a large network throughput with less perception time.

5 Conclusion

In this paper, the satellite communication is performed under the condition of low SNR.
According to the characteristics of the stochastic resonance system with enhanced other
user signals received by the user, a double threshold signal detection algorithm based
on stochastic resonance is proposed. And two decision thresholds are derived to
determine the double threshold perception algorithm. When the access user needs to
perform random resonance processing on the normal user signal received by the user,
the effective detection of the small signal with low SNR condition is realized. The
simulation results show that the detection performance is effectively improved. This
method has higher signal detection efficiency, better universal applicability and
throughput, so the double-threshold signal detection algorithm based on stochastic
resonance improves the satellite communication network performance effectively.
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