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ABSTRACT With the development of Aerospace Science and technology, automatic dependent
surveillance-broadcast has become a core technique in the field of air surveillance. Installing ADS-B receiver
on LEO satellite can solve the problem of small coverage of ground receiver, to realize global coverage
and monitoring. However, the satellite ADS-B system is faced with serious collision and overlap problems,
which has a serious impact on the signal decoding, leading to the wrong decoding or even loss of important
information. In this paper, a time-domain ADS-B blind signal separation algorithm is proposed. When there
is a certain power difference between the two source signals, the overlap signals are offset by the high-power
signal and low-power signal to get the corresponding cancellation signals. According to the superposition
mode of different pulses, different bit decision results are obtained according to the amplitude, to recover
the source signal. Simulations demonstrate that the proposed algorithm is feasible and has a lower bit error
rate.

INDEX TERMS Blind source separation, ADS-B, space-based, time domain cancellation.

I. INTRODUCTION
Surveillance technology is a key component of intelli-
gent air traffic, Its safety and reliability are very impor-
tant. The current monitoring technology can be divided
into independent monitoring technology and related mon-
itoring technology [1], [2]. Like Primary Surveillance
Radar and Secondary Surveillance Radar, Automatic Depen-
dent Surveillance-Broadcast (ADS-B) system also has the
ability of air surveillance [3]–[5]. Automatic dependent
surveillance-broadcast (ADS-B) is a core technology in the
field of air surveillance. Its principle is that the aircraft sends
its altitude, speed, longitude, latitude, and other important
information to the outside through a fixed data link. The data
links of ADS-B include Universal Access Transceiver(UAT)
and 1090 MHz Extended Squitter(1090ES) [6], [7]. After
receiving these data, other aircraft can locate the target
for information exchange, to achieve airspace monitoring.
The current land-based ADS-B system mainly relies on the
ground base station to complete airspace monitoring. The
monitoring range of a single ground base station is small,
the deployment cost is high, and it is difficult to deploy in
the ocean and rainforest, and other complex terrain areas.
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On March 8, 2014, the MH370 passenger plane lost con-
nection incident caused countries to attach great importance
to the continuous tracking and monitoring technology of
aircraft across the globe [8]. Although the land-based ADS-B
system has certain advantages in monitoring performance,
it is still a traditional monitoring technology. Improving the
performance of airspace surveillance systems is a major
research goal of the aerospace departments of various coun-
tries at this stage The space-based ADS-B system transmits
its own important information to the Low Earth Orbit (LEO)
satellite with ADS-B receiver, and then the LEO satellite
transmits these messages to the ground base station. It has
the advantages of wide coverage, low deployment cost, and
can also improve the airspace traffic efficiency of line man-
agement and launch domain management.

A large number of aircraft are monitored in the cov-
erage area of LEO satellites. Due to historical reasons,
the access of the onboard transponder to the channel is ran-
dom, and ADS-B broadcasts information through open and
unencrypted protocols. This means that ADS-B data from the
different planes will be transmitted asynchronously, which
will lead to serious signal collision in the space-based system
and two ADS-B signal overlaps most frequently [9]–[11].
If ignoring the signal overlap problem and discarding the
overlap ADS-B signal directly, it will be unable to obtain
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important information and ensure the safety of the aircraft,
which will degrade the airspace surveillance performance.
To avoid this situation, it is necessary to separate the overlap
signals and decode the separated signals to obtain the correct
information and features [12], [13]. Therefore, it is essential
to study the separation technology of spaceborne ADS-B
overlap signals.

Due to the ADS-B signal is seriously overlap in the fre-
quency domain, it is difficult to process from the frequency
domain or time-frequency domain. It is difficult to use the
traditional blind source separation method [14], [15]. The
existing research results can be divided into time-domain
separation methods and spatial domain separation method.
The ICAO Document Standard provides the methods for the
overlappingmessages as following [16]: (1)when the overlap-
ping occurs in the data part, the algorithm only can decode the
first arrival message; (2) when the overlapping occurs in the
data block, the first arrival message will be decoded and other
messages will be given up. Thus only one message will be
received correctly under mild conditions and the surveillance
capacity will be reduced [17]. Sunquan et al. [18] introduced
anomaly doubt degree to calculate signal overlap time delay
and adopted adaptive threshold technology based on power
difference to separate ADS-B signal when the overlap sig-
nal is relatively large. Lu and Chen [19] proposed a single
antenna overlap signal separation method based on empirical
mode decomposition and independent component analysis.
Chenchen and Wenyi [20] accumulated the sampling points
of the signal and adopted the K-means clustering method
to realize the classification. Wu proposed a method to sep-
arate the big and small pulses of double overlap ADS-B
signals in the time domain and realized the separation and
decoding of overlap ADS-B signals [21]. The bit information
was judged by the classification results and the separation
of the two overlap signals was realized. Among the spa-
tial overlap signal separation algorithms, A. van der veen
proposed an algebraic constant modulus algorithm and it
is suitable for the situation that the relative delay between
overlap signals is small [22]. When the relative delay is
large, the separation probability is not ideal. Nicolas Petro-
hilos proposed Projection Algorithm(PA) and Extended Pro-
jection Algorithm (EPA), which results in Gram Schmidt
orthogonality [23]–[26].Wang et al. [27] utilized Alternating
DirectionMethod of Multipliers to solve the nonconvex blind
adaptive beamforming problem. Experiments results show
that even there is only one segment which is non-overlap,
the performance of the proposed algorithm is satisfactory.
Fast Independent Component Analysis(FastICA) takes neg-
ative entropy as the measure of signal Gauss, which does
not need array calibration and is insensitive to relative delay
when solving the separation problem of overlap signals [28].
According to the characteristics of signal modulation, Car-
doso proposed a joint approximate diagonalization of eigen-
matrix (JADE) algorithm based on fourth-order cumulants
[29]. Zhang used the distribution of measured eigenvalues
to determine the number of overlap signals, and then uses

the DOA to reconstruct the mixing matrix to realize the
signal separation [30]. Li proposed an optimization algorithm
which takes the estimated value of PA algorithm as the ini-
tial value of FastICA algorithm. The combined optimization
algorithm has better iterative convergence efficiency than
FastICA algorithm [31]. With the development of deep learn-
ing, deep learning has been widely used in anomaly detec-
tion, channel estimation, speech recognition and separation
[32]–[36]. In recent years, modulation signal classifica-
tion methods based on deep learning emerge in endlessly
[37]–[40]. Chen et al. [41] applied deep learning to the classi-
fication of ADS-B signal, the simulation results showed that
the neural network can identify different types of wireless
signals. This paper analyzes and classifies overlap signal
pulses, and proposes an overlap ADS-B signal separation
method based on time-domain cancellation.

The structure of this article is as follows. Section 2 provides
additional background knowledge. In Section 3, we pro-
pose a two-step algorithm. Based on detecting the time
delay, the signal is separated according to the proposed
time-domain cancellation criterion. Section 4 provides an
evaluation. Finally, conclusions are given in Section 5.

II. ADDITIONAL BACKGROUND KNOWLEDGE
A. SIGNAL STRUCTURE, BRIEF DESCRIPTION
This paper studies ADS-B signal in 1090ES format and the
working frequency is 1090MHZ. Generally, the frame length
of an ADS-B signal is 120us or 60 us and this paper studies
the long frame length signal, i.e. 120us. A long length signal
consists of two parts: a preamble with a length of 8 us and a
data blockwith a length of 112 us. The preamble part contains
four pulses with a length of 0.5 us at 0us, 1us, 3.5us and 4.5us,
respectively. The modulation mode if ADS-B signal is Pulse
Position Modulation (PPM). The structure of ADS-B signal
is shown in Fig.1.

FIGURE 1. ADS-B signal structure.

B. COLLISION PATTERN
ADS-B transmitter sends out messages according to the spec-
ified criteria and the status of the aircraft, instead of asking
in advance. Generally speaking, aircraft are most often in a
stable state in the air. The aircraft is in a stable condition
in the air and sends 5.6 messages per second. The ADS-B
signal is a bit sequence transmitted by each plane and data
from the different plane will be transmitted asynchronously,
which means that we have to expect a signal overlap situation
to occur, just like the Aloha event. This paper studies the
situation of two ADS-B signals overlap because this collision
mode accounts for the majority of cases [42].
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C. SIGNALS DETECTION AND DECODING
As shown in Fig. 2, the traditional ADS-B signal detection
algorithm is divided into two steps: preamble detection and
data block decoding [43]. The purpose of preamble detection
is to get the arrival time and the power of signal. The purpose
of data block decoding is to get the coding information of
each bit.

FIGURE 2. ADS-B detection algorithm.

D. SIGNAL MODEL
In the case of single antenna, the signal received at time t can
be expressed as:

X (t) =
L∑
i=1

√
PiDi (t − τi) ejφi+j2π fit + e(t)

where,L represents the number of source signals,Pi, D(t),
fi, ϕi and τi represent the power, baseband signal, carrier
frequency, carrier phase and time delay of the i th signal
respectively; e(t) represents Gaussian white noise. Without
considering the noise, the energy of overlap signals in the time
period can be expressed as:

E(i) =
∫ 1i+

1i−

∣∣∣∣∣
L∑
i=1

√
PiDi (t − τi) ejφ+j2π ft

∣∣∣∣∣ dt
=

∫ 1i+

1i−

∣∣∣∣∣
L∑
i=1

√
PiDi (t − τi)

∣∣∣∣∣ dt
The signal energy is determined by the signal power and

the baseband pulse in 1i, that is, by the overlapp signal bits.
Therefore, it is very important to distinguish the bits in the
overlap signal segment.

III. PROPOSED ALGORITHM
A. TIME DELAY DETECTION
The first step of the proposed algorithm is to detective the
time delay of the overlap signals, so the accurate identi-
fication of overlapping time is essential for the effect of
signal separation. Singular value decomposition (SVD) is
the most widely used algorithm in time detection [44]. The
traditional projection algorithm adopts SVD to determine the
time delay. Therefore, this paper adopts SVD to detective
the time delay. The singular value decomposition of matrix
is defined as follows. Let A ∈ Rm×nP exist, then there
is orthogonal matrix U = [u1, u2, . . . , um] ∈ Rm×n and

orthogonal matrix V = [v1, v2, . . . vn] ∈ Rn×n such that
UTAV = diag

[
σ1, σ2, . . . , σp

]
= 6,Then

A = U6VT

is set up. equation is the singular value decomposition of the
matrix A. Where,σ1 ≥ σ2 ≥ . . . σp ≥ 0, σi(i = 1, 2, . . . p)
is the singular value of A, which is the square root of the
eigenvalue ofAAT or ATA, namely σi =

√
λi.

The overlap of ADS-B signal is the overlap of bit pulse,
so the separation of overlap ADS-B signals is the separation
of signal sub pulse. The pulse overlaps segments have the
following forms: bit 0 overlaps with bit 0, which is recorded
as 0-0; bit 0 overlaps with bit 1, which is recorded as 0-1;
bit 1 overlaps with bit 0, which is recorded as 1-0; bit
1 overlaps with bit 1, which is recorded as 1-1. In the process
of processing ADS-B signal, we judge the signal size by the
power of the signal, and the unit of signal size is dB. For
power characterization

dB = 10× log(A/B)

In this paper, we assume that the amplitude of the standard
pulse is 1, and the power is proportional to the square of the
amplitude when the waveform is unchanged. ADS-B signal
is a standard pulse square wave signal, which conforms to
this rule. Assuming that the ratio is ( dB = 10 × log(A/B),
representing high power signal) and the pulse amplitude ism,
the relationship between the ratio and the standard pulse is:

n( dB) = 10× log
(
k2 × m2

k2 × 1

)
= 10× log

(
m2
)

When the data form of overlap segments is the above
four overlap forms, each pulse segment can be classified
according to the pulse amplitude. Considering the different
peak values of high-power signal and low-power signal, there
are four possible cases of pulse amplitude in overlap signal:
the first is the pulse amplitude of low-power signal, denoted
as V2; the second is the pulse amplitude of high-power signal,
denoted asV1; the third is the superposition of high-power
signal and low-power signal, that is, the overlap occurs,
denoted as V1+2; the fourth is low-level superposition of
large and small power signals, that is, there is no pulse
superposition. The schematic diagram of the four peaks is
shown in Fig.3. The two source signals have a relative time
delay, so there is only one source signal in the initial part and

FIGURE 3. Schematic diagram of pulse superposition.
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FIGURE 4. Schematic diagram of high-power signal cancellation.

FIGURE 5. Schematic diagram of low-power signal cancellation.

TABLE 1. Bit decision criterion for overlap part of high-power signal
cancellation.

TABLE 2. Bit decision criterion for overlap part of low-power signal
cancellation.

the end part of the overlap signal. The estimated values of
(low-power signal) and (high-power signal) are obtained by
sampling the initial part and the end part. Then the overlap
signals are subtracted by and to get two cancellation signal
waveforms. In these two initial waveforms, only the peak
value of one signal plays a major role. The cancellation
waveforms of high-power signal and low-power signal are
shown in Fig.4 and Fig.5, respectively. There are three main
peaks in Fig.4:V1,V1 − V2and−V2. There are mainly three
peaks in Fig.5:V2,V2 − V1and−V1. The criteria for deter-
mining the bits of high-power signal and low-power signal
according to the cancellation signal are shown in Table 1 and
table 2. It can be seen from Table 1 that the high-power
signal can be determined as bit 1 when the level of the first
half of a symbol of the cancellation signal is greater than
or equal to 0; and the high-power signal can be determined
as bit 0 when the level of the first half of a symbol of the

cancellation signal is less than 0. Similarly, it can be seen from
Table 2 that when the first half of a symbol of the cancellation
signal is greater than or equal to 0, the low- power signal
can be determined as bit 1; in other cases, the low-power
signal can be determined as bit 0. After determining the bits of
the overlap part of the high-power signal and the low-power
signal, for the non-overlap part of the signal, because after
the overlap signal cancels V1 and V2,the original 1-bit code
of high-power single signal segment changes from first half
V2 and second half 0 to first half 0 and second half −V2, and
the original 0-bit code changes from first half 0 and second
half V2 to first−V2 and second half 0. The original 1-bit code
of low-power single signal segment changes from first half
and second half 0 to first half 0 and second half−V1, and the
original 0-bit code changes from first half 0 and second half
V1 to first −V1 and second half 0. Table 3 and Table 4 show
the bit determination criteria of the single signal segment after
cancelling.

TABLE 3. Bit decision criterion for single signal part of high-power signal
cancellation.

TABLE 4. Bit decision criterion for single signal part of low-power signal
cancellation.

It can be seen from Table 3 and Table 4 that when the
first half of the symbol is close to 0 and the amplitude of
the second half is much larger than the first half, both the
high-power signal and the low-power signal are determined
as bit 1. Through the analysis of the overlap part, it can be seen
that the determining criteria of the single signal segment are
consistent with the determined criteria of the overlap signal,
so there is no need to do additional processing for the single
signal in the subsequent processing.

After obtaining the bit determine criteria of the overlap
signal part and the single signal part after the cancellation,
the original square wave signal can be recovered through the
determined symbols, and the original signal information can
be obtained. Therefore, the algorithm steps proposed in this
chapter are shown in Table 5.

IV. SIMULATIONS
A. SEPARATION AND PERFORMANCE COMPARISON
EXPERIMENT OF ADS-B SIGNAL
Two ADS-B signals are generated randomly, the sampling
rate is 10MHz, the power difference between the two signals
is 3dB, the relative delay of the overlap signal is 47.5us,
the SNR is 20dB, and the preamble of the high-power signal
and low-power signal in the overlap signal is not damaged,
and the amplitude of the signal is different. The time-domain
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TABLE 5. ADS-B overlap signal separation algorithm based on time
domain cancellation determine.

FIGURE 6. Source signal.

FIGURE 7. Overlap signal.

waveforms of two ADS-B signals and overlap signal are
shown in Fig. 6 and Fig. 7 respectively.

It can be seen from Fig.7 that the two ADS-B signals
overlap in the time domain after mixing, and the original cor-
rect information cannot be obtained from the overlap signal.
At the same time, it can be seen that the leading pulse of the
signal is complete and undamaged. By detecting the pulse
amplitude of high-power signal and low-power signal, we can

FIGURE 8. Time delay detection.

FIGURE 9. Cancellation signals.

get V1 = 1.21dBmW and V2 = 1.50dBmW. Segmented
processing and singular value decomposition are performed
on the overlap signal. As shown in Fig.8, after the singular
value decomposition of the overlap signal, the time delay
of the overlap signal can be accurately determined. The two
cancellation signals are shown in Fig.9. According to the
criteria in Table 1 and Table 2, the bit information of the orig-
inal information and the waveform of the original signal are
obtained. After decoding the determined 88 bit of data block,
the recover original signal waveform is shown in Fig. 10.
In order to verify the influence of different signal power
difference on the algorithm, two independent ADS-B signals
are selected, in which the time delay is 30 us, the power differ-
ence between high-power and low-power signal is 3dB, and
the SNR range is 5dB-25dB. 1000 Monte Carlo experiments
are carried out, and the bit error rate is taken as the evaluation
criterion. The simulation results are shown in Fig.11. As can
be seen from Fig. 10, when the power difference between the
two source signals is 3dB and the SNR is 5dB, the bit error
rate reaches 10.1%,i.e.1.01 × 10−1. With the improvement
of SNR, the bit error rate of the algorithm proposed in this
chapter decreases gradually. When the SNR ratio is 25dB,
the bit error rate decreases to 1.3%. The bit error rate obtained
by this algorithm is 5.2% and 3.4% lower than that of the
traditional PA algorithm and the FastICA algorithm at 5dB,
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FIGURE 10. Recover signals.

FIGURE 11. Curve of bit error rate with SNR for different algorithms.

respectively, which shows the effectiveness and excellence of
the proposed algorithm.

B. EXPERIMENT ON THE EFFECT OF TIME DELAY ON
SEPARATION
In order to further verify the performance of the algorithm,
the original ADS-B signals with time delay of 4.5us, 30us
and 47.5us from two sources are selected in this group of
experiments. The relative delay is randomly selected. The
sampling rate is 10MHz, the power difference between the
two signals is 3dB, the SNR range is 5dB-25dB. 1000 Monte
Carlo experiments are carried out. The curves of the BER of
the three groups of signals varying with the SNR are shown
in Fig.12. As can be seen from Fig.12, with the improvement
of SNR, the bit error rates of the three groups of signals are
improved. When the time delay of two source ADS-B signals
is 4.5us and the SNR is 25dB, the bit error rate is 7.9%.When
the time delay of two source ADS-B signals is 47.5usand the
SNR is 25dB, the bit error rate is reduced to 1.3%. When the
time delay of two source ADS-B signals is 20us and 47.5us,
the bit error rate is lower than that of 4.5us. The reason is that
ADS-B signal has 8us preamble and other parts do not have
this coding mode. Therefore, when the leading pulse of the
next signal overlaps with the data block of the previous signal
in the overlap signal, according to the criterion proposed

FIGURE 12. Curve of bit error rate with SNR under different delay.

FIGURE 13. Curve of bit error rate with SNR under different power
difference.

in this paper there will be an error. When the time delay
of the source ADS-B signal is 47.5us, the bit error rate is
slightly lower than 20us. The reason is that with the increase
of the time delay, the overlap part of the overlap signal will
decrease correspondingly, and the part containing only one
source signal will increase, which will be more helpful for
signal bit determination.

C. EXPERIMENT ON THE INFLUENCE OF SIGNAL POWER
DIFFERENCE ON SEPARATION EFFECT
In order to verify the influence of different delay on the
algorithm, three groups of original ADS-B signals with power
difference of 2dB, 3dB and 4dB between two source signals
are selected in this group of experiments. The sampling rate is
10MHz, the relative delay of the two signals is 16us, the SNR
is 5dB-25dB. 1000 Monte Carlo experiments are carried out.
The curve of bit error rate of three groups of signals with
SNR is shown in Figure 13. It can be seen from Fig.13 that
the bit error rate of the three groups of signal separation
results under different power differences all decrease with
the increase of SNR. This is because, with the increase of
SNR, the influence of noise on the bit decision of overlap
signals becomes smaller. When SNR is low, with the increase
of power difference, the bit error rate of the separation result
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becomes smaller. When the power difference is 4dB, the bit
error rate is the lowest and the separation effect is the best.
With the increase of SNR, the difference of bit error rate
between different power differences decreases gradually, and
the separation effect is almost the same when SNR = 25dB.
The simulation results show that with the increase of power
difference between source signals, the separation effect will
gradually improve.

V. CONCLUSION
In this paper, we analyze the time-domain characteristics
of two overlap signals and propose an ADS-B separation
algorithm based on time-domain cancellation. In the case that
the source signal has a certain power difference, this paper
starts with the time domain amplitude characteristics of the
overlap signal and analyzes four forms of bit overlap. The
overlap signal amplitudes are used to cancel the high-power
amplitudes and the low-power amplitudes respectively. This
paper analyzes the bit overlap of the cancellation signal and
gives the corresponding bit decision criteria, to realize the
separation of the overlap signal. Simulation results show
that the proposed algorithm is feasible and has a lower bit
error rate than other traditional methods. The experimental
results show that the separation effect is less affected by the
time delay of the two source signals. With the improvement
of SNR, the separation effect of the proposed algorithm is
gradually improved. At the same time, the greater the power
difference between the source signals, the better the separa-
tion effect.
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