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Existing methods are unable to achieve high detection rates and low false alarm rates of satellite-based Automatic Dependent
Surveillance-Broadcast (ADS-B) signal preambles at extremely low signal-to-noise ratios (SNRs) using limited on-star
resources. In this paper, a dual-hierarchy synchronization method is proposed, including a first-level coarse synchronization
and a second-level fine synchronization. The coarse synchronization process involves three steps: (1) detection of unknown
signals, (2) soft decision, and (3) adaptive interval output. The first step introduces the threshold (T,;s:p) of the minimum
signal energy to be detected to guarantee a high detection rate. In the soft decision step, a value (Sy) designed to improve the
robustness of the system curbs false detection caused by noise interference. In the last step, the coarse synchronization interval
radius (r) is mapped out according to the SNR to reduce resource consumption. The fine synchronization process is based on
the coarse synchronization output, and the correlation peak is calculated to complete the synchronization of the signal
preambles. The results show that the proposed method achieves a high detection rate of 96% at an extremely low SNR using a
low sampling frequency of 10 MHz. Furthermore, the adjustment of T,;e;, allows this method to be applied to ADS-B
receivers with different sensitivities. The comprehensive performance of this method to achieve high detection rates and
acceptable false alarm rates at extremely low SNRs with limited on-star resources is verified by final simulations to be superior
to other methods.

1. Introduction

As the number of aircraft present in the airspace rapidly
grows, the Automatic Dependent Surveillance-Broadcast
(ADS-B) system is becoming a key surveillance tool for
next-generation air traffic management due to its flexible
surveillance mode and high-accuracy data-updating ability
[1, 2]. However, the traditional ground-based ADS-B system
cannot provide seamless global surveillance due to blind
zones at ground stations [3]. In order to solve this problem,
researchers have focused on satellite-based ADS-B systems
to achieve real-time, continuous, and seamless surveillance
globally [4-7].

The signal preamble detection of satellite-based ADS-B
receivers is severely limited by extremely low signal-to-
noise ratio (SNR) and fewer on-star resources [8], due to
the fact that ADS-B systems were not originally designed
for applications on satellites [9]. Several methods have been
proposed to alleviate the various problems of signal detec-
tion that come with it. On the one hand, the initial detection
of a 4-pulse preamble was used to judge the existence of the
header and to calculate the arrival time of the signal, as was
described in a previous study [10]. This method results in a
low detection rate and a high false alarm rate due to the low
SNR [11]. In order to make the false alarm rate acceptable,
Ren et al. [12] proposed a novel preamble detection
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algorithm that follows four criteria: false alarm rate (CFAR)
detection, deterministic symbol matching, consistent power
testing, and null symbol validation. This method can guar-
antee a detection rate higher than 90% only if the SNR is
not lower than 10 dB. However, the SNRs of satellite-based
ADS-B signals are much lower than 10 dB based on the anal-
ysis of the communication link [5]. On the other hand, Qin
and Yang [13] pointed out the importance of saving compu-
tational resources when processing signals on satellites. They
designed a detection algorithm based on the preamble corre-
lation to save resources. However, this method is not suitable
for processing poorly correlated satellite-based ADS-B signal
preambles. To obtain sufficient correlated information,
Delovski et al. [14] directly detect signal frame headers at a
high sampling frequency during intermediate frequency
(IF). Although a detection rate of over 90% was achieved
at a low SNR, the high sampling frequency of 105 MHz being
used resulted in a significant increase in resource consump-
tion. The application of this method is impractical on satel-
lites with limited resources. Based on the above, the demand
for a comprehensive algorithm that can robustly guarantee
high detection rates and low false alarm rates at extremely
low SNRs while consumes fewer on-star resources in
satellite-based ADS-B signal detection attracts our attention.

We propose a dual-hierarchy synchronization method
that incorporates three important steps: (1) detection of
unknown signals, (2) soft decision, and (3) adaptive interval
output. It enables the satellite-based ADS-B system to simulta-
neously meet the requirements of high detection rates, accept-
able false alarm rates, fewer on-star resources consumed, and
high robustness, even at extremely low SNRs. Our unique con-
tributions are compared boldly and explicitly with the latest
levels in Table 1 and further detailed as follows.

(1) We propose the first comprehensive synchronization
method for extremely weak ADS-B signals that
achieves high detection rates even at a low sampling
frequency

(2) We introduce the threshold (Tep) of the mini-
mum signal energy to be detected to achieve high
detection rates at extremely low SNRs. This parame-
ter can be adjusted to even ensure that the required
detection rate is maintained for any ADS-B receiver
with a different sensitivity

(3) We add a system robustness value (Sy) that not only
reduces false alarm rates but also robustly handles
adjacent ADS-B signals with different dynamic
ranges

(4) We reduce the computational redundancy by map-
ping the relationship between the SNR and coarse
synchronization interval radius (r) in addition to
using a low sampling frequency

The first column of Table 1 represents the challenges
faced in synchronization of satellite-based ADS-B signals,
including extremely low SNRs, limited on-star resources,
high detection rates, and low false alarm rates, with high
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robustness and strong applicability as additional advantages.
The last column reflects which task of our method was used
to address these challenges.

This paper is organized as follows. In Section 2, we build
the mathematical model of the baseband signal of a satellite-
based ADS-B system based on an analysis of the SNR.
Section 3 describes the dual-hierarchy synchronization
method for detecting satellite-based ADS-B signal preambles
and the three key steps this method includes. In Section 4,
the three important steps proposed in the method are
simulated and validated. Furthermore, we also compared
the simulation results with other methods in this section.
The concluding remarks and potential future research topics
are provided in the final section.

2. SNR and Mathematical Model of Digital
Baseband Signals for Satellite-Based ADS-B

2.1. SNR Analysis of Baseband Signals. The sensitivity of the
receiver is defined as the lowest signal energy required to
ensure normal operation [15]. To determine the SNR of
the baseband signal when the preamble is detected, we need
to calculate the sensitivity of the satellite-based ADS-B
receiver using the link budget without changing the trans-
mitter power. Ly is the free-space propagation loss of the
signal and is given by [16, 17]

L;=32.44+201gR+201g F,, (1)

where R is the transmission distance of the signal in kilome-
ter and F_ is the carrier frequency of the signal in megahertz.
According to the actual situation [18, 19], we initially esti-
mate that the vertical distance between the vehicle and satel-
lite is R,;,, and the farthest distance that the satellite can
cover is R, ... The ADS-B signal carrier frequency is F_=
1090 MHz. By substituting the above values into (1), the Ly
range can be estimated as 153 dB < L, < 164 dB.

Without changing the ADS-B transmitter power (P, = 53
dBm), the received radio frequency (RF) power of the
satellite-based ADS-B receiver can be obtained from

P,=P,+G +G,-Ls- L, (2)

where G, + G, is the sum of the gain of the transmitting
antenna and receiving antenna and L is the absorption loss
caused by the atmosphere, rain, clouds, and fog in the carrier
wave propagation process. By substituting these values of
G, +G,=10dB, L,=1dB, and 153dB<L;<164dB into
(2), the peak power range of the satellite-based ADS-B
receiver can be obtained as —102 dBm < P, < -91 dBm. This
range is consistent with the results of the simulated received
signal described in the literature [5]. Thus, the system design
and index allocation for the RF component and baseband
signal processing component of the receiver should be based
on this range.

The minimum peak power P, is -102 dBm, and the duty
cycle of pulse position modulation (PPM) is 50%, so the
average power P, =—-102 — 3 =-105 dBm.
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TasLE 1: Boldly contrasting our contributions to the relevant literatures.
Challenges [10] [12] [13] [14] Our work
SNR range for effective working® (dB) >4.5 =10 >0.4 >0.4 Framework
Operating scenario of satellite-based ADS-B®
High detection rates v v Step 1
Acceptable false alarm rates v v Step 2
Sampling frequency (MHz) 10 18 12.5 105 10 Framework
Fewer on-star resources consumed v v v v Step 3
High robustness® v Step 2
Strong applicability® v Step 1

The @© shows that the method can achieve the basic requirement of 90% detection rate within this SNR range, where the SNR has been converted via (4) in
Section 2.1. The @ describes a scenario which the sensitivity of the satellite-based receiver is as low as -102 dBm. Performance ® represents whether the
method can process signals with different dynamic ranges. Performance ® indicates that the method can also be used for ADS-B receivers with different
sensitivities. The last column shows the contributions of our work and the key ways in which they are being realized.

The noise of the receiver can be calculated using

Py =101g (KTW) + NF, (3)

where K is the Boltzmann constant, the Kelvin temperature
T is equal to 290K, W is the bandwidth, and NF =-174
dBm is the base noise of the receiver.

Assuming that the RF link has a receiver noise figure
(RNF) of 2.5dB and the bandwidth is 4 MHz [20], then the
minimum SNR of the baseband signal for preamble detec-
tion can be expressed as

SNR,;, = P,, — Py — RNF = 0.479 dB. (4)

This metric implies that the synchronization method for
satellite-based ADS-B signals needs to achieve the desired
performance at a SNR of 0.479 dB, including high detection
rates, acceptable false alarm rates, fewer on-star resources
consumed, and high robustness.

2.2. Mathematical Model of Digital Baseband Signals. The
ADS-B signal has undergone PPM with 120 bits per signal
and a duration of 120 microseconds. The energy of one bit
can be defined using

T=1us, (5)

S

E :Azxz,
2

where A is the amplitude of the digital signal.

First, the preamble of the signal is composed of the
initial 8 microseconds, and its corresponding position char-
acteristic array is m=[1,0, 1,0,0,0,0, 1,0, 1,0, 0,0, 0,0, 0].

Then, the other 112 microseconds are data bits, which
can be expressed as follows:

D= [d[1], d[2], ---, d[224]]- (6)

These data bits have two forms that S, and S, can be rep-
resented using

I£S,(k)=1,k=1,2,---, 112,
d2k-1)=1,
d[2k] =0.
(7)
I£S,(k)=0,k=1,2,---, 112,
d2k-1]=0,
d[2k] =1.

Finally, the position characteristics of one signal can be
expressed as B=[m D] = [b[1], b[2], ---, b[240]].
The unipolar pulse signal can be expressed as follows:

240

c(t)=A Y blKg(t - kTs), (8)
k=1

where T, = 0.5 us is the duration of a code element, g(t) is a
rectangular pulse, and b[k] € B. The analog IF signal passing
through the RF link is denoted as e,y (¢). The term e, (t)
can be expressed as the product of the unipolar pulses and a
sinusoidal carrier, as shown in

eaask (1) = ¢(t) cos (w .l +¢y) +w(t), ©)

where w. =70 MHz is the IF carrier corner frequency, @, is
the carrier initial phase (assumed to be 0), and w(¢) is the
additive Gaussian white noise expressed as w(t) = w_(t) cos
wyt + wy () sin wyt. With e,,4¢(¢) as the input, the ADS-B
digital baseband signal y(n) is obtained following the pro-
cessing steps outlined in Figure 1.
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FiGurek 1: Digital baseband signal generation process.

As shown in Figure 1, with the sampling frequency
f,=10MHz, the digital IF signal e, ¢ (I) can be obtained
after conducting an analog-to-digital conversion. The signal
can be expressed using

A 240
exsk(l) = 7 blklg(IT, = kTg) cos (w.ITy +¢y) + w(ITy),
k=1

(10)

where T, =1/f =0.01 us.
First, e,,q¢ (1) is multiplied by the cosine and sine data
generated by the numerically controlled oscillator (NCO).
Then, the obtained results are passed through low-pass
filters and sampled to obtain the in-phase component x;[n]
and the quadrature component x[n], as expressed in

240

ol = 7 co 0 3 bilg' (1~ K1)+ o]

(11)

240

solr)= Zsin 0 3 bilg' (1~ K1)+ )

where g'(n) is the discrete data of g(IT,) after filtering and
sampling and L=5 is the number of samples per code
element.

Finally, y[n] can be expressed as follows:

) (12)

y[n] = |x1 + jxq

where the noise w[n] = |w;[n] + jwg[n]| satisfies w~ N(0,
02) based on Parseval’s theorem [21, 22] and SNR=
10 1g (A’L/o?2).

3. Proposed Dual-Hierarchy
Synchronization Method

3.1. Design of the Dual-Hierarchy Synchronization Method.
The dual-hierarchy synchronization method, which is per-
formed by superimposing coarse synchronization on fine
synchronization, is designed to overcome the detection rate
problems associated with satellite-based ADS-B signals due
to extremely low SNR and limited on-star resources.
Figure 2 shows the operational framework for this method,

and then, more detailed algorithms are described in Sections
3.2 and 3.3.

As show in Figure 2, after the coarse synchronization,
the radius (r) of the interval in which the signal exists is
calculated with a certain probability, and the position
(Position_Max) corresponding to the maximum energy
within that interval is obtained. Thus, a certain signal
preamble is judged to fall in interval S = [Position_Max —r,
Position_Max + 120 x 2L + r]. Based on the S, the fine syn-
chronization locates to the position (P_Preamble) of the sig-
nal preamble by filtering-matching and passes it to the next
function to complete the signal preamble synchronization
process [23]. The coarse synchronization plays the most
important role in the proposed method and is the main con-
tribution of this paper.

3.2. First-Level Coarse Synchronization Algorithm. The func-
tion of coarse synchronization is to find the approximate
position of the signal preamble and output it to fine synchro-
nization in the form of an interval. Its performance is
required to achieve a high detection rate and a low false
alarm rate. The challenge is the extremely low SNR of the
signal and the limited resources available on the satellite.
As shown in Figure 3, the coarse synchronization process
consists of three main steps: the unknown signal detection
in step 1, the soft decision in step 2, and the adaptive interval
output in step 3. The first step is aimed at identifying the
existence of the signals, the second step is responsible for
extracting the complete signals, and the last step calculates
the potential interval of the signal preamble. The details of
each step are described as follows.

3.2.1. Step 1: Detection of Unknown Signals. In the detection
of unknown signal step as shown in Figure 3, the energy accu-
mulation of the signal is first described. The filter expression is
H=(h' [k])T x ull], where h'[k] satisfies h'[240 — k] = [m, ],
the array m is the preamble feature array as described in Sec-
tion 2.2, and the array # is an all-one array with a length of
224. Because the number of samples of a single code element
is L =5, u[l] is an all-one array of length L. For the matrix H
with 5 columns and 240 rows, the elements of each row are
reconstituted into an array h[n] according to the row numbers
in turn. By convolving h[n| and y[n], we can obtain the accu-
mulation energy of one signal, as expressed by

z[j] =y[n] ® h[i], (13)
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FIGURE 2: The operational framework of the dual-hierarchy synchronization method.
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where y[n] = x{[n] + xQ[n] is the square of the amplitude of N(logn, zlogn), H,,
the signal with noise. z~ (16)

Because the ADS-B signal is modulated through PPM,
the accumulated energy z[j| can also be expressed using

ILL IL
z[j] = Zzl[jl}+ Zzo[jo]’ (14)
hi=1 Jo=1

where [, and [, represent the number of low electrical level
and high electrical level bits that have been convolved,

respectively, and ;L +[,L=]. Zé‘lilzl [j;] conforms to the

noncentral chi-square distribution [24], and Z;‘;Lzlzo ljo] fits
the central chi-square distribution [9]. When the signal pre-
amble is fully synchronized, /;, =116 and [, = 112.

Then, the Tygp term is introduced to determine
whether a signal is present or not, as shown in

22 Tygeps Hys

(15)

2 < Tyspps Hos

where H, and H, represent the presence and absence of
the signal.

When the energy accumulation length is sufficiently
large (usually >30), according to the central limit theorem
(CLT), the multiple independent random variables must
obey the Gaussian distribution expressed as follows [25]:

N(l1 (07 +07), 21, (0 +af)2), H,.

Thus, the false alarm probability P; and detection prob-
ability P4 are calculated as follows [26]:

T — 1,02
Py =P(z> Tygep|Hp) = Q —MED_ o Z .
2o

Tysep — (Gﬁ + Ug)

2l (o3 + 03)2

Py=P(z>TysplH;) =Q

(17)

The T',5zp can be computed by (17), as shown in
Tysep = Q_I(Pd) 2L (o} + ‘73)2 +1 (Ui + 0§)> (18)

where P; can be obtained according to the system require-
ments. When the preamble of the signal is synchronized,
I, =116, I;=112, and o? = 10N%/1962 The SNR,, can
be adaptively determined according to the receiver sensi-
tivity, as described in Section 2.1. Thus, the T p can
be adjusted exactly to the needs of different situations.
This is one of the advantages of this method: it is suitable
for ADS-B signal receivers of different sensitivities. This
parameter is verified in Section 4.1.



Finally, decision 1 is addressed using T,z and z[j], as
shown in Figure 3. This step is aimed at determining
whether the accumulated energy z[j] is greater than the
T isep Value based on (15). We delimit z[j], which is contin-
uously determined to be greater than T'g;p, within an inter-
val defined as the signal existence interval (SEI). This result
is passed to the step 2 (soft decision) as input.

3.2.2. Step 2: Soft Decision. Although the signal was judged to
be present and the SEI was obtained, it is not possible to
determine how many signals exist within this interval. The
soft decision step is used to solve this problem and obtain
the interval in which a single signal exists, denoted as SSEL
The key to this soft decision step is decision 2 as shown in
Figure 3, which can be expressed in

LengthSEI, > Sy, x 120 x 2L,
(19)

LengthSEI, <240 x 2L,

where Sy is the value that guarantees the robustness of the
system and LengthSEI, is the length of SEI, .

If both inequalities in (19) are satisfied, the correspond-
ing SEI,, is recognized as SSEI,,. The position corresponding
to the maximum energy in SSEI,, is recognized as Position_
Max,,. It will be passed on as output to the step 3 as shown
in Figure 3.

If the second inequality is satisfied, but not the first, this
means that this SEI,, is misclassified as a signal due to exces-
sive noise. This detection should be abandoned. Therefore,
Sy is important to reduce false alarms.

If the first inequality is satisfied but not the second, this
means that, due to the filter length, this decision combines
multiple signals shorter than 120 microseconds into the
same signal interval. Thus, the signal separation described
next is necessary.

The SEI,, must be separated dichotomously until (19) is
satisfied, giving multiple single signal intervals SSEI,.
Assuming that the position corresponding to the maximum
energy z[Position_Max,,] in SEI,, is Position_Max,,,, the sig-
nal separation rules are described as follows.

If Position_Max,, + 121 x 2L € SEI,, then

SEI,, = [SEI, [1]: Position_Max + 120 x 2L],
SEI,, = [Position_Max + 120 x 2L : SEI, [end]].

m+1 ™

(20)
If Position_Max,, — 121 x 2L € SEI, , then

SEI, = [SEL,[1]: Position_Max — 120 x 2L],
SEI,, = [Position_Max — 120 x 2L : SEI, [end]].

m+1 ™

(21)

Here, the SEI,, and SEI,,, are the new intervals
obtained by signal separation. These intervals must be again
verified by decision 2 until multiple SSEI,, are obtained.
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3.2.3. Step 3: Adaptive Interval Output. Due to the presence
of noise, there is a certain probability that Position_Max,,
is not a true preamble [27]. Fine synchronization consumes
many resources if the processing is performed using the
whole SSEI. Based on these two factors, we have to provide
a shorter fine synchronization interval where the signal pre-
amble exists. The radius of this interval is noted as r, and the
center point Position_Max,, remains the output of the previ-
ous step 2. Because the dispersion measures of the signal
preambles differ among different SNRs [28], we establish a
mapping relationship between the coarse synchronization-
output interval r and SNR. The modeling details are
explained in Section 4.3, and the mapping relationship is
summarized in Table 2.

By estimating the SNR, r is obtained. Combined with
Position_Max,,, the more accurate interval of the signal
preamble is transmitted to the fine synchronization level as
shown in Figure 3, which is noted as S = [Position_Max — 1,
Position_Max + 120 X 2L + r].

3.3. Second-Level Fine Synchronization. To fully utilize the
position characteristics of the signal preambles, the bipolar
matching filter defined as m' =[1,~1, 1,-1,-1,-1,-1, 1,-1, 1,
-1,-1,-1,-1,-1,-1] is chosen. The correlation coefficient (C)
is obtained through a sliding correlation process using the out-
put signal interval S of the coarse synchronization results and
the filter ', as shown in

C=Sem'. (22)

When C is taken to be the maximum, the corresponding
position is identified as the actual arrival point of the signal
and is denoted as P_Preamble. At this point, the proposed
synchronization method is completed with P_Preamble as
the result.

4. Validation and Results

4.1. Simulation and Verification of T gpp. As mentioned in
the first step in Section 3.2, for ADS-B receivers with differ-
ent sensitivities, high detection rates can theoretically be
maintained by adjusting the T,q:p, which is one of the
advantages of the dual-hierarchy synchronization method.
It is necessary to simulate and verify the detection rates for
different SNRs as in (17).

The first is a simulation of the operation of Tqep.
Assuming that the noise following a Gaussian distribution
satisfies w ~N(0,10) and the system requires a detection
rate of 96%, the T,,qzp of ADS-B receivers with different
sensitivities can be calculated using (18) (as drawn in
Figure 4).

Figure 4 shows that when the receiver sensitivity is
-102dBm, the result of calculating the T'qzp is

Tysep = Q' (Py)y/ 2L (0% +02)* +1, (07 + 07 ) = 1891.
(23)
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TaBLE 2: Interval radius under different SNRs.

SNR (dB) <0 [0,1) [1,2) [2,3) >3
Interval r 90 60 35 10 1

The r is the interval radius of the coarse synchronization output according
to the different SNRs.

According to (23), the relationship between the SNR and
the detection rate P4 can be expressed as

Tysep — 1 (02 + 02
Pd:Q MSED I(Gn Gs) , (24)

21 (o3, + 0?)2

where [, =116 and 02 + 2 = (1 + 105"%1) x 10. This means
that a receiver with a sensitivity of -102dBm can achieve a
detection rate of 96% by setting a threshold of T =
1891. This section will subsequently default the ADS-B
receiver sensitivity to -102dBm. Based on the above, the
SEI can be obtained according to decision 1 in step 1 of
Section 3.2, as shown in Figure 5.

In Figure 5, the solid blue line depicts the cumulative
energy z[j] of the signal in (14). The purple pentagram is
the cumulative energy assuming only noise, which can be
used as a reference.

Tysep 18 indicated by the yellow line. Last, the orange
dashed line depicts the SEI generated by the judgment of
(15), which is the resulting H, set when z is greater than
Tvsep:

Then, the verification process of the detection rate of this
T is described. A Monte Carlo experiment was set up using
MATLAB to verify the synchronization performance of the
system under different SNRs. Based on the analysis in
Section 2.1, ten thousand pieces of data were generated ran-
domly when the SNRs satisfied SNR(dB) = [-0.521, 0.7479].
The detection rates resulting from this method processing
for Tepp = 1891 are shown in Figure 6.

The blue line in Figure 6 represents the detection rates
using the proposed method to process random data, and
the red represents the theoretical one. The results justify
the following conclusions. First, the detection rate reaches
95.98% when the SNR of the received signal is 0.479 dB. This
result is almost consistent with (24). Secondly, the detection
rates are all higher than 96% when the SNRs are higher than
0.479 dB and even reach 100% after the SNRs are higher than
3.479dB. This proves that this method meets the require-
ment of high detection rate for satellite-based ADS-B sys-
tems. Thirdly, the processing results for signals with SNRs
higher than 0.479 dB match the theory, but their results for
signals with lower SNRs are worse than the theoretical
values. This means that setting T';¢zp = 1891 is well suited
for receivers with a sensitivity of -102dBm, while this
parameter can be adjusted to apply to receivers with higher
sensitivities. This also demonstrates the necessary study of
the correlation between the T, in this method and the
sensitivity of the satellite-based ADS-B receiver.

4.2. Simulation and Verification of the Soft Decision Step.
The power of the receiving signals is different because the
satellite-based ADS-B system has different coverage. Fur-
thermore, the decision 1 leads to false alarms due to the
effect of noise. The minimum value of the Sy in (19)
determines the false alarm rate, while its maximum value
determines the maximum dynamic range of the signals that
can be processed. This section will focus on verifying the
robustness of the soft decision for processing signals with
different dynamic ranges. The low false alarm rate will be
verified in Section 4.4. The SEI may still satisfy (19) when
two signals with high and low powers are adjacent to each
other and their head-to-tail distance is less than the filter
length. This phenomenon indicates the presence of more
than one signal in this SEI (only the presence of two signals
is considered here), as shown in Figure 7.

For the six signals shown in Figure 7, the signal pow-
ers are -95dBm, -98 dBm, -95dBm, -100 dBm, -95dBm, and
-102 dBm. The signals with powers of -95dBm and -98 dBm
are located in the same SEI, which is typical of those that need
to be processed by step 2. We make the following assumptions.
The system sensitivity is the minimum power p,, and the
maximum power p, of the signal that can be processed can
be represented by the dynamic range exp®. The linear system
is set up so that (25) is satisfied.

D_plz@ (25)

exp’ = —

P Pey

where py, and py, are the powers of the baseband signals with
RF signal powers p, and p,, respectively.

We provide an example in Figure 8 to verify the effect of
the Sy. Assume that the received RF signals are at powers of
P, =-95dBm (left) and P, = —-98 dBm (right), that the time
interval between them is AT =30us <120 us, and that
the noise conforming to the Gaussian distribution satisfies
w ~N(0, 10), as shown in Figure 8(a). Since this interval is
less than the length of the filter (1200 bits), these signals are
often judged by (15) to be in the same SEI, as shown in
Figure 8(c).

In Figure 8, since A, is the starting point for the convo-
lution energy z[j] of the signal y[n] and the filter k[i] in (13),
it is noted as the coordinate origin. Point A, and point A4
are used to assist in completing the signal separation. Point
A, and point Ag represent the intersections of the convolu-
tion energy z[j] and the threshold T;qp, which also denote
the start and end points of the SEI,,. Therefore, we establish
the following equation:

X +To?=T R
{ 1PB1 n = L mseD (26)

(3T + AT — x5 )pp, + Tale = Tmsep>

where x; and x, are the horizontal coordinates of these two
points, which also represent the distance the filter moves.
The pg, and pg, are the baseband powers of the received
signals, which can be expressed in terms of the SNR as
pp, = 105VR1062and  pp, = 105VR/1062 1 where o2 = 10.
Then, T=120us is the period length of the filter. When
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T yisep = 1891, the x; derived from the first equation in (26)
are listed in Table 3.

Assume that AT in (26) is set to zero, which is the limit
of the soft decision; otherwise, the problem will turn into a
solution interleaving. The x, and x, corresponding to signals
of different received powers can be calculated using

3T + AT —
%= *o)Pe2 A7 _ g, (27)
Pr1
Furthermore, according to (19), we obtain
SyT <xg—x, <2T. (28)

Combining (27) and (28) yields

S, < X5 = (3T = x6)Ppo/Py1 _

X6 — (3T = x¢)
T .

expP - T

(29)

Assume that the minimum power p, of the received RF
signal is -102 dBm and the maximum power p, is -95dBm.
By combining Table 3 and (29), we can obtain

Sy <1.930. (30)

Of course, if there is a requirement to process signals
with a greater dynamic range, turning down the S, can
make this method applicable. This is one of the advantages
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of the proposed method when applied according to the
above scenario.

4.3. Simulation and Verification of the Adaptive Interval
Output. According to the description of step 3 in Section 3,
applying the adaptive interval derived based on the statistical
detection criteria can reduce the computational effort
because the length of the coarse synchronization interval
output can be adjusted. The following two tasks will be done

in this section. The first is to model the mapping relation-
ship between the SNR and the adaptive interval output,
which leads to the results in Table 2 in step 3 of Section
3.2. The second is to compare the effect on resource con-
sumption before and after using the adaptive interval output
through simulation experiments.

The first task reflects that the lengths of the adaptive
output intervals [Position_Max — r, Position_Max + r| differ
under different SNRs. The model is built as follows. First
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TaBLE 3: Correspondences between the x; and the SNRs.
P (dBm) -95 -96 -97 -98 -99 -100 -101 -102
SNR (dB) 7.479 6.479 5.479 4.479 3.479 2.479 1.479 0.479
X1 12.3 15.5 19.6 24.6 31.0 39.0 49.2 61.9

The x, is the horizontal coordinate for the intersection of the energy curve and the T'¢zp.

10,000 signal pieces are randomly generated of these seven
SNR points (-2 to 4 dB with 1 dB step) using the Monte Carlo
method. Then, the Position_Max value of each signal in the
SSEI is determined for further use according to the method
described in Section 3.2. Most critically, after continuously
calculating the absolute distance (r) of each signal between
the Position_Max and the known actual leading code posi-
tion, the probability distribution of the r at each SNR point
is statistically determined. Finally, the probability distribu-
tions of r for 10,000 signals at each SNR point are statistically
shown in Figure 9. These probability statistic results also
imply that the probabilities of Position_Max falling within
the output interval of these SNRs should also satisfy the
requirements of this method when the detection rate of the
system is sufficiently high. Therefore, this probabilistic
model is also called the “mapping of the SNR to the coarse
synchronization interval output when the detection rate is
satisfied.”

The horizontal coordinate in Figure 9 indicates the abso-
lute distance r of the Position_Max from the actual preamble
position, and the vertical coordinate represents the probabil-

ity that Position_Max falls within the range centered on the
actual preamble with r as the radius. The orange line shows
that if the required detection rate is 96% at a SNR of 1 dB, the
corresponding horizontal coordinate r should be 35, which
is the radius of the adaptive interval output of the coarse
synchronization process. If the number of Monte Carlo
experiments is sufficiently large, the curve is smoothed,
and the test results are closer to the theoretical values. The
corresponding r of the adaptive output interval derived
under different SNRs at a detection rate of 96% are shown
in Table 4.

The second task is to compare the resources consumed
before and after the application of the above results. The five
signals from 0dB to 5dB are generated separately based on
MATLAB, and the effect achieved by step 3 is shown visually
in Figure 10.

The orange lines in Figure 10 represent the SEI,, derived
without any adaptive adjustment, and the black lines repre-
sent the coarse synchronization interval outputs [Position_
Max — r, Position_Max + r]. As can be seen, the using of adap-
tive intervals significantly reduces the coarse synchronization
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TaBLE 4: Adaptive intervals in a simulation environment.

SNR (dB) 2 1 0 1 2 3 4
Detection rate (%) 96.02 96.07 96 96.69 96.98 98.1 99.6
r 120 82 60 35 10 1 1
Length of the adaptive interval 241 165 121 71 21 3 3

The detection rate is obtained by counting the detection results of 10,000 signals at a certain SNR; the r of the interval and the length of the adaptive interval

are the conclusions obtained in step 3.

output. An example will be given below to quantify the
amounts of resources saved.

A Monte Carlo experiment was used to randomly gener-
ate 10,000 signals with the received signal power of
-102dBm. At first, after processing using step 1 and step 2
described in Section 3.2, the probability distribution of the
lengths of the SSEI was statistically calculated, as shown in
Figure 11. The statistical average of these SSEI lengths is
denoted as AVEgg, =850. Finally, the coarse synchroniza-
tion adaptive interval outputs are obtained using step 3.
Comparatively, the probability distributions of these interval
outputs were counted, and the results are presented in
Table 5. The statistical average of these lengths can be calcu-
lated using

AVE =

F 1) 144. (31)
N

Combining the above statistics, the average lengths of
the interval outputs before and after adaptive adjustment
are 144 and 850, respectively. These results indicate that
the application of step 3 reduces the computational burden

by about 83.1% at a received RF signal power of -102 dBm,
which is critical for resource-limited satellite systems.

4.4. Comparative Experiments and Results. Since several
parameters of this method have been verified above, this
section will compare the performances with reference to
Table 1. Specifically, the first is the comparison of detection
rate, the second is the comparison of resource consumption,
and the third is the comparison of false alarm rate at the SNR
for effective operation of the satellite-based ADS-B system.
These comparison experiments will be performed based on
the simulation conditions detailed below. Firstly, assuming
that the powers of the received RF signals range from
-102dBm to -95dBm, so the SNRs of the baseband signals
obtained according to Section 2.1 range from 0.479 to
7.479 dB. Then, 10,000 baseband ADS-B signals are randomly
and separately generated using the Monte Carlo method at each
of these eight SNR points (0.479 to 7.479dB with 1dB step).
Finally, these packets are used as homologous data for the com-
parison experiments described below.

The first is a comparison of the detection rates for each
method. A detection rate of 96% is the requirement for the
satellite-based ADS-B system to be popularized. The
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TaBLE 5: Probability distribution of intervals after adaptive
adjustment.
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Probability of the lengths of adaptive intervals for 10,000 signals with a
received power of -102 dBm.

detection rates of these signals were obtained separately
using different experimental methods, such as four-pulse
detection [10], multicriterion detection [12], coherent detec-
tion [14], and the proposed dual-hierarchy synchronization
method. The results of these experiments are shown in
Figure 12.

In Figure 12, the blue line represents the detection rates
derived using the dual-hierarchy synchronization method.
These detection rates were above 96% when the powers of
the received RF signals were no less than -102 dBm. The green
line shows the results of the four-pulse detection method [10]
in a ground-based system, and the purple line represents the
results of the multicriterion detection method developed by
Ren et al. The detection rates of these two methods are both
less than 96% when the powers of the received RF signals
range from -102 dBm to -95 dBm [12]. The orange line repre-
sents the results of the coherent detection method proposed by
Delovski et al. [14]. The detection rates of this method are sim-
ilar to the results of our proposed method.

Then, the resource consumption should be compared
due to the limited on-star resources. As presented in Section
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1, the coherent detection in [14] was accomplished using a
sampling frequency of 105 MHz for 112 data bits. Compared
to other methods with sampling frequencies of 10 MHz,
12.5MHz, and 18 MHz, this method consumes extremely
large amounts of resources. Moreover, step 3 of our method
reduces the resource consumption even further. Therefore,
the coherent detection, which uses a lot of hardware
resources in exchange for high detection rates, is not suitable
for satellite-based ADS-B systems.

Finally, the suitability of the dual-hierarchy synchroniza-
tion method for satellite-based ADS-B systems was assessed
by determining whether its false alarm rate was acceptable.
The detection rate of the method [12] using CFAR fails,

although its false alarm rate is acceptable. The coherent
detection [14], which does not have the false alarm rate
taken into account, is defective. Therefore, using the homol-
ogous data described above, Figure 13 shows the false alarm
rates for the literature [10, 13] and the proposed method.

The green and orange lines in Figure 13 represent the
false alarm rates obtained by the methods of literature [10,
13], respectively. The blue line represents the false alarm
rates obtained by the method proposed in this paper.
Clearly, the results of our method are more satisfactory, with
lower false alarm rates at low SNRs and near-zero false alarm
rates at higher SNRs. This effect is accepted by satellite-based
ADS-B systems.
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In summary, only the dual-hierarchy synchronization
method achieves such a comprehensive performance, which
uses limited resources to achieve a detection rate of 96% with
an acceptable false alarm rate at an extremely low SNR.

5. Conclusions

In this work, the SNR analysis for the baseband signal of the
satellite-based ADS-B system in Section 2 is also applicable
to satellites at other orbital altitudes. This section clarifies that
the extremely low SNR is one of the difficulties in the synchro-
nization of satellite-based ADS-B signal preambles. Another
dilemma is the apparently limited on-star resources.

It is a challenge to achieve a high detection rate and a low
false alarm rate with these two dilemmas.

Notably, the presented dual-hierarchy synchronization
method can satisfy the detection rate requirements for signal
preambles with limited resources at extremely low SNR. This
cannot be achieved without the role of several important
steps in Section 3.2. The T'szp proposed in step 1 guaran-
tees high detection rates at low SNRs, while providing value
for strong applicability, and these results are verified in
Section 4.1 and the first points of Section 4.4. The soft decision
in step 2 guarantees low false alarm rates and can robustly
handle signals with a high dynamic range. These results are
verified in Section 4.2 and point 3 of Section 4.4. The use of
a low sampling frequency and the mapping relations of step
3 both save on-star resources in varying degrees. These are
demonstrated in Section 4.3 and the second part of Section
4.4, respectively. In summary, it is remarkable that this
method achieves high detection rates and acceptable false
alarm rates at extremely low SNRs with limited on-star
resources, with such a comprehensive performance.

In addition, the proposed method utilizes only signal
amplitude information and not signal phase information,
allowing this method to avoid being affected by the Doppler
frequency bias caused by high-speed satellite movements.
However, if this phase information was effectively used for
the coherent processing of the satellite-based ADS-B, it
would improve the SNR of the baseband signal by 3dB,
and this would subsequently increase the probability of suc-
cessful decoding the satellite-based ADS-B signal. Therefore,
determining how to effectively use the phase information
contained in satellite-based ADS-B signals is another likely
area of improvement.
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