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Air travel is growing at an alarming rate. However, according to the latest research report by Eurocontrol on European aviation,
the growth of air traffic will be limited by the available spectrum resources. As one of the means to provide air/ground (A/G)
broadband communication, the L-band digital aeronautical communication system (LDACS) is becoming the preferred model for
final deployment and has received continuous attention. Based on various spectrum measurement studies, the international civil
aviation organization (ICAO) has identified multiple 1 MHz vacant bands between adjacent distance measuring equipment
(DME) signals for LDACS. In order to improve spectrum efficiency, the concept of dynamic spectrum access (DSA) can be applied
to the LDACS, which requires the use of spectrum sensing methods to detect the spectrum holes of DME users. In this paper, an
adaptive threshold energy detection spectrum sensing method is proposed based on the characteristics of DME pulse signals.
Firstly, the energy of the received signal is estimated to construct the detection statistics, and the equations of detection probability
and false alarm probability are established. Secondly, the adaptive threshold is calculated using the maximum likelihood decision
criterion under the assumption of a constant probability of false alarm. Thirdly, the detection statistic is compared to the adaptive
threshold to determine the spectrum occupancy state in the decision-making stage. Finally, the result is transmitted back to the
transmitter for the best spectrum resource allocation. According to the simulation analysis, the adaptive threshold energy
detection-based sensing method outperforms the energy-difference detection method under low signal-to-noise ratio (SNR)
conditions. Meanwhile, it has superior adaptability since the adaptive threshold can be adaptively changed according to
the channel.

1. Introduction

To increase the capacity of aeronautical communication
systems, the International Civil Aviation Organization
(ICAQO) recommends that a part of the L-band (960 MHz to
1164 MHz) can be used for air-to-ground (A/G) commu-
nications, and two candidate systems are being investigated
concurrently [1]: L-band digital aeronautical communica-
tion system type 1 (LDACS1) [2] and L-band digital aero-
nautical communication system type 2 (LDACS2) [3] are
used to modernize the air traffic management (ATM).
LDACSI is a frequency division duplexing (FDD)-based
system with orthogonal frequency division multiplexing
(OFDM) as the modulation scheme [4, 5]. LDACS2 is a time
division duplex (TDD)-based system with Gaussian

minimum frequency shift keying (GMSK) as the modulation
scheme. Compared to LDACS2, LDACS1 is the most
promising and mature choice for future A/G communica-
tion [6] due to its high spectrum efficiency, large trans-
mission capacity, high throughput, and multicarrier
transmission. Hence, the work presented in this paper will
focus on LDACSI, and it will be referred as LDACS here-
after. The spectrum occupancy of L-band is shown in Fig-
ure 1. Various legacy or incumbent users in L-band are DME
system (960-1215MHz), radar-based multifunctional in-
formation distribution system, universal access transceiver
system (978 MHz), secondary surveillance radar
(1030 MHz), and airborne collision avoidance system
(1090 MHz). According to the traditional static spectrum
allocation scheme for aeronautical communication, ground
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FIGURE 1: Spectrum distribution of L band.

station and aircraft are required to synchronize in ad-
vance and agree on a common frequency. As the spec-
trum must be allocated before use and maintained for a
period of time, the spectrum resources will be idle in
different degrees in time and space. Especially in the
increasingly saturated LDACS, it is easy to cause the
waste of spectrum resources, which will result in the low
utilization rate of spectrum resources.

To improve the quality of ATM, the spectrum is required
to be used efficiently. Cognitive radio (CR)-based methods
have been proposed to improve spectrum efficiency and
communication capacity. Energy detection, cyclic stationary
characteristics detection, and matching filter detection are
now the most widely used spectrum sensing methods [7].
Energy detection is a simple and effective method to sense
the environment in a blind way. Cyclic stationary charac-
teristics detection may need some information on the pri-
mary user such as statistical property, while matched filter
detection needs complete information about the primary
user. In addition, there are spectrum sensing methods based
on the signal covariance matrix, wavelet transform, signal
characteristic value, and so on. Also, related spectrum
sensing methods on L-band in the field of aeronautical
communication, such as the energy difference method [8],
low-power correlator method [9], and cyclic prefix assisted
method [10], are used to sense OFDM signal of L-band.
Furthermore, coherence detection [11] and power detection
[12] are used for detecting DME signals [13, 14]. The former
employs the repetitive structure of DME pulse pairs and
proposes a correlation of parts of the received signal with
shifted parts. But the operation is relatively complicated
because of the difference of correlation between OFDM and
DME signals. The latter employs the Gaussian shaped in-
terference spectrum and can be applied when employing
LDACS as an inlay system. However, it ignores the effect of
the OFDM signal and has poor adaptability. This paper
proposed an adaptive threshold energy detection method for
detecting the DME signal. The DME signal is used as the
primary user signal, while the OFDM signal is used as the
authorized user signal. The received signal includes the DME
signal, OFDM signal, and noise.

The paper is organized as follows: in Section 2, the
characteristic of DME and OFDM transmissions is pre-
sented. In Section 3, the adaptive threshold energy detec-
tion-based spectrum sensing scheme for the DME signal is
described. Section 4 presents the simulation results. Section
5 concludes the paper.

2. The Signal Characteristic

2.1. DME Signal. DME is a kind of radio navigation
equipment which calculates the distance between the ground
station (GS) and the airborne station (AS). There are 252
possible channels in this system, 126 X channels and 126 Y
channels. The airborne inquiry frequency is
1025-1150 MHz, and the ground response frequency is
962-1213 MHz. The channel frequency interval is 1 MHz.

Figure 2 clarifies the shape of one DME pulse pair and
the given parameters. As can be seen from it, the interval
between pulse pairs is 12us, and the half-width of the
Gaussian-shaped pulses is 3.5us.

For the OFDM receiver of LDACS, it may receive several
DME signals from multiple DME platforms, and this paper
only analyzes the DME signal transmitted from one DME
platform. DME works in the way of transmitting pulse pairs,
and it consists of pairs of Gaussian-shaped pulses with in-
terval At. Mathematically, a DME signal consists of pairs of
Gaussian-shaped pulses which are described by

2
b(t) — e—S/th + e—S/Z(t—At) , (1)

where & = 4.5 x 10! (1/s?), the interval of Gaussian-shaped
pulse pair At is determined by the transmission mode of
DME, and the possible value is 12us or 36us.

According to (1), the model of the pulse interference
signal of DME is further given as follows:

N,-1Ny,-1 . .
i)=Y 3 APMEp(t-t,,)e st 0, (2)
=0 u=0

Among them, N, represents the number of interference
sources of DME, i represents the serial number of inter-
ference source of DME, u represents the serial number of
DME pulse pair, Ny, ;represents the total number of pulse
pairs generated by the ith interference source of DME during
the observation time, t; represents the moment when the
uth pulse pair generated by the ith interference source of
DME appears, and t; ,can be modeled as a random variable
with a Poisson distribution. f_; represents the offset of the
carrier frequency of the signal transmitted by the ith in-
terference source of DME; ¢, , represents the initial phase of
the carrier signal transmitted by the ith interference source
of DME, ¢;, is modeled as a random variable uniformly
distributed between [0, 27]; 9™ represents the peak power
of the pulse signal transmitted by the ith interference source
of DME, APME represents the peak amplitude of the pulse
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FIGURE 2: The time domain waveform of the baseband DME signal.

signal emi
AiDME _

y the ith interference source of DME, and
yPMEi=0,...,N, - 1. The time domain
waveform and spectrum are shown in Figures 3 and 4:

[ee]

1
0.8 |
0.6 +
04+
0.2 +

0
-02 +
-0.4 +
-0.6 +
-0.8 +

amplitude of the real part of the signal

1.345 1.35 1.355 1.36 1.365 1.37
time (s) 1073

F1GURE 3: The time domain waveform of DME signal.

2.2. OFDM Signal of LDACS. The modulation mode of the
forward link of LDACS is OFDM, and the subcarrier
modulation mode is QPSK, so the baseband OFDM signal
can be expressed as

rt)= ) c,q(t-nT,—t)

n=—0oo

where n represents the serial number of the modulation
symbol, k represents the subcarrier serial number, N,
represents the number of subcarriers, ¢, represents the nth
modulation symbol on the kth subcarrier, Af = 1/Tppp
(Tppr = T+ Tep, T is the symbol length of OFDM signal,
and Tp is the cycle prefix), and g (t) represents the shaping
pulse. ¢, needs to satisfy ¢, € {2},
E(cy,) = E(c;,) =0, E(cx,cr,) = 0Lk —K'18[n—n'],
E(Ck/)n') =0.

The modulated OFDM signal [15] can be described by

x(t) = Re{r (t)ejznfft}
=r(t)cos (27 f 1) (4)

1 . .
= [r(t)eijznf‘t + r(t)e’znfft].

3. Adaptive Threshold Energy Detection
Spectrum Sensing Method

With the presence of noise and the OFDM signal, the
spectrum sensing problem can be modeled as a binary
hypothesis problem with two hypotheses H, and H, to
represent the absence and presence of the DME signal in the
channel, respectively.

¥y

n=-00 k=—N_/2

(3)
Ck’nejZHAf(t—nTs—tO)q(t _ HTS _ to),
~ h*x(n) +w(n), H,,
y(n) = {h*[x(n)+s(n)]+w(n), H,, ®)

where s (n) is the sampling sequence of the DME signal, and
x(n) is the OFDM signal transmitted through L-band.
According to the central limit theorem(CLT), the sum of
independent and identically distributed random variables
follows the Gaussian distribution. w(n) is additive white
Gaussian noise (AWGN), which follows Gaussian distri-
bution with a mean value of 0 and variance of ¢2. h is the
ideal channel gain and is constant.

The important index to measure the performance of
spectrum sensing is the probability of detection, probability
of false alarm, and probability of missing. The formulas of
these three indicators are as follows:

P, =P(H,|H,),
P; = P(H,|H,), (6)
P, = P(H,|H,).

In the spectrum sensing method of CR, Harry Urkowitz
researched the energy detection method of unknown de-
terministic signals. On the basis of its research, this paper
proposes an energy detection method based on adaptive
threshold to sense the DME signal. The steps involved in the
proposed method are shown in Figure 5. The received signal
is scanned and then sent through a band pass filter (BPF) to
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FIGURE 5: Model of the adaptive threshold energy detection.

filter and separate DME and OFDM signals based on their
center frequency. The split DME signal and noise are then
transmitted to the A/D transformer. The energy of the re-
ceived signal is computed. Finally, the detector selects the
hypothesis in comparison with the threshold [16], with the
results being transmitted back to the transmitter for real-
location of spectral resources.

The definition of detection statistic under different cases
is derived as follows:

N
T=) lym’
n=1
N N (7)
- { Y lwm)?, Ho, Y. |hxs(n) + w(n)’, Hy,
n=1 n=1

where ¢ represents the noise variance, o2 represents the
average power of the DME signal, and N is the number of

received signal samples. Based on the CLT, the distribution
of the test statistic [17] under H, and H, can be given as
N.(No*2Ng"), Hy,

8
N.(N(o* +802).2N(” +002)"). H,, ©

where N, (4, 02) stands for Gaussian distribution with mean
¢ and variance 0%, and the gain of the channel & can be
expressed by the following formula, where p represents the
number of paths:

8= E[lh(MP]. (9)

P
=1

From (8), the probability density function of T in two
cases can be given as

1o\ T-No*)
S (TIH,) :(471N04> exp[—( 4N¢* ) ]’
(10)
)= (L) ] TN o))
f Y\ 47N (02 + 802)? . 4N(a2 + 803)2
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Therefore, the probability of detection, the probability of
false alarm, and the probability of missed alarm can be
derived.

P,=P{T>MH,}

~ A—N(02+60f)
"\ N (o) )
P; = P{T > A|H,}

1 - No? (11)
_ Q(—m02>,

P, =P{T<MH,}=1-P,

-0 )L—N(o2 + &ff)
- V2N (02 + 505) ’
where A is the adaptive decision threshold and Q (-) is the
right tail function of the standard normal distribution, also
known as the standard Gaussian complementary cumulative
distribution function [18, 19]. Conventionally, the threshold
is chosen to limit P to an acceptable value.

The decision threshold A for a particular false alarm rate
is given as

A=0’[V2NQ'(P) + N] (12)

4. Simulations and Analysis

4.1. Simulation Setup. According to the relevant specifica-
tions of the ICAQ, the simulation parameters are set in
Table 1 and Table 2.

4.2. Simulation Results and Analysis. To verify the perfor-
mance of the adaptive threshold energy detection method in
spectrum sensing of the L-band DME signal, this section
conducts simulation with MATLAB under different con-
ditions. The results are all averaged over 1000 realizations,
and the number of samples for detection is N =16200.
Simulation 1: the SNR is set to —20dB, —18dB, and
-15dB. The connection curve between the probability of
detection and the probability of false alarm is shown in
Figure 6. As shown in Figure 6, the probability of false alarm
has less impact on detection performance, while the change
in SNR has a greater impact on it. The probability of de-
tection steadily rises as the SNR increases. When
SNR = -15 dB, the probability of detection can reach 100% at
about P=0.05. But when SNR =-20dB, the probability of
detection needs to reach 100% at about P;=0.35.
Simulation 2: to verify the effect of the change in SNR on
detection performance, we set the SNR range from —20 dB to
—5 dB for observation, and the effect of SNR for the adaptive
threshold energy detection method of the DME signal is
shown in Figure 7. It can be seen that when SNR is above
—12dB, the probability of detection can reach 100%; when

5
TaBLE 1: LDACS signal.
Items Values
Carrier frequency/GHz 1
Transmission bandwidth/MHz 0.49805
Sampling interval/ s 1.6
Channel model AWQN/multlpath
fading channel

Number of significant subcarriers 50
Modulation mode QPSK

TasLE 2: DME signal.

Items Values
Signal start time/ms 2
Carrier frequency/GHz 0.5
Sampling interval/ us 1.6

Channel model AWGN/multipath fading channel
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0.5 F
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F1GURE 6: The relation curve between the detection probability and
the false alarm probability under different SNRs.

the SNR is below —12 dB, the detection performance drops
sharply. At the same time, the detection performance of
Pr=0.1 is clearly better than that of P;=0.01 and Ps=0.05.

Simulation 3: to verify the superiority of the adaptive
threshold energy detection method for DME signal detec-
tion, the method is simulated under the same probability of
false alarm and SNR as the energy difference detection
method (the energy difference of the signals received in
different channels is compared with the decision threshold).
We set the SNR range from —20 dB to —5 dB under two false
alarm rates (Pf=0.1 and Pf=0.01). It can be seen from
Figure 8, in the same probability of false alarm and SNR, the
proposed method’s probability of detection is clearly higher
than that of the energy difference detection method. With
the increase of SNR, both methods’ probability of detection
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FiGgure 8: Comparison of adaptive threshold energy detection and
energy difference detection.

increases, but the probability of detection based on the
adaptive threshold energy detection method has priority to
reach 100%.

Simulation 4: to verify the practicability of the adaptive
threshold detection method for the DME signal, the de-
tection process is simulated in multipath channel and
compared with the energy difference detection method.
Under the setting of simulation 3, the number of paths is 8,
the Doppler frequency shift is 1250 Hz, the delay of each
path is {0, 0.4, 0.8, 1.2, 1.6, 2,2.4, and 2.8}us, and the power
attenuation of each path is {0, —1.7373, —3.4744, —5.2115,
—6.9487, —8.6859, —10.4231, and -12.1602}dB. Combining
Figures 8 and 9, it can be seen that at Pf=0.01, under the
AWGN channel, the probability of detection reaches 100%
when the SNR is —13 dB, and under the multipath channel,
the probability of detection reaches 100% at SNR=-11dB,
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but the probability of detection based on adaptive threshold
energy detection is still higher than that of energy difference
detection.

5. Conclusions

LDACS is considered as a promising candidate for the
future air-to-ground links, which is recommended to
operate on the lower half of the L band as an inlay system
between the two neighboring DME channels. Spectrum
utilization efficiency of LDACS can be improved by en-
abling dynamic spectrum access (DSA) in the system. In
this paper, an adaptive threshold energy detection spec-
trum sensing method based on the constant false alarm
rate for the DME signal is proposed. The method does not
need the prior information of the primary user (refers to
DME in the text) signal, such as the prior probability,
signal power, waveform, and so on. It has the charac-
teristics of short detection time and low algorithm
complexity. The impact of the probability of false alarm,
SNR, and channel fading on the probability of detection is
verified in the simulations. In addition, the detection
performance of the proposed method is compared with
that of the energy difference detection in simulation, with
results showing that the proposed method is superior to
the energy difference detection method in terms of flex-
ibility and detection performance.
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