/
oo Resmurch
0.00 Publishing

Advances in Aerospace Science and Technology, 2021, 6, 67-79
https://www.scirp.org/journal/aast

ISSN Online: 2473-6724

ISSN Print: 2473-6708

Distance Measuring Equipment Pulse
Interference Suppression Based on
Wavelet Packet Analysis

Qiao Yao, Kewen Sun

Hefei University of Technology, Hefei, China

Email: yaopeach@outlook.com

How to cite this paper: Yao, Q. and Sun,
K.W. (2021) Distance Measuring Equipment
Pulse Interference Suppression Based on
Wavelet Packet Analysis. Advances in Aero-
space Science and Technology, 6, 67-79.
https://doi.org/10.4236/aast.2021.61005

Received: February 9, 2021
Accepted: March 20, 2021
Published: March 23, 2021

Copyright © 2021 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

Abstract

As an indispensable part of global satellite navigation system, the frequency
band of DME will overlap with that of the navigation signal, which will cause
the signal from the DME platform to be accepted by the Global Navigation
Satellite System receiver and form interference. Therefore, it is of great signi-
ficance to study an effective algorithm to suppress DME pulse interference.
This paper has the following research on this problem. In this paper, wavelet
packet transform is used to solve for the suppression of DME pulse interfe-
rence method, wavelet packet analysis belongs to the linear time-frequency
analysis method, it has good time-frequency localization characteristics and
the signal adaptive ability, due to the function of wavelet packet and parame-
ter selection of DME will affect the ability of interference suppression, com-
bining with the theory of wavelet threshold, function type and decomposition
series are discussed to prove the validity of the selected parameters on the
pulse interference suppression.

Keywords
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1. Introduction

Satellite navigation system’s main function is to realize the positioning, velocity
and timing, Global Position System is an important part of GNSS, GPS L5 signal
spectrum and B2 signal common Beidou Satellite Navigation System in our
country, because there have been many radio navigation systems in the work in

this band, so the GPS L5 receiver is facing the complex electromagnetic envi-
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ronment, DME equipment is one of the largest interference sources to the in-
terference. In severe cases, GPS receiver cannot be accurately positioned,
which poses a potential threat to the implementation of PBN of civil aviation.
Currently, there are three main methods to deal with interference suppression
of DME equipment, namely, time domain processing method, frequency domain
processing method, and time-frequency domain combined processing method
[1].

The time domain processing method is the most common pulse interference
suppression method, which is to suppress the interference by setting a threshold
in the time domain consistent with the noise level and zeroing the received sig-
nal samples that exceed the threshold. In the case of high pulse interference den-
sity, this method will lose a large number of useful satellite signals.

Compared with the time-domain processing method, the frequency-domain
filtering method can filter out the interference more effectively, but at the same
time, there will also be cases of filtering out useful signals [2]. Due to the varia-
bility of aircraft flight environment, the frequency-domain processing method
based on notch filter requires the construction of different notch filters, which is
not feasible in the changeable flight environment.

Compared with the former two methods, the time-frequency mixing method
can save more useful signals to suppress the interference. How to detect the cen-
ter position of the pulse is the key of this method, but if there is a very bad inter-
ference environment, it is difficult to achieve this method.

To sum up, the traditional time-frequency analysis is unable to filter out the
interference signals while preserving the useful signals as much as possible.
Therefore, based on the detection and suppression of DME interference in the
domain of wavelet packet transform, this paper further systematically studies
and analyzes the function type, decomposition order and the selection of thre-

shold value.

2. Signal Model
2.1. How the DME System Works

DME is the ranging part of TACAN adopted by the International Civil Organi-
zation. As a new international standard ranging system, DME has important ap-
plications in navigation, such as positioning service, speed and flight time, air-
way spacing and regional navigation.

DME consists of two parts, an airborne interrogator and a ground transpond-
er, and calculates the distance by measuring the time of electromagnetic wave
transmission in space. The block diagram of its basic working principle is shown
in Figure 1.

After the pulse output by the oscillator passes the frequency division, a chatter
rectangular pulse with random intervals is obtained; after the coding by the en-
coder, a Gauss pulse pair with fixed time intervals is generated; after the RF
modulation, the RF query signal is transmitted through a non-directional an-

tenna. As shown in Figure 2, after the signal is DME ground receiving platform,
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Figure 1. Block diagram of basic working principle of DME system.
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Figure 2. DME measurement of oblique distance between aircraft and DME platform.

the ground of the transponder decoder will according to the rf frequency and
pulse interval between rf interrogation signal of acceptable, if the effective in-
quiry, decoder can produce a decoding pulse, the radio frequency modulated by
omnidirectional antenna radiation also get the corresponding plane to ask sig-
nals of question and answer. The oblique distance R from the aircraft to the
ground DME platform is

1
R:E(T -T,)C. (1)
where, Cis the speed of light, 7; refers to the time between the ground trans-
ponder receiving the question signal and sending the question signal, and 7 re-
fers to the time difference recorded by the interrogator from sending the ques-

tion signal to receiving the answer signal.

2.2. DME Pulse Signal Model

The coding format of the interrogation signal and the response signal of DME is
Gaussian pulse pair. The mathematical model of a baseband DME pulse pair
signal is as follows [3]

Q2 Oy

s(t)=e? +e? (2)

Among them, the half-amplitude pulse width of both Gauss pulses is 3.5 ps,

and the modulated DME signal model can be expressed as
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Figure 3 shows the DME/TACAN standard pulse pair generated according to
the mathematical model. The transmitted DME/TACAN signal is composed of
such pulse pair continuously [4], and the arrival time of the pulse pair is ran-

dom.

2.3. DME Signal Quality Index

The main performance indexes of DME beacon transmitter are as follows.

1) Output power: the output power of the terminal DME beacon is more than
100 W, and the output power of the airway DME beacon is more than 1 KW.

2) Signal form: it has a Gaussian envelope. Since the shape of the envelope will
affect the signal spectrum, the interference size of the adjacent channel will be
affected.

3) Transmission rate: The frontal response pulse repetition frequency range of
DME beacon transmitting base is 2700 - 700 pairs/s, the main performance in-
dex of DME beacon receiver is sensitivity, which refers to the receiver’s ability to
accept weak signals, and the minimum detectable signal power is its measure-
ment data. ICAQ’s requirement for DME transponder receiver sensitivity is the
need for query pulse pairs with correct intervals and nominal frequencies. When
its peak power density at the transponder antenna is —103 dB W/m?, the trans-
ponder responds with at least 70% response efficiency. Under the condition of
the highest sensitivity and good station environment, if the peak pulse power
emitted by the DME beacon station is 1 kW, its operating distance can reach 200
nm (370 km).

1:2 T

04 7

The magnitude of normalization

02 7

O 1 1 1 i
0 0.5 1 1.5 2.5

time (us) % 10%

N

Figure 3. Baseband DME waveform.
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2.4. Effects of DME Pulse Interference on GNSS

The transmitting frequency of the response pulse pair in the DME platform
working in 64x - 126x channel overlaps with the frequency band range of the
signal received by the airborne GNSS receiver [5]. These interference pulses will
enter the GNSS receiver and reduce the signal-to-noise ratio of the signal, thus
reducing the sensitivity of the user when capturing GNSS signals [6]. This will
further increase the GNSS signal tracking failure rate. When it is serious, the
availability of observation data will be reduced, and even cycle slip will be
caused, resulting in greater errors in positioning results.

The second effect of interference on the GNSS receiver is that it will increase
the observed code noise and phase noise, thereby reducing the accuracy of the
GNSS user terminal. In addition, the interference will also cause the acquisition
time of the GNSS receiver to prolong [7], resulting in GNSS the user’s first posi-
tioning time is extended. The mathematical formula of the received signal of a

GNSS signal receiver affected by a DME station can be shown as [8]

Sk (t) = Sgnss (t) + Z?:QZUN:“{" \/ES (t —tou )ej(znfm'uwgm'u) + n(t) (4)

Among them, Sggs(t) is the received signal, s(t) is the DME baseband
signal [9], N

DME station received during the observation time, P, is the received power of

um i the total logarithm of the impulse transmitted from the m-th
the m-th DME station signal [10], and t_ is the arrival time of the U pulse
pair generated by the m-th DME platform.

3. DME Pulse Interference Suppression Method Based on
Wavelet Packet Decomposition

3.1. The Difference between Wavelet and Wavelet Packet

Wavelet analysis and wavelet packet analysis are both suitable for the nonstationary
signal analysis. Compared with smaller wave analysis [11], it can not only decom-
pose the low-frequency part of the signal, but also the high-frequency part [12].
The wavelet packet analysis can be used to analyze the signal containing a large
amount of medium and high frequency information. Perform better time fre-
quency localization analysis, and adaptively select the best wavelet basis function
according to the characteristics of the signal, thereby improving the time fre-
quency resolution.

In the multi-resolution analysis based on wavelet transform, only the low fre-
quency sub-band of the signal is decomposed at each level [13], and the high
frequency sub-band is not decomposed. Therefore, the high frequency band reso-
lution is poor. If the space corresponding to the low frequency band in the wavelet
analysis is regarded as V|, the space corresponding to the high frequency part is
regarded as W, , the high and low frequency bands here are relative to the fre-
quency band of the upper level space; the wavelet transform only divides each
space into two. The wavelet packet transform can divide the low-frequency space

and the high-frequency space at the same time [6]. Relative to wavelet decompo-
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sition, the signal can be decomposed more accurately and the time-frequency
resolution can be improved.
Set {V,} asa multi-resolution analysis of L2 (R) , the corresponding scaling

functionis ¢, and the waveletis ¢, ¢ satisfying the scaling equation [14]

¢(X)=k§:hk¢-1,k(x)=\/§zhk¢(2X_k) (4)

and

o(x)=v23 g.p(2x—k) (5)

kez

among them
g =(-1) P (©)

Vi, =V, ®W,V,, =V, ®W,,V,, =V, ®W, ®W, , which called wavelet

j+1 j+1 j

decomposition of space, fH:fj+ej, fjflzfj+1+e +e» f,eVv, f eV,

j+1
k> j—1 etc, which are called wavelet decomposition of function.
Wavelet decomposition refers to decomposing f,,e (k> j) on the basis

AW, ®W, =V,,, ®W, , ®W,, ®W, = in a

of decomposing V,, =V, i vz i1

j+1 j+2
certain way.

Figure 4 shows the three-level wavelet packet decomposition tree diagram of
the original signal, where S represents the low-frequency coefficient obtained by
the signal through the low-pass filter [14], and D represents the high frequency
coefficient obtained by the signal through the high-pass filter. Each layer of wave-
let packet can divide the original frequency band into two, and the three-layer
wavelet packet can divide the original frequency band into 2% sub-bands, thereby
realizing frequency band subdivision and improving frequency domain resolu-
tion. For the entire wavelet packet, it is a binary-organized band-pass filter bank
from wide to narrow, and various applications can find the best combination

that meets the needs.

3.2. Principle of Interference Suppression Algorithm Based on
Wavelet Packet Transform

The essence of wavelet transform is the similarity between the original signal and

A A

S1 S2 S3 sS4 dl d2 d3 d4

°5 7L

SS1 Ss2 ds1ds2 Sd1Sd2 dd1 dd2
SSS | dSS | SdS | ddS | SSd | dSd| Sdd| ddd

Figure 4. Schematic diagram of three-level wavelet packet decomposition.
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the wavelet basis function. The wavelet coefficient is the coefficient of the wave-
let basis function similar to the original signal. In the problem of interference
signal suppression, since the GNSS signal is submerged in noise, the similarity
between noise and wavelet is less than that between wavelet and DME signal, so
the received signal interfered by DME impulse can be passed through wavelet.
The packet change is transformed into the wavelet packet coefficient domain.
The coefficient with larger absolute value is expressed as DME interference sig-
nal [15], and the coefficient with smaller absolute value is expressed as noise and
satellite signal. At the same time, setting an appropriate threshold in the wavelet
packet domain will make the absolute value larger the coefficient is set to zero,
so as to achieve the purpose of suppressing the pulse interference signal. Finally,
the processed wavelet packet coefficient is inversely transformed to obtain the
signal in the time domain. The basic steps are as follows [16]:

1) Wavelet packet decomposition

Choose the appropriate wavelet and the appropriate decomposition level (de-
noted as K), and then perform K-level decomposition on the received signal in-
terfered by DME.

2) Threshold quantization of high-frequency coefficients after decomposition

Set an appropriate threshold in the wavelet packet coefficient domain, and
zero the coefficients whose absolute value is greater than this threshold to sup-
press impulse interference signals [17].

3) Inverse wavelet packet transform.

The K-th wavelet packet coefficient is inverse transformed to get the time

domain waveform.

3.3. Equations

Because the satellite signal contains a lot of noise, the satellite signal and the
noise can be viewed together as Gaussian noise with zero mean value &.

Suppose the variance of noise £ is o, and its power spectral density is
S, (a)) = 0. The variance of the wavelet coefficients after the first-level wavelet
packet transformation of the filter is G,. The frequency response of o} is
(18]

Gy (»)= Z::_w 9 (n)e ™, we[-n,n] (7)

Among them, g, (n) is the unit impulse response sequence, and the power
spectral density of W& is:

S, (@) =[G, (@) S, (@) (8)

The autocorrelation function of W& is:
1 (= e
R, (r)zzjiwswl(a))e 4 9)

Therefore:

5? =R, (0) =% “ 16y (@) S, (@)do (10)

DOI: 10.4236/aast.2021.61005 73 Advances in Aerospace Science and Technology


https://doi.org/10.4236/aast.2021.61005

Q. Yao, K. W. Sun

i j @ jnw
:% 4[2:}0090(n)e_m”}[z%go(ﬂ)e’ :|da) (11)
oo .
- (13)

Suppose the probability density function of white noise with zero mean variance
o? is P,(X), then there is:

(14)

Suppose the probability density function of white noise with zero mean variance
This P, then there is:

X2

o w 1 7z
Pa. =2J‘ThPs(x)dx=2.fTh O_me 20° dx (15)
2 © _t2
== |7 et (16)
=
Th
:erfc(— k (17)
7)

According to the above formula, the threshold value is:

Th = o/2erfc? ( Pfa) (18)

3.4. The Choice of Wavelet Packet Decomposition Series

Each layer of wavelet packet divides the original frequency band into two, and
the k-layer wavelet packet can divide the original frequency band into 2%
sub-bands, thereby realizing frequency band subdivision and improving fre-
quency domain resolution. That is, the larger the decomposition level, the finer
the division of the signal, and the better the interference suppression effect.
When the decomposition gets to a certain level, continuing the decomposition
will not make the performance significantly improved. In addition, Due to the
wavelet packet filter is not ideal, the increase in the number of decomposition
stages will cause aliasing of the subband spectrum. Therefore, the choice of series
of the wavelet packet should take into account the bandwidth of the interference
signal and the amount of calculation. That is to say, wavelet packet resolution
after decomposition is equivalent to the frequency band of the suppressed inter-

ference signal.

3.5. Selection of Wavelet Function Type

In numerical analysis, we knowed that the essence of wavelet transform is the
similarity between the original signal and the wavelet basis function. The wavelet
coefficient is the coefficient of the wavelet basis function similar to the original
signal. Therefore, the more similar the generator function is to the analyzed sig-
nal, the more local the coefficients after the wavelet transform can be, and the

better the interference suppression effect. In the actual process, there is no dis-
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play expression in a few wavelet functions, and it is difficult to give a certain de-
gree of similarity between the wavelet function and the analyzed function. This
experiment adopts the general selection criteria of wavelet function, in order to
be able to perform multi-resolution analysis and apply the fast algorithm of
wavelet transform.

In the paper, we consider the Daubechies wavelet function family, the Symlet
wavelet function family, the Coifle wavelet function family, the bioorthogonal
wavelet function family [6], the rbio inverse biorthogonal wavelet function fam-
ily and the discrete Meyer wavelet function “dmey”. According to the capture
performance of the signal after interference suppression, the effects of various

wavelet functions in suppressing interference are compared.

4. Simulation Results and Analysis

This experiment is based on wavelet packet decomposition algorithm to sup-
press DME pulse interference. Under certain false alarm rate condition, uniform
thresholds are set for comparison of the impact of different wavelet function
types and levels on the interference suppression performance. The experimental
equipment of this experiment is shown in Figure 5. In the experiment, a more
real DME interference environment is simulated. The repetition frequency of
each DME pulse pair is 2000 pairs/sec. The interval between pulses obeys the
Poisson distribution, and the interference duty cycle is 37%. And add the gener-
ated DME pulse interference signal to the real GPS samples collected by the
GNSS receiver.

Figure 6 and Figure 7 are the GNSS signal waveform without impulse inter-
ference and the GNSS time domain waveform with DME impulse interference
signal.

Figure 8 shows the GNSS time domain waveform after impulse interference
suppression. Obviously, The algorithm proposed in this paper can effectively
suppress pulse jamming.

This paper uses the alpha_mean index (the ratio of the maximum value to the
mean value after removing the maximum value) to measure the suppression
performance of the pulse interference signal. Figure 9 is a graph showing the

GNSS Software Spectral  Vector Signal
Receiver An Generator

GNSS Receiver GNSS Signal
Front-end Sampler

Figure 5. Experimental setup of the measurement test in the lab.
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Figure 6. GNSS signal waveform without impulse interference.
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Figure 7. GNSS signal waveform with DME impulse interference.

60 T T r

Amplitude
N
o [=]

N
S
T

0 0.5 1 15 2 25
Time samples «10%

Figure 8. GNSS signal after pulse interference suppression.
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Figure 9. Comparison of interference suppression performance of wavelet packet trans-
form.

results of interference suppression performance using different decomposition

levels and wavelet functions.

5. Conclusion

This paper mainly studies the wavelet packet decomposition and reconstruction
and the actual algorithm applied to suppress DME pulse interference. Through
real experimental results, the correctness of the impulse interference suppression
algorithm based on wavelet packet transform is verified. In addition, we com-
pare the interference suppression performance under different decomposition
orders and wavelet packet function, and the optimal wavelet function and cor-
responding to suppress DME impulse interference are found. The number of
decomposition stages provides a reference for the parameter selection of wavelet

packet transform for DME pulse interference suppression.
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