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The presented method is a DCT mitigation thresholding technique (DCT-MTT) for
narrowband interference reduction in Global Navigation Satellite System (GNSS) receivers.
First, the received signal immersed in an Additive White Gaussian Noise (AWGN), is
multiplied, in time domain, (sample by sample) by a Tukey window of the same length.
Then, the DCT transform is applied. Next, the transformed signal is divided in non-
overlapped packets. Each one can be viewed as a non-interfered packet (if it has roughly the
same variance as the estimated unknown variance of the AWGN) that must be conserved,
or considered as an interference packet (if its variance is significantly greater than the
variance of the AWGN) that should be thresholded. The conservation (or inversely the
thresholding) of a packet is achieved by the use of DONOHO’s Universal-Threshold apart
from that the variance is estimated based on the statistical sampling theory. The Final step
consists in the application of the inverse DCT to obtain a good approximation of the received
interference-less signal. The results obtained from several simulations confirm that the
suggested strategy outperforms, in term of signal quality restoration, the conventional

methods.

1. INTRODUCTION

Navigation systems play a significant role in today’s
localization based services. The need to such systems is
growing rapidly in several fields such as: Intelligent transport
systems, Military sectors, smart phone applications,
agriculture and related industry and many others.
Unfortunately, the GNSS receivers are vulnerable to
contamination by unintentional interferences generated by
other communication systems and/or intentional interferences
known also as jamming. Thus, these kind vulnerabilities can
disrupt GNSS-based services in widespread geographical
areas [1].

In this context, an integrated solution for interference
mitigation employed at the receiver is required. As one of the
most used anti-jamming strategies, the pre-correlation
interference countermeasures consisting in the techniques that
operate before the acquisition process. Such techniques can be
classified into three classes. The first class includes antennas-
based solutions. As a representative example, the work that
used antenna arrays adopted to produce radiation pattern
which reduces the interference signal coming from a
determined direction [2]. The second group comprises front-
end part solutions. As a belonging method, the Automatic Gain
Control (AGC) that can be used as a helpful tool to detect and
estimate the interference [3]. Additionally, the third category
encompasses the digital signal processing (DSP) based
solutions, which are applied at the front-end output. The DSP
algorithms used for GNSS jamming mitigation can be roughly
divided into two main sub-categories: temporal domain and
transform domain filtering techniques. Time domain
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processing is the simplest way which acts directly to process
contaminated data and therefore is appropriate and of low cost
[4]. A detection and mitigation method for narrowband
interference [5] is proposed based on an adaptive infinite
impulse response (IIR) notch filter (NF) that adaptively
estimates the notch frequency, where the magnitude of
estimated zero of notch filter placed near to unity in the
presence of CW interference and otherwise it remains close to
zero. In the same context, an adaptive IIR notch filter and
adaptive cascading filter structure was employed to identify
the type of interference signals [6]. Also, a simple mechanism
achieves pulsed interference suppression in the time domain
by thresholding output samples of the ADC converter [7]. In
counterpart, transform domain filtering techniques transform
the altered input data in a different domain. One of the
belonging methods that engaged the Discrete Fourier
Transform (DFT) to mitigate the interference is reported in the
study [8]. It acts by modifying the spectrum of the
contaminated input data, in the Fast Fourier Transform (FFT)
domain. Therefore, spectral lines of the interference are
blanked (removed) from the received signal according to the
determined excision threshold. Additionally, the short time
Fourier transform (STFT) is used to estimate the instantaneous
frequency of interference in Time-Frequency TF domain, next
an IR filter is applied as a rejector [9]. Likewise, an STFT-
based interference excision system is proposed by Quyang and
Amin [10]. However, due to the well-known reported
drawback of the STFT method, that is the fixed length
analyzing window, the wavelet transform (WT) appeared to
offer more flexibility on the choice of window length (by using
multi-resolution analysis). Consequently, considered as
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another alternative, the interference mitigation by Wavelet
Packet Decomposition (WPD) filtering is introduced in the
researches [11, 12]. The method employed Donoho’s de-
noising thresholding principle to estimate the interference.
Accordingly, the useful signal is finally obtained by
subtraction of the estimated interference from the received
signal. In this context, the authors [1] proposed empirical
thresholds based on the standard deviation estimation of each
wavelet packet in absence of the interference. Hence, the
reduction of the interference is performed by the suppression
of all coefficients that are above the empirically defined
thresholds.

In this paper, the authors describe a transform domain
method considering an innovative thresholding technique to
reject narrowband interference. First, the received signal,
which is assumed contaminated by an Additive White
Gaussian Noise (AWGN), is multiplied, in time domain,
(sample by sample) by a Tukey window of the same length.
Next, it is transformed in the DCT domain. After that, the
transformed signal is partitioned in non-overlapped packets.
Each one can be a non-interfered packet (of the same variance
of the AWGN) that should be preserved, or an interference
packet (if its variance is significantly greater than the variance
of the AWGN) that should be thresholded. The preservation
(or conversely the thresholding) of a packet is achieved by the
use of the well-established Universal-Threshold of
DONOHO’s algorithm apart from that the variance is
estimated based on the statistical sampling theory. The last
stage consists in the application of the inverse DCT to obtain
a good estimation of the AWGN.

The paper is organized as follows: Received signal model
and the classification of interference signals characteristics are
introduced in section 2. The mathematical background
concerning the DCT Transform, the universal threshold and
the statistical sampling theory are presented in the section 3.
Detailed model of the interference mitigation suppression will
be described in section 4. Simulation results evaluate the
suppressing interference method performance will be
discussed in Section 5. Finally, a conclusion section concludes
the paper.

2. RECEIVED SIGNAL MODELING
2.1 Signal modeling

The received interfered GNSS signal at the input of a front-
end receiver can be expressed by:

-1

r(t):h./I s (t)+j(t)+n(t)

i=0

(1)

where, M indicates the total number of visible satellites, Si(t)
denotes the transmitted GNSS signal received from the it"
observable satellite, however, j(t)is the RF corrupting
interference, and n(t) is the additive white Gaussian noise
(AWGN). Note that, every useful GNSS channel can be
describe by [1]:

s(t) =/2Pd (t-7)c(t—175)s, (t—75)

cos(27(fe + fy )t+ep) @)
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where, P is the power of the received signal, d(t) is the
navigation message component, c(t) is the spreading sequence
of the captured satellite, while o, fg, and o are, respectively,
the received code delay, the Doppler frequency, and the phase
produced by the channel; f; is the central frequency of GNSS
signal

The signal in Eq. (1) is then delivered to receiver front-end
passing through several steps, next, it is down-converted to the
intermediate frequency (IF) and sampled at rate fs=1/Ts.
Therefore, at the ADC output the composite received signal
can be described as follows:

r(n)=s(nT;)+ j(nT;)+n(nTy) 3)

It is worth noting that j(nTs) and n(nTs)are, respectively, the
sampled interference and the digital AWGN components.
Additionally, for a given front-end bandwidth Bie, it can be
noticed that by sampling the signal at the Nyquist frequency
fs=2Br, the noise variance becomes [1, 13]:

f
o = E{nz[n]} = N02 >=Ng B 4

where, Np is the power spectral density (PSD) of the noise.
Note that the digitized GNSS signal from visible satellite is
stated by:

s(n)=+2Pd (nT,; —ny)c(nT, =g )s (T, —ng)

cos(27(fe + f4)nT, +6,) ©®)

2.2 Interference signal description

Interference usually transmits high-power signal that
produces, consequently, the receiver loss when acquiring and
tracking GNSS signals. Therefore, GNSS receivers can be
polluted by diverse kinds of interference. The most of the
Radio Frequency interference (RFI) are considered
Narrowband interferences (NBI). Additionally, one of the
most existing and of disastrous impact is the CWI interference
which has the spectral occupation tending to zero. It can easily
diminish drastically the performance of a GNSS receiver.
Another type of interference, that can be faced, is the pulsed
signals transmitted from Distance Measuring
Equipment/Tactical Air Navigation interference
DMA/TACAN services [13]. It is noted that such type shares
the same spectrum of the satellite navigation systems, as well
as the occupation of pulse interference is considered as a

narrowband one. Accordingly, the preceding cited
interferences can be modeled as follows:
(a) Single-tone continuous wave interference (SCWI)

sowi (1) = Jeos (27 fip £ AF )t + D) (6)

where, J is the interfering signal amplitude and Af is the
difference from the central frequency of the GNSS signal, and
& is a random initial phase uniformly distributed in the
interval [—m, m].



(b) Multi-tone continuous wave interference (MCWI)
N
Tmew (t):ZJi cos (27 (i £ AF; )t+2;) (7)
i=1

where, Ji,Afi and i are, respectively, the amplitude, the
frequency difference, and the random phase for the i tone.

(c) Pulse interference

(t W) —aft-At-t)
+e 2

J_Z

xcos(27( e £Af )t ®

+7)
where, P is the DME/TACAN peak power at the antenna, ti is
the set of pulse pairs arrival times, fie is the frequency of the
received interference, & is the interference signal carrier phase,

At=124ss is the inter-pulse interval and o=4.5x10''S?. Figure
1 shows a DME/TACAN pulse pair [14].
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Figure 1. DME pulse pair signal waveform after modulation

3. MATHEMATICAL THEORETICAL BACKGROUND
3.1 Discrete cosine transform
The Discrete Cosine Transform (DCT) is a well-known and

one of the most used transform to signal processing and
analyzing in frequency domain. It is expressed by Eq. (9):

n-1(k-1
i (Kl NO)

w[k]Zr cos

where,
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N is the length of the time domain input signal r.
It is noticeable that the frequency index k, is formulated by

[15]:
B Nx f
| fs/2

_kxfs
2N

where, fs is the sampling frequency, f is the frequency
corresponding to the k™ index and |.| is the rounding off

operator to the nearest integer operator.
On the other hand, the inverse DCT is presented in Eq. (10).

x(2n-1)(k-1)
2N

F”42

w[k]R[k]cos

(10)

k=1

It is worthy to note that the DCT transform is among real-
to-real transforms. In fact, the DCT is a fast transform which

decomposes signal to harmonics in the range [O—?} Hz.
3.2 Universal threshold

Discrete Wavelets transform DWT provides an efficient
way to estimate signals in the presence of noise. The signal
denoising based on DWT is constituted of three steps that are
[16, 17]:

- The decomposition of the signal by means of the DWT,;

- The thresholding of the wavelet coefficients that may
contain mainly the noise in order to reduce the noise pollution
of the useful signal;

- Finally, the reconstruction phase and the restoration of the
useful signal which is achieved by the application of the
inverse DWT.

Donoho and Johnstone introduced an innovative nonlinear
approach for thresholding in wavelet domain. In their
technique, the thresholding can be applied by implementing
hard or soft thresholding strategies, which also called as
shrinkage [16]. The threshold value 4,.,;, of the denoising
functions is based on the estimation of the noise assumed
existing in the data. Hence, the universal threshold proposed
by Donoho can be expressed as:

Auniv = a./ZIogN (11)

where, N is the signal length and o is the standard deviation
of the noise. Note that the noise level o was estimated by the
estimator involving the calculation of the median of the
absolute values of the wavelet coefficients of the first detail
level [16, 17] expressed in Eq. (12):

~ Median(|cDj |) (12)
7 06745

Consequently, the hard threshold is achieved according to
Eq. (13):



y=xifx>2

Hard —threshold
{y=0if[b(|<ﬂ ()

However, the soft-thresholding is ensured according to Eq.
(14):

Soft —threshold ~ {y = sign(x)(|x|- 1) (14)

where, x is the input signal and y is the signal after threshold.
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Standard deviation estimation using the sampling

In most denoising methods, reported in the literature, the
well-established DONOHO’s estimator (Eq. (12)) is involved
to estimate the unknown standard deviation ¢ of the AWGN.
However, in our contribution, the unbiased estimator deduced
from the sampling theory is used [18]. It is described by:

|l

) (15)

i=1

where, u, the sample mean, is described by:

1 L
#:E;Zi

where, L is the length of a sample frame (packet).
3.4 The cosine-tapered window (Tukey window)

By multiplying, sample by sample, the input signal by the
cosine-tapered window, the boundaries effects are
considerably reduced when using the DCT-based thresholding.
The mathematical model of the Tukey window is expressed as
follows [19].

1 2z
§{1+ cos(T(x -r/ 2)}

1

r
0<x<—
( 2)

< x<1—%) (16)

%{1+c03(2—7[(x—1+r/2)} (1—% <x<1)
r

where, r is the ratio of cosine-tapered section length to the
entire window length N with 0 <r <1.

4. PROPOSED METHOD DESCRIPTION
4.1 Proposed mitigation thresholding technique

Inspired by the well-established Donoho’s wavelet-based
thresholding technique [16, 17] used in the wavelet domain,
additionally, motivated by the works presented in the
researches [20, 21] that used the thresholding strategy in the
DCT domain for speech enhancement, also the work
estimating the AWGN standard deviation by the sampling
theory estimator [18] for ultrasonic signals denoising, the
proposed technique provides a new GNSS interference
mitigation method in the DCT domain. Accordingly, the
interference mitigation unit is incorporated in the pre-
despreading part of the GNSS receiver. Figure 2 shows the
different constituting blocks of the suggested method.

As shown, first, the incoming signal r(n) is multiplied by a
Tukey window in order to diminish the border effect. Then,
the resulting signal is transformed in DCT domain. Next, the
transformed signal is devised into adequate number of
segments in order to estimate the sample standard deviation
(o; with 1 < i < M) of each i*" segment (packet) separately,
to estimate a global standard deviation (a;;,p4:) bY @ Suggested
strategy. Then the threshold of the excision phase is
determined according to the universal threshold method.
Consequently, the coefficients above the calculated threshold
are nullified. Finally, the application of the inverse DCT
operation recovers, suitably, the received signal of reduced-
interference. For more illustration of the proposed approach, a
summarizing flowchart is shown in Figure 3.

j(.".l
l i) rin) Interference  [F(R .
i N _ o . [} 1
s(1) ADC | mitigation unit — Acquisition | | Tracking |/Data Extraction
(]

n(t) Acos{2afLi)
: :
I i

I

] - - .

rin) ] lime domain DT transform Thresholding Toverse DT : ()

-l—p.l muliiplication by > application > eperation >
I Tukey window i
I

: '
) I
" I
i _|  Threshold '
: calculation I
' I
I I

Figure 2. Scheme of the proposed GNSS interference mitigation unit
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r(n) : received signal of 1ms length

The input signal is multiplied by the Tukey Block 1

window

lApplication of DCT transform on the windowed]

input signal Block 2

Division of R(k) on M frames with L length
coefficients for each

.

Determination of the sample standard deviation
of each i*" frame gywith 1=i=<M

Block 3

¥
Calculation of the global standard deviation
T610ba10Y application of median operator on oy
Tgropar = median ([o1,02 ...,oM])

!

Calculation of the universal threshold

Aunivy = TGlobaly/ 2logN

DU [ TS | T,

1
L

Interference suppression by zeroing the
coefficients |R (k)| = Ay

|

Application of the inverse transform IDCT

l

The output 1s a reduced-interference received
signal #(n) & §(n) + fi(n)

Block 4

Block 5

Figure 3. The flow chart of the proposed interference
mitigation unit

5. SIMULATION AND RESULTS

The performance of the proposed algorithm was obtained
using an open-source simulator in MATLAB. Therefore, the
algorithm has been simulated as user defined block integrated
in the simulator [22].

5.1 The Galileo E5 signal presentation

The Galileo E5 is constituted of two bands, the first one is
centered at 1176.45 MHz and the second is centered at
1207.140 MHz. Accordingly, the Galileo E5 signal is an
AItBOC (15,10) modulated signal with a chipping rate of
10.23 Mbps. The Figure 4 illustrates the simulated power
spectral densities (PSD) of E5 band in which we observe at the
receiver front end that the signal is submerged within AWGN
because of its weakness like the others GNSS systems.

5.2 The open-source "GE5-TUT" Galileo simulator

This Galileo open-source simulator is dedicated to the E5
band. It is a potent manner that allows the evaluation of the
performance of suggested solutions trying to solve several
faced types of problems that may degrade receiver efficiency.
The simulator allows simulation of data transmission, which is
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composed of three essential blocks that are: Transmitter,
propagation channel and the receiver block [22]. Consequently,
the Galileo E5a-1 signal has been chosen in all our simulation
scenarios.

1 T T T T T T

0

PSD[dBW-Hz]

2 1 1 1 L 1 1 1 1 1
-40 -30 -20 -10 0 10 20 30 40
Frequency (MHz)

Figure 4. Power Spectral Densities (PSD) of E5 band
Details about signal parameters are enumerated in Table 1.

Table 1. E5al signal parameters

Parameters Value
Desired signal Galileo E5a-I
Sampling frequency fs 31.500 MHz
Intermediate frequency fir ~ 4.655 MHz
Coherent integration 1ms
CNR 49 dB-Hz

It is worthy to note, that the performance of the suggested
method is evaluated in terms of:

e The quality of the signal before the acquisition block in
which the comparison of the PSDs gives information
about the state of the received signal without and with the
interference mitigation block [1, 11, 13].

e Another metric used in many fields such as: GNSS
applications [13], biomedical area [23] and others. This
criterion is well known as the correlation coefficient and
it indicates the degree of the similarity between two
signals (the retrieved signal and the original clean signal).
It can be described as follows:

(17

where, 7 is the original signal and # is the retrieved signal.

e The ambiguity function S(z,Fq) which is an important
evaluation measure telling about the efficiency of anti-
jamming approach, where z is the code phase delay and Fq
is the carrier Doppler frequency [1, 12, 13, 22]. It is
noticeable that the interference decreases the output
magnitude of the correlation and masks the signal peak
into the noise, thus increasing the probability of the
visibility loss.

e The acquisition metric ratio amax. Accordingly, a satellite
is visible when the ratio amax is greater than a preset value
in the receiver. Where amax represents the ratio between
the highest correlation peak P; and the second highest
correlation peak P,. Consequently, the probability of



detection Py increases if the ratio has a significant value
[4, 12, 24].

In order to demonstrate the effectiveness of the suggested
DCT-MTT, two scenarios have been studied.

e  Continuous waves interference scenario (CWI).

e  Pulsed interference scenario (DMA).
interference

5.3 First scenario: continuous

mitigation

waves

The simulation test is composed of the Galileo E5al signal
and the added continuous waves interference signal. The
interference to signal ration ISR of the SCWI and MCWI is
between 10-60 db. It is calculated with:

ISR =10log Vs

where, | is the interference power and S is the legitimate signal
power, Note that the employed CWI, is a pure sinusoidal
signal in the case of SCWI, located in the center of the main
lobe at the intermediate frequency F, = 4.655 MHz of E5a band
which corresponds to a carrier frequency of 1176.45 Mhz. This
scenario presents the most dangerous attack. For more
illustration, the Power Spectral Density (PSD) of the interfered
signal with 50dB is presented in Figure 5.

&) T T T

Frequency (MHz)

Figure 5. PSD of the contaminated input signal E5a with
ISR=50dB

25 T T

At first, we investigate the anti-jamming method
performance in the presence of SCWI. The jammer power is
increased by means of the signal generator, so the ISR is
varying from 10 to 60 dB.

It is well known that the DCT thresholding of a signal of a
limited length produces a serious borders effect. To overcomes
the faced problem, we found that the Tukey window (N,0,05)
reduces considerably the border effect after the DCT-
thresholding followed by the inverse-DCT.

Accordingly, like wavelet thresholding strategy, in the
DCT domain, the determination of a suitable threshold
determination is a task converging to a successful restoration
of the useful information. In order to obtain the threshold, the
resulting frequency signal from the DCT transform application
is divided into M non-overlapped packets of L coefficients
each. We found, empirically, that the suitable length of each
packet can be L=50 coefficients. Consequently, the resulting
number of packets is M=630, which gives a good statistical
reading of the input signal state. From the Figure 6 we notice
the reduction of interfered packets due to narrowed border
effect around the central interference frequency (due to the
Tukey window use), accordingly, the interference position is
localized accurately. It is reported that the non affected packets
have roughly the same variance of the Gaussian distribution.

Once the vector of the standard deviations of all packets are
obtained, the median operator is applied on the entire vector
o=[o1, o, os..., osx]. Therefore, the interfered standard
deviations (outlier packets) are rejected and the global
standard deviation (owiopal) iS estimated. Then, the universal
threshold Auniy is adjusted according to DONOHO’s
thresholding principle.

The next operation is the threshold of the DCT coefficients.
Therefore, all the coefficients surpassing Auniv value are
nullified. The resulting modified coefficients vector leads to a
good quality approximation of the interference-free signal
when applying the inverse DCT.

[
=]
=

Standard deviation

170

180 190

200

T T T T
I Mormaly standard deviation
I Outlier standard deviation

220 230 240 250

Packets

(a)

Standard deviation

I I I I
I Mormaly standard deviation
I Cutlier standard deviation

170

180 190

200

210 220 230 240 250

Packets

(b)

Figure 6. Effect of the Tukey window on the standard deviations estimation, (a) the standard deviations of the interfered packets
without Tukey window use, (b) the standard deviations of the interfered packets with Tukey window use
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Figure 7 illustrates the time representation of the restored
signal resulting from the DCT-based thresholding. It reveals
that there is a substantial drop of border effect when using
Tukey window. Additionally, by a visual inspection, it can be
observed that the similarity between retrieved signal Figure
7(b) and the original non-contaminated signal Figure 7(a) is
clear compared to the restored signal (without Tukey window)
in Figure 7(c).

Following the same reasoning, we inspect the suggested
anti-jamming approach performance in the presence of Multi
continuous waves MCWI, where the situation is more

harmonics are included in a way to contaminate more than the
main lob. Consequently, multi band will be rejected. Figure 8
shows the interfered packets according to MCWI
contamination, three detected bands are investigated.
Interestingly, with Tukey window the interference is better
localized.

Additionally, the Figure 9 illustrates the time representation
of the restored signal. From Figure 9(c), it can be seen that the
border effect has an important value compared to border effect
of the SCWI, while in Figure 9(b), the border effect is
drastically attenuated by the use of Tukey windows.

complicated for the receiver. Thus, more interference
60_ T T T T T T T B
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2 20+ g
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= 20 E
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60 1 1 1 1 1 1 7
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E 100 8
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204 E
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(e

Figure 7. Restored signal after interference mitigation unit for SCWI, (a) time representation of the original non contaminated
signal, (b) the restored signal (when using the Tukey windows) the restored signal presenting a significant border effect (without
using the Tukey windows)
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Figure 8. Enhancement reported by using the Tukey window on the standard deviations estimation with MCWI, (a) the standard
deviations of the interfered packets without Tukey window use, (b) the standard deviations of the interfered packets with Tukey
window use

175



@

Magnitude
Lo
Abom s
T T T T T

=]
=1

15

Sigsnples

(SR -]
?oo

agnitude

Lo
@ B R
R

40

15

Samples

(b)

200

Magnitude

-200-

Sampl
amples
(c)

Figure 9. Restored signal after interference mitigation unit for MCWI, (a) time representation of the original non-contaminated
signal, (b) the restored signal (with Tukey windows use), (c) the restored signal showing the border effect (without using Tukey
windows)

For more illustration, Figure 10 Depicts the impact of the
suggested mitigation approach on the ambiguity function
measure. It is apparent from Figure 10(a) that the ambiguity
function obtained from the contaminated signal do not shows
any dominant or secondary correlation peaks which leads,
consequently, to a wrong estimation of the acquisition
parameters in the presence of MCWI (50 dB). However,
Figure 10(b) shows the correlation peak when the interference
mitigation block is activated.

Quantitatively, the Table 2 compares the a,,,, Of the
retrieved signal resulting from the DCT-MTT for both single
and multi-interference with the corresponding one resulting
from the application of the conventional IIR notch filter
mitigation method [1, 22, 24].

Table 2. Acquisition metric a,,,, after interference removal
for MCWI and SCWI

Mitigation method Single inteference Multi inteference

1.93
2.05

1.731
1.978

IR notch filter
Proposed DCT-
based thresholding

40
0 , 5 20
«10° 2 20 <10 ‘ 0

Code phase delay

-20

Code phase delay 0 -10 i Frequency bins

0 -40 i frequency bins
Figure 10. Ambiguity functions of the Galileo E5a signal in
the presence of MCWI (ISR=50dB) (a) Without interference

rejection unit, (b) With the proposed interference rejection
unit
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Moreover, Figure 11 confirms the effectiveness of the
suggested method when using the correlation coefficient as a
metric. Consequently, the compared methods to the proposed
DCT-MTT using Tukey window approach are respectively:
the DCT-MTT without Tukey window and the conventional
IIR notch filter.

4
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éﬂ 95 ““-ﬁ:;_\ . b
309 T
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07 IIR Notch filter method \\\ b
o] — O — Proposed DCT-MTT with Tukey window N
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1 1
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(b)

Figure 11. Comparative results using the correlation
coefficient metric (a) Correlation Coefficient in the case of
SCWI mitigation, (b) Correlation Coefficient resulting from

MCWI mitigation

For more convincing performance evaluation, the PSDs of
the contaminated and the restored signals are presented in
Figure 12. It is clear, that the DCT-MTT strategy application
for MCWI mitigation on the E5a Galileo signal, enhances,
significantly the quality of the restored signal.
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Figure 12. The PSDs of: (a) The PSD of contaminated signal (ISR=50dB), (b) the PSD of the restored signal after MCWI
rejection

Second scenario: Pulse interference

As mentioned, previously, the Galileo E5a/E5b signals and
others new GNSS signal suffer from interference transmitted
in their band by the DMA/TACAN signals. Accordingly, to
evaluate the performance and efficiency of the suggested
algorithm, we simulate the Galileo E5al infection by a pulsed
signal with 3000 pulses per second. Figure 13 shows an
interval of a 2ms navigation signal corrupted by a DMA signal
of a pulse density of 3000 pps according to a power of 50 dB.

As illustrated previously by the flowchart of Figure 3 and as
explained in the first scenario of continuous wave interference
removing, the same strategy is adopted, however, in the DMA

interference case, the Tukey window is not used. The Figure
14 represent the standard deviations estimation phase.

2
Time (ms)

Figure 13. Time domain E5al signal corrupted by a pulsed
DMA signal of 3000 pps and ISR=50dB
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Figure 14. The standard deviations estimation, (a) DCT represenation of the contaminated signal (b) the estimation of the
standard deviations of the packets

177



Next, Figure 15 provides an overview of the impact of the
proposed method on the ambiguity function of the Galileo E5a
signal.

Additionally, the proposed DCT-MTT is compared to the
pulse blanking method [7, 22] and the IIR notch filter [22]
according to the a,,,, metric. Table 3 presents the obtained
results from the acquisition search space.

%108

«10% 2

-
1

Code phase delay 0 40 Trequency biNScade phase delay

(a)

Table 3. Acquisition metric a,,,, after interference removal
of DMA interference

Pulse interference method suppression a4y
Proposed DCT- based thresholding 1.86
Pulse blank method 1.84

1R notch filter 1.63
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Figure 15. Ambiguity function of the Galileo E5a signal in the presence of a pulse interference (ISR=50dB and 3000 pps), (a)
Without interference rejection unit, (b) With the proposed interference rejection unit
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Figure 16. Comparative results according to the correlation coefficient metric (DMA pulse interference of density of 3000 pps)
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Figure 17. The PSDs, (a) the PSD of contaminated input signal, (b) the PSD of restored signal after DMA interference, of
ISR=50 dB and 3000 pps, rejection
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Figure 16 proffers results of the previous mentioned
methods according to the correlation coefficient metric. From
results, the effectiveness of DCT-MTT approach in the case of
pulse scenario is demonstrated. In addition, comparison
between the PSDs of received interfered signal by a DMA
interference and the signal after the interference mitigation
unit is shown in the Figure 17.

6. CONCLUSION

In this paper a DCT-MTT for NBI interference mitigation
was presented. The technique proffers several advantages as a
result of: The time-domain multiplying by Tukey window that
reduce considerably the border effect, the fine interference
localisation in the DCT-domain, the efficient threshold
estimation inspired from DONOHO’s thresholding method in
association of the statistical sampling theory. Comparison
between the suggested strategy and conventional methods
validate that our technique is of superior and concurrent
performances.
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