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A new pre-correlation technique to enhance the Global Navigation Satellite Systems
(GNSS) receivers, against the continuous wave interferences (CWI), is presented.
Accordingly, the detection and the localisation procedure are constituted of many steps.
First, the discrete cosine transform (DCT) is applied on the contaminated signal. Next, the
Shannon-energy envelope detector, in the DCT-domain, is accomplished. Then, all envelope
magnitudes above a predefined threshold, representing the interference components, are
localized in the frequency domain. The following step consists in the use of the discrete
Fourier series (DFS) technique to calculate the corresponding contributing harmonics of the

CW interferences. Finally, the interference is reduced efficiently by a subtraction of its
approximated version from the original contaminated signal. The results provided from the
simulation prove that the DFS-based notch filter in terms of signal quality restoration, for
both single-tone and multi-tone, is of superior performance compared to the classical notch

filtering.

1. INTRODUCTION

In present day, it is well-established that the GNSS based
applications offer several useful and unescapable services.
Such applications can be involved in several sectors such as:
Automotive field, transportation activities, airplane navigation
monitoring [1], safety of blind people [2] and many other
industrial areas. As several communication systems, the well-
functioning of GNSS receiver may be easily affected by the
interference signal problem. This latter is due to the extreme
weakness of broadcasted signal after a long-distance
propagation, in spite of the direct-sequence spread spectrum
(DSSS) intrinsic protection against interference vulnerability.
In fact, the presence of undesired Radio Frequency
Interference (RFI) and other channel impairments can lead to
a degraded navigation accuracy or total loss of receiver
tracking ability. In this context, several solutions have been
suggested to reduce unintentional and intentional interferences,
that can be regrouped into two categories depending on the
part of the GNSS receiver where they are implied in, and
which will be regrouped, as follow, in: Post-correlation and
Pre-correlation techniques. The first group concerns the post-
correlation approaches. These methods are applied in the
tracking phase and they are based on the analysis of the
correlation function [3]. However, the second group includes
the pre-correlation methodologies based on the rejection of the
interference before the signal acquisition and require no
modification on the GNSS signal received. It can be
partitioned in three categories [4-6]. The first category,
requiring an antenna array, covers the adaptive antennas-based
methods that are suitable for both wideband and narrowband.
The remarkable drawbacks are the high cost and

835

computational complexity [7, 8]. The strategies of the second
category ensure the supervision of the interference by the
Automatic Gain Control (AGC) based on the AGC behavior
observation [9]. The third category encompasses Digital
Signal Processing (DSP) algorithms. They are easy to
implement and low cost when used in the GNSS receiver. Such
techniques can be classified as follow:

Adaptive time-domain approaches.

Adaptive frequency-domain algorithms.

Adaptive time-frequency domain methods.

The first class includes the Adaptive time-domain
approaches. As a representative algorithm, a method [10] is
designed to estimate the existence of CWI using the property
that the zeros of the IIR adaptive notch filter are placed close
to the unit circle when the interference is received.
Additionally, an LMS-based adaptive FIR notch filter was
developed to adaptively detect, locate and reject the
narrowband interference signal [11]. The authors of the
technique designed, efficiently, a neural network NN-based
predictor for narrowband interference, followed by an IIR-
based ANF Excision [4]. Concerning the adaptive frequency-
domain filtering class, an illustrative method is described by
Capozza et al. [12]. It is based on an N-sigma excision
algorithm based on FFT implied to eliminate the narrow-band
interferences, without removing other frequency components
of the useful signal. Additionally, Khezzar et al. [13] proposed
a new thresholding technique applying the well-known
Donoho’s algorithm in the DCT frequency domain. However,
the estimation of the variance is achieved based on the
statistical sampling theory. Finally Time-frequency (TF)
filtering-based class. The methods belonging to this latter can
detect and attenuate the interference signals by processing the
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input signal in the time and frequency domain simultaneously,
which is suitable for the attenuation of narrow band
interference [6, 14-16]. The estimate of the instantaneous
frequency of interference in TF domain was carried by the use
of STFT, next an excision filter is applied [14]. In the same
context, Ouyang and Amin [17] presented a technique to
determine the optimum window, by the application of
localization measures followed by a binary excision mask of
the contaminated part. Despite that, the STFT excision method
has low implementation complexity, but they require proper
window length for new estimation. In order to overcome the
limits of STFT, the wavelet transform (WT) using varying
window length has been introduced. It gives more flexibility
on time-frequency resolution. As another alternative,
Musumeci et al. [18] suggested a technique to estimate an
empirical threshold from the measurements of the wavelet
packets standard deviation in absence of interference. Next,
the interference excision is performed by blanking all of the
coefficients above the threshold. Although, the WT-based
methods have some drawbacks like optimum decomposition
depth, which influence the interference mitigation. However,
the main draw- back is that there is no a mother wavelet that
can eliminate a pure sinusoid (which is our study case: CWI)
and WT performs less efficiently compared to Fourier
transform. The same remark holds in the case of multi-tone
interferences. In this context, the presented paper introduces
an innovative frequency-domain method for CW interference
mitigation. Therefore, the performance of the combination of
the DCT-Shannon energy and DFS-based notch filter is
investigated. Thus, this technique can reduce, efficiently, the
interference with high precision, by a simple suppression of a
limited number of harmonics contributing in the interference.
In the first step, the DCT is applied. Next, the Shannon-energy
envelope detector is performed in the DCT domain in order to
detect and localize the frequency component of the
interference. A following step, consists in the application of a
DFS based notch filter to reject the harmonics contributing in
interference. Consequently, the preservation of the navigation
signal authenticity is ensured. 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 Shannon energy and DFS tool are introduced in the section
3. Detailed model of the interference mitigation, will be
described in section 4. Simulation results of, the proposed
approach, are illustrated and commented in the section 5.
Finally, carefully conclusion is presented in the section 6.

2. SIGNAL AND INTERFERENCE MODELING

The discretized received signal (sampled at the fs=1/Ts) can
be expressed as:

r(nT,) =s(nT,) +i(nT,) +n(nTy) (1)

where: r(nT;) and n(nTy) are the sampled interference and
the digital AWGN component, respectively. It is worthy to
note that the discretized GNSS signal satellite is described by:

s(nT,)=+2Pd (nT, -ng )c(nTy -ng )8, (T - )

cos(27( fg + fy )nT, +6y) @
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where P is the received signal power, d(nTs) constitutes the
navigation message part, however c(nTs) represents the
spreading sequence of the detected satellite, s.(nTs) denotes
the subcarrier component. Note that no is the received code
delay, f; the Doppler frequency, and 6, is the phase caused by
the channel. Finally fg is the central frequency of the signal
[18].

As mentioned early, RFIs are classified into intentional and
unintentional transmitter regards to their source, also
according to their bandwidths occupation like narrow, partial-
band, and wide-band. One of the major unintentional
interference sources is the CWI. It can easily blind the
performance of a GNSS receiver [19]. It can be seen that the
input signal is highly degraded by the CWI [4]. Moreover, the
CWI exists every-where around the receiver, so it is crucial to
reduce the impact of such interference on the GNSS signal.
The two forms of CW interferences can be expressed in Eqns.
(3) and (4):

igoui (NTy) = I cos( 27 f1 £ AF)(NT,) +9) 3)

imewi (NT5 ) = i I cos( 27 ( fie £A%)(nT,)+4)

i=1

4)

where, I, Ii are the magnitudes of the single tone interference
and the i” multi-tones interference respectively. J is the
number of the tones. Af is the distance from the intermediate
frequency, and ¢,¢; denote the random initial phases
uniformly distributed in the interval [—m, 7t].

3. MATHEMATICAL THEORETICAL BACKGROUND
3.1 Discrete cosine transform

The discrete cosine transform is a very suitable process for
frequency analysis and visualization. It is expressed by Eq. (5):

~ . 7(2n-1)(k-1)
R(k)_w[k]nzzl:r[n]cosT )
k=1. 4N
where,
L k=1

JN
\E

N
N is the length of input signal r(n) in the time domain.

Accordingly, the DCT domain resulting signal R (k) has the
same length N. It is noticeable that the frequency index £, is

k_— Nxf

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

w[k]=

2<k<N




nearest integer operator. However, the inverse DCT is given
by (6):

z(2n-1)(k-1)

r(n):ki;w[k]R[k]cos N

n=12.N

(6)

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

decompose an analyzed signal to harmonics in the range [0-
f/2] Hz.

3.2 Continuous Fourier series and its discrete version

The Fourier series can be considered as the oldest and
powerful tool allowing decomposition of a periodical function
by its projection on orthogonal sinusoid functions base
(harmonics). Consequently, a periodic continuous time real-
valued function #(¢) of period Ty can be approximated by [21]:

rit)=a, + i“(ak cos(2kfqt) +by sin(27zkf,t)) (7)

k=1

where, f, is the fundamental frequency (which is the
frequency resolution) for the decomposition of r(?)
Consequently, the discrete version of the Fourier series of the
signal r(z) of time length T, and sampled at a sampling rate T
to produce N samples, is expressed by Eqns. (8) and (9) [22,
23]:

K
n . n
r(n) =ag+ Y (a cos(27k —) +hy sin(2zk ) (8)
—~ N N
The perfect estimation of r(n) is ensured when: K=N/2
(reaching fs/2). We attract attention that in the case of

aperiodic signal (in our application: a GNSS input signal) the
period Ty is the time length of the analyzed signal.

=
a,= — ) r(n)
0 NZ(‘;

N-1

- 2 n
a == E r(n)cos(2zk —) 9)
’ N n=0 N

b 2 & n
k==Y r(n)sin(2zk—
N,,Z_; (m)sin(2kc—)

3.3 Shannon energy

Shannon energy (SE) can be expressed as:

SE(k) = Y —R(j+k)2log(R(j +k)?)
; (10)

1<k <N

where, [R(k)] is the normalized £ DCT magnitude, w is the
analysis window length. The use of the Shannon energy rather

of squared energy is due to its ability to detect low interference
peaks better than the classical squared energy. This feature
allows detection and, therefore, reduction of both low and high
interference peaks [24].

Figure 1 confirms the ability of Shannon energy based
envelope detector compared to the conventional squared
energy detector.
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Figure 1. Detection performance comparison. The DCT of
contaminated signal (Top), the conventional squared energy
detector (middle), and the Shannon energy based envelope
detector (bottom)

4. PROPOSED METHOD DESCRIPTION

The proposed interference mitigation unit is embedded in
the pre-dispreading part of the GNSS receiver (Figure 2). The
suggested technique is constituted of three blocks. The first
block is employed to obtain the frequency representation by
DCT transform application on the signal r(n). Consequently,
the detection and characterization of the interference RFI is the
task of the second block. Finally, the excision of the
interference signal existing in the GNSS signal is done by the
use of a DFS-based notch filter in the third block. The
frequency representation leads to an accurate interference
detection and mitigation. However, the performance of the two
first blocks have a significant impact on the performance of
the third blocks.

For more illustration of the suggested approach, a flowchart
is shown in Figure 3. Note that SE(k) and THSE(k) are
respectively, Shannon energy-based envelope detector signal
and its thresholded version.
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Figure 2. Scheme of the proposed GNSS interference
detection and mitigation unit



Initialization,
r(n) : received signal of 1ms length

Block 1

Envelope detection by Moving Window Shannon
Energy (MWSE) application on the resulting DCT
domain vector R{k)

Detection and localization of the interference
bands, by localizing |SE (k)| = Threshold

THSE (k)

1

1

1 DFS-based notch filter reject the
| interference bands

The output is a reduced-interference received
signal #(n) = §(n) + fi(n)

Figure 3. The flowchart of the CWI detection and mitigation
unit

4.1 Signal transformation in the frequency domain by
DCT application

The phase of the frequency transform of the incoming
interfered GNSS signal is ensured by the first block of the
mitigation unit. This phase is established by the DCT
transform. Thus, the output of the block is a transformed
vector of the GNSS contaminated signal.

4.2 Interferences detection and characterization

The crucial detection step decides whether an interference
signal exists or not. It is constituted of two stages:

The first stage consists in the adequate threshold
determination. Accordingly, the implemented method detects
interfering signals by monitoring the receiver pre-correlation
noise level. As it is well known, the received signal power
level is below an expected thermal noise. As a result, we can
use this important feature to estimate a suitable threshold level
involving the Shannon-energy envelope detector (in relation
with the noise level), in the DCT-domain. It is worth noting
that after a sufficient set of measures (more than 100), one can
determine, empirically, a predefined threshold magnitude
(noise variance) discriminating the interference absence case
from the opposite one.

The second stage consists in the use of a moving window
Shannon energy (MWSE) operator to detect and localize the
interference position. It means that the MWSE calculates the
Shannon energy for each k" sample based on the magnitude of
the sample itself and the surrounding neighbors. It is
noticeable that an adequate choice of the processing moving
window length brings out an accurate envelope, which leads
to a precise localization of the interference frequencies.

To more refine the resulting envelope, we employed a
Median filter as a smoother.

Note that each m interference band (in the case of M tones)
is concentrated around a central interference frequency
fint erf,, according to Eq. (11):
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= me"' 1:interfm "'me

finterband m

1<m<M

(1)

where: Lb,, and Ub,, are respectively the upper and lower
borders around the fin¢ ers,,- When M=1, we are in the case of
single tone interference.

4.3 Interference mitigation by DFS-based notch filter

In this stage, the interference excision is performed by the
use of DFS-based notch filter. This method allows us to
mitigate accurately the interference, due to the fact that the
DFS orthogonal base is the ideal base for pure sinusoids
representation (projection), which is the case of the CWI.
Consequently, a frequency band rejection around each central
interference frequency fin¢ erf,, is achieved according to Eq.
(11), where the lower and the upper borders are expressed in

(12):

(12)

Lby, = 1:interfm —axf
Uby, = finterfm +axf

Note that the respective frequency indexes Kipn and Kypm of
the m™ interferences are shown in Eq. (13)

imerfm_af>< fO finterf
Kiom = f = f =l
0 0
(13)
f . taxf fo
Kme — interf m — intert +a
fO fO

where, a is a width index.

Accordingly, the coefficients ar and br (Kppm < k <
Kypm) corresponding to all harmonics belonging to the m"
CWIs, are calculated by the use of the equation previously
mentioned in Eq. (9). Logically following, each interference is
estimated by the summation of all the harmonics belonging to
fint erpgnq interval. The estimated harmonics interference is
removed from the input signal by simple subtraction. The
proposed algorithm can be summarized in:

Step 1: for each m™ interference (1<m<M), determinate K,
and Kypm according to (13).

Step 2: Calculation of the appropriate ax and by belonging
the interval [Krpm,Kuem] according to (9).

Step 3: Estimation of the RFI by the summation of all
harmonics corresponding to the founded interval.

Step 4: Mitigation of the estimated RFI by its subtraction
from the contaminated signal.

Note that this procedure is done for all the contaminating
RFI. Accordingly, this strategy is suitable for both single and
multi-tone interferences cases.

5. SIMULATION RESULTS AND DISCUSSION

In order to evaluate the performance of the suggested
approach applied in the GNSS receiver, the mitigation
algorithm has been implemented as user defined integrated
block in a MATLAB-based simulator ‘GE5-TUT’, which is
dedicated to the Galileo E5 band [25]. As previously



mentioned, the new GNSS signals like GPS, European Galileo,
and others are considered as DSSS communications systems
[1, 6, 11]. For this reason, the interferences mitigation methods

are suitable for all systems of satellite navigation. Accordingly,
the proposed method will be applied on the European Galileo

ES5 signal. It is constituted of two bands, the first one is the ESa

band centered at 1176.45 MHz and the second one named by

E5b band centered at 1207.140 MHz, both are modulated by

an AItBOC (15,10) procedure with a chipping rate of 10.23

Mbps [25].

The designed mitigation method considers that the received
signal is corrupted by a SCWI (in a first situation) and by a
MCWI (in the second situation) at several graduated power
levels. Additionally, it is worthy to note that like the others
GNSS systems, the Galileo ESa signal is immersed within
AWGN due to their weakness.

Consequently, the signal parameters description is reported
in Table 1. The used metrics to evaluate performance of the
suggested algorithm and to situate it among some state-of-the-
art works are given in Table 2.

Table 1. E5al signal parameters

Parameter Value
Desired signal Galileo E5a-I
Sampling frequency fs 31.500 MHz
Intermediate frequency fir 4.655 MHz
Coherent integration Ims
CNR 49 dB-Hz

Table 2. Metrics used to evaluate the performance of the
proposed method

Metrics
PSDs of the signal before and after the interference reduction [5,
7, 18].

The ambiguity function S(z,F4y) which results from The satellite

acquisition operation [6, 13, 18].
The correlation coefficient showing how is the degree of
similitude between the retrieved signal and the original clean

signal [13]. It can be expressed as:

N > (r-7)(F-F)
(Ee T

The acquisition ratio amax meaning the ratio between the highest
correlation peak P1 and the second highest correlation peak P2 of
the accepted visible satellite [26, 27].

5.1 First situation: Single interference attenuation

The interference to signal ration ISR for both SCWI and
MCWI cases is expressed by:

|
ISR =10log—
gS

Note that the changing range of the ISR is 10-60 dB. Also S
and I are the interference power and S is the useful signal
power.

The used SCWI is positioned in the center of the main lobe
at the intermediate frequency F; = 4.655 MHz of E5a band
corresponding to carrier frequency of 1176.45 MHz.
Accordingly, the Power Spectral Density (PSD) of the
contaminated signal with 50 dB is shown in Figure 4.
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In our approach, the detection and localization phase are
performed in the first step of the process. The DCT transform
and the Moving Window Shannon Energy (MWSE) (in the
DCT domain) are achieved in order to detect and localize the
frequency interference position in the assumed contaminated
input signal.
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Figure 4. PSD of the interfered input signal E5a for ISR=50dB
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As a result, a range of frequencies (interval) around the
central frequency of CW interference is founded. This latter,
is well delimited (less widely) by the use of the Median Filter
smoother (MFS). It means that the new smoothed band
contains the central interference signal frequency (fiue), three
frequencies components before fir and three frequencies
components after fiyes. Figure 5 shows the obtained result from
the application of the detection phase technique of the
suggested method. The output of the median filter smoother
gives

finter,. =[4-652 4.653 4.654 4.655 4.656 4.6578 4.658]x10%z

In order to ensure the removal of the center frequency
interference fiue,~4.6550 MHz decidedly, all of DCT
coefficients related to the frequency band fint erp 4, Will be
nullified. However, the reduction of the CWIs by zeroing the
DCT coefficients of the detected frequency band do not reduce
borders effect, which causes serious problems, when
performing the reconstruction phase by the inverse DCT



transform. Therefore, the restoration of the uncontaminated
signal is impossible due to the ripple’s accumulation. Thus, the
inverse DCT transform is discarded in the reduction phase and
the interference excision is achieved by the use of DFS-based
notch filter. Figure 6 demonstrates visually the high efficiency
of the DFS-based notch filter compared to the DCT-based
notch filter.

Magnitude E5a

2 o

Sdlr‘?ﬂ ples 2

P

de E5a

n

Magnitu

0 0.5 1

Sii%p\es

101 T T T i

1 L
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Figure 6. The restoration of the uncontaminated signal. The
uncontaminated signal (top), DCT-based notch fillter based
(middle) and DFS- based notch filter (ISR=50 dB) (bottom)

Fo illustration, related to the first scenario, the calculation
steps of K;;, and Kj;;, indexes are shown as following:

TO = N XTS
where,

N =31500, f, =31500000Hz

f
i =%0[Hz]:> fo =(WSJ=1OOOHZ

Lp = 4.6550x10° —(3x1000) Hz
Uy, = 4.6550x10° 1 (3x1000) Hz

Ky, = 4652
Kyp = 4658

The next step is the calculation of corresponding Fourier
series coefficients: a; and b belonging to the band from K, =
4652 to Kyy, = 4658. Figure 7 is a representation of the DFS
spectral amplitude of the interference band harmonics to be
suppressed.

From Figure 7, it is remarked from the panel that the central
interference harmonic has an important value. Accordingly,
from the bottom panel (zoom-in zone), it can be concluded that
an efficient DFS-based notch filter can be realized by
nullifying the DFS coefficients related to the central frequency
in addition with the 3 adjacent harmonics before it and the 3
adjacent located after. The associated harmonics appropriate
to the above-mentioned range (which produces an estimated
version of the interference), are finally removed from the
corrupted signal by a simple subtraction procedure.
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Figure 7. The DFS spectral amplitude of interference
harmonics band
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Figure 8 shows a comparison between the PSDs of received
interfered signal before and after the interference mitigation
unit.

For the aim of performance evaluation and efficiency
comparison, the adaptive second order IIR notch filtering,
which is considered as a popular technique and the most
common interference countermeasure [10, 25-27], the
Wavelet Packet Decomposition WDP based filtering
algorithm for jamming reduction [6, 18, 28] and the DCT-
based notch filter method are faced to the suggested DFS-
based notch filter. Figure 9 shows the impact of the proposed
mitigation method on the ambiguity function S(z,Fd). The
acquisition search spaces are obtained using 1ms of coherent
integration and two non-coherent integrations. As it can be
seen from the Figure 9(a), that in the case if the presence of
the SCWI (50 dB), the ambiguity function obtained from the
contaminated signal do not shows a correlation peak which



leads to the wrong estimation of acquisition parameters.
Therefore, the satellite is invisible by the receiver. Conversely,
as shown the Figure 9(b) that presents a peak of the correlation

function that validates the DFS-based notch filter effectiveness.

Knowing that o is a measure deduced from the
acquisition search space, it indicates the signal strength of a
visible satellite, the Table 3 gives some informative results.

Table 3 shows that the amax of the retrieved signal by the
DFS-based notch filter, has a slight greater value compared to
the corresponding one of the signals retrieved by the
conventional IIR notch filter and the WDP based filtering
method.

For more consolidation of the effectiveness of the proposed
approach, by results, we use the correlation coefficient as a
metric. Consequently, the compared conventional methods to
our suggested DFS-based notch filter strategy are respectively:
DCT-based notch filter, IIR second order notch filter and
WPD-based filter algorithm. Figure 10 illustrates the
efficiency of our technique.

Table 3. Acquisition ratio after interference removal for

SCWI
Interference mitigation method  dmax
IIR notch filter 1.93
Proposed DFS-based notch filter ~ 2.20
WPD-based filter method 1.97

5.2 Second situation: Multi interferences reduction

The second situation is the interference reduction of Multi
CWIs. Accordingly, 3 interferences are added corrupting
wider frequency band than the main lob. Like the previous
situation, the first step consists in the detection and
localization of the different positions of existing interferences
in the input signal. The detected bands (by DCT, MWSE
envelope detector and Median filter) that contains
interferences and that must be rejected:

finter. = [1.6521.6531.6541.6551.656 1.657 1.658]x 10°Hz
band1
f =[4.652 4.653 4.654 4.655 4.656 4.657 4.658]x 108Hz

interyngs

figer . =[9.652 9.653 9.654 9.655 9.656 9.657 9.658]x 10°Hz

interyng,

The corresponding borders for each contaminated band are
respectively:

{Lbl =1.655x10° — (3x1000)Hz

Ub, =1.655x10° — (3x1000)Hz
Lb, = 4.655x10 — (3x1000) Hz

Ub, = 4.655x10° + (3x1000)Hz
Lb, =9.655x10° — (3x1000)Hz
Ub, = 9.655x10° + (3x1000) Hz

The harmonics indexes K, and K;p (m=1,2,3) of the
interferences bands are expressed as:

Ky =1652
{KLbZ =4652 |K p3=9652
Kupz = 4658 | K, . = 9658
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Figure 10. Comparative results using the correlation
coefficient (SCWI case)

Similarly as in the first scenario, the next step is the
calculation of Fourier series coefficients: ax, b belonging to
[1652 to 1658], [4652 to 4658] and [9652 to 9658]. Figure 11
shows that the coefficients of the central frequencies of the
interferences have an important value. Therefore, The DFS-
based notch filter can be realized by nullifying the DFS
coefficients related to the central frequencies in addition with
the 3 adjacent harmonics before it and the 3 adjacent situated
after (the zoomed zone). Next, a summation of all harmonics
corresponding to the aforementioned intervals is achieved.
Accordingly, the estimated version of the interferences are
finally removed from the corrupted signal by a simple
subtraction. Figure 11 shows a comparison between the PSDs
of received interfered signal and the signal after the
interference mitigation unit.

As previously mentioned in the first situation, the ambiguity
functions of the corrupted signal and the retrieved signal after
the interference mitigation unit are given in the Figure 12.
From the acquisition search space, 0. is indicated in Table 4
and provides some confirming results.

Also, the correlation coefficient metric, demonstrates the
efficiency of our method in the case of MCWI scenario as
shown in the Figure 13.

Table 4. Acquisition ratio after interference removal for

MCWI
Interference mitigation method Omax
IIR notch filter 1.73
Proposed DFS-based notch filter 2.02
WPD based filter method 1.781
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Figure 11. The PSD before and after interference mitigation
(MCWI) (ISR=50dB) (top), Zoom - In (bottom)



3
<10° 2

Code phase delay 1

40
2 20

0 <10
) Freaquency bins
-20 Frequency bins

=3 1
Cede phase delay Frequency bins

0 .40
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It can be reported that the suggested method shows a stable
ability of interference reduction in case of both weak and
strong interferences contamination. Adorningly, the proposed
strategy presents superior performance compared to the faced
methods in the case of strong interferences contamination.

6. CONCLUSION

In this paper, a new and efficient approach involving the
combination of, the Shannon energy-based envelope detection
in the DCT domain and DFS-based notch filter, for CWI
detection and mitigation in the GNSS receivers, is proposed.
Therefore, an accurate detection and localization of the
interference is guaranteed by the use of the DCT followed by
the Shannon energy-based envelope detector allowing the
detection of both the strong and weak interferences. However,
a high precision interference excision is achieved by the DFS-
based notch filter. Finally, the efficiency of the conceived
approach is validated by presenting a comparative study facing
the proposed algorithm to the IIR second order notch filter, the

WDP based filtering algorithm and the DCT-based notch filter.
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