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Abstract: This paper proposes a new method for rejecting the Continuous Wave 
Interferences (CWI) in the Global Positioning System (GPS) receivers. The proposed filter 
is made by cascading an adaptive Finite Impulse Response (FIR) filter and a Wavelet 
Packet Transform (WPT) based filter. Although adaptive FIR filters are easy to implement 
and have a linear phase, they create self-noise in the rejection of strong interferences. 
Moreover, the WPT which provides detailed signal decomposition can be used for the 
excision of single-tone and multi-tone CWI and also for de-noising the retrieved GPS 
signal. By cascading these two filters, the self-noise imposed by FIR filter and the 
remaining jamming effects on GPS signal can be eliminated by the WPT based filter. The 
performance analysis of the proposed cascade filter is presented in this paper and it is 
compared with the FIR and the WPT based filters. Experimental results illustrate that the 
proposed method offers a better performance under the interference environments of 
interest in terms of the signal-to-noise ratio gain and mean square error factors compared to 
previous methods. 
 
Keywords: Cascade Filter, Interference Rejection, Notch Filter, Wavelet Packet 
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1 Introduction1 
Global Positioning System (GPS) satellites use Direct 
Sequence Spread Spectrum (DSSS) for transmitting the 
navigation data. The signals coming from the GPS 
satellites are so weak. That it is easy for an intentional 
interference to overcome the inherent system’s anti-
jamming ability. Although DSSS systems have the 
inherent ability to eliminate low-power intentional 
interferences (e.g. jammers) and unintentional 
interferences, they cannot tolerate high-power ones [1, 
2]. Therefore, it is necessary to apply additional 
techniques for improving the receiver anti-jamming 
performance. Continuous Wave Interference (CWI) is 
one of the most common types of interference signals in 
the GPS [3]. Hence, in this paper the mitigation 
technique of CWI is investigated. 

Narrowband interference rejection techniques 
include adaptive filtering, time-frequency methods and 
adaptive antennas [1-4]. Adaptive antennas can be 
employed for mitigation of both narrowband and 
wideband jammers, but they are computationally 
complex [5, 6]. Time-frequency domain techniques [7, 
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8], like Short Time Fourier Transform (STFT) based 
processing [9, 10], filter banks [11], Wavelet Transform 
(WT) [12-14] and subspace processing [15, 16] are well 
suited for low cost and low power applications [8, 13]. 
These techniques study a signal in both time and 
frequency domains simultaneously. Since GPS signals 
are low power wideband signals, the narrowband 
jamming can be easily distinguished from the GPS 
signal [8, 9]. The STFT and the filter bank use fixed 
windows; therefore, they are not proper for processing 
the non-stationary signals. However, they have 
advantages such as minimum signal distortion, low 
power, and low cost implementation. In the wavelet 
analysis, the use of scalable modulated window solves 
the signal-cutting problem of STFT and the filter bank 
and provides a flexible resolution in both time and 
frequency domains [12-14]. 

Adaptive filtering techniques like Adaptive Notch 
Filters (ANFs) [17-20], Kalman filter [21, 22], 
Approximate Conditional Mean (ACM) filter [23] and 
Augmented State ACM (ASACM) filter [24] attempt to 
minimize the error of a predictor output using 
techniques such as least mean squares algorithm and 
adjust their parameters to optimize a cost function. 
Adaptive filtering can be used in low power, low cost, 
and small size applications. However, without prior 
knowledge of the jamming model parameters, Kalman 
and ACM filters do not have acceptable performances. 
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Fig. 1 Decomposition tree of the (a) DWT and (b) WPT. 
 

 
Furthermore, computational complexity of the 

ASACM filter increases exponentially for the rejection 
of Multi-Tone CWI (MCWI) [17-24]. 

The WT shows a good performance for the rejection 
of narrowband or linear chirp interference [14], but its 
performance degrades for very narrowband or CW 
interferences mitigation. In the later cases, the number 
of decomposition levels and also computational 
complexity increases. So, notch filters may be preferred 
for the rejection of CWI [18-20]. 

In the notch filtering method, the Instantaneous 
Frequency (IF) of the interference is used to construct a 
time-varying notch filter that removes the interference. 
With comparing notch filtering with other interference 
suppression techniques, it has the lowest cost, and 
appropriate CWI rejection, and it is computationally 
efficient. Hence, it is suitable to be implemented in a 
GPS software receiver. However, this method also 
causes undesirable distortions in the signal and produce 
self-noise that is effective in the reduction of receiver 
Signal-to-Noise power Ratio (SNR), especially in high 
power interference cases [17]. 

The Wavelet Packet (WP) method is a generalization 
of wavelet decomposition that offers a richer signal 
analysis. In the Wavelet Packet Transform (WPT), both 
high and low frequency bands are processed. Therefore, 
WPT results the uniform frequency bands division [12, 
14]. This property is useful for the interference rejection 
applications. 

The main idea of this paper is cascading an adaptive 
Finite Impulse Response (FIR) notch filter with an 
adaptive WPT based filter to overcome their drawbacks. 
The use of adaptive WPT based filter overcomes noise 
effect of notch filter and removes the remaining 
interference effect. On the other hand, as the main 
portion of jamming signal is mitigated by the ANF, the 
number of WPT decomposition levels will be decreased. 
The cascade filter is implemented in a GPS software 
receiver to mitigate the CWI. 

This paper is organized as follows. In the section 2, 
the theoretical concepts of WT and WPT are expressed. 

An introduction of the received signal structure, ANF 
and adaptive WPT filter are presented in section 3. In 
this section, the proposed jamming mitigation technique 
based on cascading notch filter and WPT based filter is 
also described. In section 4, the test results and the 
performance evaluation of the proposed method in 
different jamming scenarios are presented. Finally, the 
conclusion is given in section 5. 
 
2 Wavelet Transform 

Wavelets are mathematical functions that 
decompose data into different frequency components. 
Decomposition process can be done in different scales 
and any components of these scales can be studied 
separately. WT is a mathematical tool which provides 
both time and frequency information of a sequence of 
data. So, this property is useful for non-stationary signal 
processing [12-14]. 
 

2.1  Wavelet Packet Transform 
The process of WPT is similar to the Discrete 

Wavelet Transform (DWT). According to Fig. 1 in the 
DWT, a signal is split into low frequency 
(approximation) and high frequency (detail) parts. Then, 
the approximation part is decomposed into another low 
and high frequency parts. However, in WPT the detail 
parts are also decomposed to the approximation and 
detail parts at each level [12]. 

In the anti-jamming applications which the 
information of both low and high frequency components 
are important and a higher frequency resolution is 
needed, the WPT is a better choice than the DWT. WP 
is described as: 

i -j 2 i -j

j,kψ (t)=2 ψ (2 t-k)           (1) 

where i is the frequency band parameter, j and k are the 
scale and translation parameters, respectively. The 
wavelet is obtained by: 

2i i

k=-

1 t
ψ (t)= h(k)ψ ( -k)

22




         (2) 
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2i+1 i

k=-

1 t
ψ (t)= g(k)ψ ( -k)a

22




        (3) 

Wavelets are the scaled and translated versions of a 
mother wavelet ѱ(t). The coefficients g(k) and h(k) form 
a high pass filter (wavelet filter) and a low pass filter 
(scale filter), respectively. The WP coefficients C of the 
signal f(t) can be calculated as: 

i i

j,k j,k
-

C = f(t)ψ (t)dt



           (4) 

Then the WP component of the signal at a certain 
node can be calculated as: 

i i i

j j,k j,k
k=-

f (t)= C ψ (t)dt



           (5) 

Finally, the original signal can be obtained by the 
summation of all WP components at jth level: 

2i
i

j
i=1

f(t)= f (t)             (6) 

 
3 Proposed Rejection Technique 

3.1  Received Signal Model 
The received spread spectrum GPS signal y(t) can be 

represented as: 
K

k
k=1

y(t)=s(t)+n(t)+ j (t)=s(t)+n(t)+j(t)      (7) 

where n(t) is the additive white Gaussian noise and j(t) 
is the total jamming signal which is made by different 
jammers jk(t). s(t) represents the transmitted spread 
spectrum GPS signal and it is described as: 

L1s(t)=[D(t) CA(t)]cos(2πf t)        (8) 

where CA(t) is the coarse/acquisition (C/A) code 
sequence with chip rate 1.023 MHz and D(t) is the 
transmitted baseband navigation data which is in binary 
form (±1) with duration T = 20 msec. fL1 is the GPS L1 
carrier frequency (fL1 = 1575.42 MHz). It is to be noted 
that in this paper, the jamming signal is a combination 
of CW jammers jk(t): 

k 0j (t)=Asin(ω t+φ)           (9) 

where A, ω0 and φ are the jamming amplitude, 
frequency and phase, respectively. 
 

3.2  Adaptive Notch Filter 
A notch filter based anti-jamming technique 

concentrates on the suppression of the high spectral 
peaks related to the interferences. A notch filter is 
defined as a filter that passes all frequencies except 
those in a stop-band band. A three coefficient ANF that 
can suppress a single CWI is introduced as [17]: 

jω0
0-jω-1 -1H(z)=z (z-ae )(1-az e )           (10) 

where a is a parameter that controls the depth of the 
notch filter. 

 
Fig. 2 Frequency responses of the three-coefficient ANF. 
 
 
where ω0 is the jammer frequency which specifies the 
place of the notch. The effect of the parameter a on the 
filter frequency response is illustrated in Fig.2. 

The calculation of the parameter a is based on the 
maximizing of the receiver SNR: 

N

k=0

2 22
0

0 2
2 2 2 2

y
n k 0 j0

L h(E{y})
SNR = =

σ L(1+σ ) h -Lh +σ
       (11) 

where y is the output of the receiver correlator and σj0 is 
the power of the jamming at the output of correlator. hk 
for k=1, 2, …, N are the notch filter coefficients which 
are extracted from the filter impulse response: 

2

0h(n)=δ(n)-(2acosω )δ(n-1)+a δ(n-2)         (12) 

Therefore, the coefficients of the discussed ANF are 
h0=1, h1=-2acos(ω0), and h2=a2. Considering a single 
CWI in the form of Eq. (9), the power of jamming 
signal at the correlator output is calculated as [17]: 

2
2 2 2

j0 0

1 a
σ LA (1-a) + -acos2ω

2 2


 
 
 

        (13) 

Therefore, the output SNR of the described three 
coefficients ANF in the presence of a single CWI is 
defined as: 

0

2
2 4 2 2 2 2

0 0

SNR =

L

1 a
(1+σ )(1+a +4a cos ω )-1+A (1-a) + -acos2ω

2 2

 
  

                  (14) 

If we write the denominator of Eq. (14) as the 
function of a, then the optimum value of a which can be 
calculated from f'(a) = 0 leads to the maximum SNR. 
 

3.3  WP Based Mitigation Algorithm 
In the proposed mitigation system (which will be 

introduced later), the WP based mitigation algorithm 
has two main roles: first, removing the remaining 
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jamming effects and second, de-noising. It can be 
classified in four steps: 

Step1: Wavelet decomposition. Choose mother 
wavelet function, the number of decomposition levels L, 
and then decompose the signal S(k) to L stages WP. 

Step2: Selection of optimal tree (i.e. determination 
of the best WP basis in order to have the best 
interference rejection). The most suitable decomposition 
of a given signal can be chosen with respect to an 
entropy-based criterion. There are several entropies and 
the 'Shannon' entropy criterion is employed in this 
paper. 

Step3: WP coefficients thresholding. Select the 
appropriate threshold which depends on the noise and 
the jamming levels and apply it at each decomposition 
level. 

Step4: WP reconstruction. According to the Lth low 
and high frequency wavelet coefficients, the 
reconstruction of WP is accomplished. 

The WP based mitigation algorithm is formulized as: 

z=WP(y)                 (15) 

t=T(z,thr)                 (16) 

1 1desired signal=WP (t)=WP oToWP(y).          (17) 

where WP and WP-1 denote WPT and inverse WPT 
operators and T is the thresholding operator with 
threshold thr. T determines the type of thresholding 
(soft or hard thresholding). Selection of the threshold is 
the most important step among these four steps. 
 

3.3.1  Proposed Threshold Selection Method 
Usually thr is selected with respect to the noise level 

σ2 (e.g. thr = 4σ is a common choice). However, this 
paper proposes a thresholding technique based on the 
optimization of universal thresholding: 

thr=γ 2ln(Nln(N)) ln(2)            (18) 

where, N is the length of signal. γ is standard deviation 
defined as: 

MAD
γ=

0.6745       
         (19) 

where, MAD is the median absolute deviation of the 
wavelet coefficients (in the case of noisy signal γ=σ). 
By using median, we can approximately achieve a good 
estimation from added white noise to the signal. But 
when the signal is contaminated by interference or when 
the SNR value is small, using median increases the 
probability of noise existence. Therefore, we employ 
Average Absolute Deviation (AAD) standard to 
optimize universal thresholding for anti-jamming 
applications: 

i iAAD(c )=mean( c )             (20) 

where, ci represents the wavelet coefficients on a given 
band i. This threshold calculation method is quick and 
simple and does not require complex calculations. 

 
Fig. 3 'Dmey' filter (a) Wavelet function and (b) scaling 
function. 
 
 

Moreover, optimum thr values are calculated 
according to different kinds of jamming and JSR values 
and they are saved in a memory. They will be used in a 
right time. 
 

3.3.2 Selection of the Mother Wavelet, Wavelet 
Filter Length and the Decomposition Level 

The choice of mother wavelet function is 
accomplished according to its maximum resemblance to 
the desired signal (jamming signal). Increasing the 
length of the wavelet filter causes the reduction of the 
side lobe and then improves the acquisition 
performance. Such effect is evident for smaller values 
of decomposition levels. In theory, as the number of 
decomposition levels increases, the resolution of the 
elimination frequency bands, the time of calculation and 
the complexity of implementation increase, too. 
Frequency specifications of the mother wavelet, 
jamming and GPS signal, has a significant impact on the 
decomposition depth selection. An optimum 
decomposition depth selection can make a good trade-
off between algorithm performance and implementation 
complexity. In this paper, the number of decomposition 
level L is set to L = 7 and the discrete Meyer ('Dmey') 
wavelet with length of 102 is selected as the mother 
wavelet. In Fig. 3, wavelet and scaling function of 
'Dmey' filter is depicted. 
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Fig. 4 Block diagram of the GPS anti-jamming system. 

 
 

3.4  Proposed Cascade Filter 
In the CWI rejection applications, notch filter is 

preferred due to its precise frequency adjustment 
regarding the WPT based filtering methods. The three 
coefficient FIR notch filter was studied in section 3.2. 
This filter can be easily designed and implemented in a 
GPS receiver. However, for high power jammers, the 
optimum value of parameter a (depth of notch) 
increases until it reaches to one. This wide and deep 
notch filter generates self-noise and causes reduction in 
the receiver SNR. To overcome the disadvantage of 
these filters, we propose a cascade form of ANF and 
wavelet filter for the jamming suppression applications. 
A simplified block diagram of the proposed cascade 
filter is illustrated in Fig. 4. Indeed, the novelty of the 
proposed anti-jamming system is employing (cascading) 
two filters that can cover each other drawbacks. The 
ANF prevents wavelet filter to employ several 
decomposition levels (prevents computational load 
growth). The wavelet filter prevents ANF to select a 
deep notch for jamming mitigation (prevents SNR 
reduction). 

The aim of the jammer canceller (cascade filter) is to 
retrieve original signal s(k) and the output of the 
cascade filter is an estimation of the signal ˆ( )s k . The 

received signal is first processed through the ANF. The 
input of the ANF is the digital version of contaminated 
received signal r(k). 

It is depicted in Fig. 4 that the second block of the 
cascade filter is the wavelet filter. The wavelet filter has 
two tasks: jamming rejection and de-noising. The input 
of this block is y(k). In this block, the jammer (or the 
jammer+noise) is estimated in the de-noising procedure 
instead of the GPS signal (J (or J+n) is desired signal). 
The power of the received GPS signal is about -160 
dBW (22 dB less than the noise power) and the 
observation would be dominated by the noise and 
jamming. Hence, in the second block the jamming 
signal j(k) is estimated and then it is removed from the 
contaminated signal: 

-1Ĵ=WP oToWP(y)              (21) 

1 1ˆŝ=y-J=y-WP oToWP(y)=(I-WP oToWP)(y)       (22) 

where, I is the identity operator and WP-1◦WP = I. 
Therefore, Eq. (22) can be rewritten as: 

-1 s hŝ=WP oT (or T )oWP(y)            (23) 

Soft

c-sign(c)( c -thr) if c thr
T (c)=c-T (c)=

c otherwise
s

 
 
 

    (24) 

h

Hard

0 if c thr
T (c)=c-T (c)=

c otherwise

 
 
 

    (25) 

where, c denotes the wavelet coefficients. Ts(c) is 
calculated based on soft-thresholding operator TSoft(c). 
Th(c) is calculated based on hard-thresholding operator 
THard(c) [14]. The retrieved signal ŝ  is free from 
jammer and noise and it can be processed by the 
acquisition and tracking units of the GPS receiver. 

The jamming rejection process of the second block 
is done by a subtraction. So, this process needs storage 
of the received signal and also fine synchronization 
procedure. However, the WPT algorithm can be 
implemented as a plug-in filter in the GPS receiver. 
Moreover, thanks to recent digital signal processors, the 
proposed cascade filter is a practical real-time anti-
jamming system for GPS receivers. 

It must be noted that the concept of recent WPT-
based works [12, 13] is based on removing interfered 
sub-bands which have two main drawbacks: (a) when 
the jamming lies in several sub-bans, a large portion of 
the signal will remove by removing all interfered sub-
bands (b) furthermore, when a small part of interference 
lies in a sub-band, removing the entire of that sub-band 
causes inaccurate signal reconstruction. The concept of 
the employed WP-based algorithm is based on 
thresholding the interfered sub-bands [14]. So, when a 
part of interference lies in a sub-band, the entire of that 
sub-band will not be removed. 
 
4 Experimental Results 

A test setup is developed for the performance 
evaluation of the proposed anti-jamming algorithm in 
various conditions (Fig. 5). It consists of a GPS antenna, 
a GPS receiver, an RF signal generator, a spectrum 
analyzer, a combiner and a computer. 
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Fig. 5 Test setup. 
 
 

 
Fig. 6 Position of the jammer canceller in the GPS receiver. 
 
 

Jamming signal generated in RF signal generator is 
combined with the real recorded GPS signal in the 
combiner. The combined signal is processed in the GPS 
receiver front-end and the output of the analogue to 
digital converter of the receiver is fed to the GPS 
software receiver. The use of a software receiver can 
accelerate acquisition, tracking and navigation 
processes. Furthermore, several jamming scenarios (that 
are not easy to implement in practice) can be designed 
and tested in the computer (the software receiver). The 
jammer canceller is also implemented in the GPS 
software receiver as depicted in Fig. 6. 

Two different data sets are provided for the 
performance examination of the proposed rejection 
filter: first, real recorded GPS data combined with 
simulated jamming signal and second, real recorded 
GPS data combined with real jamming signals. 
Simulation parameters are shown in Table 1. The GPS 
signal that is saved in a test interval contains N = 62854 
samples. 

The performance of the proposed filter is expressed 
in terms of the number of acquired satellites, acquisition 
metric αmax, SNR gain and Mean Square Error (MSE) of 
the IF estimation. 

Table 1 Parameters of simulation. 

Value Parameter 
GPS L1 C/A code Desired signal 

5.7143 MHz Sampling frequency fs 

1.405 MHz Intermediate frequency fIF 

2.046 MHz Signal bandwidth 
2 bits-4 levels Bits of A/D-quantization levels 

25 Hz PLL noise bandwidth 
2 Hz DLL noise bandwidth 
0.7 DLL and PLL damping ratio 

 
 

The purpose of the acquisition unit is to find the 
signal parameters for all the available satellites. The 
acquisition function looks for a GPS signal in frequency 
steps of 0.5 KHz. The acquisition metric is defined as: 

1
max

2

R
α =

R        
         (26) 

where αmax represents the ratio between the highest 
correlation peak R1 and the second highest correlation 
peak R2 in the search space for each channel. This ratio 
is compared to the threshold value which is preset in the 
receiver. 
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The SNR gain (SNR improvement) is the difference 
of the SNRout,dB and SNRin,dB. The in and out indexes 
refer to the input and output signals of the jammer 
canceller, respectively. 

 
 

2

k k

2

k k

SNR gain=
E y -s

ˆE s -s
            (27) 

 
 

 
Fig. 7 (a) PSD of the received GPS plus noise signal (without jammer), (b) acquisition results of the received GPS plus noise signal 
(without jammer), (c) PSD of the jammed signal (simulated SCWI, JSR = 50 dB), (d) acquisition results of the jammed signal 
(simulated SCWI, JSR = 50 dB), (e) PSD of the estimated signal (simulated SCWI), and (f) acquisition results of the estimated signal 
(simulated SCWI). 
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In the Eq. (27), E is the expectation operator, ŝ  is 
the jammer free signal estimated by the jammer 
canceller and s is the uncontaminated GPS signal. 

MSE represents the similarity between the original 
signal and the retrieved signal: 

21 ˆMSE= (s-s)
N
              (28) 

As mentioned earlier, N is the length of the signal. 
The smaller value of MSE indicates that the retrieved 
signal is a better approximation of the original signal. 
 

4.1  First Data Set 
It was mentioned before that the first data set is 

composed of the real recorded GPS signal and the 
simulated jamming signal. The JSR of the Single-Tone 
CWI (SCWI) and MCWI is changed in the range of 40-
65 dB. It is calculated as: 

J
JSR=10log

S
              (29) 

where J is the jammer power and S is the GPS signal 
power. 

The employed SCWI is a pure sinusoidal signal 
located in the main lobe of the GPS signal (0.4-2.4 
MHz). The Power Spectral Density (PSD) of the 
received, contaminated and retrieved signals and the 
acquisition results (the number of acquired satellites) 
are shown in Fig. 7. 

It is illustrated in Fig. 7-c that an SCWI (JSR = 50 
dB) can decrease the number of acquired satellites to 
only one satellite which is insufficient for navigation. 
Therefore, a jammer canceller should be employed to 
reject the jamming signals and retrieve the lost 
satellites. Fig. 7-e and Fig. 7-f show that the proposed 
jammer canceller rejected the SCWI and retrieved six 
satellites. The acquisition metric αmax is calculated for 
the wavelet-based jammer canceller [14], the notch filter 
[17] and the proposed jammer canceller for different 
JSRs of an SCWI (Fig. 8). 
 

 
Fig. 8 Acquisition metric vs. JSR for the estimated signal 
(simulated SCWI). 

 
Fig. 9 (a) SNR improvement vs. JSR for the estimated signal 
(simulated SCWI), and (b) MSE vs. JSR for the estimated 
signal (simulated SCWI). 
 
 

Fig. 8 shows that the αmax of the signal which is 
retrieved by the proposed filter has a greater value 
respect to the αmax of the signals which are retrieved by 
the wavelet and the notch filters. It is demonstrated that 
the proposed filter can better retrieve the lost satellites 
respect to the wavelet [14] and notch filters [17]. 

The SNR gain and MSE of the retrieved GPS signals 
are presented in Fig. 9. This figure also compares the 
performance of the proposed, wavelet only [14] and 
notch only [17] filters in terms of SNR gain and MSE. 

Fig. 9 illustrated that the performance of the notch 
filter [17] is close to the proposed filter in the low 
values of JSR. In the high values of JSR the self-noise 
of the notch filter degrades its anti-jamming 
performance. The proposed filter overcomes this issue 
by employing a WPT-based filter. 

In order to evaluate the performance of the proposed 
filter for the case of MCWI rejection, Tables 2, 3 and 4 
are presented. 
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Table 2 Acquisition metric of the proposed cascade filter, 
ANF and wavelet filter (simulated MCWI). 

JSR 
(dB) 

Wavelet 
Filter [14] 

Notch 
Filter [17] 

Proposed 
Filter 

45 2.97 3 3.24 
50 2.99 2.92 3.10 
55 2.51 2.85 2.92 
60 2.48 2.82 2.90 
65 2.52 2.87 2.86 

 
 
Table 3 SNR gain of the proposed cascade filter, ANF and 
wavelet filter (simulated MCWI). 

JSR 
(dB) 

Wavelet 
Filter [14] 

Notch 
Filter [17] 

Proposed 
Filter 

45 13.13 21.55 22.61 
50 15.98 23.48 24.15 
55 16.40 23.89 24.91 
60 16.61 24.05 25.17 
65 17.61 22.56 22.48 

 
 
Table 4 MSE of the proposed cascade filter, ANF and wavelet 
filter (simulated MCWI). 

JSR 
(dB) 

Wavelet 
Filter [14] 

Notch 
Filter [17] 

Proposed 
Filter 

45 0.74 0.10 0.08 
50 0.76 0.13 0.11 
55 1 0.17 0.14 
60 1.04 0.18 0.14 
65 0.9 0.28 0.29 

 
 
Table 2 and Fig. 8 show that in term of the 

acquisition metric, proposed filter has an average 
improvement of 8%, 7% over the wavelet filter [14] and 
ANF [17], respectively. Table 3 and Fig. 9-a indicate 
that in term of the SNR gain, the proposed cascade filter 
have an average progress of 53% and 9% over the 
wavelet filter [14] and ANF [17], respectively. Table 4 
and Fig. 9-b emphasize that in term of the MSE, the 
proposed filter have an average improvement of 85%, 
37% over the wavelet filter [14] and ANF [17], 
respectively. 
 

4.2  Second Data Set 
The second data set is composed of the real recorded 

GPS signal which is contaminated by real jamming 
signal. The jamming signal is created by an RF signal 
generator. Fig. 10 shows the PSD of the GPS signal and 
acquisition results of the receiver in the presence of a 
real MCWI. It also illustrates the PSD and acquisition 
results of the retrieved signal. 

Fig. 10-a depicts that no satellite can be acquired by 
the receiver in the presence of real MCWI (JSR = 55 
dB). However, Fig. 10-d shows that the proposed 
jammer canceller can retrieve five satellites which are 
sufficient for the navigation. 

 
Fig. 10 (a) PSD of the jammed signal (real MCWI, JSR=55 
dB), (b) acquisition results of the jammed signal (real MCWI, 
JSR=55 dB), (c) PSD of the estimated signal (real MCWI), 
and (d) acquisition results of the estimated signal (real 
MCWI). 
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Fig 10-c illustrates that the proposed filter removed 
all the jamming signals from the GPS signal spectrum. 
The acquisition metric αmax is presented in Fig. 11 for 
the range of 45-65 dB JSR values. 
 
 

 
Fig. 11 Acquisition metric vs. JSR for the estimated signal 
(real MCWI). 
 

 
Fig. 12 (a) SNR improvement vs. JSR for the estimated signal 
(real MCWI), (b) MSE vs. JSR for the estimated signal (real 
MCWI). 

Fig. 11 demonstrates that the proposed filter can 
better acquire satellites compared to the ANF [17] and 
the wavelet filter [14]. The SNR gain and MSE for the 
estimated signal by the proposed filter, ANF and the 
wavelet filter are presented in Fig. 12. 

Fig. 12 shows that the proposed filter outperforms 
the ANF [17] and the wavelet filter [14] in terms of 
SNR gain and MSE. However, the ANF has a better 
performance for the JSR value lower than 48 dB due to 
the negligible self-noise of the ANF in these JSR values. 
The performance of the proposed filter, ANF and 
wavelet filter in the case of SCWI rejection are 
compared in the Tables 5, 6 and 7. 

Table 5 and Fig. 11 show that in term of the 
acquisition metric, the proposed filter has an average 
improvement of 3%, 11% over the wavelet filter [14] 
and ANF [17], respectively. Table 6 and Fig. 12-a 
indicate that in term of the SNR gain, the proposed filter 
has an average progress of 31% and 9% over the 
wavelet filter [14] and ANF [17], respectively. Table 7 
and Fig. 12-b emphasize that in term of the MSE, 
proposed filter has an average progress of 58%, 26% 
over the wavelet filter [14] and ANF [17], respectively. 
 
 
Table 5 Acquisition metric of the proposed cascade filter, 
ANF and wavelet filter (real SCWI). 

JSR 
(dB) 

Wavelet 
Filter [14] 

Notch 
Filter [17] 

Proposed 
Filter 

40 3.09 3.14 3.21 
45 3.21 3.02 3.17 
50 3.09 2.78 3.16 
55 3.08 2.73 3.14 
60 3.04 2.66 3.09 

 
 
Table 6 SNR gain of the proposed cascade filter, ANF and 
wavelet filter (real SCWI). 

JSR 
(dB) 

Wavelet 
Filter [14] 

Notch 
Filter [17] 

Proposed 
Filter 

40 10.65 19.77 20.82 
45 14.96 18.29 19.72 
50 14.81 18.99 21.23 
55 15.63 18.72 21.10 
60 15.90 18.65 21.17 

 
 
Table 7 MSE of the proposed cascade filter, ANF and wavelet 
filter (real SCWI). 

JSR 
(dB) 

Wavelet 
Filter [14] 

Notch 
Filter [17] 

Proposed 
Filter 

40 0.47 0.05 0.04 
45 0.32 0.15 0.10 
50 0.49 0.18 0.12 
55 0.45 0.22 0.12 
60 0.45 0.24 0.13 
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5 Conclusion 
In this paper, a cascade three-coefficient ANF with 

an adaptive WPT-based filter was proposed for CWI 
suppression. In the first step, the jamming signal was 
mitigated by a simple FIR filter. To overcome the 
receiver performance degradation due to the self-noise 
effect of the FIR filter, the remaining jamming effects 
and also the noise of the notch filter was rejected by a 
WPT-based filter in the second step. The main 
advantage of the WPT-based filter is that it does not 
require the knowledge of the interference instantaneous 
frequency. The cascade filter presented considerable 
improvement in the jamming mitigation process for 
higher JSR values. It was well-suited for low cost 
applications because of its applicability on low cost 
processors. The proposed method was applied to two 
experimental data sets: the simulated jammer and the 
real jammer, which are added to the real recorded GPS 
signals. The results showed that the cascade filter has an 
average progress of 42%, 71%, and 6% over WPT-
based filter in terms of SNR gain, MSE and acquisition 
metric, respectively. It has an average progress of 9%, 
31%, and 9% over ANF in terms of SNR gain, MSE and 
acquisition metric, respectively. 
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