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Abstract Global navigation satellite system (GNSS) receivers are highly susceptible to continuous wave (CW)
interference because the received signals are extremely weak. Current interference mitigation techniques mainly
use a notch filter or transform domain. This paper proposes a computationally effective algorithm based on a
frequency-locked loop (FLL) to mitigate interference in GNSS receivers. The performance of the algorithm is
validated through an analysis of the characteristics of the interference reduction filter and interference estimation
precision. A Monte Carlo simulation is used to compare the proposed algorithm with various previous algorithms:
the adaptive IIR notch filter, adaptive linear-phase FIR filter, and N-sigma DFT algorithm. The simulation
results show that the proposed algorithm exhibits excellent interference estimation precision and superior anti-

jamming performance compared with the conventional algorithms.
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1 Introduction

A global navigation satellite system (GNSS) receiver inherently has anti-interference ability because of its
spread spectrum characteristics. Nevertheless, GNSS signals are very weak and can be easily corrupted
by intentional or unintentional interferences, leading to significant degradation in GNSS tracking and
positioning performance [1]. Continuous wave (CW) interference is one of the most insidious interference
sources that cause severe performance degradation in the GNSS receiver [2-4].

CW interference reduction techniques have attracted considerable attention recently [5,6] and can be
classified into time- and frequency-domain approaches. Among the time-domain algorithms, the most
frequently employed interference mitigation scheme is based on adaptive notch filters [7-9]. Borio et
al. [10] proposed a detection scheme for CW interference based on an adaptive infinite impulse response
(ITR) notch filter that adaptively estimates the notch frequency. IIR is the most widely employed class of
notch filter structures because of its low computational complexity and efficient implementation. However,
the ITR notch filter degrades the quality of useful signals to a large extent and introduces time delays [11].
Abdizadeh et al. [8] used a linear-phase finite impulse response (LP-FIR) notch filter to efficiently detect
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and track CW interference and properly eliminate it without causing phase distortion. Although FIR
filters can be easily designed to have a linear phase frequency response, linear phase FIR notch filters have
a higher computational load than IIR ones. Moreover, the matrix of its adaptive process is too complicated
to be implemented on hardware. The use of a frequency-domain interference suppressor is also a popular
interference mitigation technique; it is frequently mentioned in the literature and is commonly used in
working receivers [12]. Capozza et al. [13] employed a discrete Fourier transform (DFT) algorithm to
detect and remove abnormal spectral lines from the received signal’s band. Balaei and Dempster [14]
devised a statistical hypothesis to detect GPS interference in the frequency domain. Other currently used
efficient approaches include interference mitigation filters in the transform domain, such as the short-time
Fourier transform (STFT) [5] and the wavelet transform (WT). However, the biggest concern associated
with the abovementioned transform domain approaches is hardware complexity. Moreover, mitigation
performance is limited by significant spectral leakage.

Therefore, in this paper, a CW interference mitigation algorithm based on a frequency-locked loop
(FLL) is proposed. This method is based on the time domain, but is not limited to the notch filter and
its corresponding adaptive algorithm. In the proposed algorithm, the single sinusoidal interference is
converted to a direct current (DC) signal through spectrum shifting, and is eliminated by subtracting the
DC component. The estimation of the DC component can be realized by an integrator, while the spectrum
shifting process can be implemented by the correlator of an FLL or a phase-locked loop (PLL). Both
the FLL and PLL have perfect interference tracking performance, and because the dynamic adaptation
ability of the FLL is considerably better, we use the FLL. Therefore, the notch filter and adaptive
module in the traditional algorithms are replaced by the mitigation integrator and FLL in the proposed
algorithm. Naturally, the filter characteristics of the mitigation integrator and the interference tracking
precision of the FLL determine the interference suppression performance of this method. Various aspects
of the proposed algorithm are analyzed. A comparison with previously reported mitigation methods is
performed and appropriate metrics in [5] are introduced to validate the effectiveness of the proposed
algorithm.

This paper defines an algorithm for interference mitigation that is to be implemented in GNSS receivers
for high-precision navigation. Conventional time- and frequency-domain approaches cannot meet the
requirements for application because of their respective defects. The difference between the FLL-based
method and frequency-domain methods is that the proposed algorithm addresses the spectral leakage
problem and avoids the complex time-frequency transform. The difference between the FLL-based method
and LP-FIR notch filter methods is that the proposed algorithm provides stronger interference mitigation
with less resource consumption. The difference between the FLL-based method and IIR notch filter
methods is that the proposed algorithm has better phase characteristics, which is useful for positioning
accuracy. The excellent interference estimation precision is demonstrated in the FLL-based method.
Thus, the interference can be effectively filtered out with negligible side effects on the desired signal
through a simple calculation process. The proposed method is a good candidate because it implements
a number of options for CW interference mitigation.

The remainder of this paper is organized as follows. Section 2 describes the GNSS signal model in
the presence of CW interference. In Section 3, the design of the single interference mitigation algorithm
is introduced and explained. A cascaded interference mitigation unit design is introduced for multiple
interferences. Section 4 details the performance analysis of the interference mitigation algorithm. In
Section 5, the Monte Carlo simulation results validate the theoretical analysis and the effectiveness of
the proposed algorithm. Finally, conclusion is presented in Section 6.

2 Signal model
According to [1], the signal obtained by the output of a GNSS front-end is expressed as

r[n] =s[n—70]+7j[n]+nlnl, (1)
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Figure 1 Operational scheme of the proposed algorithm.

where s[n — 79] is the received GNSS signal, 79 is the delay of the incoming signal, j[n] is the CW
interference, and 7 [n] is the additive white Gaussian noise (AWGN) with zero mean and two-sided power
spectral density of Ny/2. The GNSS signal can be modeled as

s[n— 7] = Ac[n — 1] d [n — 7o) B0+ fa)n+6] (2)

where A is the amplitude of s [n], ¢[n] is pseudo random noise code (PRN) sequence, d [n] represents the
navigation message, and fo, fq, and 6 denote the intermediate frequency, Doppler frequency, and initial
carrier phase of the incoming signal, respectively. The interference signals are assumed to be multitone
CW interferences and can be expressed as

M
j [n] _ ZAiei(aninJrei)’ (3)

i=1

where M is the number of continuous waves entering the GNSS front-end bandwidth, and A;, f;, and 6;
denote the amplitude, frequency, and phase of the i-th sinusoid interference, respectively. The quality of
the signal recovered by the front-end is indicated by means of the interference-to-noise ratio given as

A'2

NR =
INR 2N B;'

(4)

where By is the one-sided bandwidth of the GNSS front-end. This quantity measures the relative power
of the interfering signal with respect to the noise.

3 Algorithm design

3.1 Single CW interference

In this section, we propose an FLL-based CW interference mitigation algorithm implemented between
the front end and acquisition stages. The general scheme of the proposed algorithm in a GNSS receiver
is illustrated in Figure 1. The design of the interference mitigation algorithm includes two parts: the
mitigation unit (MU) and the auxiliary unit (AU). The MU adopts FLL to track and suppress interference,
whereas the AU based on DFT is used for providing a rough estimation of the interference frequency that
assists the FLL in tracking the interference.

3.1.1 Mitigation unit

The MU mainly completes the accurate tracking and removal of the interference. An MU based on
FLL shown in Figure 2 was used in this study. The MU includes two processes: FLL and interference
mitigation.
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Figure 2 Block diagram of the mitigation unit design.

The FLL process tracks the interference by estimating the frequency error between the received and
local signals. As in any other classical feedback control loop, the frequency difference estimated from
the discriminator is filtered by a low-pass loop filter and then used to control a numerically controlled
oscillator (NCO) [15,16]. Here, it is assumed that a DFT rough estimate of the interference frequency
has been given to the NCO module by the AU to extend the frequency discrimination range of the
FLL. Therefore, the FLL tracks the interference dependmg on the difference between the interference
frequency f; and estimated interference frequency fl, where fl fﬁ’t + fﬂl, and ffft and fﬁ] are the rough
and accurate estimates of the interference frequency provided by the DFT and FLL, respectively.

The mitigation process can be divided into three steps. The first step is down-converting. When the
frequency of the reference signal generated by the NCO is aligned with the interference frequency, the
interference complex signal j [n] is down-converted around zero frequency through the correlation process.
Therefore, the interference in the received signal is transformed to an approximate DC voltage signal.
The down-conversion process is completed by the conjugated NCO signal. In the implementation, the
in-phase component of the NCO signal remains unchanged, and the quadrature component of the NCO
signal is negated. The down-converted signal can be derived as

Pn] =r[n] x exp {—i {27‘[]?1-71 + él} }
= s[n — 0] o i(rfint0i) 4 g gi@mfente) | 7] o—i(2rfintd,)

(5)

i

where f. = f; — fi, 0. = 0; — 0;.

Next, the interference signal is expected to be removed after the correlation process. The interference
is mitigated by eliminating the DC component in the down-converted signal. The DC component of the
down-converted signal is expressed as a mean of the signal in a certain period of time. In particular, this
period can be set as the integrate-dump time 7. The output of the integrate-dump component at the
k-th loop update time epoch can be written as

N
> Pln

n=1

||
M=

{5 [n — 7] e—i(2nfm+éi) + Aiei(anen+95) +n[n] e—i(27rf7,n+éq,)}

MZ Il

N
sln — e —1(2nfm+9 } Z{ 27rf1n+9)}

n 1 n=1

+ NA;sinc (ntf.T) €' ifomfe (tt % +96]] (6)

where N = T'fs is the sampling number within the integration time. Next, we eliminate the CW
interference by subtracting the mean of integrate-dump result. The treated down-converted signal can
be derived as

Qn] = Z

=3 [n _ TO] _(271fm+9 ) + 77[ ] —1(27rf7n+9 )
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+ {Aiei(27tfen+96) — A;sine (f.T) ei[ane(thr%)Jree]}
N

1
_ N 2 s [n _ TO] e—1(27rfm+9 N Z 77 271fm+9 ) (7)

Note that when FLL tracks the interference in stable conditions, f. = 0; thus, we have
A;el@rfentle) _ A gine (rcfeT) e if2rfe(tet ) +0e] & g, (8)

This implies that the interference component is removed. In the implementation of this step, the in-phase
signal and the quadrature signal subtract their mean value. Here, there is no need to track the phase of
the interference. This is one of the reasons for using the FLL rather than the PLL. Besides, in (7), when
N is sufficiently large, the mean of the noise and the down-converted spreading spectrum signal is almost
Z€ro.

N
Z sln— 7] ) g, 9)

N Z 77 27Tf1n+6 ) ~ 0. (10)
Hence, the treated down-converted 51gna1 becomes
Qln) ~ sln — ro] e IEHAmH0) ] =it ), (1)

Finally, the useful component in the down-converted signal should be restored by up-converting. For
up-converting, the down-converted signal is correlated with the NCO signal again. After the second
correlation process, the restored signal is obtained as

' Inl = QInl x exp {i |2nfin + 01 }
~sn—1l+nnl.

(12)

Consequently, the interference component in the received signal is filtered out and the useful signal is
completely restored.

In order to explain the interference suppression process in the proposed algorithm, an example is
given with the signal spectrum depicted in Figure 3. The interference has a frequency deviation of
162 kHz relative to the intermediate frequency. The signal source is noise free for better highlighting
the interference removal process. Figure 3(a) shows the frequency spectrum of the received signal r [n].
Note that the useful signal is overpowered by interference. After being multiplied by the conjugated
NCO signal, the received signal is spectrum shifted, as shown in Figure 3(b). Then, the interference
component is suppressed; the signal spectrum is demonstrated in Figure 3(c). It can be clearly observed
that a pseudocode signal spectrum emerges when the interference is removed. Finally, the spectrum of
the restored signal is shown in Figure 3(d). Note that the useful signal remains intact, and is identical
with the spectrum of the spread spectrum signal s [n].

During implementation, because the integral time N could not be infinite and the filter performance
of the mitigation integrator was not ideal, the terms in (10) could not be exactly equal to zero, thereby
generating the interference estimation error. In the proposed algorithm, the interference is estimated as
the difference between the input signal r [n] and the output signal ' [n]:

jln]=rn]—1"[n]. (13)
The interference estimation error can be expressed as
e[n)=jn] —jnl. (14)

The interference estimation performance of the proposed algorithm will be analyzed in detail in
Section 4.
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Figure 3 (Color online) Signal spectrum of the interference suppression process. (a) Received signal; (b) down-converted
signal; (c) treated down-converted signal; (d) restored signal.

3.1.2  Auziliary unit

The FLL has a wide frequency tracking range. Nevertheless, the interference frequency may be located
at arbitrary frequency points within the full band range that the FLL cannot track. Hence, a simple
DFT unit is adopted for assisting the MU.

For the DFT unit, rough interference frequency estimation should be provided. As the DFT unit
in the proposed algorithm does not directly eliminate interference, it lowers the accuracy requirements.
The existing residual frequency error will be gradually removed by FLL tracking. Besides, a number
of developed DFT technologies such as interpolation using Fourier coefficients can be applied to the
estimation of the interference frequency. The techniques employed for detecting and identifying single or
multiple CW signals can be referenced in the literature [17,18|.

The design requirements of the AU are provided below. The discrimination range of the FLL depends
on the selected frequency discriminator. A four-quadrant arctangent (Atan2) discriminator is one of the
best discriminators because of the rarity of the data bit sign transitions modulated on the interference [16].
For the four-quadrant arctangent discriminator, the discrimination range can be expressed as

(15)

-1 +1
Fdiscrim = |: i :| .

2T 2T

Hence, in order to assist the FLL, the frequency estimation error of the designed DFT should not exceed
the frequency discrimination range of the FLL; thus, it elicits the accuracy requirements for the AU.

1

< o7 (16)

‘fﬁt = fi

where T is the integrate-dump time of the FLL.
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Figure 5 Signal spectrum of the multiple interference mitigation process. (a) Received signal; (b) the strongest interference
is eliminated; (c) the second-strongest interference is eliminated; (d) the last interference is eliminated; (e) comparison
between processed signal and desired signal.

3.2 Multiple CW interferences

In this section, multiple CW interferences are considered. To mitigate multiple CW interferences, a
cascading DFT unit and MUs can be employed. Figure 4 shows the block diagram of the cascaded MU
scheme. The first MU in the chain mitigates the most powerful disturbing interference. Then, the other
units remove the remaining interferers with progressively decreasing power [8,10]. Auxiliary information
from a DFT unit is shared for all MUs.

The process of multiple interference mitigation is presented in Figure 5. Three interferences shown in
Figure 5(a) are used to demonstrate the removing process. Figure 5(b) and (c) show that the strongest and
second-strongest interferences have been removed after two interference MUs are cascaded. Figure 5(d)
illustrates that the spectra of all three interferences have been filtered out by the multiple-interference
mitigation algorithm. The remaining signal spectrum is compared with the desired signal spectrum in
Figure 5(e). As indicated in Figure 5(e), with respect to the desired signal and the signal processed by
the proposed algorithm, it can be clearly observed that the spectrum is the same in both cases. The
exception is at the frequency of 1.662 MHz, where the interference coincides with one of the worst lines
in the PN code. This can be explained as follows. This useful PN spectrum line is regarded as part of the
CW interference by the proposed MU and will be subtracted from the front-end signal by mistake [19].
This indicates the loss of a useful signal in the case of the proposed algorithm. This type of loss also
exists in the case of other suppression algorithms.

The performance of the algorithm in the presence of multiple interferences can be analyzed by consid-
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Figure 6 (Color online) Frequency response of interference suppression filter. (a) Amplitude response; (b) phase response.

Table 1 Characteristics of interference suppression filter

Interference suppressor Normalized bandwidth at —3 dB Phase response Implement complexity
Mitigation integrator 8.0204e—04 Approximate to 0 1 multiplier
IIR notch filter 0.0304 Highly non-linear 1 multiplier
LP-FIR notch filter 0.0445 Linear 601 multiplier

ering the single components as independent interfering signals. The multitone signal comprises different
waveforms with different characteristics and amplitudes. Naturally, when the analysis is subject to mul-
tiple interferences, a similar representation can be established by summing up different contributions.

4 Algorithm performance analysis

4.1 Interference filtering performance

The design of the proposed algorithm can be mainly divided into two parts: interference mitigation and
interference adaptive tracking. The interference mitigation process in the proposed algorithm is similar
to bandpass filtering. The removal of DC by averaging over integration time 7' is the same as low-pass
filtering with a sinc of bandwidth 1/7. Thus, the interference suppression performance of the proposed
algorithm can be conveniently compared with other time-domain filter methods.

4.1.1 Interference mitigation

The interference mitigation process in the proposed algorithm is mainly realized by an integrator. The
interference mitigation integrator comprises an accumulator, subtractor, and multiplier; these consume
a small amount of hardware resources. The transfer function of the interference mitigation integrator in
the proposed algorithm can be given as

—1—Nz7l 427N
N(1—-2z71)

N—-1
H(Z):l—%ZZ*":N (17)
n=0

The frequency response of a digital filter can be interpreted as the transfer function evaluated at z = /™.
We can write a rational transfer function as

N —1— Ne iw 4 ¢—iwN

H(ejw) = N (1 — e_jw)

(18)

Figure 6 depicts the frequency responses of the mitigation integrator, IIR notch filter, and linear phase
FIR notch filter. The normalized frequency is set to a range from 0 to 0.08 in order to show the filter
characteristics [8,10]. The notch frequency is fixed at 0. The integration time of the integrator is set to 600
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sampling points. The bandwidth at —3 dB, the phase response characteristics, and the implementation
complexity of the integrator filter, IR notch filter, and LP-FIR notch filter are summarized in Table 1.

Note that the notch level of the interference mitigation integrator is significantly higher than that of
the others, while the notch ability of the 600 order LP-FIR filter is slightly weaker than that of the IIR
filter. Thus, it can be concluded that the resource utilization of the mitigation integrator is minimal
under the same notch bandwidth conditions. Furthermore, because the LP-FIR notch filter requires a
very high order to achieve the same notch depth, the gradient calculation in the LMS adaptive algorithm
is considerably complex, which makes the implementation of the interference adaptive process difficult.
On the other hand, the phase characteristics of each method are also analyzed. The mitigation integrator
and the LP-FIR notch filter are observed to have ideal phase characteristics. The phase of the signal in
the pass band remains fairly unchanged after filtering by the integrator filter. The measurement biases
introduced by FIR filters can be compensated because of their linear phase property. However, the
IIR notch filter has non-linear phase characteristics. The biases in the pseudo range and carrier phase
measurements due to the group and the phase delays of the IIR notch filter cannot be easily predicted
and compensated.

4.1.2  Adaptive process

The adaptive process is based on the FLL used for tracking the interfering signals in the proposed
algorithm. Therefore, in this subsection, we analyze its tracking accuracy and then compare it with
other adaptive algorithms. The interference adaptive process includes frequency adaption and amplitude
adaption. In the proposed algorithm, frequency adaption is realized by the FLL, whereas amplitude
estimation is realized by the integrate-dump.

The interference amplitude adaption is an important factor that determines the performance of the
interference adaption. In the proposed algorithm, the interference amplitude can be expressed as a mean
of the modified integrator output,

NAisinc (feT)e if2refe (tnt- 3 ) +0e]
A; = % x | T Z [n—To]e ~i(anfintd:) x @ 1(@2mtfen+0e) (19)
+ Z n [n] efl(aninJréi)
n=1
Because the spread spectrum signal is relatively weak, the interference estimation error caused by the
spreading signal is ignored. Assuming s[n — 79] = 0, we get
A;sine (tf.T) cil2refe (tet ) +0.]

A; = N o s x e 1@ fentle) (20)
X nlnje Gt
n=

Because interference mitigation is based on FLL tracking, which provides accurate interference synchro-
nization, the interference estimation error caused by the tracking deviation is ignored. Substituting f. ~ 0
into (20), we obtain

Ay = 4; + e Zn ol (2refin i) (21)
Thus, we have the normalized amplitude estimation as

" A; _ -
Ai,normalized = X’L =1+ i6e Z 77 1 27‘[fln+9 ) (22)
i

Then, the root-mean-square error (RMSE) of the steady state normalized amplitude fli,normahzed can be

obtained as
19 —1 27‘[fln+9 )
¥ A Z nln

rimse (Ai,normalized) = ’ (23)

2
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where 7 [n] is a complex random variable whose real and imaginary parts are zero mean Gaussian random
variables. Here, the variance of 7 [n] is given by

var (1[n]) = Eln[n]|” = o, (24)

2

where 02 = A;° / JNR. Therefore, the variance of the integrate-dump result for the noise term can be

derived as
n
var <Z n [n] e—i(27rf7,n+97,)> _ NO‘2. (25)
n=1

Substituting (25) into (23), the RMSE of the steady state normalized amplitude becomes
rmse (/Ali,normahzed) =1/(VN x JNR). (26)

On the other hand, interference frequency tracking is also an important indicator for the adaptive
process. Rule-of-thumb thresholds can be used along with equations that predict the measurement errors
of the tracking loops [15]. The rule-of-thumb tracking threshold for the FLL is that the 3-sigma value of
the frequency jitter due to all sources of loop stress must not exceed 90° in one predetection integration
time, T', or 90/3607 Hz. Thus, the rule-of-thumb FLL threshold analysis is given by

1

30rLL = 30t FLL + fe,FLL <

where o pr1, is 1-sigma thermal noise frequency jitter. fe rrr is 3-sigma dynamic stress error. T is
predetection integration time. A formula for estimating the variance of the thermal noise frequency jitter

1 [4FB, 1
- 14— 2
THFLL 27TT\/CNR ( * T-CNR)’ (28)

where F' equals 1 at high CNR, or equals 2 when near threshold. B,, is the FLL loop noise bandwidth.
CNR is the carrier-to-noise power ratio.

can be expressed as

Figure 7 reports an example of the interference tracking process under several jamming signal-to-noise
power ratio (JNR) conditions. The process is compared with the LMS adaptive process of the ITR notch
filter [8,10]. The simulation results closely follow the analytical results. The amplitude estimation RMSE
in the case of the proposed algorithm is worse than that in the case of the LMS algorithm adaption
process under the high JNR condition, while the frequency tracking accuracy of the FLL algorithm is
considerably better than that of the LMS algorithm of the ITR notch filter. In addition, the tracking
mitigation ability of the weak interference is useful in high-precision ranging and velocity measurements.
It is concluded that, in the simulation, the convergence of the LMS algorithm is not good when the signal
JNR is lower than —5 dB, while the FLL track threshold can be as low as —20 dB.

4.2 Interference estimation precision

In this section, in order to analyze the overall performance of the interference suppression algorithm, the
interference estimation performance of the proposed mitigation algorithm is investigated. Two different
metrics, €, and ¢ in [5] are introduced to quantify the effectiveness of the interference mitigation algorithm.
Statistic metrics €, and ¢ measure the difference between the estimated interference and the actual
interference that represents the interference estimation precision of the interference mitigation algorithm.

Metric &, is defined as

. ~ 2
Zamry (29)

11511

En =

and metric ¢ is defined as )

; (30)

e=|li-3
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Figure 7 Adaptive process of interference mitigation algorithms.

where j is the actual interference, J is the estimated interference, and ¢, can assume the following values:

en =0,
0<e, <1,
en 2 1,

in the case of a correct estimate;

in the case of an ideal estimate;

(31)

in the case of a misleading estimate.

When ¢,, > 1, this case is considered to be one where the interference mitigation algorithm is invalid.

Now, we study the performance of the proposed algorithm with the two metrics. According to (13),
the estimated interference can be expressed as

{Aisinc (nf.T) ell2nfe (et 5 )+ } oi(2rcfint6;)

N

J [n] = +%ei(2”fm+ai) 21 s [n — 7] e=i(2fint0:) (32)
o 'N .
+iei(2’ﬂf«;n+9i) Z n [n] efi(27tfin+6i)
N n=1
In addition, considering the interference model in (3), a single actual interference is declared as
jn] = At (33)
Accordingly, by substituting (32) and (33) into (30), the expression of metric € can be derived as
. ~ 2
eE=\J— .7’
. 2
sinc (0 f.T) eil2mfe (tut5)+0e]
N (o i s (34)
_ Aiei(Q”fm”i) o Aiei(2nfin+éi) Jrﬁ Z S [n — 7'0] e*1(27tfin+0i)
1 ";1 —i(2mfin+6,)
taw 2 e e
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Table 2 Simulation parameters

Parameter Symbol Value
GPS C/A PRN number PRN 1
Sampling frequency fs 4.092 MHz
Coherent integration time T 0.1 ms, 1 ms, 10 ms
Intermediate frequency fo 1.023 MHz
C'/No CNR 43 dB/Hz
FLL bandwidth B 4 Hz

In (34), it can be noted that the error term originates from the frequency tracking error f., the useful
signal s [n — 7], and the noise 7 [n]. It is concluded that the interference estimation performance of the
proposed algorithm is essentially thermal noise performance. Assuming s[n — 7] = 0 and f, = 0, the
statistical metric € becomes

c— (35)

1 N )
271fln+9 —1 271f1n+9
e ot

Hence, only the noise in the error term should be mainly considered. Then, according to (25), we obtain

2

N
27rf1n+9 Z 71 27rf1n+9 ) _ NO'Q. (36)
Thus, the statistical metrics €,, and ¢ are obtained as
2

2/N 1

S0 N LN | N S (37)
|| Ajel2resintoi N x JNR
No?  o?

N — = —. 38

Metrics g, and ¢ respectively denote the relative and absolute values of the interference estimation error
obtained with the proposed method. It can be understood that ¢,, is correlated with the signal JNR and
the sampling number NV within the time of integration, while ¢ is related to noise power and is independent
of the power of the interference. The above analytical techniques require much less computational time
and effort than simulation techniques employed to predict interference mitigation performance.

5 Simulation results

In this section, simulation results are presented to illustrate the final performance of the proposed mitiga-
tion method. Two sets of simulations are presented to verify the effectiveness of the proposed mitigation
algorithm. The first set of simulations demonstrates the theoretical analysis of the interference estima-
tion error for the proposed algorithm with the metrics described in Section 4. In addition, the second
set of designed simulations shows the applicative performance in terms of the range measurement for
the proposed algorithm [20]. This is because the basic function of a GNSS receiver is to determine its
location, which can be obtained by estimating the received signal’s time of arrival [21].

The scenario adopted for the simulation is characterized by the parameters listed in Table 2. In par-
ticular, interference signals with constant amplitude and fixed frequency are presumed in the simulation.
The performance of the proposed MU is compared with that of the IIR notch filters, phase-compensated
LP-FIR notch filters, DFT N-sigma transform domain algorithm, and interference-free scenario. The
parameters of interference mitigation algorithms listed in Table 3 are used in the simulation [8,10,13].
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Table 3 Parameters of interference mitigation algorithm

Mitigation algorithm Parameter Value
Proposed algorithm Integration time T T=1ms
IIR notch filter 20, ka zo = exp {j27fi}, ka = 0.9
LP-FIR notch filter 20, kq, order z0 = exp {j2nfi}, ka = 0.9, N = 600 order
’ ) p .] ’ ’ )
and phase-compensated by N/2fs
DFT transform N-sigma algorithm FFT point Np Np = 1024
10 i i -20 — ——
. . O T=0.1 ms, simulation © T=0.1ms, snmulaTlon
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Figure 8 (Color online) Interference estimation precision. Figure 9 (Color online) Interference estimation precision.
en vs JNR. e vs JNR.

5.1 Interference estimation precision

First, the proposed algorithm is simulated in terms of metrics €, and . The integration time of the
FLL is configured as 0.1 ms, 1 ms, and 10 ms, respectively. The performance of the proposed algorithm
with regard to the integration time of 1 ms is compared with the performances of the other interference
mitigation algorithms. Owing to the large amount of computation of the LP-FIR filter adaptive process,
the proposed algorithm cuts off the adaptive module in both notch filter algorithms for simplifying the
operation, and the notch filter zero of the two notch filter algorithms is fixed on interference frequency
directly. The simulation results are expressed in decibels (dB) to highlight the better performance.

Figures 8 and 9 depict metrics €, and e for the theoretical performance and simulation results under
three integration time cases. The simulation results for both metrics agree very well with the theoretical
estimation, and verify the accuracy of the analytical expressions. The residual interference power has a
small value, and it depends only on noise power; this is evident from (38). Figures 10 and 11 compare the
metrics €, and ¢ for the proposed algorithm (7" = 1 ms) and the other interference mitigation algorithms.
As shown in the figure, the DFT algorithm has the worst performance in the simulation because of
spectral leakage. The interference mitigation ability of phase-compensated LP-filter is approximately
2 dB better than that of the IIR filter because of better phase characteristics, whereas the proposed
algorithm provides a significant improvement of approximately 22 dB over the notch filter algorithms. It
is indicated that not only is the interference adaption process of FLL efficient, but the frequency response
of the interference mitigation integrator is also ideal.

The results for the analysis and simulation reveal that the interference mitigation algorithm based on
the FLL is efficient in interference estimation. When compared to the other mitigation algorithms, the
estimated interference in the proposed algorithm is exactly identical to the real interference, and the
residual interference power has a constant low value in each JNR case. The performance of the proposed
algorithm can be adjusted by modifying the parameter integration time 7. Reducing the integration time
T can increase the interference dynamic adaptation range. Further, a longer T increases the interference
mitigation ability.
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Figure 10 (Color online) Mitigation algorithms. e, vs Figure 11 (Color online) Mitigation algorithms. e vs
JNR. JNR.

Table 4 RMSE of the code tracking error (m)

JNR Proposed algorithm DFT algorithm Adaptive IIR filter Adaptive LP-FIR filter Non-mitigation
10 dB 0.1882 1.4352 3.2567 0.2872 3.1657
4 dB 0.1538 0.5136 3.1397 0.2556 2.1908
0 dB 0.1101 0.2681 3.1395 0.3022 1.7501
—4 dB 0.1356 0.1422 2.9566 0.3777 1.3591
—10 dB 0.1293 0.0894 2.2658 0.2590 0.8073
Non-interference 0.1714 0.0934 0.9884 0.1658 0.1117

5.2 Receiver tracking performance

The second set of simulations also considers the parameters listed in Table 2 and simulates the performance
of the algorithm for interference signals with five different power levels in terms of interference suppression
at the tracking stage. In order to compare the adaptive algorithm performance of the notch filter at the
same time, the notch filter adaptive mechanism is added in the simulations. The performance is evaluated
by the RMSE of code tracking. An interference with a frequency deviation of 72 kHz relative to the
intermediate frequency is simulated. This is because the 72nd line of the code spectrum is the worst
case for PRN 31, and a severe code tracking bias follows when the CW interference signal coincides with
code spectral lines, according to the literature [22,23]. In this simulation, the RMSE of code tracking is
assessed when the delay-locked loop (DLL) successfully tracks in the steady state condition for 10 s.

Table 4 explicitly compares the quantitative performance enhancement of the proposed interference
mitigation algorithm. In the table, in the row of non-interference, the damage to useful signal introduced
by interference mitigation algorithms is revealed. Note that the adaptive IIR filter brings a significant
bad impact on the signal because of the non-linear phase characteristics. The presence of such filters in
GNSS receivers induces amplitude and phase distortions, which can lead to some biases in the pseudo
range and carrier phase measurements. In a longitudinal comparison, it can be noted that the N-sigma
DFT algorithm has a good performance under the weak interference condition; however, it cannot cope
with strong interference because the interference frequency lies between the two lines of FFT, and the
spectral leakage under high JNR leads to a sharp deterioration of signal quality. In addition, horizontal
comparison is used to show that the code tracking error of the proposed algorithm is approximately half
the value of the phase-compensated adaptive LP-FIR algorithm. This is because the LP-FIR filter based
on the moving average model does not have strong interference notch ability, and a high number of taps
results in considerable resource consumption. Thus, the mitigation strength of the proposed algorithm is
demonstrated.

The results show the applicative performance characteristics of the mitigation algorithms. The receiver
tracking performance shown in the results indicates that the proposed mitigation algorithm has good
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phase characteristics and strong interference mitigation ability with low resource consumption. It is
illustrated that the proposed algorithm has excellent performance in the interference environment as in
the interference-free case.

6 Conclusion

This paper proposes and presents an analysis of an interference mitigation algorithm based on FLL.
The FLL and mitigation integrator bring advantages to the proposed algorithm. The simulation results
show that the proposed algorithm with excellent interference estimation precision has superior anti-
jamming performance. The interference-tracking FLL and mitigation integrator in the design filtering
interference without causing phase distortion. The two metrics related to the interference estimation
error demonstrate that the proposed algorithm provides an improvement of 22 dB over the notch filter
algorithm. The receiver tracking performance shows that the proposed mitigation algorithm performs
well in all of the various JNR cases as well as in the interference-free case and outperforms the other
algorithms. This paper focuses on the mitigation of fixed-frequency CW interference. Future work
with the proposed algorithm will involve extending the scope to mitigation algorithms under dynamic
conditions.
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