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Abstract: Frequency-domain anti-jamming technology is a common anti-jamming method for satellite
navigation receivers. 1/2 overlapping windowing can effectively solve the spectrum leakage in the
frequency domain conversion process, but the traditional window function will cause the loss of
signal energy. This paper proposes a window function design method with no loss of signal energy,
which can effectively solve the signal energy loss caused by the window function. The feasibility
of the proposed method is theoretically deduced, and the effectiveness of the proposed method is
verified by simulation and measured data. Compared with the traditional window function, the
signal-to-noise ratio improvement of the method proposed in this paper is better than 0.5 dB. The
frequency domain anti-jamming processing is optimized, the signal-to-noise ratio loss caused by the
anti-jamming processing is reduced, and the anti-jamming performance is indirectly improved. This
plays an important role in the performance optimization of satellite navigation system links.

Keywords: satellite navigation; navigation receiver; frequency domain anti-jamming; overlap windowing

1. Introduction

The satellite navigation system represented by GPS has developed by leaps and bounds
in the past 20 years [1,2]. At present, four global satellite navigation systems such as GPS,
Beidou, Galileo, and GLONASS have been constructed, which have become important in-
formation infrastructures worldwide [3-6]. The Satellite navigation system has been widely
used in transportation, electricity, finance, and monitoring of mountains and bridges [7-9].
In addition, every mobile phone has satellite navigation functions [10]. In terms of military
applications, satellite navigation systems are used in ships, aircraft, tanks, precision-guided
bombs, and missiles [11-13]. Satellite navigation systems have played an important role in
improving the combat effectiveness of combat platforms. Satellite navigation systems have
shown great application value in both civilian and military applications.

However, with the rapid development of global radio technology and the large-
scale application of satellite navigation systems, satellite navigation systems are inevitably
subject to some intentional or unintentional interference [14-16]. The existing global satellite
navigation systems all use medium and high-orbit constellations, and the geostationary
orbit satellites. The orbital altitudes of medium and high-orbit constellates operate at
an altitude of around the 20,000 km, and the GEO satellites’ orbital altitudes exceed
30,000 km, which are limited by the energy of the satellites, making it difficult for satellites
to continuously transmit high-power navigation signals [17-19]. When the signal reaches
the ground, the signal power is already very weak; its absolute level is about —130 dBm,
which is 30 dB lower than the noise, for a receiver bandwidth of 20 MHz. Satellite navigation
signals are mainly concentrated in the L-band. Due to the natural advantages of the L-band,
some communication and radar signals are also in the L-band [20-22]. Although there is
no spectrum overlap between systems, the spurious and leakage of communication and
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radar signals will affect the satellite navigation system, having a serious impact [23,24].
Weak navigation signals are highly susceptible to various intentional or unintentional
interference. Satellite navigation jamming and anti-jamming have become a new combat
style and have played an important role in recent local wars.

There are many factors involved in the satellite navigation receiver link, which influ-
ences the elimination of interference, including antennas, radio frequency channels, etc. If
the receiver has been conducted, the hardware modules can’t be changed, and only the
software can be improved. Therefore, with the wide application of satellite navigation
systems, anti-jamming technology has also been developed rapidly [25-27]. According
to the number of antennas, anti-jamming technology can be divided into single-antenna
antijamming technology and array antenna anti-jamming technology [28-31]. Among
them, the single-antenna anti-jamming technology has been widely used due to its ad-
vantages of low cost, high precision, and convenient installation. Most civil receivers
adopt single-antenna anti-jamming technology. Frequency domain anti-jamming is the
main means of single-antenna anti-jamming technology, and its advantages are high preci-
sion, high robustness, and wide application [32,33]. The realization of frequency domain
anti-jamming technology involves the design of algorithms and window functions. The
algorithm flowchart of frequency domain anti-jamming converts digital signals to the
frequency domain, using the frequency domain characteristics of narrowband interference
to suppress the interference spectrum. The window function needs to be adopted to sup-
press the spectral leakage while the Fast Fourier Transform (FFT) is performed. Due to
the truncation effect of the signal, spectrum leakage will be caused, and the smaller the
number of FFT points, the more serious the spectrum leakage; the larger the number of FFT
points, the greater the computational complexity of the algorithm [34]. The existing method
is to take an appropriate number of FFT points and perform 1/2 overlapping window
processing, which theoretically suppresses the leakage of the spectrum [35].

In frequency domain anti-jamming processing, the window function will affect the sig-
nal reception performance. While researching frequency domain anti-jamming, we found
that using the traditional window function design method, 1/2 overlapping windowing
will lead to signal loss. Notably, this problem has not been reported publicly. In order to
solve the problem of signal loss caused by overlapping windowing, this paper analyzes the
signal loss caused by overlapping windowing from the mechanism and designs a window
function design method without loss in theory. Obviously, a window function with no
distortion is the best way to solve the signal loss problem. Simulation experiments and
measured data verify the effectiveness of the proposed method.

This paper is organized as follows. In Section 2, the mathematical model of frequency
domain anti-jamming and 1/2 overlapping windowing is introduced. Section 3 analyzes
the influence of traditional 1/2 overlapped windowing on signal loss from two aspects
of theory and simulation. Section 4 proposes a lossless window function design method,
which is verified by simulation and measured data. In Section 5, the navigation receiver
with software is used to suppress interference. Finally, the conclusion of this paper is given.

2. Mathematical Model
2.1. Frequency Domain Anti-Jamming Model

In a satellite navigation receiver, the antenna receives a navigation signal from the satel-
lite and preprocesses the navigation signal through the radio frequency channel, including
low-noise amplification, frequency mixing, filtering, intermediate frequency amplification
and other links, which can be collectively referred to as analog signal processing; then,
the analog signal is converted into a digital signal through an analog-to-digital converter
(ADC) [36,37]. Digital signal processing (DDC) is usually carried out in FPGA (Field Pro-
grammable Gate Array) and DSP (Digital Signal Processing), signal flow is carried out in
FPGA, and DSP is responsible for signal control and scheduling. The specific functional
links include digital down-conversion, anti-jamming, capture, tracking and other process-
ing; the carrier phase, code delay, and Doppler frequency information are output finally.
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Anti-jamming processing is part of digital signal processing. The frame of the satellite
navigation receiver is shown in Figure 1.

> RF Anti-jamming —» Acquisition
y T DSP A
Data
ADC DDC Tracking >

Figure 1. Satellite Navigation Receiver Architecture.

Frequency domain anti-jamming is a common processing method for satellite nav-
igation receivers. The received data is converted to the frequency domain through Fast
Fourier Transform (FFT), and the interference spectrum is identified and suppressed by a
filter, and then converted from the frequency domain to the time domain through Inverse
Fast Fourier Transform (IFFT) [38]. The time-domain signal is performed for navigation
signal processing. The basic principle diagram of frequency domain anti-jamming is shown
in Figure 2 [39].

Input FRT - Int?rferenc? Line - IFFT Output
Suppression
Interference

[.ine Detection

Figure 2. Processing diagram of frequency domain anti-jamming.

2.2. 1/2 Overlapping Windowing Model

According to the literature [40], in the FFT process, the truncation of the data length
will cause spectrum leakage, and the spectrum leakage is related to the Fourier transform
length, interference intensity and other factors [41]. Spectral leakage increases the difficulty
of identifying interfering spectral lines. Therefore, literature [42] proposes a windowing
method to reduce spectral leakage. Common window functions include Hanning window,
Hamming window, Blackman window, Kaiser window, etc. [43]. The time domain graph
of common window functions is shown in Figure 3.

Taking a single carrier with a signal-to-noise ratio of 30 dB as an example, the data
length is 2048 points, and the Hanning window is selected for the typical window function
to suppress the spectrum leakage. Figure 4 shows a comparison of the spectrum before
and after using the Hanning window. By comparing the simulation results, the spectrum
contrast before and after windowing is very obvious, and windowing significantly improves
the problem of spectrum leakage and makes the identification of interference spectral
lines easier.
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Figure 4. Comparison of spectrum before and after windowing. (a) Spectrum before
windowing, (b) spectrum after windowing.

However, windowing will cause loss of signal energy, and the amount of loss is related
to signal characteristics; the greater the signal power, the greater the loss.

In satellite navigation receivers, the interference power is usually large, so windowing
will cause a large loss of interference. Taking the BPSK (10) modulated Beidou signal as the
analysis object, the simulated loss of the signal-to-noise ratio by windowing is shown in
Figure 5. Combining Figures 4 and 5, it can be seen that the Hanning window, Hamming
window, and Blackman window have a greater impact on the input signal with high signal-
to-noise ratio. This is because these three window functions are more focused in the time
domain; that is, the spectral leakage is less impacted. The Kaiser window is more diffuse in
the time domain, which is the signal-to-noise ratio of the input signal.

In the frequency domain anti-jamming processing of satellite navigation receivers, in
order to reduce the loss caused by windowing, a 1/2 overlapping windowing method is
proposed, which can effectively reduce the loss of windowing and is currently the main-
stream frequency domain anti-jamming method. The interference processing architecture
is shown in Figure 6. The weighting processing changing the delay is marked in red.
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Figure 6. 1/2 overlapping window processing architecture.

3. Influence of 1/2 Overlapping Windowing

According to the 1/2 overlapping windowing processing architecture shown in
Figure 6, the 1/2 overlapping windowing processing is performed on the five window
functions shown in Figure 3, and the time domain diagram thereof is shown in Figure 7,
including different window functions and detailed data illustrations. In Figure 7, the first
1/2 and the last 1/2 window functions are the superposition processing of the starting
and ending parts, which need not be considered for analysis. In the overlapping window
processing part, except for the rectangular window, the other four window functions have
different degrees of amplitude fluctuation. Among them, the fluctuation of the Black-
man window is the largest, the fluctuation of the Kaiser window comes second, and the
fluctuation of the Hanning window is the smallest.

Here, we take five typical window functions (rectangular window, Hanning window,
Hamming window, Blackman window, and Kaiser window) as examples for simulation
analysis. In the simulation experiment, the input is the PRN1 signal of Beidou B3I, the
modulation method is BPSK-R(10), and the signal sampling rate is 25 MHz. The perfor-
mance influence analysis of SNR is shown in Figure 8a. In order to more clearly see the loss
of signal-to-noise ratio caused by 1/2 overlapping windowing, the rectangular window
is used as the base, and the signal-to-noise ratio affected by other window functions is
worsened; the result is shown in Figure 8b,c.
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Figure 7. Different window functions and the effect of 1/2 overlapping windowing. (a) Different
window function, (b) detailed window of different window functions.
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It can be seen from Figure 8 that the Blackman window has the greatest impact,
followed by the Kaiser window; the Hanning window and Hamming window have less
impact, which is consistent with the above theoretical analysis results. Secondly, the
fluctuation of the Hanning window and Hamming window is the smallest. The fluctuation
in the time domain after overlapping windowing is the root cause of the loss of SNR.
Moreover, with the increase of the input SNR, the loss of 1/2 overlapping windowing shows
an upward trend. This is because the SNR is affected by the fluctuation of overlapping
windowing in the time domain. The more SNR, the bigger the influence.

4. Distortionless Window Function
4.1. Design of a Distortionless Delay Window Function

From the above analysis of the influence of 1/2 overlapping windowing on the SNR of
the input signal, it can be seen that the fundamental reason for the loss of signal SNR caused
by 1/2 overlapping windowing is the fluctuation in the time domain after overlapping
windowing. By designing the window function to reduce or even eliminate fluctuations,
we can reduce or even eliminate the effect of 1/2 overlapping windowing.

As can be seen from Figure 6, in the process of 1/2 overlapping windowing, there are
two places that need to be windowed, and the functions of the traditional method tasks in
these two places are the same. Just because the two window functions are the same, the
1/2 overlapping windowing part has fluctuations in the time domain. The two window
functions are defined as the punctual window function and the delay window function,
respectively. In order to ensure that the overlapped windowing part does not fluctuate,
the delay window function is now modified. The delay window function is calculated
according to the punctual window function, expressed as follows:

ety = | Wemp (¥ +1:N)  wremp(1: ¥) ] (1)
where N is the length of window function and wyep) is:
Weemp = 1 — Wpunctual 2)

Taking the Hanning window, Hamming window, Blackman window, and Kaiser
window as examples, according to the delay window functions of Equations (1) and (2), the
punctuality and delay window functions of four typical window functions are simulated
and compared. The simulation results are shown in Figure 9.
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Figure 9. Time domain diagram of distortionless delay window function. (a) Hanning window,
(b) Hamming window, (c) Blackman window, (d) Kaiser window.

In order to analyze the difference between the punctual and delay window func-
tions more accurately, the difference between the punctual and delay window func-
tions is aligned, and the results of difference value and detailed data are shown in
Figure 10a,b, respectively.
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0077

It can be seen from Figures 9 and 10 that there are differences in the punctual and
delay of the above four typical window functions. Kaiser window is the largest, Blackman
window comes second, and Hanning window is the smallest.

Using the punctual and delay window functions of the above four typical window
functions to perform 1/2 overlapping windowing processing, the windowing effect is
shown in Figure 11. Using different punctual and delay window functions, the overlapping
windowing area is achieved without fluctuation.
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Figure 11. 1/2 overlapping windowing effect of different window functions.

4.2. Design of a Distortionless Window Function
Taking the Hanning window as an example, in order to facilitate design and imple-
mentation, the punctual and delay window functions of the Hanning window are designed
in a unified manner. This is named the Hanning-Lu window function, which is expressed
as follows:
WHanning—Lu = (wHanningfpunctual + wHanningfdelay) /2 (3)

where Wanning— punctual 1S the punctual window function of the Hanning window in Section 4.1
and WHgnning—delay 18 the delay window function.

The distortionless design method of the Hamming window, Blackman window, and
Kaiser window is the same as that of the Hanning window.
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For the convenience of description, the traditional window functions are collectively
called window, and the window functions proposed in this section are collectively called
window-Lu.

The time-domain diagrams of four typical window-Lu window functions are shown
in Figure 12.
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Figure 12. Time domain diagram of Window-Lu window function. (a) Hanning, (b) Hamming,
(c) Blackman, (d) Kaiser.

In order to describe the difference between window-Lu and the traditional window
function in a more detailed way, the difference between window-Lu and window is made;

the result is shown in Figure 13a, and detailed data for a sampling rate of around 250 is
shown in Figure 13b.
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It can be seen from Figure 13 that the difference of the Blackman window function
is the largest, followed by Kaiser, and the difference of the Hanning window function is
the smallest.

Figure 14 shows the windowing effect of 1/2 overlapping windowing using four
window-Lu window functions, including the overall experimental results and the detailed
data of different window functions.
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Figure 14. 1/2 overlapping windowing effect of window-Lu. (a) 1/2 overlapping windowing effect,
(b) detailed effect of window-Lu.

The punctual window function and the delay window function in Section 4.1 are
unified to form the window-Lu window function, which can effectively solve the problem
of fluctuation of the overlapping windowing area.

4.3. Simulation Experiment

The five typical window functions of Hanning window, Hamming window, Blackman
window, and Kaiser window are taken as examples for simulation analysis. In the simu-
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lation experiment, the input is the PRN1 signal of Beidou B3I, the modulation method is
BPSK-R(10), and the signal sampling rate is 25 MHz. The effect of the ratio is shown in
Figure 15a,b.
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Figure 15. Effect of different window functions on the SNR. (a) SNR value in PD with different
windows, (b) SNR value in Lu with different windows.

The simulation test results show that, whether it is window-PD or window-Lu window
function, the effect of 1/2 overlapping windowing on the SNR is very small and can
be ignored.

5. Navigation Anti-Jamming Experimental Verification
5.1. Simulation Erperiment
5.1.1. Simulation Platform

The simulation verification platform simulates the real navigation receiver signal
processing terminal, and its block diagram is shown in Figure 16 The signal adopts PRN1
of Beidou B3I signal, the code of which is 10.23 MHz. In the frequency-domain adaptive
anti-jamming simulation, the interference is narrowband interference with a bandwidth of
2 MHz; the receiver bandwidth is 20 MHz, the sampling rate is set to be 25 MHz, and the
simulation channel is only a combination of signal, interference and noise. Since the effect
of 1/2 overlapping windowing on the signal-to-noise ratio is small, in order to conduct
simulation experiments more accurately, when comparing the effects of different window
functions in the same experimental scene, the same generated data—including the same
signal, interference, and noise—can effectively avoid the inaccuracy of effect evaluation
caused by other factors.

Signal » Simulation
Generator > Channel
\ 4
Jammer Anti—jammin
Generator J &
v
Noise Performance
Generator Evaluation

Figure 16. Simulation experiment platform.
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5.1.2. Simulation Verification

Hanning and Hamming are two commonly used window functions in frequency-
domain anti-jamming [42]. According to the window function design method proposed
in this paper, the proposed Blackman and Kaiser window functions are different from the
traditional window functions. Therefore, only Hanning and Hamming window functions
are verified in the simulation experiments [44].

It should be noted that the final performance effect of frequency-domain anti-jamming
is not only related to the window function, but also to the identification of the interference
spectrum. The interference spectrum line estimates the SNR of the primary signal, and the
maximum SNR is used as the evaluation value [45].

The SNR of the signal is set to —15 dB, and the jamming-to-noise ratio (JNR) is set
to traverse from 0 dB to 75 dB in 3 dB steps. For the Hanning and Hamming window
functions, in comparison with the rectangular window and the traditional window function,
this paper proposes the window-Lu window function. The influence of the input JNR on
the output SNR is shown in Figure 16. The Hanning approach adopted in Figure 17 is
the same as the one in Figure 6, the two window functions of which are both traditional
Hanning functions.

Output SNR(dB)

—oe— Rectangle
—<— Hanning !
Hanning-Lu| |
T T 1
0 10 20 30 40 50 60 70
Input JNR(dB)

Figure 17. Influence of different window functions (simulation).

It can be seen from Figure 16 that when the input JNR is greater than 30 dB, for both
the traditional window function and the improved window function proposed in this
paper, the output SNR is greater than the rectangular window. This further verifies the
positive role played by the window function in frequency-domain anti-jamming. When
the JNR is greater than 70 dB, the Hanning-Lu window function proposed in this paper
is better than the traditional Hanning window function, and the SNR is improved by
about 0.5 dB. Any small SNR loss will affect the energy loss of the navigation system, so
a performance improvement of 0.5 dB has a significant impact on the navigation system
performance improvement. When the JNR is greater than 30 dB, the Hamming-Lu window
function proposed in this paper is significantly better than the traditional Hamming window
function. When the JNR is 50 dB, the SNR ratio is improved by more than 3 dB. From the
simulation results, the window-Lu window function proposed in this paper has a better
effect on the SNR than the traditional window function.

5.2. Exiperiment Verification
5.2.1. Data Collection Platform
The architecture of the data acquisition platform is similar to the simulation platform.

It is designed to simulate the real signal receiving environment, in addition to performing
special experiments related to this paper. When collecting data, the interference source
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emits a narrowband signal. In order to achieve good accuracy of data analysis, the data is
preprocessed after data collection. The satellite signal adopts the PRN1 signal of Beidou
B3I. The physical object of the data collecting platform is shown in Figure 18.

Signal Processor
GNSS Time Domain
Adapive Anti-interference
Testing Platform

O ——

'r I ;’

Navigation Signal
Collector

Figure 18. Data collection platform.

The evaluation index of the measured data analysis is the same as the simulation
analysis, and output SNR is used as the evaluation index.

5.2.2. Measured Data Verification

Verifying the data is the same as the simulation experiment comparing the effect of
five window functions (rectangular window, Hanning, Hanning-Lu, Hamming, Hamming-
Lu) on frequency-domain anti-jamming. Due to the complexity of collecting data, it is
impossible to traverse many scenes as in a simulation experiment. In the verification of the
measured data, the SNR is still set to —15 dB, but only the JNR of 20 dB to 70 dB is verified,
and the interval is 10 dB. The data analysis method is also the same as the simulation
experiment; the experimental results are shown in Figure 19.
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Figure 19. Influence of different window functions (measured).

It can be seen from Figure 19 that when the JNR is 20 dB, the effects of the five window
functions are not significantly different. Starting from the 30 dB JNR, the effect of the
rectangular window begins to decrease significantly. When the JNR is greater than 30 dB,
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the Hamming-Lu window function proposed in this paper is more than 1 dB higher than
the traditional Hamming window function, and the maximum is about 2 dB. When the JNR
is 70 dB, the Hanning-Lu window function proposed in this paper is about 0.5 dB higher
than the traditional Hanning window function.

In general, the window-Lu function proposed in this paper has a smaller impact on
the SNR than the traditional window function, and has played a positive role in signal
protection, especially under strong interference conditions. The Hanning-Lu window
function is recommended for high-interference level situations.

6. Conclusions

In this paper, a window function design method for anti-jamming in the frequency
domain of a satellite navigation receiver is proposed, which solves the problem of the
traditional window function causing energy loss of the navigation signal. The traditional
window function will cause signal loss when overlapping windowing. According to the
classic window function, this paper proposes a design method of using two different
window functions for overlapping windowing. This method can effectively solve the signal
energy loss caused by overlapping windowing. Theoretical analysis shows that typical
Hanning window and Hamming window will lead to the loss of signal energy in the
application of 1/2 overlapping window. Simulation and measured data show that the
traditional window function will cause signal energy loss of about 0.5 dB. The window
function design method proposed in this paper will not cause signal energy loss, and is a
distortionless window function design method. Although the improvement of the window
function does not greatly improve the SNR, it is of great significance in the system level
application of satellite navigation. A 0.1 dB performance improvement will improve the
signal transmission power and reception sensitivity of the entire system. The method
proposed in this paper has been widely used in the Beidou satellite navigation system,
achieving good results.
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