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Interference has recently become a critical factor in communication satellite performance, and the interference source location is one of the most important factors in resolving this issue. The article proposes an innovative method of interference source direction-finding suitable for communication satellites with an existing single antenna beam and single radio frequency (RF) channel, which utilizes the symmetry of the antenna pattern to search for interference sources. Compared to traditional position methods with time-frequency-synchronized multi-satellites or a directing antenna array in a single satellite, the method does not require any particular direction-finding payload in communication satellites and shares existing antennas and RF channels with communication systems in satellites. The ability to find the direction of the interference source is a software-defined function in the communication processor. The proposed method provides a novel way to solve the problems of interference source direction-finding with the least engineering complexity, and it has excellent coexistence with other existing systems in communication satellites. The computer simulation and out-field experiment results in this article show that the method has excellent performance with high direction-finding resolution within extensive coverage, offering significant value and bright prospects for resolving the growing interference issues in communication satellites.
Keywords: communication satellite, interference source direction-finding, single beam, cross-searching, equal field searching
1 INTRODUCTION
Communication satellites are crucial to space and terrestrial integrated systems since they provide ubiquitous connectivity in all-terrain, all-weather, and full-scenes [1, 2]. Compared to terrestrial wireless communication networks, satellite-based communications are more susceptible to intentional or unintentional jamming, and interference trouble has become an essential factor in reducing the performance of communication satellites [3]. In the global effort to address the issues of interference in military and commercial satellites, interference source direction-finding [4–10] is one of the most crucial components that can help subsequent interference suppression in the spatial domain.
Currently [11, 12], traditional systems use dual-satellite positioning structures to find the direction of satellite jamming locations with good performance. The satID of Kratos in the United States, which is one of the most famous dual-satellite positioning structures, has a maximum positioning resolution of 5 km. The dual-satellite structure is a research hotspot in the interference source-directing domain [13–16]. However, the system structure of dual-satellite interference source-directing is complicated, and the engineering scale is enormous. Another way to find the direction of satellite jamming positioning is based on a single satellite, and the methods include multiple signal classification (MUSIC), estimation of signal parameters via rotational invariance techniques (ESPRIT), amplitude comparison, and interferometry [17–20]. Among them, the amplitude-comparison direction-finding method has a straightforward implementation but a limited resolution. However, it is still a challenging problem to address the unique application requirements of interference source direction-finding in communication satellites with the least engineering complexity, since they still require an antenna array and multiple RF channels.
This article focuses on the interference problems in communication satellites and proposes a novel method of jamming positioning with existing antennas and RF receivers. The technique utilizes the symmetry of the antenna beam, which can be applied on many occasions when a phased array antenna or mechanical scanning antenna exists.
The contributions of the method are as follows:
A: The method utilizes the symmetry of the antenna pattern, rather than the antenna gain, to find the direction of the interference source, resulting in a high direction-finding resolution of less than 0.1°.
B: A particular structure is adopted in the process, and it has an instantaneous extensive area with high direction-finding resolution.
C: Without utilizing any particular direction-finding payload, the ability of the interference source direction-finding is a function, that is, software defined in communication processors, and it has good coexistence with other systems in communication satellites.
2 INTERFERENCE SOURCE DIRECTION-FINDING METHODS
The method has two stages of directing interference sources: cross-searching direction-finding (CSD) and equal field searching direction-finding (EFSD). The result of the CSD method would be adopted as the initial position of the interference source for the EFSD method to minimize the searching range.
2.1 CSD method
The antenna beam scans the interference source in both horizontal and vertical directions to create a received power sequence. Then, the interference source position (ISP) is searched for via the symmetry of the antenna gain sequence, which is modulated by the ISP in the antenna scanning process.
To explain the principle of the CSD method more clearly, this article defines the horizontal direction and vertical direction as the X direction and Y direction, respectively. The principles of the CSD method in the X direction and Y direction are similar. To simplify the explanation, the article focuses on the CSD principle in the X direction, which is depicted in Figure 1.
[image: Figure 1]FIGURE 1 | Geometric diagram of the back-and-forth route.
Assume that the interference source is located at 0.52° in the X direction and 0.3° in the Y direction. In the scanning process of the X direction, the angle between the interference source and communication satellite varies from 0.6° to 0.3° and 0.5°. As a result, the gain route of the communication antenna corresponds to the ISP, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Diagram of the round-trip in the antenna pattern.
Since the ISP is not cooperative, the corresponding position of the antenna gain has significant uncertainty in that it may be located in the local maximum or minimum sidelobe of the antenna pattern. However, another significant feature is that the corresponding position of the antenna gain has excellent symmetry in the round-trip, which can be utilized to search the ISP ingeniously.
The corresponding gain curve is obtained by scanning the ISP in the X direction, which has three cases according to the different ISP locations. Case 1: the ISP is located in the middle of the scanning route, as shown in Figure 3A. Case 2: the ISP is located at the beginning of the scanning route, as shown in Figure 3B. Case 3: the ISP is located at the end of the scanning route, as shown in Figure 3C.
[image: Figure 3]FIGURE 3 | Corresponding gain curve obtained by scanning different ISP locations. (A) case 1: the middle of the scanning route. (B) case 2: the beginning of the scanning route. (C) case 3: the end of the scanning route.
When the ISP is located in the middle of the scanning route, the symmetric center of the scanning curve is in the direction of the ISP, as shown in Figure 3A. When the interference source is located at the beginning or end of the scanning route, the gain scanning curve does not satisfy the symmetry, as shown in Figures 3B, C, and the angle corresponding to the maximum point is the estimation of the ISP in the X direction. It can be observed that the direction-finding accuracy is higher when the interference source is located in the middle of the scanning route than when the interference source is located at the beginning or end of the scanning route.
Similarly, the ISP in the Y direction can also be found. Finally, the two-dimensional directions of the target can be obtained by scanning the ISP in both X and Y directions. Furthermore, multiple iterations of scanning can increase the direction resolution.
The CSD method is summarized in the following six steps:
Step 1: By scanning the inference position in the horizontal direction, the antenna would receive the power sequence corresponding to the ISP. Meanwhile, the antenna scanning angles should be recorded and saved synchronously.
Step 2: In pursuit of higher resolution, a cubic spline interpolation is introduced to refine the step in the power sequence; then, the smoothing technique is utilized to filter the sequence to further enhance the continuity and stability.
Step 3: The automatic threshold, which is adapted to noise, can be brought in with the maximum value of the power sequence. Then, the rising and falling scanning angles in the power sequence should be calculated and recorded simultaneously based on the threshold.
Step 4: The ISP in the horizontal direction can be estimated by the angle, which is the median value of the rising and falling scanning angle.
Step 5: The ISP in the Y direction can be calculated by repeating steps 1–4.
Step 6: The horizontal and vertical positions of the interference source estimated in steps 4 and 5 are the ISP of the CSD method.
2.2 EFSD method
The antenna beam is utilized to conically scan the point Tini outputted by using the CSD method explained in Section 2.1. On this basis, the EFSD method can significantly increase the resolution of the ISP, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Diagram of the EFSD method.
When the ISP does not stand in the center of the circle, the envelope of the received power by antenna scanning would be nearly modulated by the sinusoid model in Figure 5. It can be concluded that the amplitude and phase of the power scanning curve are modulated by the ISP, and this trick can be utilized to design the EFSD method.
[image: Figure 5]FIGURE 5 | Sinusoidal modulation amplitude series that the antenna receives.
As shown in Figures 4, 6, the antenna beam scans the point Tini and draws a cone around the point Tini with a certain angular velocity ωs. Then, the power sequence of the received signal can be obtained. The geometric relationship between the ISP and antenna beam is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Geometric diagram of the ISP and antenna beam axis.
The initial ISP point Tini includes the point TiniX in the X direction and the point TiniY in the Y direction. Because the resolution of direction-finding by cross-searching is limited, the position may inevitably have certain errors. Assuming that the actual ISP is at point T, the point Tini deviates from the antenna scanning axis by θs. The method scans around the point Tini with a fixed angular velocity ωs and draws a cone with a radius of θs. The scanning trajectory is a dashed circle where point A stands as shown in Figure 6. The angle between the points Tini and T is θT, and the angle between points T and A is θ. Finally, the parameter ϕ is the deflection angle between the point T and the X-axis.
Assuming that the antenna scanning angle is ωst, the geometric angle relationship can be expressed as follows:
[image: image]
The distribution of antenna gain is circular symmetry, and the antenna pattern can be approximated by the Gaussian function as follows:
[image: image]
Assume that the amplitude of the interference signal received by the antenna is U and the deviation angle between the interference source and antenna axis is θ. The amplitude of the received power can be expressed as follows:
[image: image]
Then, we obtain
[image: image]
where [image: image].
In Eq. 4, the first-factor exp (.) does not contain scanning modulation, and the second-factor exp (.) in V includes scanning modulation of the interference source. Then, Eq. 4 is updated as
[image: image]
Here, the parameter [image: image] is the deviation angle between the estimated interference position Tini and the actual interference position T. The second-factor exp (.) can be expanded by Taylor series expansion, and then the first two terms can be expressed as
[image: image]
As a result, Eq. 5 can be expressed as
[image: image]
The amplitude of the received power is modulated by the rotary scanning of the beam. The modulation amplitude is 2aθTθs, and it is proportional to the angle θT, implying that the interference source deviates from the scanning axis. The modulation phase is ϕ, which is the deviation of the interference source angle.
According to the amplitude and phase of the received power sequence, this method can adjust the scanning axis of the detection antenna to approximate the ISP. The closer the ISP approaches the antenna rotation axis, the smaller the amplitude of sinusoidal modulation can be received. Due to the antenna scanning axis being aligned with the direction-finding of the interference source, the equation θT = 0 is possible in that case. The signal’s amplitude that the antenna receives appears as a series of fixed pulses, and the direction of the antenna scanning axis is the ISP at this moment. It can be observed that when the amplitude of the received power sequence is larger, it has lower sensitivity to noise. Therefore, to estimate the deviation angle of the interference source more precisely, the parameter θTθs should be set at a larger value, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | Trajectory of equal field searching.
The orthogonal signals cos (wst) and sin (wst) are constructed by the antenna’s scanning rate ws; then, the angular correction from the interference source signal can be expressed as follows:
[image: image]
where [image: image].
Similarly,
[image: image]
where [image: image].
In the X and Y directions, the outputs of Eqs 8, 9 are proportional to the deviation angle between the estimated interference position Tini and the actual interference position T. We obtain the correction components of the antenna direction axis in two orthogonal directions, as follows:
[image: image]
[image: image]
The parameter k in Eqs 10, 11 is the direction-finding correction coefficient, and the actual point T can be approximated by Eqs 12, 13:
[image: image]
[image: image]
Several iterations are carried out until ∆X and ∆Y are less than the required direction-finding resolution; then, the place where the point On (Tini Xn, Tini Yn) stands is the ISP, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Diagram of the iterative approximation.
The process of the EFSD method is summarized in the following four steps:
Step 1: The energy sequence ur (t) is obtained by conical scanning of the point Tini with a radius θs.
Step 2: The orthogonal signals cos (wst) and sin (wst) are constructed to obtain the horizontal offset uX and the vertical offset uY.
Step 3: The horizontal correction ∆X and the vertical correction ∆Y can be obtained by the adjustment factor k.
Step 4: When the sum of the horizontal correction ∆X and the vertical correction ∆Y is less than the preset precision, the point Tini would nearly coincide with the actual point T. Otherwise, the position of the point Tini should be updated again by repeating steps 1–3.
3 EXPERIMENT RESULTS
First, in this section, computer simulation experiments are implemented to evaluate the performance of the CSD and EFSD methods. Furthermore, out-field experiments are carried out to verify the effectiveness of the proposed methods.
3.1 CSD method experiments
Due to the performance and distribution of direction-finding in the X and Y directions being similar, to facilitate the analysis of performance, this article focuses on analyzing the resolution of direction-finding in the X direction. Taking the geostationary orbit (GEO) communication satellite as an example, the maximum scanning angle corresponding to the whole Earth is ±8.6°. The antenna has a narrow beam with a width of 0.4°. The aptitude measurement errors, which are set at 3 dB, are distributed using the Gaussian model. The axis pointing errors are set at 0.2°.
Within the area of the red dotted line, the resolution of the CSD method is less than 0.1°, as shown in Figure 9. Due to the uniform compensation of error distribution in the cross-searching process, the accuracy in the experiments is excellent, and it is unaffected by the antenna axis pointing errors and antenna beam width. The distribution of this method has the following characteristics:
[image: Figure 9]FIGURE 9 | Results of the CSD method.
A: The precision of the direction distribution results in the experiments agrees with the principal analysis of the CSD method in Section 2.1. Because the scanning gain curve does not satisfy the symmetry, as shown in Figures 3B, C, the direction accuracy is poor at the scanning boundary.
B: Because the antenna sidelobe gain beyond the main lobe (0.4°) is volatile, direction precision has excellent performance within the middle of the region, which is less than ±2° in the Y direction, and poor performance in the rest of the searching region.
To improve the performance within the global coverage (±8.6°), this article divides the global region into four bands, as shown in Figure 10, and the width of each band is ±2°. The CSD method would be limited to work in this region. After applying the horizontal direction-finding process in the Y direction, the vertical direction-finding process by using the CSD method starts, and the interference source location Tini can be obtained within nearly five iterations, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Cross-searching to cover the Earth.
3.2 EFSD method experiments
Taking the location Tini as the center, the antenna beam scans point Tini with a radius of 0.5° and obtains 256 points of the received power sequence in a circle. The precision variables ∆X and ∆Y are set at 0.01°. The aptitude measurement errors, which are set at 3 dB, are distributed using the Gaussian model. The axis pointing errors are set at 0.2°. The results of the EFSD method are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Trajectory of equal field searching.
Figure 11 shows that the center of the equal field searching trajectory is the ISP after multiple iterations of equal field searching.
The direction error distribution of the EFSD method is shown in Figure 12. In the area of the red dotted circle with a radius of approximately 2.5°, the direction precision, which is less than 0.01°, is distributed evenly.
[image: Figure 12]FIGURE 12 | Distribution of direction errors.
The effectiveness of the proposed methods has been verified by the aforementioned experiments, and comparative experiments with the most classical methods in engineering are conducted to prove the superiority of the method proposed in this article. The direction-finding method proposed here is based on the power comparing principle, and the comparing techniques should be on the same theme. As a result, the methods, including the mono-pulse amplitude-comparison method [21], the direction-detecting algorithm from synthesis difference beam [22], and the three-beam-direction method [23], have been selected to conduct comparative experiments. The conditions of these experiments are that the antenna beam width is 0.4° and the direction coverage is ±8°. The direction error distributions of the three methods are shown in Figure 13.
[image: Figure 13]FIGURE 13 | Direction error distributions of the most classical methods in engineering. (A) mono-pulse amplitude-comparison method. (B) synthesis difference beam method. (C) three-beams-direction method.
It can be observed that the performance of the three-beam-direction method can achieve 0.04°, which is the best direction precision among these three methods. However, it is still weaker than the performance of 0.01°, calculated through the proposed method. The novel approach in this article utilizes more power trajectory points to search the symmetry center of the antenna beam, and it makes a very positive contribution to increase direction precision.
3.3 Out-field experiments
Out-field experiments are also carried out to verify the proposed method’s effectiveness. There are two interference sources employed in these experiments, whose frequency can be set at 8.7 GHz (no. 1) and 8.72 GHz (no. 2). The diameter of the direction-finding antenna reflector is D = 1.2 m, and the antenna beam width is θ = 2°.
The requirement of the far-field condition is given as follows:
[image: image]
where R is the minimum distance required for the far-field condition and [image: image] is the wavelength of the RF signal. Specifically, the distance R is constrained to be greater than 83.52 m, based on the mathematical analysis. The radial distance between the direction-finding antenna and interference sources is surveyed to be more than 100 m, which meets the requirement of the far-field condition. The scene of out-field experiments is shown in Figure 14.
[image: Figure 14]FIGURE 14 | Scene of the out-field experiments.
The horizontal angle of the interference source no. 1 relative to the direction-finding antenna is 12.727° and the vertical angle is 58.358°. Meanwhile, the horizontal angle of the interference source no. 2 close to the direction-finding antenna is 13.582° and the vertical angle is 58.361°. The initial condition of the direction-finding antenna is set with a horizontal angle of 51.287° and a vertical angle of 19.798°, which is away from no. 1 by approximately 10°. When the CSD experiments are completed, the direction of the antenna is aimed at the position of no. 1. In the next step, the EFSD method is adopted to increase the direction precision higher. Similar experiments are carried out with the interference source no. 2 and the results are shown in Table 1:
TABLE 1 | Resolution of no. 1 and no. 2 in out-field experiments
[image: Table 1]The out-field experiments show that the CSD method can search an extensive area, and it is up to ±10° away from the actual interference position. The EFSD method scans around the estimated position outputted by the CSD method with a radius of 1.5° and has an excellent direction-finding accuracy of up to 0.02°–0.04°. The results of the experiments validate that the CSD method has the advantage of direction-finding in a more extensive area, and the EFSD method has the advantage of more accurate direction-finding results.
3.4 Conclusion
It can be observed from the results of computer simulation and out-field experiments that the CSD method in the first step has an advantage of an extensive search region of up to ±10° in out-field experiments; however, the direction-finding accuracy is limited. The CSD method can be applied to scenarios requiring extensive search regions and lower direction precision. As for the EFSD method in the second step, the accuracy is excellent, up to 0.04° within a small direction region of ±2.5° in out-field experiments. The two methods would be organically integrated to propose a new method, and it can achieve the advantage of high precision in an extensive search region. One point to be mentioned is that a larger value of the parameter step can be set to meet the requirements of a more extensive area on some occasions.
4 DISCUSSION
This article proposes a novel interference source direction-finding method with the least engineering complexity. Independent of antenna gain, the method utilizes the symmetry of the antenna pattern to search for the ISP, and it has higher direction accuracy. Without any particular direction-finding payload, the method shares the antenna and RF channel with the existing communication systems and is suitable for most communication satellites. By adding a function of direction software, the method brings a new capability to solve interference problems and provides an innovative way to design communication satellites without any interference troubles. The computer simulation and out-field experiment results show that the method has excellent direction-finding performance in the extensive region. Meanwhile, the method shows significant value in engineering practice to mitigate interference problems in communication satellites.
It must be mentioned that the received power of the interference source is not fixed in practical applications because of transmitting antenna scanning, variable power, or other reasons. To eliminate the influences of variable signal power on the direction process, a branch with an omnidirectional antenna can be added, and the different power between direction and omnidirectional antennas would be calculated to create a new power sequence. With this astute correction, the method can be applied to direct variable interference sources as usual.
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