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Abstract— Accurate localization and effective suppression of 
ground electromagnetic interference (EMI) signals are critical to 
maintaining uninterrupted satellite operations and the quality of 
services. For EMI sources emitting certain waveforms, such as 
continuous-wave or phase shift keying signals, their localization 
exploiting the time-varying Doppler signature due to satellite 
motion is an attractive approach. The high-speed motions and 
complicated orbits of satellites render the Doppler signatures 
varying with a high dynamic range and nonlinear instantaneous 
frequency signatures. As such, their processing requires high 
complexity which may not be practical for real-time processing, 
particularly for on-orbit satellite implementation for which the 
computational capability is highly limited. In this paper, we 
develop a low-complexity approach to iteratively estimate both the 
location and Doppler signatures of EMI signals. We introduce 
virtual ground references around the sensed scenarios and 
compute the Doppler difference between the measured results and 
the predicted ones for the virtual ground reference positions. By 
considering such Doppler difference in lieu of the Doppler 
frequencies, the Doppler dynamic range and the slope of the 
instantaneous frequency signatures are reduced to facilitate more 
effective time-frequency analysis and EMI source localization. We 
further consider the use of multiple virtual ground references for 
performance improvement, and a simple EMI localization 
approach is proposed through the interpolation of the Doppler 
difference frequencies observed at these virtual references. The 
effectiveness of the proposed approach is verified using simulation 
results. 
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1. INTRODUCTION 
Accurate localization and effective suppression of electro-
magnetic interference (EMI) sources is important in satellite 
communications to ensure uninterrupted services. EMI signals 
can significantly interfere with the operation of the satellite 
communication system. One effective approach to localize EMI 
sources is based on the estimated Doppler signatures, 
particularly when the EMI sources emit continuous-wave (CW) 
and phase shift keying (PSK) signals [1, 2]. The Doppler 
frequencies associated with the received EMI signals rapidly 
vary over time as the satellite moves on its orbit, providing 
sufficient information for the localization of EMI sources by a 
single satellite. This contrasts with other methods, such as those 
based on time difference-of-arrival (TDOA) and frequency 
difference-of-arrival (FDOA) [3, 4], which require multiple 
satellites and, therefore, do not apply when only a single 
satellite is available. 

Because a satellite moves on an elliptical orbit at a high speed, 
the Doppler frequency corresponding to the EMI signals 
emitted from a stationary ground source is characterized by a 
highly nonlinear frequency-modulated (FM) signature. While 
several methods exist to analyze high-order FM signals (e.g., 
[5–9]), they require high complexity and thus are impractical 
for real-time processing, particularly for on-orbit satellite 
implementation for which the computational capability is 
highly limited. Therefore, the time-frequency analysis in this 
paper will be primarily based on the simpler form of short-time 
Fourier transform (STFT) [10]. A challenge in applying STFT 
is that the window size over which the data can be coherently 
processed is limited to the applicable time period where the 
Doppler frequency can be treated as stationary.  

To effectively reduce the dynamic range and the slope of the 
Doppler signatures, in this paper, we introduce a virtual ground 
reference (VGR) near the actual EMI source by taking 
advantage of the fact that coarse knowledge of the EMI source 
is often available through, for example, the directional beams 
used in satellite communication links [11, 12]. It is emphasized 
that the VGRs do not physically exist and do not introduce any 
additional hardware cost. By computing the Doppler frequency 
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associated with a CW signal at the assumed VGR position, the 
Doppler difference frequency between the EMI source and the 
VGR can be computed. As the VGR can be assumed reasonably 
close to the true EMI source position, the Doppler difference 
frequency changes much slower with a smaller dynamic, 
thereby facilitating reduced-rate processing of the time-
frequency analysis and with a much longer window. As such, 
the knowledge of a coarse EMI source location enables 
effective Doppler signature stationarization and, thereby, 
enables enhanced Doppler analysis and achieves higher 
robustness against noise [13–15]. As a result, we can improve 
the accuracy and efficiency of EMI source localization in the 
underlying single-satellite communications systems. In 
addition, by utilizing multiple VGR positions and fusing the 
results using proper weights according to the reliability of each 
individual estimate, the proposed method would lead to robust 
localization of low-power EMI sources.  

The signal model and problem statement are presented in 
Section 2.  Section 3 describes the VGR-based approach for the 
estimation of Doppler difference and the localization of EMIs, 
whereas EMI localization exploiting multiple VGRs is 
considered in Section 4. Section 5 presents simulation results, 
and Section 6 draw conclusions of this paper.  

Notations: We use lower-case bold characters to describe 
vectors.  denotes the transpose of a vector, and | ⋅ | denotes 
the norm of a vector. 

 
2. SIGNAL MODEL AND PROBLEM STATEMENT 

We consider the EMI source localization problem as illustrated 
in Fig. 1, where a single satellite moves on its orbit and localizes 
a ground EMI emitter based on the detected Doppler signatures 
estimated from different orbit positions of the satellite. For 
simplicity and without loss of generality, we consider a single 
EMI transmitting a CW waveform. The proposed technique can 
be extended to M-ary PSK signals as these signals can be 
converted to CW waveforms [16]. 

Geometrical Model 

For simplicity and without loss of generality, we consider the 
satellite orbit in a simplified two-dimensional (2-D) model in 
the 𝑥-𝑧 plane. Denote the location of the stationary EMI as 
vector 𝒙 𝑥  , 𝑧 , and that of the satellite at time instant 𝑡 
as 𝒙 𝑡 𝑥 𝑡 , 𝑧 𝑡 . The instantaneous velocity vector of 
the satellite at time 𝑡 is denoted as 𝒗 𝑡 𝑣 𝑡 ,𝑣 𝑡 . We 
consider a constant scalar velocity of the satellite, but the 
direction of 𝒗 𝑡  is time-varying as satellite moves on its elliptic 
orbit.  

The distance between the satellite and the EMI at time instant 𝑡 
is expressed as  

      𝐷 𝑡 |𝒙 𝑡 𝒙 |                     𝑥 𝑡 𝑥 𝑧 𝑡 𝑧 / . (1) 

 

Figure 1. Satellite interfered with a ground EMI emitter. 

Denote the CW signal emitted from the EMI as  𝑠 𝑡 𝐴 ⋅ exp  𝑗2𝜋𝑓 𝑡 ,  (2) 

where 𝐴 is the signal amplitude and 𝑓  is the carrier frequency. 
Then, the signal received at the satellite is expressed as  𝑢 𝑡 𝐴 ⋅ 𝜉 𝑡 ⋅ exp  𝑗2𝜋𝑓 𝑡 𝜏 𝑡 ,  (3) 

where 𝜉 𝑡  reflects the propagation loss and 𝜏 𝑡 𝐷 𝑡 /𝑐 
is the propagation delay, with 𝑐  denoting the propagation 
velocity of electromagnetic waves. Note that the effect of 
ionospheric delays is ignored.  

The instantaneous Doppler frequency is obtained as 

𝑓 , 𝑡 1𝜆 ⋅ d𝐷 𝑡d𝑡 1𝜆 ⋅ 𝒗 𝑡 𝒓 𝑡 ,  (4) 

where 𝒓 𝑡 𝒓 𝑡 /|𝒓 𝑡 |  is the unit vector associated 
with  𝒓 𝑡 , the vector in the direction from the EMI and the 
satellite.   

Because a satellite moves on an elliptical orbit with a high speed, 
the Doppler frequency corresponding to the CW signals from 
the stationary ground EMI source is characterized as a highly 
nonlinear FM signature. For parameters depicted in Table 1, Fig. 
2 shows the Doppler frequency observed for a time period of 
100 s. Note that the Doppler frequency is proportional to the 
carrier frequency, which is assumed to be 4.5 GHz in this paper. 
The Doppler frequency changes in a different rate at different 
satellite positions.  

Considering the satellite coverage, the maximum Doppler 
frequency due to the satellite motion is approximately 60 kHz, 
and we process the baseband signal at a sampling frequency of 𝑓  120 kHz. As such, the time-varying Doppler frequency is 
obtained by performing the time-frequency analysis over a 
series of time samples at 𝑡, 𝑡 Δ, …, 𝑡 𝑀 1 Δ, where 𝑀 
is the number of time samples available for coherent processing 
and the sampling interval is Δ 1/𝑓 8.33 μs. 
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Doppler Frequency Analysis 

Because of the long distance between the satellite and the earth 
ground, satellite communications are operated in a very low 
signal-to-noise ratio (SNR). In this case, low-power EMI 
sources can interrupt the satellite communication links. In a 
time-varying scenario with a short coherent time, an accurate 
estimation of the instantaneous Doppler frequency of the EMI 
and, subsequently, the location of the EMI become challenging. 

 

Figure 2. Doppler signature of the EMI signal due to satellite 
motion. 

Table 1: Parameters used in the simulations 
Parameter Value 

Satellite altitude  600 km 
Satellite speed 7,800 m/s 
Frequency 4.5 GHz 
EMI position (0, 0) km 

 

Fig. 3 illustrates the spectrogram, which is the magnitude 
squared of the STFT, for four different Hamming window 
sizers of 2,048 points (0.0171 s), 4,096 points (0.0341 s), 8,192 
points (0.0683 s), and 16,384 points (0.1365 s), where the input 
interference-to-noise ratio (INR) is 20 dB. In each subplot, 
the left panel shows the spectrogram for the 20-second window 
between 0 s and 20 s. For better visualization, a 1-second 
window view between 10 s and 11 s is shown at the right panel. 
The spectrogram is normalized by the peak value and is shown 
in dB scale with a dynamic range of 40 dB. The number of 
frequency points is 2  = 8,192, rendering the frequency 
resolution to be 14.65 Hz. The STFT results are decimated by 
a factor of 500 in the time axis to reduce the computational 
complexity. 

3. VGR-BASED EMI LOCALIZATION 
 
Now we consider the use of a VGR which is close to the EMI 
source, as shown in Fig. 4. Denoting the location vector of the

 
(a) 2,048-point Hamming window (0.0171 s)

 
(b) 4,096-point Hamming window (0.0341 s)

 
(c) 8,192-point Hamming window (0.0683 s)

 
(d) 16,384-point Hamming window (0.1365 s) 

Figure 3. Spectrogram of the Doppler signature with different 
window sizes.  

 

 
Figure 4.  Geometrical presentation of VGR-based approach. 
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VGR as 𝒙 𝑥  , 𝑧 , the distance between the VGR and the 
satellite at time instant 𝑡 is expressed as  

      𝐷 𝑡 |𝒙 𝑡 𝒙 |                     𝑥 𝑡 𝑥 𝑧 𝑡 𝑧 / . (5) 

Similarly, the corresponding instantaneous Doppler frequency 
corresponding to the time-varying distance is 

𝑓 , 𝑡 1𝜆 ⋅ d𝐷 𝑡d𝑡 1𝜆 ⋅ 𝒗 𝑡 𝒓 𝑡 ,  (6) 

where 𝒓 𝑡 𝒓 𝑡 /|𝒓 𝑡 |  with 𝒓  denoting the vector 
connecting the VGR and the satellite. Based on 𝑓 , 𝑡  and 𝑓 , 𝑡 , we compute the Doppler difference frequency 
between them as  Δ𝑓 𝑡 𝑓 , 𝑡 𝑓 , 𝑡  

             1𝜆 ⋅ d 𝐷 𝑡 𝐷 𝑡d𝑡  

          1𝜆 ⋅ 𝒗 𝑡 𝒓 𝑡 𝒓 𝑡 𝒗 𝑡 𝒓𝜆|𝒓 𝑡 |, 
(7) 

where 𝒓  is a vector connecting the EMI and the VGR which 
is fixed for a stationary EMI. The last approximation in equation 
(7) is obtained by assuming |𝒓 𝑡 | |𝒓 𝑡 |. The Doppler 
difference frequency clearly depends on the relative position 
between the VGR and the EMI. The resulting Doppler 
difference frequency is negative if the angle between 𝒗 𝑡  and 𝒓  is less than 90 .  Specifically, when the positions of the 
VGR and the EMI overlap, Δ𝑓  will become 0. 

Consider, for example, 𝑥 20  km, the Doppler signatures 
corresponding to the EMI and the VGR are compared in Fig. 
5(a). It is clear that these Doppler frequencies are close and vary 
in a similar manner, rendering a small value of the Doppler 
difference frequency, as shown in Fig. 5(b). The dynamic range 
of the Doppler difference frequency is much lower than the 
Doppler frequency, making it possible to reduce the data rate 
and exploit a longer window size when computing the STFT. 
While the signal corresponding to the Doppler difference 
frequency can be decimated without aliasing in this stage, we 
keep the same data rate for easier performance comparison, and 
the window length is set to 2  = 1,048,576 samples (8.74 s). 
The negative Doppler difference frequency between them 
indicates that the VGR lies in the position direction of the 
satellite motion.  

Fig. 6 compares the spectrogram of the Doppler frequency of 
the EMI signal and the Doppler difference frequency between 
those of the EMI and the VGR. To clearly show the advantage 
of using the Doppler difference frequency, we used a low input 
INR of 30  dB in this figure. In this case, the Doppler 
frequency becomes difficult to identify, whereas the Doppler 
difference frequency, because of its slowly time-varying 
characteristics, can still be clearly identified.     

Furthermore, because of the relative stationarity of the resulting 
Doppler difference frequency, we can obtain the averaged 
spectrum by averaging the obtained spectrogram over a selected 
observation time period. For example, the average of the 
spectrogram depicted in Fig. 6(b) over the time period between 
0 s and 20 s renders the spectrum showing in Fig. 7, where the 
peak value indicates the corresponding Doppler difference 
frequency to be 𝑓 , 3.89648 kHz.  

 
(a) Doppler frequencies of the EMI and VGR signals 

 
(b) Doppler difference frequency 

 

Figure 5.  $ 
 
 
 

 
(a) Doppler frequency 

 
(b) Doppler difference frequency 

Figure 6.  Spectrogram of the Doppler frequency and Doppler 
difference frequency (input INR = 30 dB, 𝑥 20 km). 

Once the Doppler difference frequency is identified, the EMI 
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location can be estimated from the relationship depicted in 
equation (7). While accurate EMI localization requires the 
terrain heights to be taken into account, here we consider a flat 
ground surface model. By ignoring the effect of z-axis motion 
of the satellite to the Doppler difference frequency, the x-axis 
position of the EMI can be approximately obtained from the 
averaged Doppler difference frequency Δ𝑓 ,  as 

𝑥 𝑥 𝜆 ⋅ |𝒓 𝑡 |𝑣 𝑡 Δ𝑓 , 𝑡 . (8) 

Using the above estimated value of 𝑓 , 𝑡 3.89648 kHz, 
the x-axis position of the EMI is estimated as 𝑥  59.4 m, 
which is very close to the true EMI source position at 𝑥 0 
m.  

4. EMI LOCALIZATION EXPLOITING MULTIPLE 
VGRS 

By considering multiple VGRs, we can obtain multiple Doppler 
difference frequencies. As an example, Fig. 8 shows the 
Doppler frequencies and the Doppler difference frequency 
when the VGR is located at 𝑥 30  km. Such position 
renders a positive Doppler difference frequency, and its value 
is roughly proportional to the distance between the VGR and 
the EMI.  

The spectrogram obtained in this case is shown in Fig. 9, and 
the averaged spectrum magnitude is shown in Fig. 10. Note 
that, compared to the scenario considered in Section III, the 
distance between the VGR and the EMI source is larger, and 
the Doppler difference frequency has a slighter higher slope. As 
a result, the averaged spectrum magnitude shows a lower value 
but still provides clear estimation of 𝑓 , 5.83008  kHz. 
Substituting this result to equation (8) yields an estimated 
position of the EMI source as 𝑥  278.8 m.  

As these examples indicate, the spectrum magnitude typically 
takes a higher value when the VGR is closer to the EMI source. 
As such, when interpolating the estimated EMI source position, 
we can use higher weights towards these estimates, whereas 
unreliable results must be excluded from consideration. One 
choice is to use the softmax function, which defines the weight 
towards the estimated EMI position from the 𝑘th VGR as  

𝑤 𝑒∑ 𝑒  (9) 

for 𝑘 1, … ,𝐾, where 𝑀 𝑀 𝜇 , 𝑀  is the peak value of 
the spectrum magnitude of the 𝑘th estimate, 𝜇  is the averaged 
value across all considered Doppler difference frequency bins, 
and 𝐾 is the number of VGRs being considered. In addition, 𝛼 
is a constant introduced to adjust the sensitivity, and 𝛼 10 is 
used in this paper. Based on the two VGR positions considered 
in Figs. 7 and 10, the estimated EMI source position becomes  
 

 

Figure 7.  Averaged spectrum of the Doppler difference 
frequency (input INR = 30 dB, 𝑥 20 km). 

 

 
Figure 8.  Doppler frequency and Doppler difference 

frequency (𝑥 30 km). 

 
 
 
 

 
 

Figure 9.  Spectrogram of the Doppler difference frequency 
(input INR = 30 dB, 𝑥 30 km). 
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𝑥 59.3  m. This result is effectively the same as that 
obtained from the VGR at 𝑥 20  km because the result 
obtained from the other VGR is less reliable.   

 

5. SIMULATION RESULTS 
In this section, we provide EMI localization results for a single 
VGR case with different input INR levels and VGR locations, 
and the fused results based on multiple VGRs randomly 
distributed over a region. For each input INR level, 5 random 
trials are computed.  

Fig. 11 shows the estimated EMI source position with respect 
to the VGR position and the input INR. White cells indicate that 
most trials yield successful estimation, and the numbers show 
the estimated source positions. On the other hand, gray cells 
denote that most trials fail to provide an accurate estimation. It 
is seen that, as the VGR departs away from the true EMI source 
position, a higher value of the input INR is needed to achieve 
accurate EMI source localization because the Doppler 
difference frequency is less concentrated. Note also that the 
results are asymmetrical because they are obtained using the 
date corresponding to the time period between 0 s and 20 s.  

Fig. 12 shows the estimated EMI source location using 9 VGRs 
located at 80, 60, 40, 20, 0, 20, 40, 60, 80  km 
positions. For each input INR level, 5 random trials are carried 
out. The estimation results become stable when the input INR 
is 37.5 dB, and a higher accuracy is achieved when the input 
is 35 dB (less than 5 m error) or above (around 1 m error). 
Note that direct STFT computation of the Doppler frequency 
does not provide meaningful Doppler signature estimation and 
EMI localization when the input INR is 30 dB or lower.  
 

6. CONCLUSION 

We have considered the EMI source localization problem in 
a single-satellite communication system. The proposed 
technique is based on the time-frequency analysis of the 
Doppler signatures due to satellite motion, and VGRs are 
introduced to stationarize the Doppler frequencies. Based on 
the coarse knowledge of the EMI positions through beam-
based satellite communications, the proposed technique 
facilitates simplified Doppler difference frequency analysis 
and achieves improved EMI source location capability and 
accuracy.  
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Figure 10.  Averaged spectrum of the Doppler difference 
frequency (input INR = 30 dB, 𝑥 30 km). 

 

 
Figure 11.  Estimated EMI position (in m) using a single 

VGR. 
 

 
Figure 12.  Estimated EMI position using 7 VGRs (5 trials). 
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