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Abstract

:

Radio frequency interference has become a rising problem to the signal of the Global Navigation Satellite System (GNSS). An effective way to achieve anti-jamming is by using an antenna array in GNSS signal processing. However, antenna array processing will cause a decline in the accuracy of pseudo-range measurements because of the channel mismatch and some other non-ideal factors. To solve this problem, space–time or space–frequency adaptive array processing is widely used for interference cancellation while constraining the delay of each antenna at the same time. In this paper, an anti-jamming algorithm with a time-delay constraint is proposed, where one antenna is chosen as the reference and data from other antennas is corrected based on the signal received from it. The deduction and simulation results show that the proposed algorithm can effectively improve the accuracy of pseudo-range measurements without degradation of anti-jamming performance.
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1. Introduction


The Global Navigation Satellite System (GNSS) has been widely used in many fields like transportation and aviation, which has greatly changed our daily lives [1,2]. There are many indicators showing the performance of GNSS receivers, such as usability, accuracy, integrity, and continuity, of which accuracy is one of the most important indicators for high precision applications [3,4,5].



However, because of the low broadcasting power and long transmitting distance, the GNSS signal is easily jammed by unintentional or intentional Radio Frequency Interference (RFI) [6,7], which has become a rising problem to high precision GNSS applications. To mitigate the influence of RFI, antenna array processing is widely used in military and some other high-end applications, because it can suppress not only narrow-band but also broadband interference [8,9]. Unfortunately, although the antenna array processing can effectively suppress RFI, it will introduce Pseudo-Range (PR) bias and affect the positioning accuracy of GNSS receivers. For example, it is shown in [10] that the PR measurement deviation introduced by the array processing is in the order of 10 ns, which prevents the array processing being used in some high accuracy-requiring scenarios where the PR measurement deviation is usually suppressed to less than 1 ns, such as the guided missiles, measurement receivers, aircraft landing systems, and so on [11,12,13]. Therefore, it is important to study the influence of antenna array anti-jamming processing on PR measurements and its improvement [14].



Much research has been done to study the effect of RFI and anti-jamming array processing on PR measurement. It can be proved that when applying the narrow-band GNSS array signal model, where the time delays of different signal frequencies are neglected, the Space Array Processing (SAP) does not cause bias in PR measurement because the received signals of each antenna only differ in carrier phase, and the weights of SAP will not affect the baseband signals of each antenna, so that high-precision of PR measurements can be achieved [15,16]. However, it has been analyzed in [17], that when the transmission channel is not ideal, the SAP is no longer effective in suppressing RFI because the non-ideality will result in a loss of array freedom in the time domain. In this case, the Space–Time Array Processing (STAP) should be chosen instead of the SAP to enhance the performance of RFI suppression. Although many studies have shown the superiority of the anti-jamming performance of STAP, the space–time filter will cause a deviation of PR measurements [18]. Therefore, the performance of anti-jamming and high precision seems to be incompatible when using the traditional SAP and STAP.



In this paper, an anti-jamming algorithm with time-delay constraint is proposed to achieve high precision PR measurements in array anti-jamming processing. In the proposed algorithm, one antenna is chosen as the reference, and data of other antennas is corrected based on the receiving signal of it, which can constrain the delay of each channel. The rest of this paper is arranged as follows: Firstly, Section 2 introduces the array model used in this paper. Secondly, in Section 3, the effect of STAP is analyzed, including the effect on Auto Correlation Function (ACF) distortion and accuracy of PR measurements. Then in Section 4, the ranging deviation suppression algorithm is proposed. After that, the simulation results are shown and analyzed in Section 5. Finally, the conclusion is drawn in Section 6.




2. Array Model


According to [19], the accuracy of pseudo-code ranging is related to the array style, and the center plane array structure is often used in high-precision applications, because in the ideal case, the phase center of this style is the geometric center, and the performance of it can be compared with that of the single antenna at the center. Therefore, the four-antenna central plane array is considered, and the central antenna is chosen as the reference in this paper, as shown in Figure 1.



In this case, the array element coordinates of the four antennas are
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In general, the distance between two antennas is half a wavelength and can be expressed as:


  d =  λ 2  =  c  2  f R     



(5)




where  λ  is the wavelength of the GNSS signal,    f R    is the corresponding radio frequency, and  c  is the propagation speed of the radio wave.



The propagation delay of the signal between one antenna and the reference can be expressed as


  τ =   x cos θ cos φ + y sin θ cos φ + z sin φ  c   



(6)




where    (  x , y , z  )    stands for the coordinate of that antenna,    (  θ , φ  )    are the azimuth and elevation angle of received signal, respectively.



The steering vector can be denoted as


  a  (  θ , φ  )  =  e  − j ω τ    



(7)







Hence, the array data can be expressed as [20]


     x   ( t )  =     ∑  k = 1  K   a  (   θ  j k   ,  φ  j k    )     j k   ( t )  +        ∑  l = 1  L   a  (   θ  s l   ,  φ  s l    )     s l   ( t )  +  n   ( t )     



(8)




where  K  and  L  are the numbers of interference and signal, respectively.    j k   ( t )    is the interference signal,    s l   ( t )    is the GNSS signal, and    n   ( t )    is the   4 × 1   noise vector.



The correlation matrix of received data can be expressed as [21]


    R    x x    =  x   ( t )    x  H   ( t )   



(9)







The Power Inversion (PI) is a typical blind anti-jamming criterion which does not need any prior information except a correlation matrix [22]. It nulls in the direction of strong interference by adapting the weights of antennas and is particularly suitable in the case of a weak desired signal with strong interference, such as GNSS anti-jamming processing. Therefore, the PI criterion is chosen in this paper, and the constraints of PI can be expressed as


   {        min  w   {   w H    R    x x    w  }        s . t .  w H  b = 1        



(10)




where  b  is the constraint vector that prevents the weights converging on zero, and it can be expressed as


  b =    [     1          0   ⋯   0     ⏟  3       ]   T   



(11)







An enhancement of array processing is to use STAP, which adapts time domain weights to increase the degree of array freedom without adding antennas. Figure 2 shows the STAP with  N  elements and  M  taps. Typically, in SAP the taps  M  is 1.



For the STAP structure, the sampled data in the space–time domain is composed of the received data in different sampling times, and it can be written as


   x  =    [        X  T  ( t )       X  T  ( t − T )    ⋯      X  T  ( t − ( M − 1 ) T )      ]   T   



(12)




where    X  ( t )   is the vector of received data in  t  corresponding to Equation (8) in SAP,  T  is the delay time of each tap, which is also the sampling interval.



The weights can be expressed as


  w =    [   w  11   , … ,  w  N 1   , … ,  w  1 M   , … ,  w  N M    ]   T   



(13)







The calculation method of Equation (13) can also be referred to Equations (9) and (10).



Therefore, the array output can be denoted as the weighting summation of each sampled data tap as


     y ( t )   =  w H   x         =   ∑  i = 1  N     ∑  m = 1  M    x 0  ( t − ( i − 1 ) τ ( θ ) − ( m − 1 ) T )  w  i m  *          



(14)








3. Effect of STAP on PR Accuracy


In this section, two aspects of the effect of STAP in anti-jamming are analyzed. On the one hand, a new and uncertain delay is introduced by STAP because of the delay of the space–time adaptive filter. On the other hand, the ACF peak will be unintentionally distorted as well.



3.1. Analysis of Delay Uncertainty


According to the analysis of [19] and [20], the purpose of the space–time adaptive filter is to mitigate the inconsistency of signal transmission channels. However, the characteristics of each channel may be different, and the group delay of the space–time adaptive filter is also related to many factors such as time-domain taps, interference power, interference type, interference direction, channel characteristics, and so on [23]. Therefore, the delay of space–time adaptive filter is actually uncertain.



Considering a two antenna array as an example, some typical testing scenarios are shown in Table 1.



The group delays in these scenarios are shown in Figure 3, which verifies the uncertainty of the space–time adaptive filter group delay.




3.2. Analysis of Correlation Peak Distortion


In Equation (14),  w  and   x   are the weight and the input data. Since  w  may not be linear phase, the weighting process can be treated as introducing multipath signal; thus the ACF will be distorted. Similar to the group delay of filter,  w  is also related to many factors such as time-domain taps, interference power, interference type, interference direction, channel characteristics, etc., and all of these factors are uncontrollable. As  w  directly determines the ACF distortion, the effect of space–time filter on ACF distortion is also uncertain.



The simulation was carried out based on the scenarios in Table 1. Applying the analysis method of [24], the combined signal of the GNSS signal, interference, and noise was used to generate the weight of STAP, while the ACFs were plotted only by weighting the GNSS signal, which is shown in Figure 4.



Figure 4 verifies the uncertainty of ACF distortion caused by the space–time adaptive filter. According to Figure 4, the effect of the space–time adaptive filter on the signal SCB (S Curve Bias) curve is shown in Figure 5.



It can be noted from Figure 5 that there are significant differences in PR measurement deviations in different scenarios. Particularly when the correlation interval is 0.5 chips, the PR measurement deviation reaches 3 ns in the case of Scenario 1#.



Therefore, the space–time adaptive filter not only causes the position of ACF peak to shift, but also causes the shape of ACF peak to be distorted, which means the conventional space–time adaptive filter can lead to an uncontrollable deviation of pseudo-code ranging.





4. Anti-jamming algorithm with Constrained Delay


The SAP and STAP have the following contradictions between the performance of interference suppression and PR measurement accuracy:



(1) The SAP can ensure the accuracy of PR measurement, but the anti-jamming performance will greatly degrade.



(2) The STAP can improve the anti-jamming performance, but the PR measurement will have uncertain deviation.



According to [19], the purpose of STAP is to mitigate the difference in channel transmission characteristics and improve the data consistency of each antenna.



According to the analysis in [23], the space–time processing method is used for anti-jamming, or the space anti-jamming is used after channel correction. The model is shown in Figure 6.



In the model of Figure 6,    H 1   ( ω )   H  DSP 1    ( ω )    and    H 2   ( ω )   H   DSP 2     ( ω )    determine the PR measurement of each channel, and the following equation is satisfied when the interference is effectively suppressed:


   H 1   ( ω )   H   DSP 1     ( ω )  =  H 2   ( ω )   H   DSP 2     ( ω )   



(15)




where    H 1   ( ω )    and    H 2   ( ω )    are the models of antenna channels which are determined by the inherent properties of hardware, whose digital characteristics are uncontrollable but basically stable.    H   DSP 1     ( ω )    and    H   DSP 2     ( ω )    are determined by the digital space–time filters applying the traditional PI criterion. According to the analysis in Section 3.1, the delay of the digital filter is uncontrollable and is related to many factors.



To solve the problem of uncontrollable digital filter delay, an anti-jamming processing structure with one reference antenna is proposed, as seen in Figure 7.



When applying the structure of Figure 7, the constraint that interference is effectively suppressed can be adapted as


   H 1   ( ω )  =  H 2   ( ω )   H   DSP 2     ( ω )   



(16)




where    H 1   ( ω )    and    H 2   ( ω )    are still determined by the properties of antennas, but    H   DSP 2     ( ω )    is adapted to make sure Equation (16) is satisfied. Therefore, the total delay of the channel and digital filter is determined by    H 1   ( ω )   , and the anti-jamming filter does not cause additional delay.



For the structure of Figure 6 with one reference antenna, this paper proposes a space only anti-jamming algorithm based on channel relative correction. In [23], the channel relative correction method for constrained reference array antennas has been proposed, and it has been proved that after relative correction of channel, the interference suppression can be realized by SAP rather than STAP. In the proposed algorithm, the received signal from the reference antenna does not pass the digital filter, and therefore the process of weighting will not cause additional distortion. The structure of the proposed algorithm is shown in Figure 8.



In Figure 8,    H 1   ( ω )    and    H 2   ( ω )    are channel models of antenna determined by hardware, while    H  DSP    ( ω )    is the channel model of the correction filter. When the channel is effectively corrected,    H  DSP    ( ω )    satisfies the constraint equation (Equation (14)). The weight is generated in the frequency domain, as well as the channel correction.



Compared with the algorithm in [23], which applies STAP after relative correction, the proposed algorithm in this section uses the simpler SAP and can effectively suppress the interference in [23]. However, the proposed algorithm enhances the computational complexity compared to the traditional SAP due to the relative correction between channels. Besides, to achieve the optimal interference suppression, more FFT points are needed, which requires more computing resources. As the channel characteristics cannot be quantitatively analyzed, the extra computing complexity cannot be precisely calculated either.




5. Simulation Experiment


5.1. Interference Suppression Performance


The testing scenarios in Table 1 were used for simulation, and the interference suppression comparison of traditional algorithm and proposed algorithm is shown in Table 2, where Difference stands for the difference of anti-jamming performance. It can be seen from Table 2 that the influence of delay constraint on the anti-jamming performance was small compared with that of the traditional algorithm, and the difference between two algorithms was less than 1 dB in the testing scenarios.



As seen in Table 2, the anti-jamming performance differed between the traditional and the proposed algorithm.




5.2. Anti-jamming Processing Delay


In Figure 9, different channel delays of equivalent filter groups are presented, which were based on the scenarios of Table 1 while applying the proposed algorithm. The delays were significantly mitigated to less than 0.2 ns by the proposed algorithm, compared with a maximum of 30 ns in Figure 2, which applied the traditional STAP.




5.3. Correlation Function Distortion


As shown in Figure 3, it was difficult to compare the correlation-function distortion by the ACF peak. On the other hand, the SCB curve clearly showed the correlation-function distortion and the deviation of range. Therefore, the SCB curves based on scenarios of Table 1 while applying the proposed algorithm are presented in Figure 10.



The PR measurement deviation was effectively suppressed by the proposed algorithm, whose maximum decreased to 1.3 ns compared to 4 ns in Figure 5. It can be noted that except for Scenario 2#, in which INR was 20 dB, the deviations in other scenarios were less than 0.5 ns. The reason for the 1.3 ns deviation in Scenarios 2# is that when the INR was 20 dB, the correlation of interference between different antennas was weak, and the array weights had volatility waving.




5.4. Software Receiver Emulation


Three different anti-jamming algorithms were simulated by the Software Defined Receiver (SDR) to compare the auto-adaptive performance, including the SAP, the STAP and the proposed algorithm. Besides, the directly-passing (no interference) simulation was also carried out to set up a reference. In a 1000 ms simulation, the variation of interference is added into the data generation, the transmission channels as well as the antenna channels should ideally introduce no bias to the signal, and the code correlation interval is 0.2 chip for the tracking loop of the receiver. The steps of data generation are as follows:



Step 1: No interference at 0 ms.



Step 2: Turn on interference 1# at 200 ms (θ = 10°, φ = 10°, INR: 60 dB).



Step 3: Turn on interference 2# at 400 ms (θ = 135°, φ = 10°, INR: 60 dB).



Step 4: Change the direction of interference 1# to (θ = 300°, φ = 5°) at 600 ms



Step 5: Turn off all interference at 800 ms.



The type of interference in 1# is Gaussian white noise with bandwidth 20 MHz, while the interference in 2# is a continuous wave interference at the central frequency of the GNSS signal.



The Interference Cancellation Ratio (ICR) and the ranging performance are both simulated and presented, as shown in Figure 11.



In Figure 11, although the ICRs of the different algorithms are almost equal, the PR measurement performance of SAP and proposed algorithm are better than that of STAP, as the PR measurement of STAP deviates from the reference and fluctuates drastically when the interference changes.



The PR measurement values were statistically analyzed, as seen in Table 3, to further compare the performance of algorithms.



As seen in Table 3, the PR measurement performance of SAP and the proposed algorithm were better than that of STAP, and the average deviation of the proposed algorithm during the whole simulation processing was 0.0673 ns from the reference.




5.5. Simulation in Non-ideal channel


In this section, the non-ideal transmission channels and antenna channels were considered. The channel model of [20] was used, and other conditions were set to be exactly the same as those of Section 5.4. The simulation results are presented in Figure 12.



As seen in Figure 12, when the channel was non-ideal, the ICR of SAP, which stands for the anti-jamming ability, was lower than that of STAP and the proposed algorithm, and this is consistent with the conclusion of [17] that non-ideal channel costs the time domain degrees of freedom and deteriorates the anti-jamming performance of SAP. Moreover, as seen in Figure 12, the PR measurement of SAP deviated from the reference and fluctuated drastically, and the situation was even worse for the ranging of STAP. However, the performance of the proposed algorithm was stable without deviation, which shows that the proposed algorithm effectively mitigated the interference while introducing no bias.



Table 4 statistically analyzed the PR measurement values in the non-ideal channel to further compare the performance of algorithms.



As seen in Table 4, the PR measurement performance of the proposed algorithm was significantly better than that of traditional SAP and STAP, and the deviation of the proposed algorithm in different simulation steps was less than 0.4 ns. Moreover, the 1000 ms average deviation of the proposed algorithm was 0.0864 ns, compared to 1.2597 ns for SAP and 2.4353 ns for STAP. Moreover, compared to the non-jamming value of 0–200 ms, the average deviation of the proposed algorithm in the whole simulation process was about 0.0864 ns.





6. Conclusions


Antenna array processing is widely used for GNSS anti-jamming, but the traditional space–time processing will introduce deviations to the PR measurement. In this paper, the influence of STAP on pseudo-code ranging performance is analyzed. On the one hand, the delay of the space–time adaptive filter is uncertain because the space–time adaptive filter only processes the consistency of the data of each channel, and it does not have a reference delay. On the other hand, the space time filter causes uncertain distortion to the ACF as the space–time processing is similar to introducing a multipath whose characteristics are related to many factors such as the direction, power, quality of interference, and so on.



In this paper, an antenna array anti-jamming algorithm with PR measurement deviation suppression is proposed. In the proposed method, one antenna is chosen as 0 delay reference and the delay constraint for other antennas is added when generating the weights of a space–time anti-jamming filter. The simulation results show that in the testing scenarios, the PR measurement deviation of the proposed method is less than 0.5 ns without the anti-jamming performance loss. Therefore, the proposed algorithm can be used for high-precision PR measurement in antenna array anti-jamming processing.
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Figure 1. Four elements with central plane array. (a) Model; (b) Physical. 
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Figure 2. Space–Time Array Processing (STAP) structure. 
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Figure 3. Group delay of equivalent filter. (a) Scenario 1#; (b) Scenario 2#; (c) Scenario 3#; (d) Scenario 4#. 
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Figure 4. Impact on correction function. (a) Scenario 1#; (b) Scenario 2#; (c) Scenario 3#; (d) Scenario 4#. 
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Figure 5. Impact on S Curve Bias (SCB) curve. (a) Scenario 1#; (b) Scenario 2#; (c) Scenario 3#; (d) Scenario 4#. 
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Figure 6. Relationship between channel and digital filter. 
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Figure 7. Anti-jamming processing framework. 
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Figure 8. Space only anti-jamming processing framework. 






Figure 8. Space only anti-jamming processing framework.



[image: Electronics 09 00412 g008]







[image: Electronics 09 00412 g009 550] 





Figure 9. Equivalent filter delay of each element under delay constraints. (a) Scenario 1#; (b) Scenario 2#; (c) Scenario 3#; (d) Scenario 4#. 
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Figure 10. SCB curve under time delay constraints. (a) Scenario 1#; (b) Scenario 2#; (c) Scenario 3#; (d) Scenario 4#. 
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Figure 11. Interference Cancellation Ratio (ICR) and range value in different algorithms with ideal channel. (a) ICR; (b) range value. 






Figure 11. Interference Cancellation Ratio (ICR) and range value in different algorithms with ideal channel. (a) ICR; (b) range value.



[image: Electronics 09 00412 g011]







[image: Electronics 09 00412 g012 550] 





Figure 12. ICR and range value in different algorithms with non-ideal channel. (a) ICR; (b) range value. 
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Table 1. Scenario settings.






Table 1. Scenario settings.





	Scenario
	Taps
	INR
	Interference Bandwidth
	Interference Direction





	1#
	5/9
	60 dB
	20 MHz
	10°



	2#
	9
	20 dB/80 dB
	20 MHz
	10°



	3#
	9
	60 dB
	2 MHz/10 MHz
	10°



	4#
	9
	60 dB
	20 MHz
	25°/85°
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Table 2. Interference suppression ratio.






Table 2. Interference suppression ratio.





	
Test Scenario

	
Traditional (dB)

	
Proposed (dB)

	
Difference (dB)






	
1#

	
5 Taps

	
59.9895

	
59.9506

	
0.0389




	
9 Taps

	
59.9873

	
0.0367




	
2#

	
INR 20 dB

	
19.8939

	
20.2765

	
0.3826




	
INR 80 dB

	
79.9883

	
79.4033

	
0.5850




	
3#

	
Bandwidth 2 MHz

	
59.9984

	
59.9642

	
0.0342




	
Bandwidth 10 MHz

	
59.9955

	
59.9833

	
0.0122




	
4#

	
Direction 25°

	
60.0098

	
59.9409

	
0.0689




	
Direction 85°

	
59.9819

	
59.9790

	
0.0029
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Table 3. Statistical results of ranging values (ideal channel).






Table 3. Statistical results of ranging values (ideal channel).





	

	
0–200 ms

	
200–400 ms




	
Mean(ns)

	
Bias(ns)

	
Variance

	
Mean(ns)

	
Bias(ns)

	
Variance




	
No Interference

	
12.1181

	
-

	
0.0012

	
12.0667

	
-

	
0.0014




	
Space Only

	
11.9606

	
−0.1575

	
0.0015

	
12.2502

	
0.1834

	
0.0090




	
Space–Time

	
7.5743

	
−4.5438

	
0.0600

	
8.4508

	
−3.6159

	
0.0300




	
Proposed

	
12.0100

	
−0.1081

	
0.0019

	
12.2544

	
0.1877

	
0.0089




	

	
400–600 ms

	
600–800 ms




	
Mean(ns)

	
Bias(ns)

	
Variance

	
Mean(ns)

	
Bias(ns)

	
Variance




	
No Interference

	
12.1007

	
-

	
0.0003

	
12.1312

	
-

	
0.0001




	
Space Only

	
12.4243

	
0.3236

	
0.0015

	
12.0066

	
−0.1245

	
0.0478




	
Space–Time

	
8.5512

	
−3.5495

	
0.0073

	
5.6867

	
−6.4445

	
1.2107




	
Proposed

	
12.0993

	
−0.0014

	
0.0224

	
11.8975

	
−0.2336

	
0.0007




	

	
800–1000 ms

	
0–1000 ms




	
Mean(ns)

	
Bias(ns)

	
Variance

	
Mean(ns)

	
Bias(ns)

	
Variance




	
No Interference

	
12.1253

	
-

	
0.0007

	
12.1075

	
-

	
0.0013




	
Space Only

	
11.7408

	
−0.3844

	
0.0049

	
12.0940

	
−0.0135

	
0.0665




	
Space–Time

	
5.7304

	
−6.3949

	
0.3972

	
7.2750

	
−4.8325

	
1.8981




	
Proposed

	
11.9062

	
−0.2190

	
0.0026

	
12.0401

	
−0.0673

	
0.0252
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Table 4. Ranging performance statistics results (non-ideal channel).






Table 4. Ranging performance statistics results (non-ideal channel).





	

	
0–200 ms

	
200–400 ms




	
Mean(ns)

	
Bias(ns)

	
Variance

	
Mean(ns)

	
Bias(ns)

	
Variance




	
No Interference

	
13.8243

	
-

	
0.0108

	
13.9070

	
-

	
0.0148




	
Space Only

	
13.6195

	
−0.2047

	
0.0499

	
14.2548

	
0.3477

	
0.0410




	
Space-Time

	
12.0200

	
−1.8043

	
13.3217

	
10.9210

	
−2.9860

	
3.2051




	
Proposed

	
13.6182

	
−0.2061

	
0.0062

	
13.5759

	
−0.3311

	
0.0076




	

	
400–600 ms

	
600–800 ms




	
Mean(ns)

	
Bias(ns)

	
Variance

	
Mean(ns)

	
Bias(ns)

	
Variance




	
No Interference

	
13.7349

	
-

	
0.0119

	
13.6660

	
-

	
0.0054




	
Space Only

	
14.2176

	
0.4826

	
0.0875

	
7.3271

	
−6.3389

	
3.4930




	
Space–Time

	
11.7790

	
−1.9559

	
0.1997

	
9.6792

	
−3.9868

	
1.8225




	
Proposed

	
13.6429

	
−0.0920

	
0.0054

	
13.9725

	
0.3065

	
0.0140




	

	
800–1000 ms

	
0–1000 ms




	
Mean(ns)

	
Bias(ns)

	
Variance

	
Mean(ns)

	
Bias(ns)

	
Variance




	
No Interference

	
13.8110

	
-

	
0.0195

	
13.7879

	
-

	
0.0191




	
Space Only

	
13.4586

	
−0.3523

	
2.6848

	
12.5282

	
−1.2597

	
8.5279




	
Space–Time

	
12.5606

	
−1.2504

	
15.3405

	
11.3526

	
−2.4353

	
7.1027




	
Proposed

	
13.6967

	
−0.1143

	
0.0229

	
13.7015

	
−0.0864

	
0.0316
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