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Abstract

:

In recent years, distributed unique word (DUW) has been widely used in satellite single carrier TDMA signals, such as very small aperture terminal (VSAT) satellite systems. Different from the centralized structure of traditional unique word, DUW is uniformly dispersed in a burst signal, where the traditional unique word detection methods are not applicable anymore. For this, we propose a robust burst detection algorithm based on DUW. Firstly, we allocated the sliding detection windows with the same structures as DUW in order to effectively detect it. Secondly, we adopt the method of time delay conjugate multiplication to eliminate the influence of frequency offset on detection performance. Due to the uniform dispersion of DUW, it naturally has two different kinds of time delays, namely the delay within the group and the delay between the two groups. So, we divide the traditional dual correlation formula into two parts to calculate them separately and obtain a dual correlation detection algorithm, which is suitable for DUW. Simulation and experimental results demonstrate that when the distribution structure of DUW changes, detection probability of the proposed algorithm fluctuates little, and its variance is   1.56 ×  10  − 5    , which is 99.83% lower than the existing DUW detection algorithms. In addition, its signal to noise ratio (SNR) threshold is about 1 dB lower than the existing algorithms under the same circumstance of the missed detection probability.
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1. Introduction


Time division multiple access (TDMA) achieves the effect of multi-user sharing communication resources by dividing a non-overlapping slot in time. TDMA has the advantages of large communication capacity, high frequency efficiency and compatibility between prime station and slave station. It has been widely used in various civil and military communication systems, such as very small aperture terminal (VSAT) satellite systems, international maritime satellite systems, iridium satellite systems and unmanned aerial vehicle communication systems [1,2,3,4]. TDMA signal usually has the characteristics of burst and transient. Detection of burst start time is important for subsequent parameter estimation and demodulation.



Since relative movement between the transmitter and receiver results in doppler frequency shift to receiving signals [5], distributed unique word (DUW) shows significant robustness for frequency shift, and it can achieve high precision frequency estimation in the subsequent frequency offset correction work. At present, many VSAT satellite burst communications use DUW instead of the traditional centralized UW. Therefore, the DUW detection method has practical application value for the burst signal using only DUW. In particular, under the background of wide use of high gain channel coding and miniaturization of sending terminal, the TDMA signal detection algorithm needs to work reliably at low SNR. This puts forward much stricter requirements for DUW detection. Therefore, DUW detection methods with high precision and robustness show great theoretical significance and application prospects.



1.1. Related Work


At present, there are mainly the following burst detection algorithms for TDMA signal. The energy based detection algorithm [6,7,8] can determine the existence of burst signal by detecting the energy within the window. This kind of method has good anti-frequency offset performance; however, it is sensitive to noise and is not suitable for detection under low SNR conditions. The frequency domain based detection method [9,10] leverages the frequency domain features of signal to detect the start position of burst signal. This method has good anti-noise performance; unfortunately, the realization complexity is impractical. The unique word (UW) based detection algorithm [11,12,13] can achieve high accuracy by detecting the burst of received signal through the self-correlation property of UW in the TDMA signal under the assumption that the receiver has the perfect prior knowledge of UW. However, current signal detection algorithms based on UW mainly consider the distribution of UW in signal frame head [14,15,16,17], and we have not seen much research on DUW, except Hou1 and Hou2 algorithms [18]. They have advantages of good anti-frequency offset, but do not behave well at lower SNR and are greatly influenced by the structure of UW. To sum up, in order to improve detection accuracy and robustness, burst detection based on DUW needs further research.




1.2. Our Contribution


In this paper, we propose a burst detection algorithm for DUW TDMA signals in satellite communications. The main contributions of this paper are shown in the following:



(1) We analyze the principle of eliminating frequency offset and phase offset by traditional dual correlation (TDC) detection algorithm, which detects centralized UW, and apply it to DUW detection.



(2) We analyze that DUW naturally has two different kinds of time delays, namely the delay within the group and the delay between the two groups. We combine them with TDC and propose a DUW dual correlation detection algorithm (the “DUWDC” described below). In addition, its advantage is that the change of DUW distribution structure will not affect its detection performance.



(3) We carry out massive experiments to see the effects of frequency offset, signal to noise ratio, different distribution structures of DUW on detection performance. Simulation results show that DUWDC has good stability, high detection accuracy and good anti-frequency offset performance.



The rest of this article is arranged as follows: Section 2 is the system model, Section 3 is the algorithm description and Section 4 is the performance analysis. Section 5 is the simulation experiments and Section 6 is the conclusion.





2. System Model


In TDMA communication, MPSK modulation is often used. The received signal model after down-conversion is as follows:


  r  ( k )  = s  ( k )   e  j (  ω 0  k T + θ )   + n  ( k )   



(1)







Herein,   s  ( k )  =  e  j φ ( k )     is complex base-band signal, the value of   φ ( k )   is    2 π q       2 π q  M      M  ,   ( q = 0 , 1 , 2 , · · · , M − 1 )  , T is symbol period,   ω 0   is frequency offset,  θ  is phase offset,   n ( k )   is additive white gaussian noise (AWGN).



TDMA burst signals usually contain site identification code, UW, carrier and bit timing recovery code, instruction signal and information data. Since UW is not easily replicated by random data, it does not cause false detection and is used as a TDMA burst time base [19]. UW of traditional TDMA burst signal is generally continuous and concentrated in the start part of burst data, and its frame structure is shown in Figure 1.



At present, a class of single carrier TDMA signals with new type DUW structure appears in satellite communication. The frame structure is shown in Figure 2. There are P groups of UW, and each group of UW has N symbols. It is inserted into the burst signal at equal intervals with   L 0   symbols as a period. In one burst signal, the total length of UW is   D = N × P   symbols.



As shown in Figure 3, the known local UW sequence   a ( k )   is composed of the above   U 1   to   U P   groups arranged in series.



The expression of   a ( k )   is:


           a  ( k )  = a   i N + j   =  e  j ϕ ( i , j )   ,     i = 0 , 1 , · · · , P − 1 ,             j = 0 , 1 , · · · , N − 1 ,     k = i N + j           



(2)







Herein,   e  j ϕ ( i , j )    represents the j-th UW symbol in the i-th group, and its position in sequence   a ( k )   is shown by   k = i N + j  .




3. Algorithm Description


3.1. Traditional Centralized Dual Correlation Detection Algorithm


TDC detection algorithm [20,21] is mainly based on centralized UW to detect and synchronize burst signals. The detection principle is shown in Figure 4.



As shown in Figure 4, the sliding detection window is concentrated and continuous in TDC detection algorithm. So, the signal selected by this window is continuous in waveform and frequency offset.



TDC detection formula [21] based on burst signal is:


     L =  ∑  d = 1   D − 1           ∑  k = d   D − 1      r *   ( k )  a  ( k )  r  ( k − d )   a *   ( k − d )      2     ∑  k = d   D − 1         r *   ( k )   r *   ( k − d )     2         



(3)







Herein, D is the total length of UW, L is correlation coefficient, ∗ in   x *   is complex conjugate.



The numerator in Equation (3) can be written as:


     c o r r =     ∑  k = d   D − 1     r *   ( k )  r  ( k − d )       a *   ( k )  a  ( k − d )     *     2      



(4)







Equation (4) is the core of dual correlation algorithm. Bring Equation (1) into Equation (4), for the convenience of discussion, let   d = 1  , consider the non-correlation between noise and UW, ignore the influence of noise, we can obtain:


        c o r r =      ∑  k = 1   D − 1      r *   ( k )  r  ( k − 1 )       a *   ( k )  a  ( k − 1 )     *     2        =      ∑  k = 1   D − 1      s *   ( k )  s  ( k − 1 )       a *   ( k )  a  ( k − 1 )     *    e  − j  ω 0  T     2         



(5)







Since the signal in sliding detection window is continuous on frequency offset, the delay conjugate multiplication    r *   ( k )  r  ( k − 1 )    in Equation (5) converts the frequency offset to one fixed phase offset   e  − j  ω 0  T   . Then this phase offset is eliminated by the modulo operation, and when the sliding detection window is aligned with the UW of received signal,   s ( k ) = a ( k )   for any k, then     s *   ( k )  s  ( k − 1 )       a *   ( k )  a  ( k − 1 )     *   = 1  ,   c o r r   will be maximum.




3.2. DUWDC Detection Algorithm


As shown in Figure 2, DUW is uniformly dispersed in a burst signal, and we allocated the sliding detection windows with the same structures as DUW. As shown in Figure 5, sliding detection window has a total of P groups, and there are   L 0   symbols between the adjacent two groups, with N symbols for each group length. Sequence    r 0   ( k )    is composed of the received data selected by the sliding detection window.



As shown in Figure 5, sequence    r 0   ( k )    is composed of P discrete receiving data groups, its waveform and frequency offset are discontinuous. As shown in Figure 6, the symbols within each group are continuous, while actual distance between the two symbols at the adjacent group connection part is    L 0  + 1 − N   symbol.



The expression of    r 0   ( k )    is:


         r 0   ( k )  =  r 0    i N + j             = r   i  L 0  + j   ,     i = 0 , 1 , · · · , P − 1     ,          j = 0 , 1 , · · · , N − 1 ,     k = i N + j           



(6)







As described in Section 3.1,    r *   ( k )  r  ( k − 1 )    can convert the frequency offset to one fixed phase offset, so it can be eliminated by one modulo operation. However, as shown in Figure 7,      r 0   *   ( k )   r 0   ( k − 1 )    contains two different kinds of time delays, namely one symbol and    L 0  + 1 − N   symbols. In addition, it will convert the frequency offset to two different fixed phase offsets, namely   e  − j  ω 0  T    and   e  −  j (   L 0  + 1 − N )  ω 0  T   . So, they cannot be eliminated by one modulo operation.



Therefore, based on the delay within the group and the delay between the two groups, we divide the dual correlation formula into two parts to calculate the modulus separately, that is:


        c o r  r ′  =     ∑  i = 0   P − 1       ∑  k = i N + 1   ( i + 1 ) N − 1        r 0   *   ( k )   r 0   ( k − 1 )       a *   ( k )  a  ( k − 1 )     *            +     ∑  i = 1   P − 1        r 0   *   ( i N )   r 0   ( i N − 1 )       a *   ( i N )  a  ( i N − 1 )     *            



(7)







Herein, the first part is the dual correlation between symbols within each group, and the second part is the dual correlation between symbols in the adjacent group connection part.



Bring Equations (1) and (6) into Equation (7), consider the non-correlation between noise and UW, and ignore influence of noise, Equation (7) can be rewritten as follows:


        c o r  r ′  =     ∑  i = 0   P − 1       ∑  k = i N + 1   ( i + 1 ) N − 1      s *   ( k )  s  ( k − 1 )       a *   ( k )  a  ( k − 1 )     *     e  − j  ω 0  T           +     ∑  i = 1   P − 1      s *   ( i N )  s  ( i N − 1 )       a *   ( i N )  a  ( i N − 1 )     *    e  − j    L 0  + 1 − N    ω 0  T            



(8)







As shown in Equation (8), the frequency offset is converted to two different fixed phase, and fixed phase is eliminated by two modulo operation. Then the sliding detection window is aligned with the UW of received signal, and   c o r  r ′    will be maximum.




3.3. Algorithm Step


Let   b  ( k )  =   ∑  k = 1   N P − 1      a *   ( k )  a  ( k − 1 )    , because   a ( k )   is a known sequence,   b ( k )   can be computed locally in advance, and Equation (7) can be simplified to the following form:


        c o r  r ′  =     ∑  i = 0   P − 1       ∑  k = i N + 1   ( i + 1 ) N − 1        r 0   *   ( k )   r 0   ( k − 1 )   b *   ( k )            +     ∑  i = 1   P − 1        r 0   *   ( i N )   r 0   ( i N − 1 )   b *   ( i N )            



(9)







The steps of DUWDC are as follows:



(1) Sliding detection window with distributed structure extracts sequence    r 0   ( k )    from receiving single;



(2) Bring    r 0   ( k )    into Equation (9) to obtain correlation coefficient;



(3) Slide the detection window back and extract the sequence    r 0   ( k )    again;



(4) Repeat step 2 to step 3 until correlation coefficient of the whole data is obtained, and threshold detection output burst start position.





4. Performance Analysis


4.1. Robustness Analysis


From Equations (7) and (8), it can be seen that the frequency offset is converted to fixed phase offset   e  j  ω 0  T    and   e   j (   L 0  + 1 − N )  ω 0  T    by DUWDC algorithm, and two phase offsets are eliminated by modular operation, respectively, which will not affect correlation results. It shows that DUWDC inherits anti-frequency offset performance of TDC algorithm perfectly.



Hou1 and Hou2 are the existing DUW detection algorithms, and their algorithm formula is as follows:


          c o r r   Hou 1   =    ∑  i = 0   p − 1      ∑  k = i N + 1   ( i + 1 ) N − 1     r  0  *   ( k )   r 0   ( k − 1 )     a *   ( k )  a  ( k − 1 )   *          



(10)






          c o r r   Hou 2   =    ∑  i = 1   p − 1      ∑  k = i N   ( i + 1 ) N − 1     r  0  *   ( k )   r 0   ( k − N )     a *   ( k )  a  ( k − N )   *          



(11)







It can be seen from Equations (10) and (11) that Hou1 and Hou2 both use similar dual correlation algorithm, but their delay rules are different from the algorithm in this paper. The number of points involved in the correlation operation between receiving sequence and local sequence is also different, and of Hou1 and Hou2 it is   ( N − 1 ) P   and   ( P − 1 ) N  , respectively. It can be seen from Equation (7) that the number of points involved in the correlation operation of DUWDC is   N × P − 1  . N and P depend on the distribution structure of DUW. When the ratio of N and P changes, the number of correlation operation points of DUWDC remains the same, but of Hou1 and Hou2 it is variable, as shown in Figure 8. This is where we assume that the total length of DUW is 48 symbols (  N × P = 48  ), and N is equal to 2, 4, 6, 12 and 16, respectively.



Generally, the longer the sequence involved in the correlation operation is, the better the correlation effect [18]. Therefore, the advantage of DUWDC over Hou1 and Hou2 is that the change of UW distributed structure cannot affect detection performance, and the number of points involved in correlation operation has been maximized, and correlation effect is better.




4.2. Complexity Analysis


Taking complex multiplication and complex addition required for each correlation coefficient calculation as examples, complexity of different detection algorithms is compared, as shown in Table 1.



It can be seen from Table 1 that the complexity of DUWDC is lower than the traditional dual correlation detection algorithm, and its multiplication and addition times are both   2  N × P    of the latter, where   N × P = D   is the total number of DUW symbols, generally far greater than two. Compared to Hou1 and Hou2, the complexity of DUWDC is slightly improved, its multiplication times are    D − 1   D − P    and    D − 1   D − N    of Hou1 and Hou2, respectively, and the same is true for addition.





5. Simulation Experiments


In order to verify the proposed algorithm, simulation signal is tested in the MATLAB environment. Assume that signal modulation mode is QPSK, symbol rate   R s   is 2 MBaud, sampling rate   F s   is 8 MHz, sampling time is 25 ms, there are three TDMA burst signals, each burst time is 0.36 ms.



Firstly, in order to test the influence of frequency offset on the detection effect of DUWDC, channel environment is assumed to be additive Gaussian white noise,     E b       E b   N 0        N 0   =  { 0  dB , 3  dB , 6  dB , 9  dB }   , the total number of UW is 48 symbols and UW distribution structure:   N = 2 ;  P = 24 ;   L 0  = 100  . The signals with normalized frequency offset    f e  T = 0   and    f e  T = 0.1   are detected, respectively.



The correlation coefficient curves obtained under different frequency offsets are shown in Figure 9 and Figure 10. In the case of two normalized frequency offsets, detection effect of DUWDC is basically the same, indicating that it has good anti-frequency offset performance and can be used in large frequency offset environments. The analysis of anti-frequency offset performance of the algorithm is verified.



In order to verify the influence of DUW distribution structure on the algorithm performance, simulation conditions: let     E b       E b   N 0        N 0   = 6  dB  , normalized frequency offset    f e  T = 0.1  , the total number of UW is 48 symbols and the number of symbols inserted in each group is 2, 4, 8 and 16, respectively. As shown in Figure 11, under different distribution structures, detection results are basically the same. Qualitatively verify the theoretical analysis that detection performance of DUWDC is not affected by the distributed structure.



Based on the above analysis and simulation results, DUWDC has good anti-frequency offset performance, and detection performance increases with the increase in SNR. It is not affected by UW distribution structure and has good robustness to different distribution structures.



For influence of different SNR on the false alarm probability of DUWDC, Monte Carlo simulation is performed on the algorithm under the condition of normalized frequency offset    f e  T = 0.1  . As shown in Figure 12, let     E b       E b   N 0        N 0   =  { − 3  dB , 0  dB , 3  dB , 6  dB , 9  dB }   , false alarm probability of algorithm under different thresholds   t h   is counted, respectively.



In the oversampling rate    F s  /  R s  = 4   in the experiment, actual correlation results generally have two to four positions, which can be judged as the start of burst signal, then select one of the largest correlation coefficient positions to judge the accurate position. From Figure 12, it can be seen that the larger correlation threshold and the higher SNR, the smaller false alarm probability, and the false alarm of DUWDC algorithm changes little with SNR.



In order to further verify detection performance of DUWDC, based on DUW TDMA signal, DUWDC, Hou1 and Hou2 are simulated and compared. Simulation conditions: normalized frequency offset    f e  T = 0.1  ,     E b       E b   N 0        N 0   =  { − 3  dB , 0  dB , 3  dB , 6  dB }   , the total number of UW is 48 symbols and DUW structure:   N = 2 ;  P = 24 ;   L 0  = 100  . Monte Carlo experiments are carried out on this signal. Under the threshold of false alarm probability    P f  <  10  − 5    , detection probabilities   P d   of each algorithm under different    E b       E b   N 0        N 0    are counted, respectively.



Compared with Hou1 and Hou2, DUWDC has more points involved in related operations and better detection performance. It can be seen from Figure 13 that when    E b       E b   N 0        N 0    is at −3 dB to 1 dB, DUWDC performance is about 0.8 dB better than Hou2 under the same detection probability.



At the same time, in order to better compare the detection performance of DUWDC under high    E b       E b   N 0        N 0   , Figure 14 gives the relationship curve between the missed detection probability and    E b       E b   N 0        N 0   . It can be seen that the missed detection probability of DUWDC is significantly lower than that of Hou1 and Hou2. In addition, when    E b       E b   N 0        N 0    is at 1 dB to 6 dB, DUWDC performance is about 1 dB better than Hou2 under the same missed detection probability.



To verify the robustness of the algorithm, based on DUW TDMA signal, DUWDC, Hou1 and Hou2 are simulated and compared. Simulation conditions: normalized frequency offset    f e  T = 0.1  ,     E b       E b   N 0        N 0   = − 1 dB  , the total number of UW is 48 symbols and the number of symbols inserted in each group is 2, 4, 6, 8, 12 and 16. Monte Carlo experiments are carried out on this signal. Under the threshold of false alarm probability    P f  <  10  − 5    , the detection probabilities   P d   of each algorithm under different UW distribution structures are counted, respectively. The experimental results are shown in Figure 15.



It can be seen from Figure 15 that under the same SNR, detection probability of DUWDC is at the same level for DUWs with different distribution structures, while of Hou1 and Hou2 it fluctuates greatly.    1 n   ∑  i = 1  n     x i  − x  2    is used to calculate the variance of the curves in the figure; Hou1 and Hou2 are 0.0133 and 0.009, respectively, and DUWDC is   1.56 ×  10  − 5    , which is 99.83% lower than Hou2. This shows that DUWDC has good stability. The analysis of robustness of the algorithm in Section 4.1 is verified quantitatively.




6. Conclusions


In this paper, a robust burst detection algorithm for distributed unique word (DUW) TDMA signal is proposed. First of all, we analyze the principle of traditional dual correlation (TDC) and the influence of DUW structure on the delay conjugate multiplication. We combine DUW with TDC and obtain a dual correlation detection algorithm, which is suitable for DUW. The experimental results show that the proposed algorithm has high detection accuracy and good stability. Under the same SNR, detection probability of the algorithm is at the same level for DUWs with different distribution structures. In addition, when the normalized frequency offset is 10% and SNR is greater than 4dB, detection probability of the algorithm is greater than 98%, which is better than the existing DUW detection algorithms.
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Figure 1. Traditional TDMA frame structure. 
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Figure 2. Distributed unique word TDMA frame structure. 
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Figure 3. The known local UW structure. 
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Figure 4. TDC detection principle. 
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Figure 5. DUW burst signal detection principle. 
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Figure 6. The discontinuity of    r 0   ( k )   . 
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Figure 7. Two different kinds of time delays in      r 0   *   ( k )   r 0   ( k − 1 )   . 
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Figure 8. The relationship between the number of correlation operation points and UW distribution structure. 
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Figure 9. The correlation coefficient curves obtained by DUWDC in the case of    f e  T = 0  . 
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Figure 10. The correlation coefficient curves obtained by DUWDC in the case of    f e  T = 0.1  . 
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Figure 11. The correlation coefficient curves obtained by DUWDC under different DUW distribution structures. 
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Figure 12. False alarm probability of DUWDC under different SNR. 
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Figure 13. Relationship curve between the detection probability and SNR. 
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Figure 14. Relationship curve between the missed detection probability and SNR. 
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Figure 15. Influence of different UW distribution structures on algorithm detection performance. 
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Table 1. Complexity comparison of four detection algorithms.






Table 1. Complexity comparison of four detection algorithms.





	Algorithm
	Multiplication
	Addition





	Traditional dual

correlation [21]
	   ( N P − 1 ) N P   
	   0.5 ( N P − 1 ) N P   



	Hou1
	   2 ( N − 1 ) P   
	   ( N − 1 ) P   



	Hou2
	   2 ( P − 1 ) N   
	   ( P − 1 ) N   



	DUWDC
	    2 (  N P − 1 )   
	   N P − 1   
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