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1. Introduction

To satisfy the following requirements is desirable as P-SCH sequence.

1) Good correlation properties for timing acquisition
2) Support of low complexity in timing acquisition

3) Nx repetition structure for frequency offset estimation (possibly hybrid detection)
4) Low PAPR (CM) considering boosting at SCH [1]
5) Constant amplitude in frequency domain for good channel estimation at P-SCH
The Frank sequence which can satisfy above 1), 2), 4), and 5) was proposed for P-SCH sequence in [2]. Also, time domain design in order to satisfy 2) was proposed in [3]. In this paper, we will show the detailed P-SCH design by using Frank sequence according to current working assumption.
2. P-SCH sequence design using Frank sequence
 We took following three cases into account for P-SCH since the number of used subcarriers is 72 (6 RBs).
· Option 1

· 2x repetition in time domain with length 36 Frank sequence ( total length is 72 )
· Option 2

· 4x repetition in time domain with length 16 Frank sequence( total length is 64 )
· Option 3

· None repetition in time domain with length 64 Frank sequence ( total length is 64 )
 The Frank sequences with length 36, 16, and 64 show 6-PSK, 4-PSK, and 8-PSK signals, respectively. With the received signal sampled in 1.08MHz or 0.96MHz sampling frequency, UE can extract correlation value with low complexity. We will consider only same signs for repetition in time domain design. In other words, we will take [+A|+A] or [-A|-A] since Nx time domain signal with different sign such as [+A|-A] in time domain design cannot maintain constant amplitude in frequency domain. This example of [A|-A] in case of total length 32 with 2x repetition by 16 length Frank sequence was shown in Figure 1 (b). We will also exclude the option 3 since none repetition structure has poor capability with respect to frequency offset estimation [6].
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(a) Case of ( A | A )                                                     (b) Case of ( A | -A )
Figure 1 Non-constant amplitude problem in time domain design (2x repetition by using 16-length Frank sequence)
 Figure 2 shows the conceptual block diagram for time domain sequence. It is noted that this time domain sequence can be inserted in frequency domain to be transmitted. For example, let us assume that the required length of sequence is 72 and the waveform in time domain has 2x repetition. This example is shown in Figure 3. By using this 6-PSK sequence, UE can perform the synchronization with low complexity by 1.08 MHz sampling frequency.
 For explanation of detailed process, we will describe it from step 1 to step 4 in this chapter.
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Figure 2 Conceptual block diagram for time domain sequence
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Figure 3 Example of 2x repetition for 72 subcarriers by using Frank sequence
2.1 Option 1: by using length 36 (=62) Frank sequence (2x repetition)

· Step 1

 The Frank sequence with length 36 is to be generated in time domain for this step. The Frank sequence with length N(=m2) can be generated by using equation (1) [2], [5].
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                                                    (1)
where 
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 is the natural number which is relatively prime to 
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. The signals by Frank sequence can be represented as 
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-PSK signal forms.

· Step 2

 The sequences which were generated in step 1 are repeated twice in time domain. The generated time domain signal can be used as known signal in timing acquisition step. Total sequence length in time domain would be 72. The sequence in time domain was listed in Annex Table 1 (a).
· Step 3 and Step 4
 The signal which was generated in step 2 is to convert into frequency domain by using 72-point DFT. No signal should be loaded at DC subcarrier to resolve DC offset problem from the working assumption for downlink. There might be two methods to solve it. One might consider avoiding DC subcarrier by allocating odd-index subcarriers since this example is for 2x repetition in time domain, in which the alternated insertion every 2 subcarrier is shown in frequency domain. This method can maintain the CAZAC property in both time and frequency domain. However, the sequence with changed position cannot hold the 6-PSK signal in time domain. It would have several constellation positions in time domain signal under shifting sequence in frequency domain. Therefore, it cannot support “simple correlation” in time domain any more. The illustration of avoiding DC carrier with odd-index subcarrier insertion was shown in Figure 4 and the resulted phenomenon was shown in Figure 5.
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Figure 4 Illustration of method of avoiding DC subcarrier
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(a) Time domain sequence          (b) Freq. domain sequence before shifting (c) Time domain sequence after shifting
Figure 5 Phenomenon of method of avoiding DC (Option 1)
From above observation, the sequence position in frequency domain from time domain generation should not be changed. Therefore, we propose the method of puncturing DC component at time domain design. The time domain sequence can still maintain 6-PSK signal except for real-value shifting. The illustration of DC puncturing was shown in Figure 6. The resulted phenomenon from this method was shown in Figure 7  and the corresponding sequence in frequency domain was shown in Annex Table 1 (b). After DC puncturing, time domain sequence with total length Nt would be ak(n) – Ak(0)/sqrt(Nt) for Nx repetition. In which, ak(n) is time domain signal, Ak(0) is frequency domain signal at DC, and Nt is sequence length in time domain. In this case, only real part of the time domain sequence would be shifted by sqrt(2)/sqrt(72) since Ak(0) is real value with sqrt(2). The changed sequence to be correlated in timing acquisition is shown in Annex Table 1 (c) and approximated signal is shown in Annex Table 1 (d). We can use Annex Table 1(a), (c), or (d) as a time domain P-SCH signal in timing acquisition. Option 1 would be required for 1.08 MHz sampling in order to make use of low-complexity correlation in timing acquisition.
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Figure 6 Illustration of method of DC puncturing
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(a) Time domain sequence     (b) Freq. domain sequence before puncturing    (c) Time domain sequence after puncturing

Figure 7 Phenomenon of method of puncturing DC (Option 1)
2.1 Option 2: by using length 16 (=42) Frank sequence (4x repetition)

Every step for Option 2 will be skipped since the same approach can be adopted for this option except for 4x repetition. Regarding Option 2, 64-length sequence with 4x repetitions by using 16-length Frank sequence can be generated. Instead, we will show only the phenomenon of “avoiding” and “puncturing” for option 2 in Figure 8 and Figure 9, respectively. Option 2 would be required either for 1.08 MHz sampling or for 1.92 MHz sampling with decimation in order to make use of low-complexity correlation in timing acquisition.
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(a) Time domain sequence          (b) Freq. domain sequence before shifting (c) Time domain sequence after shifting
Figure 8 Phenomenon of method of avoiding DC (Option 2)
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(a) Time domain sequence     (b) Freq. domain sequence before puncturing    (c) Time domain sequence after puncturing
Figure 9 Phenomenon of method of puncturing DC (Option 2)
3. Complexity issue

 In this chapter, we will investigate the complexity of cross-correlation regarding proposed options. The example for 36-length Frank sequence was described in Annex B and the same approach can be adopted for 16-length Frank sequence. From this method, cross-correlation for timing acquisition can be possibly achieved only by complex addition and bit-register shift with low complexity.
4. Simulation results

 Figure 10 shows the frame structure for evaluation. We adapted 3-step cell search by using reference signal. Information of cell group ID (NodeB IDs), antenna configuration, and frame synchronization can be detected at S-SCH, and then sector ID can be detected at reference signal. The detailed simulation parameters and conditions are described in [5].
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Figure 10 Frame structure for simulation
 We evaluated DC puncturing performance regarding 2x repetition made by 36-length Frank sequence. The notations in Figure 11 are as follows;
· Scheme A
· Transmitted signal: avoiding DC subcarrier as shown in Figure 4
· Correlated signal with received signal: Same as transmitted signal

· Scheme B-1
· Transmitted signal: puncturing DC subcarrier as shown in Figure 6
· Correlated signal with received signal: time domain signal before puncturing as shown in Annex Table 1 (a)
· Scheme B-2
· Transmitted signal: puncturing DC subcarrier as shown in Figure 6
· Correlated signal with received signal: approximated time domain signal before puncturing as shown in Annex Table 1 (d)

 From the simulation results, we can find that the DC-puncturing scheme, which can support low-complexity cross-correlation, shows almost the same cell search time performance compared with DC-avoiding scheme, which cannot support low-complexity one.
The comparisons of cell search time performance between 2x and 4x repetition were shown in Figure 12. In which, 2x repetition structure was generated by 36-length Frank sequence which spans 1.08 MHz bandwidth and 4x repetition structure was generated by 16-length Frank sequence which spans 0.96 MHz bandwidth. The performance of 4x repetition is degraded relatively to 2x repetition because of more ambiguity peaks and less occupation in frequency domain, namely frequency diversity. We can find that 2x repetition is more preferable than 4x one from the viewpoint of cell search time performance.

5. Conclusions

In this paper, we designed P-SCH using Frank sequence. As a conclusion, we summarize the our preference on P-SCH sequence/structure as follows;

· 2x repetition structure in time domain generated by 36-length Frank sequence

· DC subcarrier should be punctured in order to maintain m-PSK signals.

· The P-SCH sequence is to be occupied in 1.08 MHz (72 subcarriers including DC subcarrier)
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(a) Synchronous network                                         (b) Asynchronous network

Figure 11 Performance of DC puncturing (2x repetition)
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Figure 12 Comparison of 2x and 4x repetition
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Annex A Generated signal (Option 1)
Annex Table 1 Generated signal for Option 1

(a) Time domain signal                                         (b) Frequency domain signal after DC puncturing
	Time index
	Real
	Imag
	Freq index
	Real
	Imag

	0
	1
	0
	0
	0
	0

	1
	-cos(pi/3)
	-sin(pi/3)
	1
	0
	0

	2
	-1
	0
	2
	Sqrt(2)*cos(pi/9)
	Sqrt(2)*sin(pi/9)

	3
	- cos(pi/3)
	sin(pi/3)
	3
	0
	0

	4
	cos(pi/3)
	sin(pi/3)
	4
	Sqrt(2)*cos(3*pi/9)
	Sqrt(2)*sin(3*pi/9)

	5
	1
	0
	5
	0
	0

	6
	cos(pi/3)
	- sin(pi/3)
	6
	-Sqrt(2)*cos(3*pi/9)
	Sqrt(2)* sin(3*pi/9)

	7
	- cos(pi/3)
	sin(pi/3)
	7
	0
	0

	8
	1
	0
	8
	-Sqrt(2)* cos(pi/9)
	-Sqrt(2)* sin(pi/9)

	9
	- cos(pi/3)
	- sin(pi/3)
	9
	0
	0

	10
	- cos(pi/3)
	sin(pi/3)
	10
	Sqrt(2)*1
	0

	11
	1
	0
	11
	0
	0

	12
	- cos(pi/3)
	- sin(pi/3)
	12
	Sqrt(2)*cos(3*pi/9)
	Sqrt(2)* sin(3*pi/9)

	13
	1
	0
	13
	0
	0

	14
	-1
	0
	14
	-Sqrt(2)*cos(2*pi/9)
	Sqrt(2)*sin(2*pi/9)

	15
	1
	0
	15
	0
	0

	16
	-1
	0
	16
	-Sqrt(2)*cos(3*pi/9)
	-Sqrt(2)*cos(3*pi/9)

	17
	1
	0
	17
	0
	0

	18
	-1
	0
	18
	Sqrt(2)*1
	0

	19
	- cos(pi/3)
	- sin(pi/3)
	19
	0
	0

	20
	1
	0
	20
	-Sqrt(2)*cos(2*pi/9)
	Sqrt(2)*sin(2*pi/9)

	21
	- cos(pi/3)
	sin(pi/3)
	21
	0
	0

	22
	- cos(pi/3)
	- sin(pi/3)
	22
	Sqrt(2)*1
	0

	23
	1
	0
	23
	0
	0

	24
	- cos(pi/3)
	sin(pi/3)
	24
	-Sqrt(2)* cos(3*pi/9)
	Sqrt(2)*sin(3*pi/9)

	25
	- cos(pi/3)
	sin(pi/3)
	25
	0
	0

	26
	-1
	0
	26
	-Sqrt(2)* cos(4*pi/9)
	-Sqrt(2)*sin(4*pi/9)

	27
	- cos(pi/3)
	- sin(pi/3)
	27
	0
	0

	28
	cos(pi/3)
	- sin(pi/3)
	28
	Sqrt(2)* cos(3*pi/9)
	Sqrt(2)* sin(3*pi/9)

	29
	1
	0
	29
	0
	0

	30
	cos(pi/3)
	sin(pi/3)
	30
	-Sqrt(2)* cos(3*pi/9)
	-Sqrt(2)* sin(3*pi/9)

	31
	1
	0
	31
	0
	0

	32
	1
	0
	32
	Sqrt(2)*cos(4*pi/9)
	Sqrt(2)*sin(4*pi/9)

	33
	1
	0
	33
	0
	0

	34
	1
	0
	34
	Sqrt(2)*1
	0

	35
	1
	0
	35
	0
	0

	36
	1
	0
	36[-36]
	-Sqrt(2)*1
	0

	37
	- cos(pi/3)
	- sin(pi/3)
	37[-35]
	0
	0

	38
	-1
	0
	38[-34]
	Sqrt(2)*cos(pi/9)
	Sqrt(2)*sin(pi/9)

	39
	- cos(pi/3)
	sin(pi/3)
	39[-33]
	0
	0

	40
	cos(pi/3)
	sin(pi/3)
	40[-32]
	-Sqrt(2)* cos(3*pi/9)
	-Sqrt(2)* sin(3*pi/9)

	41
	1
	0
	41[-31]
	0
	0

	42
	cos(pi/3)
	- sin(pi/3)
	42[-30]
	-Sqrt(2)* cos(3*pi/9)
	Sqrt(2)* sin(3*pi/9)

	43
	- cos(pi/3)
	sin(pi/3)
	43[-29]
	0
	0

	44
	1
	0
	44[-28]
	Sqrt(2)* cos(pi/9)
	Sqrt(2)* sin(pi/9)

	45
	- cos(pi/3)
	- sin(pi/3)
	45[-27]
	0
	0

	46
	- cos(pi/3)
	sin(pi/3)
	46[-26]
	Sqrt(2)*1
	0

	47
	1
	0
	47[-25]
	0
	0

	48
	- cos(pi/3)
	- sin(pi/3)
	48[-24]
	-Sqrt(2)* cos(3*pi/9)
	-Sqrt(2)* sin(3*pi/9)

	49
	1
	0
	49[-23]
	0
	0

	50
	-1
	0
	50[-22]
	-Sqrt(2)*cos(2*pi/9)
	Sqrt(2)*sin(2*pi/9)

	51
	1
	0
	51[-21]
	0
	0

	52
	-1
	0
	52[-20]
	Sqrt(2)* cos(3*pi/9)
	Sqrt(2)* sin(3*pi/9)

	53
	1
	0
	53[-19]
	0
	0

	54
	-1
	0
	54[-18]
	Sqrt(2)*1
	0

	55
	- cos(pi/3)
	- sin(pi/3)
	55[-17]
	0
	0

	56
	1
	0
	56[-16]
	Sqrt(2)* cos(2*pi/9)
	-Sqrt(2)* sin(2*pi/9)

	57
	- cos(pi/3)
	sin(pi/3)
	57[-15]
	0
	0

	58
	- cos(pi/3)
	- sin(pi/3)
	58[-14]
	Sqrt(2)*1
	0

	59
	1
	0
	59[-13]
	0
	0

	60
	- cos(pi/3)
	sin(pi/3)
	60[-12]
	Sqrt(2)* cos(3*pi/9)
	-Sqrt(2)* sin(3*pi/9)

	61
	- cos(pi/3)
	sin(pi/3)
	61[-11]
	0
	0

	62
	-1
	0
	62[-10]
	-Sqrt(2)*cos(4*pi/9)
	-Sqrt(2)*sin(4*pi/9)

	63
	- cos(pi/3)
	- sin(pi/3)
	63[-9]
	0
	0

	64
	cos(pi/3)
	- sin(pi/3)
	64[-8]
	-Sqrt(2)* cos(3*pi/9)
	-Sqrt(2)* sin(3*pi/9)

	65
	1
	0
	65[-7]
	0
	0

	66
	cos(pi/3)
	sin(pi/3)
	66[-6]
	-Sqrt(2)* cos(3*pi/9)
	-Sqrt(2)* sin(3*pi/9)

	67
	1
	0
	67[-5]
	0
	0

	68
	1
	0
	68[-4]
	-Sqrt(2)* cos(4*pi/9)
	-Sqrt(2)* sin(4*pi/9)

	69
	1
	0
	69[-3]
	0
	0

	70
	1
	0
	70[-2]
	Sqrt(2)*1
	0

	71
	1
	0
	71[-1]
	0
	0


(c) Time domain signal after DC puncturing               (d) Time domain signal after DC puncturing with approximation
	Time index
	Real
	Imag
	Time index
	Real
	Imag

	0
	0.8333
	0
	0
	1
	0

	1
	-0.6667
	-sin(pi/3)
	1
	-0.5
	-0.75

	2
	-1.1667
	0
	2
	-1
	0

	3
	-0.6667
	sin(pi/3)
	3
	- 0.5
	0.75

	4
	0.3333
	sin(pi/3)
	4
	0.5
	0.75

	5
	0.8333
	0
	5
	1
	0

	6
	0.3333
	- sin(pi/3)
	6
	0.5
	- 0.75

	7
	-0.6667
	sin(pi/3)
	7
	- 0.5
	0.75

	8
	0.8333
	0
	8
	1
	0

	9
	-0.6667
	- sin(pi/3)
	9
	- 0.5
	- 0.75

	10
	-0.6667
	sin(pi/3)
	10
	- 0.5
	0.75

	11
	0.8333
	0
	11
	1
	0

	12
	-0.6667
	- sin(pi/3)
	12
	- 0.5
	- 0.75

	13
	0.8333
	0
	13
	1
	0

	14
	-1.1667
	0
	14
	-1
	0

	15
	0.8333
	0
	15
	1
	0

	16
	-1.1667
	0
	16
	-1
	0

	17
	0.8333
	0
	17
	1
	0

	18
	-1.1667
	0
	18
	-1
	0

	19
	-0.6667
	- sin(pi/3)
	19
	- 0.5
	- 0.75

	20
	0.8333
	0
	20
	1
	0

	21
	-0.6667
	sin(pi/3)
	21
	- 0.5
	0.75

	22
	-0.6667
	- sin(pi/3)
	22
	- 0.5
	- 0.75

	23
	0.8333
	0
	23
	1
	0

	24
	-0.6667
	sin(pi/3)
	24
	- 0.5
	0.75

	25
	-0.6667
	sin(pi/3)
	25
	- 0.5
	0.75

	26
	-1.1667
	0
	26
	-1
	0

	27
	-0.6667
	- sin(pi/3)
	27
	- 0.5
	- 0.75

	28
	0.3333
	- sin(pi/3)
	28
	0.5
	- 0.75

	29
	0.8333
	0
	29
	1
	0

	30
	0.3333
	sin(pi/3)
	30
	0.5
	0.75

	31
	0.8333
	0
	31
	1
	0

	32
	0.8333
	0
	32
	1
	0

	33
	0.8333
	0
	33
	1
	0

	34
	0.8333
	0
	34
	1
	0

	35
	0.8333
	0
	35
	1
	0

	36
	0.8333
	0
	36
	1
	0

	37
	-0.6667
	- sin(pi/3)
	37
	- 0.5
	- 0.75

	38
	-1.1667
	0
	38
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	39
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	40
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	41
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	0
	41
	1
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	42
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	- sin(pi/3)
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	43
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	0.75

	44
	0.8333
	0
	44
	1
	0

	45
	-0.6667
	- sin(pi/3)
	45
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	- 0.75

	46
	-0.6667
	sin(pi/3)
	46
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	0.75

	47
	0.8333
	0
	47
	1
	0

	48
	-0.6667
	- sin(pi/3)
	48
	- 0.5
	- 0.75

	49
	0.8333
	0
	49
	1
	0

	50
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	-1
	0
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	0
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	0

	54
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	-1
	0

	55
	-0.6667
	- sin(pi/3)
	55
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	- 0.75

	56
	0.8333
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	56
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	0

	57
	-0.6667
	sin(pi/3)
	57
	- 0.5
	0.75

	58
	-0.6667
	- sin(pi/3)
	58
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	59
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	59
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	60
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	-0.6667
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	62
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	0.75
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	71
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	1
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Annex B Illustration of cross-correlation (length 36)

 From observation of Annex A, there are two amplitude values for real part and two amplitude values for imaginary part. The simple calculation of correlation between received signal and known signal can be achieved by following method. Let us assume the received signal as r(n), where n=0,1,…,35 ( in case that known signal is as Annex Table 1(a) )
· Real value of correlation output

· = Real[r(0)] - Real[r(2)]+ Real[r(5)] + Real[r(8)] + Real[r(11)] + Real[r(13)] - Real[r(14)] + Real[r(15)] - Real[r(16)] + Real[r(17)] - Real[r(18)] + Real[r(20)] + Real[r(23)] - Real[r(26)] + Real[r(29)] + Real[r(31)] + Real[r(32)] + Real[r(33)] + Real[r(34)] + Real[r(35)] +
cos(pi/3)*{ - Real[r(1)] - Real[r(3)] + Real[r(4)] + Real[r(6)] - Real[r(7)] - Real[r(9)] - Real[r(10)] -Real[r(12)] - Real[r(19)] - Real[r(21)] - Real[r(22)] - Real[r(24)] - Real[r(25)] - Real[r(27)] +Real[r(28)] +Real[r(30)]} + 
sin(pi/3)*{ -Imag[r(1)] + Imag[r(3)] + Imag[r(4)] - Imag[r(6)] + Imag[r(7)] - Imag[r(9)] + Imag[r(10)] - Imag[r(12)] - Imag[r(19)] + Imag[r(21)] - Imag[r(22)] + Imag[r(24)] + Imag[r(25)] - Imag[r(27)] - Imag[r(28)] + Imag[r(30)]}

· Imaginary value of correlation output
· = Imag[r(0)] - Imag[r(2)]+ Imag[r(5)] + Imag[r(8)] + Imag[r(11)] + Imag[r(13)] - Imag[r(14)] + Imag[r(15)] - Imag[r(16)] + Imag[r(17)] - Imag[r(18)] + Imag[r(20)] + Imag[r(23)] - Imag[r(26)] + Imag[r(29)] + Imag[r(31)] + Imag[r(32)] + Imag[r(33)] + Imag[r(34)] + Imag[r(35)]+
cos(pi/3)*{ - Imag[r(1)] - Imag[r(3)] + Imag[r(4)] + Imag[r(6)] - Imag[r(7)] - Imag[r(9)] - Imag[r(10)] - Imag[r(12)] - Imag[r(19)] - Imag[r(21)] - Imag[r(22)] - Imag[r(24)] - Imag[r(25)] - Imag[r(27)] + Imag[r(28)] + Imag[r(30)]}-
sin(pi/3)* { -Real[r(1)] + Real[r(3)] + Real[r(4)] - Real[r(6)] + Real[r(7)] - Real[r(9)] + Real[r(10)] - Real[r(12)] - Real[r(19)] + Real[r(21)] - Real[r(22)] + Real[r(24)] + Real[r(25)] - Real[r(27)] - Real[r(28)] + Real[r(30)]}
 If we ignore the complexity of sign inverter, the correlation output requires 102 real additions, 2 bit shifts (for cos(pi/3)), and 2 real multiplications. Especially, the complexity can be possibly reduced into 104 real additions and 8 bit-shifts since cos(pi/3) is 1/2 and sin(pi/3)[=0.8660] is approximately 0.75 [=1/2+1/4]. (Annex Table 1 (d))
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