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1. Introduction
In the RAN1#46 meeting in Tallinn, hierarchical synchronization channel (SCH) structure was agreed. In this contribution, we propose a primary SCH (P-SCH) sequence and secondary SCH (S-SCH) sequence assuming the hierarchical SCH structure.

2. P-SCH Sequence Based on Frank Sequence

2.1. Application of Frank Sequence to P-SCH
The P-SCH is common to all cell sites and it is desirable that the P-SCH sequence satisfies the following requirements.

(1) Good auto-correlation property for SCH timing detection
(2) Low level complexity for correlation detection between received signal and the P-SCH sequence replica

To satisfy Requirement (1), a Constant-Amplitude Zero Auto-Correlation (CAZAC) sequence-based P-SCH sequence is desirable. Based on E-mail discussion, most of the concerned companies prefer to apply the Generalized Chirp Like (GCL) sequence [1] as the P-SCH sequence. However, if the GCL sequence is used for the P-SCH sequence, complex multiplications between the received signal and the P-SCH sequence are required for the correlation detection. This results in a significant increase in the complexity level of the correlation detection compared to W-CDMA.


Considering this, for Requirement (2), we propose the Frank sequence [2] based P-SCH sequence. The Frank sequence is a CAZAC family sequence. Therefore, its auto-correlation characteristic is the same as other CAZAC sequences such as the GCL sequence. The Frank sequence with the length of N (= m2) is represented by the following equation.
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where r is a positive integer that is relatively prime to m, and lk is represented as
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The advantage of the Frank sequence compared to other CAZAC sequences is its simple modulation pattern such as PSK in the time domain. For example, when the sequence length, N, is 4, 16, and 64, the Frank sequence is modulated by BPSK, QPSK, and 8PSK, respectively. Table 1 shows the Frank sequence with the N of 16 (r = 1). Therefore, by using the Frank sequence with the N of 4 or 16, we can replace the complex multiplications with a simple combination of addition and sign inversion at the correlation detection between the received signal and the P-SCH sequence replica. This can significantly reduce the complexity level of the correlation detection.

It should be noted that the general demerit to the Frank sequence compared to the GCL sequence is that there are fewer sequences, since r should be relatively prime to m. For example, the Frank sequence with the N of 16 has as only two sequences (r = 1 and 3). However, since the P-SCH sequence is common to all cell sites, this demerit does not become problematic.

Table 1 – Frank sequence with length N of 16 (r = 1)
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2.2. Frank Sequence-Based P-SCH Sequence Design
Next, we describe in more detail the P-SCH sequence design based on the Frank sequence. We assume Frequency Division Multiplexing (FDM) between the P-SCH and S-SCH [3]. In this case, the P-SCH is mapped to every other sub-carrier within a 1.25-MHz bandwidth. We use the Frank sequence with the length N of 16 (QPSK modulated) as the basic P-SCH sequence. The P-SCH is generated using the following procedure.

(1) A FFT converts an N = 16 Frank sequence into a frequency-domain sequence.
(2) The N = 16 Frank sequence in the frequency domain is repeated twice ( Total sequence length becomes 32.
(3) The repeated Frank sequence with the total length of 32 is mapped to every other sub-carrier.
The proposed P-SCH sequence structure based on the Frank sequence is shown in Fig. 1.
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Figure 1 – P-SCH sequence based on Frank sequence

Due to the repetition of the basic Frank sequence in the frequency domain, a non-zero P-SCH sequence appears every two samples in the time domain. Furthermore, the same P-SCH sequence is repeated twice in the time domain within one OFDM symbol duration due to the mapping of every other sub-carrier in the frequency domain. It should be noted that one of the null sub-carriers can be used as  a DC sub-carrier.
It should also be noted that it is possible to design the P-SCH sequence based on an N = 4 Frank sequence (BPSK modulated). However, in this case the N = 4 Frank sequence should be repeated 8 times in the frequency domain. Therefore, the peak-to-average power ratio (PAPR) of the P-SCH sequence will be increased.

2.3. Complexity Reduction Effect
As mentioned previously, by using the N = 16 Frank sequence, we can replace the complex multiplications required for the GCL or other CAZAC sequence-based P-SCH with a simple combination of addition and sign inversion at the correlation detection between the received signal and the P-SCH sequence replica. Furthermore, due to the two-fold repetition structure and the appearance of the non-zero P-SCH sequence every two samples in the time domain, we can reduce the number of correlation detections by 1/4 (1/(2 x 2)) compared to the case without repetition and every 2-sub-carrier mapping in the frequency domain.

3. S-SCH Sequence

3.1. Two-Layered S-SCH Structure
Based on a summary of the E-mail discussion [4], most of the companies consider the two-layered S-SCH sequence structure as shown in Fig. 2. In this structure, when we apply multiple scrambling sequences, we can increase the number of S-SCH sequences, which results in an increased amount of control information conveyed by the S-SCH, at the cost of degraded detection accuracy due to non-orthogonality between the S-SCH sequences generated by the different scrambling sequences.
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Figure 2 – Two-layered S-SCH structure

3.2. Views on Orthogonal Sequence for S-SCH
The considered candidate sequences are the complex exponential wave (phase-rotated orthogonal sequence, time-domain cyclic shift) [5]-[8] and Walsh sequence [5]. Since the achievable performance is identical, our preference is to employ a Walsh sequence because it minimizes the complexity level of the correlation detection using the Walsh-Hadamard transform. The alternative method of employing the complex exponential wave should be used if the length of the S-SCH sequence is not equal to the power of 2, since in this case the Walsh sequence is not applicable.

3.3. Views on Scrambling Sequence for S-SCH
The purpose of the scrambling sequence is to randomize the time-domain S-SCH signal waveform and to increase the non-orthogonal S-SCH if the number of orthogonal S-SCH sequences is insufficient to convey the required control information for cell search. Based on E-mail discussion, candidate sequences are the CAZAC sequence [5]-[8] and a random sequence such as the PN sequence. The CAZAC sequence is better than the random sequence from the viewpoint of cross-correlation between multiple scrambling sequences. Therefore, although we believe that the necessity for multiple scrambling sequences should be clarified, our preference is the CAZAC-based scrambling sequence.

3.4. Interleaved Mapping of S-SCH Sequence in Frequency Domain
In [5], interleaved mapping of the S-SCH sequence was proposed as an alternative method to employing multiple scrambling sequences to increase the number of S-SCH sequences. Figure 3 shows the interleaved mapping of the S-SCH sequence assuming M = 2 codes as an example. The resultant number of codes becomes (Nsym/M) M (Nsym indicates the number of total S-SCH sub-carriers). For instance, when the code length is Nsym = 32, the number of total codes becomes 256 when M = 2, which is much larger than that when M = 1. By using the interleaved mapping of M codes, the frequency diversity effect is gained for the respective codes. 
The merit of interleaved mapping of the S-SCH sequence compared to the use of multiple scrambling sequences for the S-SCH is fewer correlation detections. The final decision on the selection between these two alternatives should consider the achievable cell search time and required complexity.
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Figure 3 – Interleaved S-SCH mapping in frequency domain
4. Cell Search Time of Proposed P-SCH Based on Frank Sequence

4.1. Simulation Parameters
Table 2 lists the major simulation parameters for the cell search using single/multi-cell model assumed in this section. We assumed that the overall transmission bandwidth is 5 MHz and that the number of sub-carriers used for the SCH transmission is 64 within the central part of the 1.25 MHz bandwidth. We employed the hierarchical SCH structure, and the P-SCH and S-SCH are multiplexed using FDM [3]. The SCH is transmitted twice over a 10-msec radio frame. The P-SCH based on the GCL sequence and the proposed P-SCH based on the Frank sequence described in Section 3 are compared. Walsh or phase-rotated orthogonal sequences associated with GCL scramble sequences are employed for S-SCH, where we define NS-SCH as the total number of S-SCH sequences. The transmission power of all channels including the SCH is assumed to be identical, while the transmission power of the reference signal is assumed to be 3-dB higher than the other channels. For the initial cell search, we assumed the frequency offset of 6 kHz, which corresponds to 3 ppm with a 2-GHz carrier frequency. Real frequency offset compensation is assumed using the P-SCH in the first step of the cell search. 

Table 3 lists the simulation parameters for evaluation using the multi-cell model. We assumed a 19-cell model and a propagation channel model that follows the agreed simulation assumptions in [9]. We assumed asynchronous or synchronous cell sites. In the evaluation, the location of the user equipment (UE) is randomly selected and the cell search time to detect the correct cell is measured. By repeating this process, the cumulative distribution of the cell search time is derived. We defined the correct cell to be detected to be the cell with the average received signal power of within 3 dB of that with the highest signal power in the initial cell search. 

Table 2 – Major parameters for cell search (common for both single-cell and multi-cell model)
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Table 3 – Simulation parameters of multi-cell model
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4.2. Evaluations of P-SCH sequences
In this section, we compare the proposed Frank sequence-based P-SCH and GCL-based P-SCH. Figure 4 shows the cumulative distribution of the cell search time for the initial cell search, in the multi-cell model assuming asynchronous cell site operation. Figure 4 shows that the proposed Frank sequence-based P-SCH achieves the identical cell search time as that using the GCL-based P-SCH while achieving a significant reduction in the complexity level for the correlation detection between the received signal and the P-SCH replica as stated in Section 2.3.
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Figure 4 – Distribution of cell search time performance with proposed Frank sequence-based P-SCH

Figure 5 shows the cumulative distribution of the cell search time for the initial cell search in the multi-cell model with different assumptions on inter-cell synchronization. From this figure, as pointed out in [10], the cell search time in the inter-cell synchronous mode is slightly degraded compared to that in the inter-cell asynchronous mode. This is mainly due to the degradation in channel estimation using P-SCH in the S-SCH sequence detection in the frequency domain. However, the increase in the cell search time in the initial cell search is not significant.
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Figure 5 – Distribution of cell search time performance in the multi-cell model when asynchronous and synchronous cell sites are assumed
4.3. Evaluations on S-SCH sequences
Next, we compare the candidate S-SCH sequences. Figure 6 shows the cumulative distribution of the cell search time for the initial cell search in the single-cell model for various S-SCH sequences. The total number of S-SCH sequences is set to 512 (NS-SCH = 512). We evaluated non-interleaved mapping and interleaved mapping. For non-interleaved mapping, the combination of lengh-32 orthogonal sequences and 16 non-orthogonal scrambling sequences is used (NS-SCH = 32 x 16 = 512). For interleaved mapping, combination of two orthogonal sequences with the length of 16 and 4 non-orthogonal scrambling sequences is used (NS-SCH = 16 x 16 x 4 = 512). For the orthogonal sequence, the phase-rotated sequence and Walsh sequence are evaluated. The average received signal-to-noise power ratio (SNR) is set to -6 dB.

Figure 6 shows that non-interleaved mapping can achieve slightly better cell search time performance than interleaved mapping. This is because the cross-correlation between different S-SCH sequences with non-interleaved mapping is smaller than that with interleaved mapping, even though non-interleaved mapping requires a larger number of non-orthogonal scrambling sequences compared to interleaved mapping to generate the same NS-SCH S-SCH sequences. Therefore, from the viewpoint of the achievable cell search time performance, non-interleaved mapping is slightly better than interleaved mapping.

Furthermore, comparing two orthogonal sequences, the phase-rotated sequence and Walsh sequence achieve the same cell search time performance. Therefore, if the length of the S-SCH sequence is equal to the power of 2, the Walsh sequence should be used to minimize the complexity level of the correlation detection using the Walsh-Hadamard transform. If the length of the S-SCH sequence is not equal to the power of 2, the phase-rotated sequence (the complex exponential wave) should be used since in this case the Walsh sequence is not applicable.
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Figure 6 – Distribution of cell search time in the single-cell model for each S-SCH structure
Figures 7(a) and 7(b) show the cumulative distribution of the cell search time for the initial cell search in the single-cell model for various NS-SCH values when the non-interleaved mapping and interleaved mapping of the S-SCH are applied, respectively. This figures show that there is no observable degradation in the cell search time for up to NS-SCH of 1024 using 32 sub-carriers. This is because when the transmission power of P-SCH and S-SCH are the same (this is in this evaluation), the detection error in the SCH timing detection using P-SCH is dominant compared to the detection error in S-SCH sequence detection (see Fig. 8). For the range of NS-SCH from 256 to 1024, non-interleaved mapping can achieve slightly better cell search time than inter-leaved mapping irrespective of the NS-SCH value.
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(a) Non-interleaved mapping                                 (b) Interleaved mapping

Figure 7 – Distribution of cell search time in the single-cell model for various NS-SCH
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Figure 8 – Detection probability of S-SCH

5. Conclusion
We proposed P-SCH and S-SCH sequences assuming the hierarchical SCH structure.

· Frank sequence-based P-SCH

· The Frank sequence-based P-SCH achieves the identical cell search time as that for the GCL-based P-SCH while significantly reducing the complexity level for the correlation detection between the received signal and P-SCH replica.
· S-SCH sequence

· For an orthogonal S-SCH sequence in a two-layered configuration, our preference is the Walsh sequence. An alternative is the complex exponential wave (phase-rotated orthogonal sequence, time-domain cyclic shift) in the case that the length of the S-SCH sequence is not equal to a power of 2.
· For the scrambling sequence of the S-SCH, our preference is the CAZAC sequence.

· Non-interleaved S-SCH sequence mapping with multiple scrambling sequences can achieves slightly better cell search time than the interleaved S-SCH mapping.
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