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1 Introduction
At RAN1 #48bis, it was agreed that two short binary codes should be multiplexed in one S-SCH symbol to form a secondary synchronization code (SSC). A requirement on the S-SCH design is that frame synchronization and group ID could be detected from one single pair of P-SCH/S-SCH symbols [1]. A one bit indicator may also be encoded in the S-SCH, to determine if there exists more than one transmit antenna. 

In this contribution we propose the use of Golay-Hadamard SSCs, for obtaining low receiver complexity and favourable PAPR properties. To facilitate time- and frequency diversity, we also propose that the order of the two short codes is permuted in different S-SCH symbols. 
2 Golay-Hadamard short codes
The binary SSC sequences consisting of two concatenated short codes based on Hadamard sequences provide the benefits of an efficient orthogonal decoding using Fast Hadamard Transformer. Modulating Hadamard sequences with a Golay complementary sequence [2] of the same length significantly reduces the Peak-to-Average-Power Ratio of the transmitted signals, with only slight increase of implementation complexity in the receiver.
The Hadamard sequences Hm(k) of length L=2K, where K is a positive integer, can be defined as 

        















Hm(k) = 
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where ml, kl are the bits of the K-bits long binary representations of integers m and k. 
Golay complementary sequence G(k) can be similarly obtained as

G(k) =  
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(2)
The short code of length L=32 is thus defined as

cm(k)= G(k) Hm(k),  
m ,k =0,1,…,31.
















(3)

Finally, the SSC sequence d(n), n=0,1,…,2L-1, is obtained by concatenating two short codes ca(k) and cb(k).

d(n) =[ca(n)  cb(n-32)]

























(4)

where indices a and b are obtained from the cell group identity IDg and TXdiversity indicator btx.
3 Mapping of S-SCH information content to the pair of indices of short codes

Under the agreed working assumptions, up to 170*2*2=680 (group IDs*frame timing*antenna indicator) indices need to be encoded in one S-SCH symbol. In [3] and [4], it has been proposed to use the same short code pair ca(k) and cb(k) in both S-SCH symbols of the radio frame, but with permuted order. In that way, the order of the detected code pair determines the frame timing.  Since the permutation of sequences between S-SCH symbols should be unique to unambiguously encode the frame timing, we must require that the short codes ca(k) and cb(k) are never equal in an SSC sequence d(n). Under this condition, with the length of short codes equal to 32, it is possible to provide 32*31=992 indices, which is sufficient. To encode the 680 indices, we can therefore use 340 unique sequence pairs, and permute them. 
With 
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, the mapping from the cell group identity IDg and TXdiversity indicator btx to the short code pairs can be performed as
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where 
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 denotes the largest integer not greater than x.  The mapping (5) gives 340 unique pairs (a, b) and for any given 
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, which is a requirement for encoding the frame timing.
4 Mapping of short SSC codes
The two short codes ca(k) and cb(k) can be concatenated or interleaved to produce a S-SCH sequence that should be mapped to the sub-carriers. Alternatively, we can think of concatenated or interleaved mapping of two short codes, as depicted in Fig.1, where concatenated mapping means that the consecutive elements of a short code of length 32 are mapped to the consecutive subcarriers.

[image: image9]
Fig. 1. Mapping alternatives to subcarriers of the length-32 short codes.
5 PAPR analysis

The PAPR issue is expected to be relevant mostly for the 1.25 MHz bandwidth case. It is known that the PAPR from a single Golay-Hadamard sequence is upper bounded by 3 dB. In Appendix A, we show that the PAPR from two concatenated Golay-Hadamard sequences is upper bounded by 6 dB. In Fig. 1, the CDF of the PAPRs from 1024 sequence pairs is plotted. Two Hadamard sequences of length 32 are concatenated, and one Golay complementary sequence of length 32 is used to modulate the Hadamard sequences. As a reference case, the PAPRs of two concatenated Hadamard sequences are included. It can be seen that the PAPRs of the Golay-Hadamard SSC are substantially lower than the Hadamard SSC.

Hence, the Golay-Hadamard SSC has the advantage of low PAPR and is therefore more preferable than the Hadamard SSC. 
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Fig. 2. CDF of the PAPRs for the 1024 different pairs of concatenated SSCs.

6 S-SCH detection time
Link level simulations are performed to determine the search time of the 2nd step of the cell search. Only the 2nd step, the S-SCH detection, is evaluated, assuming perfect timing synchronization is obtained from the 1st cell search step, and a non-compensated residual frequency offset of 
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ppm. In Appendix B, we further study the impact of timing errors. A list of essential assumptions is contained in Table 1.
Table 1. Simulation setup

	Subcarrier spacing
	15 kHz

	fc
	2 GHz

	Number of TX/RX antennas
	1/2

	Channel
	TU 6-path, 3km/h

	CP length
	fixed (short)

	Frequency offset 
	Uniformly distributed in [-200,200] Hz 

	Interference
	AWGN

	S-SCH sequence length
	2x32

	Diversity combining of short codes among S-SCH symbols
	Non-coherent accumulation of correlation values


It is assumed that the detection of one S-SCH symbol requires 5 ms (i.e., equal to the time separation between two S-SCH symbols), and the 2nd step continues until the correct group ID, antenna indicator and frame timing is obtained. At the receiver, correlation metrics are computed for each of the 680 eligible sequence pairs (i.e., including the permutations). The correlation of an SSC pair is computed by non-coherently adding the two correlation values corresponding to the respective short codes of the pair and the pair with maximum correlation is detected.   

Both non-coherent and coherent detection are evaluated. For the coherent case, channel estimates are obtained from a P-SCH signal (a non-repetitive Zadoff-Chu sequence), and are used to cancel the phase component of the received frequency domain samples. Thereafter, correlation with the candidate set of sequences is performed. 
Due to the permutation of the short codes in two S-SCH symbols, frequency- and time diversity is achieved by accumulating correlation values from consecutive S-SCH symbols. As a reference evaluation case, no diversity combining is included, i.e., the detection is done on each S-SCH symbol individually.  
6.1 Non-coherent detection
Fig. 3 shows the 2nd step cell search time with non-coherent detection at an SNR=-10 dB. Both cases have also been evaluated with concatenated and interleaved subcarrier mapping, respectively. Fig. 4 contains the 90th percentile 2nd step cell search times as function of the SNR for the concatenated subcarrier mapping. 
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Fig. 3. Cell search time of non-coherent detection, SNR= -10 dB.
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Fig. 4. The 90th percentile cell search time of stage 2 as function of SNR with non-coherent detection.
It can be seen that, at the higher percentiles, the cell search time is significantly shortened by using the diversity combining. As expected, for non-coherent detection, the cell search times increase when using the interleaved subcarrier mapping, due to increased frequency selectivity when the short codes are being transmitted over a wider bandwidth. It can be seen that there is a substantial gain from the diversity combining as the SNR gets lower than -5 dB.  

6.2 Coherent detection

Fig. 5 shows the same cases as in Fig. 3 but using coherent detection. Again, a significant gain can be seen from applying the diversity combining. For coherent detection, there is negligible performance difference between the concatenated and interleaved subcarrier mappings.
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Fig. 5. Cell search time of coherent detection, SNR=-10 dB.
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Fig. 6. The 90th percentile cell search time of stage 2 as function of SNR with coherent detection.

Fig. 6 contains the 90th percentile 2nd step cell search times as function of the SNR for the concatenated subcarrier mapping. It can be seen that there is a substantial gain from the diversity combining as the SNR gets lower than -5 dB.  

From these results we conclude that the search time of the 2nd stage becomes significantly shorter when diversity combining can be used, especially at low SNRs. Since the concatenated subcarrier mapping offers better possibility for non-coherent detection, without limiting the performance of coherent detection, the concatenated mapping is preferred. 
7 Conclusions 

We propose that the short codes of the S-SCH are Golay-Hadamard sequences of length 32, which offer low PAPRs, possibility for non-coherent detection and efficient receiver design with Fast Hadamard Transform.
The results show that permuting the order of the short codes in different S-SCH symbols, significantly improves the performance, due to time- and frequency diversity gains.

To facilitate for non-coherent detection, the two short codes should be concatenated before mapping on the consecutive subcarriers (except DC- subcarrier).  
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Appendix A
Consider the multi-carrier signal generated from two concatenated Golay-Hadamard sequences 
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. It is known that Golay-Hadamard sequences form a set of complementary sequences [2], and it is known that the spectrum of any complementary sequence of length N follows
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we obtain the PAPR as
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or equivalently 6 dB.
Appendix B: S-SCH detection time under timing errors
To see the impact of timing errors, we add a timing error taken uniformly from the interval [-1,0,1] and [-2,-1,0,1,2], respectively. Fig. 7 contains the results with non-coherent detection and Fig. 8 contains coherent detection. The concatenated subcarrier mapping is used. It can be seen that the coherent detection scheme is more sensitive to the timing error. It may therefore be desirable to be able to perform non-coherent detection. Hence this suggests that the SSCs should be concatenated, instead of interleaved, to facilitate for the best setup for non-coherent detection. The previous results also showed that coherent detection performance is not significantly different for concatenation or interleaving mapping.
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Fig. 7. Cell search time for non-coherent detection with different timing errors at SNR=-10dB.
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Fig. 8. Cell search time for coherent detection with different timing errors at SNR=-10dB.
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