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1. Introduction
In RAN#69, NB-IoT has been approved as a work item, with the agreement that three operational modes will be supported and 180 kHz UE RF/BB bandwidth will be considered for both downlink and uplink transmissions [1]. Due to the bandwidth limitation, NB-IoT systems require new design for SYNC signals, and the design principles have been agreed upon in RAN1#83 [2] for a common NB-SYNC channel. In RAN1#84, NB-PSS design based on short Zadoff-Chu sequences has been agreed [3]. 
In the latest RAN1 Adhoc meeting [4], the NB-PSS design proposed in [5] has been accepted. The agreements on NB-PSS channel can be summarized below:
1. The periodicity of NB-PSS transmission is 10 ms.
2. The NB-PSS sequence is transmitted on subframe 5 and occupies the last 11 OFDM symbols.
3. The NB-PSS sequence is generated at OFDM symbol level based on the concatenation of short Zadoff-Chu sequences. In particular, the dual layer design includes:
a. a binary code cover:  
b. a base sequence: length-11 Zadoff-Chu sequence with root index 5, no cyclic shift 

In addition, following agreements have been reached on NB-SSS design:
1. NB-SSS is transmitted in subframe 9 
a. NB-SSS uses the last 11 or 9 OFDM symbols of the subframe in which they occurs for normal CP
2. NB-SSS base sequence is constructed from one or more ZC sequences
3. NB-SSS uses 11 or 12 subcarriers of 1 PRB
4. NB-SSS periodicity FFS
5. FFS whether multiple-root sequences or a binary scrambling code will be used.
In this contribution, we presented the design of NB-SSS sequence to support:
· Indication of 504 PCI 
· Indication of frame timing within 80 ms
The rest of this contribution is organized as follows: in Section 2, we described the resource mapping for NB-SSS channel; in Section 3, we presented details of NB-SSS sequences design; Section 4 presented simulation results, which demonstrated the proposed construction for NB-SSS sequences can minimize the cross-correlation among each other, which guarantees reliable detection of cell ID and frame timing by NB-IoT UEs.

2. Resource Mapping for NB-SSS 
[image: ]Fig. 1(a):   Resource Mapping for NB-PSS/SSS Signals without Transmit Diversity

[image: ]Fig. 1(b):   Resource Mapping for NB-PSS/SSS Signals with Transmit Diversity



In order to avoid potential interference between NB-IoT and legacy LTE for in-band deployment, we exclude the first three OFDM symbols of a subframe for resource mapping. To improve the reliability of cell search, NB-SSS signals are re-transmitted periodically with duty cycle of 20 ms. 
Figure 1(a) shows an example for in-band deployment with one transmit antenna, where NB-SSS signal is transmitted on subframe 9 of those radio frames with odd index. 
Figure 1(b) shows an example for in-band deployment with two transmit antennas, wherein the sign of NB-SSS sequence transmitted from the second antenna are sign-flipped alternately. The use of transmit diversity is desirable for coverage extension of in-band and guard-band deployments. For guard-band and stand-alone deployments, there is no need to consider CRS punctures, but the first three OFDM symbols are still excluded in resource mapping.

3. Design of NB-SSS Sequences
3.1. Generation of NB-SSS 
Similar to the design principle of NB-PSS, we propose to construct the NB-SSS waveform based on the concatenation of 11 NB-SSS symbols  , as shown by Figure 2(a).

[image: ]
Figure 2(a) Short Sequence Based NB-SSS Design
For each of the 11 symbols, we have the choice for a Zadoff-Chu (ZC) sequence with specific root and cyclic shift. The selection of roots and shifts will be used to indicate the following 11 bits of information:
· Physical cell ID: total of 504 choices (9 bits)
· 80ms frame boundary: total of 4 choices (2 bits)
Figure 2(b) shows a conceptual implementation of SSS transmission, where the input information is cell ID and 80ms frame timing, and the output is the 11 SSS symbols with appropriate selection of ZC roots and cyclic shifts. The selection and concatenation of  need to satisfy the parity check matrix of a Reed-Solomon (RS) code defined over , which will be discussed in Section 3.3 of this paper.

[image: ]
Figure 2(b): Mapping Cell ID and Frame Timing to Concatenation of 11 Short Zadoff-Chu Sequences

Proposal 1: 
· Adopt short sequence based design for NB-SSS, with ZC sequences mapped to each of the 11 OFDM symbols. 
· The combination of root index and cyclic shift from these 11 symbols is used to signal 11 bits of information including 504 physical cell ID and 80 ms frame boundary

3.2. Construction of NB-SSS Sequence
3.2.1.   Mapping Base Sequences to 
We propose to choose 4 different root indexes and 4 different cyclic shifts to construct 16 base sequences, as shown in Table 1. The 16 combinations of  are indexed from 0 to 15, and the k-th base sequence is given by


Table 1: Mapping of 16 Base Sequences to 
	Index k
	
	Index k
	

	
	Root 
	Cyclic Shift 
	
	Root 
	Cyclic Shift 

	0
	1
	0
	8
	3
	0

	1
	1
	3
	9
	3
	3

	2
	1
	6
	10
	3
	6

	3
	1
	9
	11
	3
	9

	4
	10
	0
	12
	8
	0

	5
	10
	3
	13
	8
	3

	6
	10
	6
	14
	8
	6

	7
	10
	9
	15
	8
	9



Proposal 2: 
· For each OFDM symbol, the root and cyclic shift of the corresponding ZC sequence is chosen from {1, 10, 3, 8}  and {0, 3, 6, 9}, respectively.

3.2.2.   SSS Generation Based on Shortened RS Code
With the sequence construction described in section 3.2.1, we will have 16 choices of ZC sequences in each of the OFDM symbol, which leads to 1611 possible combinations for 11 OFDM symbols. This is clearly a much larger space than the 11 bits we intend to deliver. Considering this, we propose to use RS code to construct a selected subset of root index and cyclic shift. Consequently, the NB-IoT devices can exploit the redundancy to improve the performance of SSS detection. 
The design goal is to improve the cross-correlation properties among   selected NB-SSS sequences. We propose to introduce a RS code defined in Galois field . To accommodate the 11-bit payload of NB-SSS channel as well as to optimize the distance properties, we will consider a shortened RS code with message length K=3 and codeword length N=11. 
As a result, the minimum distance of the RS code is given by dmin=(N-K+1)=9. The generator polynomial for the shortened RS code of dimension (11, 3) is

where  is a primitive element defined by the primitive polynomial 
.
Besides, the sequence index of NB-SSS sequences will be mapped to a 3-element array denoted by

where  for . Accordingly, the source message can be given by
 ,  
and the RS codeword can be denoted by

where , and .
Assume the binary expansion of source symbol m is given by
;     m=0, 1, 2 and 
Specifically, the mapping of frame timing and PCI to the 11-bit source data will be given by
· 2-bit frame timing info 
· 9-bit PCI 
Assume the frame timing info is the same, and the PCI differs by 1 bit only, e.g. the cell ID #1 is given by S(1)=[1 1 1] and the cell ID #2 is given by S(2)=[0 1 1],  then the output will be C(1)=[1  1  1   12  11  8  0  6  3  4  12] and C(2)=[0  1  1   0 5 15 11 4 11 5 10]. Obviously, the proposed RS encoder is systematic, since the UE can detect the source messages based on the first three coded symbols. More importantly, because of the maximum distance separation attributes of RS codes, the 1-bit difference in the source message will incur large discrepancy in the SSS waveforms, as shown by Figure 3. The normalized cross-correlation between the two SSS sequences is 0.18 only. 
[image: ]
Figure 3: Difference of Two SSS Sequences Differed by 1 Bit in Source Message
(Normalized Cross Correlation =0.18)
At the high level, this RS encoder is employed to uniquely determine the last 8 OFDM symbols (parity) as a function of the first three message symbols, in order to minimize the overall cross correlation among all 2016 sequences. 
Proposal 3: 
· A shortened Reed Solomon code of (11,3) defined in  is used to construct the roots and shifts in 11 symbols in order to maximize the separation distance among 2016 SSS sequences

4. Simulation Results
4.1. Cross Correlation among SSS Sequences
To demonstrate the distance separation advantages achieved by the proposed scheme, Figure 4 show the distribution of normalized, time-domain cross-correlation among all 4096 SSS sequences candidates. It can be shown from this figure that 98% of the sequences are weakly correlated (normalized cross correlation < 0.3). Therefore, the SSS sequences construction proposed in this proposal can minimize the cross-correlation among all SSS sequences, and improve the detection performance of NB-IoT devices. 

[image: ]
Figure 4:  Distribution of Normalized Cross Correlation among All NB-SSS Sequences

4.2. Sampled Waveform of Base Sequences
For the ease of calibration, Figure 5(a-d) presented the sampled waveform for 16 base sequences, wherein the real part and imaginary part are shown separately. Due to the symmetry properties of base sequences, the detection of cell ID and frame timing can be accomplished in time domain at very low complexity.

[image: ]
Figure 5(a): Base Sequences for =1




[image: ]
Figure 5(b): Base Sequences for =10


[image: ]
Figure 5(c): Base Sequences for =3

[image: ]
Figure 5(d): Base Sequences for =8


5. Summary
In this contribution, we presented a systematic design for NB-SSS channel. The proposed design is based on the use of a selected set of short Zadoff-Chu sequences of length 11, which are mapped to 11 OFDM symbols allocated for SSS transmission. In particular, a shortened Reed Solomon code of dimension (11, 3) defined over  is used to optimize the distance properties of  NB-SSS sequences, which leads to reliable detection performance of NB-IoT devices.  In summary, we propose the following:

Proposal 1: 
· Adopt short sequence based design for SSS, with ZC base sequences mapped to each of the 11 OFDM symbols
· The combination of root and shift from these 11 symbols is used to signal 11 bits of system information including 504 physical cell ID and 80ms frame boundary

Proposal 2: 
· For each OFDM symbol, the ZC sequence is chosen from 4 roots {1,10,3,8} and 4 shifts {0,3,6,9}.

Proposal 3: 
· A shortened Reed Solomon code of (11,3) is used for systematic mapping to the roots and shifts of 11 symbols in order to maximize the separation distance among 2016 NB-SSS sequences
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