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1. Introduction
In RAN1#84bis meeting, an agreement was made regarding the narrow-band IoT secondary synchronization signal (NB-SSS), which can be summarized as follows [1]:
1. Within each 80ms TTI, NB-SSS is transmitted in subframe 9 of 0th, 2nd, 4th and 6th radio frame.
2. NB-SSS occupies the last 11 OFDM symbols of the subframe in which they occur for normal CP.
3. NB-SSS is mapped to 12 subcarriers of 1 PRB
4. NB-SSS base sequence is constructed in frequency domain from cyclically extended Zadoff-Chu (ZC) sequences of size 131, which is scrambled in frequency domain by a cyclically extended Hadamard code of size 128 and rotated linearly in phase. In particular,
a. 504 PCIDs are indicated by 126 different ZC root index  and 4 different Hadamard code index  ;
b. 4 SFN indices within 80-ms TTI are indicated by the slope of linear phase ramping , which is equivalent to time domain cyclic shifting in the amount of . 
The transmission of NB-SSS sequences is expected to reliably convey PCID and SFN information in both synchronous and asynchronous deployments. On the other hand, the NB-IoT devices are expected to detect NB-SSS sequence without ambiguity under the conditions of good cell coverage and good cell planning. 
With the existing SSS design, the cyclic shift is used to convey the SFN information. In asynchronous deployment, this can create systematic error due to the ambiguity between the time difference due to asynchronous deployment and the timing shift due to SFN value. Based on the subsequent analysis and simulations, we proposed some simple modification to existing SSS design to eliminate such systematic error. 
The rest of this contribution is organized as follows: in Section 2, we discussed potential issue of existing SSS design; in Section 3, we presented two solutions for modified SSS design. A performance comparison against existing design shows that both solutions are capable of solving the ambiguity issues inherent to existing design without degrading PAPR and implementation complexity.

2. Issues for Existing NB-SSS Design in Asynchronous Deployment
2.1. Scenario of Interest
Consider an asynchronous NB-IoT deployment as shown in Figure 1.  The UE can receive PSS and SSS signals from two cells denoted by “a” and “b”, respectively. The PCID of two cells are different (), and there is no special relationship between them. Without loss of generality, we assume the signal strength of two cells are comparable, and the arrival time of PSS/SSS signals from the two cells has a non-negligible timing offset  .  The timing relationship of PSS/SSS signals within an 80-ms TTI is outlined in Figure 2. The PSS signal is transmitted periodically every 10 ms (only 4 snapshots are shown for brevity), and the SSS signals with different SFN index, say {SSS(0),SSS(1),SSS(2),SSS(3)}, are transmitted at 20-ms intervals.
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Figure 1:  Asynchronous Cell Deployment with DL ToA Offset 
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Figure 2: Timing Relationship of Asynchronous PSS and SSS Signals Received from Cells “a” and “b”

2.2.   Asynchronous Cross Correlation of Existing SSS Design
By cross-correlating  pairs of SSS sequences for all possible timing offsets, and picking the maximal value of each pair, we can obtain the distribution of peak values of cross-correlations in Figure 3. It can be observed from this figure that although the existing design is well behaved for synchronous deployment (), it suffers from false peaks in asynchronous deployment ().
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Figure 3: Cross Correlation of SSS Sequences for Synchronous and Asynchronous Deployments

Moreover, Figure 4 captures the distribution of “critical” timing offsets that incur large false peaks of SSS detection. In particular, the false peaks can reach a magnitude as high as 95% of the self-correlation, and they occur massively between SSS sequences received at different timing offsets, for example when .  This can cause serious ambiguity of SFN detection as shown in section 2.3.
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Figure 4: False Peaks of Asynchronous SSS Detection vs Timing Offsets

2.3.   SFN Detection Ambiguity 
Assume Cell “a” and Cell “b” are within the same SFN timing boundary, as shown in Figure 2.  As a result, the UE will observe two peaks of PSS within time window of size , which correspond to PSSa and PSSb, respectively. Around both peaks, the UE searches for all PCID and SFN candidates by cross-correlation with local copies of SSS sequences. Because of the enormous false peaks at , with high probability UE will associate an established PSS timing reference with a wrong SSS sequence and opt for a mismatched SFN index, as shown by the dashed boxes on the top of Figure 5.  
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Figure 5: SFN Detection Ambiguity Resulted from Incorrect Association of PSS and SSS
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Figure 6: Example of SFN Detection Error for Timing Reference Based on PSSa
Suppose UE has synchronized with , Figure 6 gives an example of SFN detection error. Actually, there are more instances of such ambiguity/error than the example shown in Figures 5 and 6, since the critical timing offsets occur not only around , but also around .
To elaborate, following is a simple example to demonstrate the potential detection error:
1. Two cells with PCIa and PCIb within the same neighborhood, they are asynchronous with timing offset of ~16 us (or multiple of 16 us)  between each other
1. Since the SFN is encoded in time shifts, we have 
· SFN = 0ms  SSS time shift = 0us
· SFN = 20ms  SSS cyclic shift = 16us
· SFN = 40ms  SSS cyclic shift = 32us
· SFN = 60m  SSS cyclic shift = 48us
1. Assume both Cella and Cellb are at SFN=0ms. 
1. The UE sees two peaks of PSS, one corresponding to Cella at t=0 and one corresponding to Cellb at t=-16us. At both peaks, the UE searches for all SSS and SFN offsets, and it will find the following: 
· At t=0
· A) PCIa, SFN = 0ms (correct)
· B) PCIb, SFN = 60ms (incorrect)
· At t=-16us
· C) PCIa, SFN = 20ms (incorrect)
· D) PCIb, SFN = 0ms (correct)
Even making multiple observations won’t help because both the correct and incorrect values would appear to increment SFN correctly over time. Therefore, it is important to modify the current SSS design to avoid such ambiguity. 

3. Solutions
For a well-planned NB-IoT network, UEs operating under good cell coverage are expected to detect PCID and SFN index reliably in a single observation. Besides, the implementation of cell search has to meet the low cost and low power design objectives of NB-IoT devices. Unfortunately, the existing SSS design cannot guarantee such design goals because of the inherent ambiguity issues. Relying on UE implementation to resolve such ambiguity is unreliable and costly. Besides, it will significantly increase the memory requirement and processing latency. Therefore, we propose two solutions to modify the existing design of SSS. 

3.1. Modified SSS Design with New Scrambling Codes
[bookmark: _GoBack]A simple modification of existing SSS design is to change the means for conveying SFN index. Because the main timing ambiguity is caused by cyclic shifts, instead of using 4 cyclic code and 4 scrambling sequences, we use 16 scrambling sequences to convey the same information. The modified NB-SSS design can be summarized as follows:
Option 1  
· NB-SSS base sequence is constructed in frequency domain from cyclically extended ZC sequences of size 131 [1], which is scrambled in frequency domain by a size-132 sequence , i.e.

· The scrambling codes are constant-magnitude sequences whose elements are taken from 16-PSK constellation, i.e.

The integer phase index  for scrambling code p is shown in Table 1 of the Appendix.
· Assume the binary expansion for p, the index of scrambling code, is given by , where . Then, the mapping rule of SSS sequences can be described as follows:
1. 504 PCIDs are indicated by 126 different ZC root index  and 2 LSB of scrambling index  for k=0, 1, i.e.

2. Four relative SFN timing boundaries within 80ms TTI are indicated by 2 MSB of scrambling index p,  for k=2, 3, i.e.:  
Figure 7 compares the asynchronous cross correlation behaviors of proposed modification against existing design. Employing the newly designed scrambling codes can remove the large false peaks plaguing reliable detection of SFN index. In addition, the PAPR performance of existing design is also improved with the proposed modification, as shown in Figure 8.
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Figure 7: Improvement of Asynchronous Cross Correlation for Modified SSS Design Based on New Scrambling Codes
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Figure 8: PAPR Improvement Resulted from Modified SSS Design Based on New Scrambling Codes

3.2. Modified SSS Design Based on Short Sequences
A robust SSS design based on the concatenation of short ZC sequences is proposed in [2], which significantly outperforms the long-sequence based design in terms of cross-correlation behavior, PAPR and implementation complexity. The short-sequence based design for SSS sequences can be summarized as follows:

Option 2
· NB-SSS base sequence is constructed in frequency domain by the concatenation of 11 short ZC sequences, i.e.

where  denotes the sequence mapped to the k-th SSS symbol, which is a cyclic shifted (in time domain) ZC sequence given by

where 

is a size-11 ZC with root index  and cyclic shift , as shown in Table 2 of Appendix; and  corresponds to the symbol-wise cyclic shift in time domain, as shown in Table 3 of Appendix.
· The concatenation of short ZC sequences follows the encoding rule of shortened RS codes of dimension (11, 3) defined over   [3], where 3 is the length of source symbols and 11 is the length of coded symbols. The generator polynomial for the shortened RS (11, 3) code is given by

where  is a primitive element defined by the primitive polynomial 
.
· The 504 PCID and 4 SFN index are mapped to 2016 source messages with odd index, as shown in Table 4 of Appendix.

As shown by Figure 9, there is no false peaks larger than -4 dB for |∆τ|120 μs, which is even better than the modified SSS design based on new scrambling codes. Besides, as shown in Figure 10, the PAPR performance of short-ZC based design is much better than existing design. In addition, the complexity analysis given in [2] also indicates the proposed design is a better solution than [1].
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Figure 9: Improvement of Asynchronous Cross Correlation Resulted from Modified SSS Design Using Short ZC Sequences
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Figure 10:  PAPR Improvement Resulted from Modified SSS Design Based on Short ZC Sequences


4. Summary
In this contribution, we analyzed the ambiguity issues of existing SSS design in asynchronous deployment and presented two candidate solutions. To guarantee robust detection of PCID and SFN under the constraints of low-cost design and low-complexity implementation, we make the following proposal: 
Proposal: adopt one of the following modifications of SSS design:
Option 1: 
· Adopt the 16 scrambling sequences listed in Table 1 and cyclically extended ZC sequence of size 131 to indicate 504 PCID and four SFN index as described in Section 3.1.
Option 2: 
· Adopt the short ZC sequence based design for SSS. Use an optimized combination of root index and cyclic shift to indicate 504 PCID and four SFN index as described in Section 3.2 and Table 2-4.
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Table 1: Scrambling Codes for Modified NB-SSS Design
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Table 1: Cont’
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Table 2:  Symbol-Wise Cyclic Shift for SSS Sequences
	SSS Symbol Index
(k)
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	Cyclic Shift
()

	21
	65
	87
	76
	109
	32
	98
	43
	54
	120
	10






Table 3: Root Index and Cyclic Shift of 16 Candidate Short ZC Sequences for SSS Symbol Mapping
	Index k
	
	Index k
	

	
	Root 
	Cyclic Shift 
	
	Root 
	Cyclic Shift 

	0
	1
	0
	8
	3
	1

	1
	1
	3
	9
	3
	3

	2
	1
	6
	10
	3
	7

	3
	1
	9
	11
	3
	9

	4
	10
	2
	12
	8
	1

	5
	10
	5
	13
	8
	3

	6
	10
	8
	14
	8
	7

	7
	10
	11
	15
	8
	10




Table 4: Bit Mapping for PCID and SFN Index of NB-SSS
	Source Symbol
	
	
	

	Bit Expansion
	
	
	
	
	
	
	
	
	
	
	
	

	Information Field
	1
	SFN Index
	PCID
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(a) Scatterplot of Asynchronous CrossCorr: Existing Design
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8

2 2 4 6 8 -6 -4 -2 0 2 4 6 8 -6 -4 -2 0

3 -5 -2 1 4 7 -6 -3 0 3 6 -7 -4 -1 2 5 8

4 4 8 -4 0 4 8 -4 0 4 8 -4 0 4 8 -4 0

5 -3 2 7 -4 1 6 -5 0 5 -6 -1 4 -7 -2 3 8

6 6 -4 2 8 -2 4 -6 0 6 -4 2 8 -2 4 -6 0

7 -1 6 -3 4 -5 2 -7 0 7 -2 5 -4 3 -6 1 8

8 8 0 8 0 8 0 8 0 8 0 8 0 8 0 8 0

9 1 -6 3 -4 5 -2 7 0 -7 2 -5 4 -3 6 -1 8

10 -6 4 -2 -8 2 -4 6 0 -6 4 -2 8 2 -4 6 0

11 3 -2 -7 4 -1 -6 5 0 -5 6 1 -4 7 2 -3 8

12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

13 -7 -3 1 5 -4 0 4 8 -1 -5 7 3 -2 -6 6 2

14 2 -6 2 -6 8 0 8 0 -2 6 -2 6 -4 4 -4 4

15 -5 7 3 -1 4 0 -4 8 -3 1 5 -7 -6 -2 2 6

16 4 4 4 4 0 0 0 0 -4 -4 -4 -4 8 8 8 8

17 -3 1 5 -7 -4 0 4 8 -5 7 3 -1 6 2 -2 -6

18 6 -2 6 -2 8 0 8 0 -6 2 -6 2 4 -4 4 -4

19 -1 -5 7 3 4 0 -4 8 -7 -3 1 5 2 6 -6 -2

20 8 8 8 8 0 0 0 0 8 8 8 8 0 0 0 0

21 1 5 -7 -3 -4 0 4 8 7 3 -1 -5 -2 -6 6 2

22 -6 2 -6 2 -8 0 8 0 6 -2 6 -2 -4 4 -4 4

23 3 -1 -5 7 4 0 -4 8 5 -7 -3 1 -6 -2 2 6

24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

25 -7 1 -4 4 -1 7 -2 6 5 -3 8 0 3 -5 2 -6

26 2 2 8 8 -2 -2 -4 -4 -6 -6 0 0 6 6 4 4

27 -5 3 4 -4 -3 5 -6 2 -1 7 8 0 -7 1 6 -2

28 4 4 0 0 -4 -4 8 8 4 4 0 0 -4 -4 8 8

29 -3 5 -4 4 -5 3 6 -2 -7 1 8 0 -1 7 -6 2

30 6 6 8 8 -6 -6 4 4 -2 -2 0 0 2 2 -4 -4

31 -1 7 4 -4 -7 1 2 -6 3 -5 8 0 5 -3 -2 6

32 8 8 0 0 8 8 0 0 8 8 0 0 8 8 0 0

33 1 -7 -4 4 7 -1 -2 6 -3 5 8 0 -5 3 2 -6

34 -6 -6 -8 8 6 6 -4 -4 2 2 0 0 -2 -2 4 4

35 3 -5 4 -4 5 -3 -6 2 7 -1 8 0 1 -7 6 -2

36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

37 -7 3 0 6 7 -3 2 -4 8 -2 1 -5 -6 4 -1 5

38 2 6 0 -4 -2 -6 4 8 0 -4 2 6 4 8 -2 -6

39 -5 -7 0 2 5 7 6 4 8 -6 3 1 -2 -4 -3 -1

40 4 -4 0 8 -4 4 8 0 0 8 4 -4 8 0 -4 4

41 -3 -1 0 -2 3 1 -6 -4 8 6 5 7 2 4 -5 -7

42 6 2 0 4 -6 -2 -4 8 0 4 6 2 -4 8 -6 -2

43 -1 5 0 -6 1 -5 -2 4 8 2 7 -3 6 -4 -7 3

44 8 8 0 0 8 8 0 0 0 0 8 8 0 0 8 8

45 1 -5 0 6 -1 5 2 -4 8 -2 -7 3 -6 4 7 -3

46 -6 -2 0 -4 6 2 4 -8 0 -4 -6 -2 4 8 6 2

47 3 1 0 2 -3 -1 6 4 8 -6 -5 -7 -2 -4 5 7

48 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

49 -7 5 4 0 -2 2 7 -5 3 -1 -6 6 8 -4 -3 1

50 2 -6 8 0 -4 4 -2 6 6 -2 4 -4 0 8 -6 2

51 -5 -1 -4 0 -6 6 5 1 -7 -3 -2 2 8 4 7 3

52 4 4 0 0 8 8 -4 -4 -4 -4 8 8 0 0 4 4

53 -3 -7 4 0 6 -6 3 7 -1 -5 2 -2 8 -4 1 5

54 6 -2 8 0 4 -4 -6 2 2 -6 -4 4 0 8 -2 6

55 -1 3 -4 0 2 -2 1 -3 5 -7 6 -6 8 4 -5 7

56 8 8 0 0 0 0 8 8 8 8 0 0 0 0 8 8

57 1 -3 4 0 -2 2 -1 3 -5 7 -6 6 8 -4 5 -7

58 -6 2 8 0 -4 4 6 -2 -2 6 4 -4 0 -8 2 -6

59 3 7 -4 0 -6 6 -3 -7 1 5 -2 2 8 4 -1 -5

60 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

61 -7 2 -6 1 -5 4 -4 3 -3 6 -2 5 -1 8 0 7

62 2 4 4 2 6 8 8 6 -6 -4 -4 -6 -2 0 0 -2

63 -5 6 -2 3 1 -4 4 -7 7 2 -6 -1 -3 8 0 5

 Symbol  Index (n) 

Phase Index θ(p, n) of Scrambling Code p
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64 4 8 8 4 -4 0 0 -4 4 8 8 4 -4 0 0 -4

65 -3 -6 2 5 7 4 -4 -1 1 -2 6 -7 -5 8 0 3

66 6 -4 -4 6 2 8 8 2 -2 4 4 -2 -6 0 0 -6

67 -1 -2 6 7 -3 -4 4 5 -5 -6 2 3 -7 8 0 1
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82 -6 2 -6 2 -8 0 8 0 6 -2 6 -2 -4 4 -4 4

83 3 -1 -5 7 4 0 -4 8 5 -7 -3 1 -6 -2 2 6
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85 -7 -5 -3 -1 1 3 5 7 -4 -6 0 -2 4 2 8 6

86 2 6 -6 -2 2 6 -6 -2 8 4 0 -4 8 4 0 -4

87 -5 1 7 -3 3 -7 -1 5 4 -2 0 -6 -4 6 8 2

88 4 -4 4 -4 4 -4 4 -4 0 8 0 8 0 8 0 8

89 -3 7 1 -5 5 -1 -7 3 -4 2 0 6 4 -6 8 -2

90 6 2 -2 -6 6 2 -2 -6 8 -4 0 4 8 -4 0 4

91 -1 -3 -5 -7 7 5 3 1 4 6 0 2 -4 -2 8 -6
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93 1 3 5 7 -7 -5 -3 -1 -4 -6 0 -2 4 2 8 6

94 -6 -2 2 6 -6 -2 2 6 -8 4 0 -4 8 4 0 -4
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101 -3 -7 4 0 6 -6 3 7 -1 -5 2 -2 8 -4 1 5

102 6 -2 8 0 4 -4 -6 2 2 -6 -4 4 0 8 -2 6

103 -1 3 -4 0 2 -2 1 -3 5 -7 6 -6 8 4 -5 7

104 8 8 0 0 0 0 8 8 8 8 0 0 0 0 8 8

105 1 -3 4 0 -2 2 -1 3 -5 7 -6 6 8 -4 5 -7

106 -6 2 8 0 -4 4 6 -2 -2 6 4 -4 0 -8 2 -6

107 3 7 -4 0 -6 6 -3 -7 1 5 -2 2 8 4 -1 -5

108 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

109 -7 -5 -3 -1 1 3 5 7 -4 -6 0 -2 4 2 8 6

110 2 6 -6 -2 2 6 -6 -2 8 4 0 -4 8 4 0 -4

111 -5 1 7 -3 3 -7 -1 5 4 -2 0 -6 -4 6 8 2

112 4 -4 4 -4 4 -4 4 -4 0 8 0 8 0 8 0 8

113 -3 7 1 -5 5 -1 -7 3 -4 2 0 6 4 -6 8 -2

114 6 2 -2 -6 6 2 -2 -6 8 -4 0 4 8 -4 0 4

115 -1 -3 -5 -7 7 5 3 1 4 6 0 2 -4 -2 8 -6

116 8 8 8 8 8 8 8 8 0 0 0 0 0 0 0 0

117 1 3 5 7 -7 -5 -3 -1 -4 -6 0 -2 4 2 8 6

118 -6 -2 2 6 -6 -2 2 6 -8 4 0 -4 8 4 0 -4
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123 -5 0 5 6 8 3 -2 -3 2 -7 4 7 1 -6 -1 -4

124 4 0 -4 8 0 4 8 -4 8 -4 0 4 -4 8 4 0

125 -3 0 3 -6 8 5 2 -5 -2 -1 -4 1 7 6 -7 4
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127 -1 0 1 -2 8 7 6 -7 -6 5 4 -5 -3 2 3 -4
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129 1 0 -1 2 8 -7 -6 7 6 -5 -4 5 3 -2 -3 4

130 -6 0 6 4 0 -6 4 6 -4 -2 -8 2 -2 -4 2 8

131 3 0 -3 6 8 -5 -2 5 2 1 4 -1 -7 -6 7 -4
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Phase Index θ(p, n) of Scrambling Codes p (cont')


