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Introduction
In RAN1#83 meeting, there were agreements on synchronization signal design for NB-IoT as followings [1]: 
· Confirm working assumption on supporting 504 PCIDs
· PCID is indicated by NB-SSS 
· FFS whether some bits of the NB-IoT frame number are derived from NB-SSS
· FFS how many bits of NB-IoT frame number are indicated
· FFS relationship (if any) between NB-IoT frame number and SFN of LTE in guard-band and in-band cases
· Operation mode is indicated in one of the following ways:
· Alt-1:Indication is by NB-SSS
· Alt-2: Indication is by NB-MIB
· Other options are not precluded
· FFS whether the number of values that can be indicated is equal to or less than the number of operation modes (i.e. 3) 
· The following resource mapping rules are complied with:
· The first 3 LTE OFDM symbols are not used by NB-PSS/NB-SSS
· FFS for special subframe in TDD
· NB-PSS/NB-SSS are punctured by LTE CRS (if a collision exists)
· FFS for CRS ports 2,3 in FS2
· NB-PSS/SSS occupy fixed number of OFDM symbols in each synchronization subframe 
· Normal CP: NB-PSS and NB-SSS span 11 or 9 (one value to be selected) OFDM symbols and X OFDM symbols respectively in each subframe transmitting the synchronization signal
· One value of X to be selected in the range 6 to 11, at least for FDD
· Extended CP if supported: NB-PSS and NB-SSS span 9 OFDM symbols and Y OFDM symbols in each subframe transmitting synchronization signal 
· One value of Y to be selected in the range 6 to 9, at least for FDD

In NB-IoT ad-hoc meeting, we made following agreements [2]: 
· One transmission of NB-PSS, NB-SSS, NB-PBCH, and NB-PDSCH never overlaps between multiple LTE PRB bandwidths for inband operation
· The number of subcarriers for NB-SSS is 12
· The number of subcarriers for NB-PSS is 12 or 11
· FFS: exact number of subcarrier
· 100kHz channel raster is assumed by UEs in all three operation modes (i.e. standalone, guard-band and in-band)
· The NB-IoT NB-PSS/NB-SSS center frequency is aligned to 100kHz channel raster in standalone mode
· NB-PSS uses the last 11 OFDM symbols of subframes in which NB-PSS occurs for normal CP
· NB-SSS uses the last [11] or [9] OFDM symbols of subframes  in which NB-SSS occurs for normal CP
· 
In this contribution, we show synchronization signal design for NB-IoT.

Synchronization signal
2.1      Synchronization signal transmission
In our design, synchronization signal is transmitted in every 10 ms. For example, NB-PSS may be transmitted in subframe #5 and NB-SSS in subframe #9 in radio frame to avoid collision with MBSFN subframe for FDD. In case of TDD, if all TDD UL-DL configurations would be supported, NB-PSS/NB-SSS should be transmitted in subframe #5 assuming NB-PBCH transmission in subframe #0. On the other hand, if TDD UL-DL configurations except configuration 0 would be supported, NB-PSS/NB-SSS can be transmitted in subframe #5 and subframe #9 assuming NB-PBCH transmission in subframe #0. The same location of NB-PSS and NB-SSS regardless of FDD or TDD operation can reduce complexity in synchronization process. Instead, indication of FDD or TDD operation may be provided in NB-PBCH. For overhead reduction for NB-PSS/NB-SSS, NB-SSS may be transmitted with longer transmission period (e.g., 40 ms).
Proposal 1: NB-PSS/NB-SSS is transmitted with 10 ms periodicity. Longer transmission period for NB-SSS can be considered.
Proposal 2: FDD or TDD operation is identified by indication signalling in NB-PBCH to reduce synchronization complexity.

If 11 OFDM symbols are used for NB-PSS/NB-SSS transmission, it is possible for NB-PSS/NB-SSS to collide with legacy CSI-RS/PRS in in-band operation mode. In UE perspective, UE should assume that there is no CSI-RS/PRS in subframes to be used for NB-PSS/NB-SSS transmission. There are minor advantages when 9 OFDM symbols are used for NB-SSS transmission, such as the impact of collision with legacy CRS/CSI-RS/PRS decreased.. However, the unused 2 OFDM symbols will be wasted as it would not be straightforward to schedule data in those. So, we propose that NB-SSS also use the last 11 OFDM symbols of subframes in which NB-PSS occurs for normal CP.
Proposal 3: UE assumes that there is no CSI-RS/PRS transmission in NB-PSS/NB-SSS subframes.
Proposal 4: NB-SSS should use the last 11 OFDM symbols of subframes in which NB-SSS occurs for normal CP.

2.2 	NB-PSS
Main functionality of NB-PSS is to obtain the timing information of the received signal and estimation of CFO. The computation complexity may come from correlation operation between received NB-PSS signal and known NB-PSS sequence. In addition, if CP length detection should be done during NB-PSS detection process, the computational complexity will be increased. Hence, it is desirable to reduce computational complexity in NB-PSS detection process. Assuming complex sequence of NB-PSS, complex multiplication will be required for correlation operation. If we use binary or quaternary sequence rather than complex sequence, complex multiplication can be replaced with much less complex addition. One example of NB-PSS sequence may be a pair of complementary Golay sequence (CGS). Figure 1 shows an example of NB-PSS design adopting a pair of CGS sequence. 
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Figure 1 NB-PSS transmission scheme.

If {a(n)} and {b(n)}(n=1,…, 12) are a pair of CGS of length 12, a(n) or b(n) will be assigned to OFDM symbols and the cover sequence will be applied to each OFDM symbol. Assuming 11 OFDM symbols for PSS, {a(n)}, {b(n)} {a(n)}, {b(n)}, {a(n)}, {b(n)}, {a(n)}, {b(n)}, {a(n)}, {b(n)}, and  {a(n)} are assigned to OFDM symbols, respectively, and then length-11 cover sequence {c(n)}= { 1, 1, -1, 1, -1, -1, -1, 1, -1, -1, -1} is applied to each OFDM symbol where {a(n)} ={1, 1, 1, 1, -1, -1, -1, 1, j, -j, -1, 1} and {b(n)}={ 1, 1, j, j, 1, 1, -1, 1, 1, -1, 1, -1}. 
Proposal 5: A pair of CGS sequence should be used for NB-PSS.

Regarding one FFS point for PSS design between 11 or 12 subcarriers per OFDM symbol, our proposal is based on 12 subcarriers per OFDM symbol. Currently, it is assumed that the center frequency of a NB-IoT UE is in f0 where 180 kHz bandwidth will be between [f0 – 90, f0 + 90] kHz. In this case, the center will be fallen in to the overlap frequency between two subcarriers, and thus, DC will affect two subcarriers. In that sense, if we like to not map any synchronization signal on DC, two subcarriers instead of one may not be used. Furthermore, correlation property of length 12 would be generally better than that of length 11 sequence. In that sense, our proposal is to use 12 subcarriers for NB-PSS. 
Proposal 6: The number of subcarriers for NB-PSS should be 12.

2.3 	NB-SSS
With SSS, PCI and other information should be detected. In last RAN1#83 meeting, 504 PCI should be identified in synchronization procedure. Since NB-SSS is transmitted with 10 ms period, 8 subframe locations should be differentiated assuming 80 ms NB-PBCH transmission period. If a longer NB-SSS transmission would be assumed, the number of subframes to be identified is further reduced (e.g., 2 assuming 40 ms NB-SSS transmission period). Assuming 504 PCI and 8 subframe locations for NB-SSS, total 4032 hypotheses will be required to discriminate them. 
Proposal 7: NB-SSS should carry the information about PCI and subframe locations.
 
Similar to NB-PSS design, binary sequence for NB-SSS may be beneficial in terms of complexity reduction compared with a complex sequence. Figure 2 shows an example of SSS design. 
As can be seen in Figure 2, this SSS transmission structure is similar to that of LTE. K binary sequences and scrambling sequences are generated, and then those sequences are multiplied in element-wise manner. The sequence {gk(n)} may be dependent on the PCI and subframe location, and scrambling sequence {sk(n)} is dependent on the PCI. Assuming K=2, the sequence length to deliver the required information (e.g., 4032) may be 64. One possible examples of {gk(n)}and {sk(n)}are length 64 Hadamard sequence and modified m-sequence, respectively. The combination of row/column index of length-64 Hadamard sequence can indicate PCI and subframe location (e.g., 64*64=4096 > 4032). Length-64 m-sequence can be generated based on length-63 m-sequence by adding one ‘0’. It is assumed that time and frequency synchronization is achieved by NB-PSS detection. The detection performance of NB-SSS will be totally dependent on the correlation characteristic of NB-SSS sequence. Since the proposed Hadamard sequence is orthogonal to each other, the zero cross correlation can be achieved. Hence, orthogonal NB-SSS sequence clearly shows better detection performance than non-orthogonal NB-SSS sequence. Since information carried in NB-SSS would be combination of row/column index of two Hadamard sequences, UE in cell edge may mis-detect one row/column index of Hadamard sequence of one cell and another one row/column index of Hadamard sequence of other cell.  The proposed scrambling sequence can remove this kind of mis-detection. 
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Figure 2 NB-SSS transmission scheme.

2.4	Complexity analysis
In this section, we compare the computational complexity according to sequence type. Synchronization computational complexity comes from timing estimation, initial CFO estimation, and identification of PCI and other information. The timing estimation and initial CFO estimation can be done with NB-PSS sequence, and identification of PCI and other information can be done with NB-SSS sequence. Main computational complexity of the timing estimation with NB-PSS may come from the correlation between received signal and known NB-PSS signal. The NB-PSS based on short sequence have clear benefit in terms of chip area. In addition, if correlation operation would be implemented using hierarchical mechanism, the computational complexity can be reduced significantly. 
On the other hand, computational complexity with NB-SSS may come from the number of hypotheses. The binary/quaternary sequence may have benefit because multiplication with binary/quaternary sequence will be done with addition, which can alleviate computational complexity. In particular, since the timing and frequency synchronization would be achieved in NB-PSS detection process, the binary/quaternary sequence in NB-SSS has clear benefit in cross correlation operation for NB-SSS detection process. 

2.5 	Performance evaluation
     In this section, we show the evaluation results on the synchronization performance. The simulation assumptions are summarized in Table 1. 
Table 1 Simulation assumptions
	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU1 

	Subcarrier Spacing
	15 kHz

	BS transmit power
	Standalone : 43 dBm
In-band: 46 dBm

	Power boosting
	6 dB for in-band scenario

	Target MCL value
	164 dB

	Antenna Configuration
	1 Tx, 1 Rx

	Timing offset
	Uniformly distributed in [-0.5 ms, 0.5 ms]

	Frequency Offset
	Randomly selected value from [-25 KHz, 25 KHz]

	Detection threshold value
	False alarm probability of 0.1 % when only AWGN exists

	# of interfering nodes
	0, 2 (same transmit power as that of serving node is assumed)

	PSS/SSS detection
	Allow accumulation of multiple PSS/SSS subframes



The cell detection performance in case of MCL 164 dB is shown in Table 2. 

Table 2 Cell detection performance in case of in-band with MCL 164dB
	164dB
	Detection probability (%)
	90%-tile acquisition time (ms)

	
	CGS
	Long ZC[4]
	Long ZC[5]
	CGS
	Long ZC[4]
	Long ZC[5]

	In-band
	Noise only
	99.53
	96.11
	100
	1625
	3596
	1620

	
	2 interferers
	94.48
	94.31
	98.49
	240
	620
	400



As shown in the Table 2, long ZC sequence based on [4] shows degraded performance. This can be explained from the correlation property in Figure 3, which peak values of correlator output are sensitive to a specific CFO value.
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Figure 3 Peak value of correlator outputs of long ZC sequence for NB-PSS according to CFO

For the performance comparison of NB-SSS proposal, we show the performance evaluations for the fixed NB-PSS sequence. We assume same NB-SSS density in the evaluation. In summary, the performance comparison of NB-SSS proposal between binary orthogonal sequence and ZC sequence is done assuming NB-PSS based on CGS.
Table 3 shows the cell detection performance with different NB-SSS sequence in case of in-band with MCL 164 dB. As can be seen in Table 3, NB-SSS based on Hadamard sequence scrambled by m-sequence provides better performance than that based on ZC sequence.

Table 3 Cell detection performance of different NB-SSS sequence assuming NB-PSS based on CGS in case of in-band with MCL 164dB
	164dB
	Detection probability (%)
	90%-tile acquisition time (ms)

	
	HD-M
	ZC[4]
	HD-M
	ZC[4]

	In-band
	Noise only
	99.53
	97.16
	1625
	1990

	
	2 interferers
	94.48
	95.58
	240
	310



Proposal 8: Hadamard sequence scrambled by m-sequence should be used for NB-SSS.

3 Conclusions
We discuss synchronization signal design for NB-IoT and have following proposals:
Proposal 1: NB-PSS/NB-SSS is transmitted with 10 ms periodicity. Longer transmission period for NB-SSS can be considered.
Proposal 2: FDD or TDD operation is identified by indication signalling in NB-PBCH to reduce synchronization complexity.
Proposal 3: UE assumes that there is no CSI-RS/PRS transmission in NB-PSS/NB-SSS subframes.
Proposal 4: NB-SSS should use the last 11 OFDM symbols of subframes in which NB-SSS occurs for normal CP.
Proposal 5: A pair of CGS sequence should be used for NB-PSS.
Proposal 6: The number of subcarriers for NB-PSS should be 12.
Proposal 7: NB-SSS should carry the information about PCI and subframe locations.
Proposal 8: Hadamard sequence scrambled by m-sequence should be used for NB-SSS.
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