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Introduction
In RAN1#82bis 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 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 20 ms. For example, NB-PSS may be transmitted in subframe #5 and SSS in subframe #9 in even or odd 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 20 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 in subframes to be used for NB-PSS/NB-SSS transmission. 
Proposal 3: UE assumes that there is no CSI-RS/PRS transmission in NB-PSS/NB-SSS subframes.

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)}, {b(n)}, {a(n)}, {b(n)}, {a(n)}, {b(n)}, {a(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}. For complexity reduction, we assume that no physical cell id (PCI) information is delivered in PSS.   
Proposal 4: A pair of CGS sequence should be used for NB-PSS.

A long ZC sequence based NB-PSS has been proposed  [4] for initial CFO correction which are mapped over a number of OFDM symbols. To maintain ZC property in spite of added CPs, puncturing the long sequence was proposed [4]. To maintain the continuity even with CP removal, the following sequence (to capture exact length of CP) can be considered if a long ZC based sequence is considered for NB-PSS. 
, where  is dependent on NB-PSS symbol location. The possible value of ={0, 12.84, 25.69, 38.53, 51.47, 64,31, 77.16, 90.00, 102.84, 115.69, 128.53}. 
2.3 	NB-SSS
With SSS, PCI and other information should be detected. As agreed, at least 504 PCI should be identified in synchronization procedure. Since NB-SSS is transmitted with 20 ms period, 4 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). In addition, it may be desirable to indicate the operation mode in NB-SSS. This will give flexible design for common control message such as NB-PBCH and NB-SIBs. This can be indicated by 1 bit by differentiating stand-alone mode from in-band/guard band operation. Assuming 504 PCI, 4 subframe locations for NB-SSS, and 2 operation mode indications, total 4032 hypotheses will be required to discriminate them. 
Proposal 5: NB-SSS should carry the information about PCI, subframe locations, and operation mode indications.
 
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’. Since Hadamard sequence is orthogonal to each other, the zero cross correlation will show good detection performance in hypothesis of different subframe location in the same PCI.
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Figure 2 NB-SSS transmission scheme.

2.4	Discussion
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. 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. 

Furthermore, we discuss PAPR aspects for NB-PSS signal. In in-band operation, NB-PSS/NB-SSS will be transmitted with other legacy downlink signals. It means that the PAPR will be the value of OFDM signal (e.g. 9 dB), which the impact by NB-PSS/NB-SSS may be negligible. Therefore, we will focus on PAPR for the stand-alone operation mode. Table 1 shows the PAPR values for binary/quaternary CGS sequence, long ZC sequence in [4], and short ZC sequence in [5]. 

Table 1 PAPR comparison for the NB-PSS proposals.
	
	Binary/quaternary CGS
	Long ZC [4]
	Short ZC [5]

	99.9 % PAPR (dB)
	5.9866
	7.5890
	2.9118

	CM (dB)
	2.0083
	1.1451
	0.1766



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 2 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
	Standalone : 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 3. 

Table 3 Cell detection performance in case of in-band with MCL 164dB
	164dB
	Detection Probability
	95 %-tile acquisition time

	In-band
	Noise only
	99.89%
	983ms

	
	2 interferers
	98.58%
	180ms



[bookmark: _GoBack]For the NB-PSS performance comparison between long ZC sequence in [4] and enhanced long ZC sequence, mentioned in 2.2, we show the performance evaluations for the fixed NB-SSS sequence. The cell detection performance with different NB-PSS sequence in case of in-band with MCL 164 dB is shown in Table 4. As can be seen in Table 4, the enhanced ZC sequence for NB-PSS shows better performance because it further reduces CP impact.

Table 4 Cell detection performance of different NB-PSS sequence assuming NB-SSS based on HD-M sequence in case of in-band with MCL 164dB
	164dB
	Detection Probability
	95 %-tile acquisition time

	
	Long ZC[4]
	Enhanced long ZC
	Long ZC[4]
	Enhanced long ZC

	In-band
	Noise only
	99.76%
	99.93%
	2238ms
	1740ms

	
	2 interferers
	95.20%
	96.59%
	320ms
	260ms



For the performance comparison of NB-SSS proposal, we show the performance evaluations for the fixed NB-PSS sequence. In summary, the performance comparison of NB-SSS proposal between binary orthogonal sequence and ZC sequence is done.
· NB-PSS based on CGS: comparison between Hadamard sequence scrambled by m-sequence and ZC sequence in [3]
· NB-PSS based on ZC in [4]: comparison between Hadamard sequence scrambled by m-sequence and ZC sequence in [3].
Table 5 and Table 6 show the cell detection performance with different NB-SSS sequence in case of in-band with MCL 164 dB. As can be seen in Table 5 and Table 6, NB-SSS based on Hadamard sequence scrambled by m-sequence provides better performance than that based on ZC sequence.

Table 5 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
	95 %-tile acquisition time

	
	HD-M
	ZC[3]
	HD-M
	ZC[3]

	In-band
	Noise only
	99.89%
	96.47%
	983ms
	1172ms

	
	2 interferers
	98.58%
	96.62%
	180ms
	280ms



Table 6 Cell detection performance of different NB-SSS sequence assuming NB-PSS based on ZC[4] in case of in-band with MCL 164dB
	164dB
	Detection Probability
	95 %-tile acquisition time

	
	HD-M
	ZC[3]
	HD-M
	ZC[3]

	In-band
	Noise only
	99.76%
	99.72%
	2238ms
	2420ms

	
	2 interferers
	95.20%
	93.44%
	320ms
	500ms



Proposal 6: 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 20 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: A pair of CGS sequence should be used for NB-PSS.
Proposal 5: NB-SSS should carry the information about PCI, subframe locations, and operation mode indications.
Proposal 6: Hadamard sequence scrambled by m-sequence should be used for NB-SSS.
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