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Introduction
In RAN1#84 meeting, there were agreements on synchronization signal design for NB-IoT as followings [1]: 
· The periodicity of NB-PSS transmission is 10ms.
· The sequence for NB-PSS is generated at each OFDM symbol
· Length-11 Zadoff-Chu Sequence in frequency domain is used for sequence generation for each OFDM symbol and 11 REs are used per OFDM symbol.
· The 11 root sequence indices are FFS. 

· NB-PSS is transmitted in subframe 5
· NB-SSS is transmitted in subframe 9 
· Number of symbols for NB-SSS: 11
· NB-SSS base sequence is constructed from one or more ZC sequences
· Length FFS
· FFS whether multiple root sequences are used or a binary scrambling code

For NB-IoT DL carrier frequency determination in in-band operation mode
· Before RRC connection, the UE only expects NB-PSS/SSS in PRBs which satisfy the following:
· The maximum offset from the LTE channel raster to the center frequency of an NB-IoT carrier which transmits NB-PSS/SSS is no more than 7.5 kHz
· NB-PSS/SSS of an NB-IoT carrier is aligned to a PRB indexed by nRB in in-band operation mode
· The set of nRB  consists of LTE PRB indices in the following Table (starting from 0)  on the next slide
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For NB-IoT DL carrier frequency determination in guard-band operation mode, before RRC connection, the UE only expects NB-PSS/SSS in PRBs which satisfy the following:
· The center frequency of a NB-IoT carrier which transmits NB-PSS/SSS is fd kHz away from LTE center in guard-band operation mode
· Each fd is such that the NB-IoT carrier is within the guard-band, and the center frequency is with a frequency separation from LTE centre which is at most 7.5 kHz offset from the 100 kHz channel raster.
· Note: the 15KHz numerology is still assumed in the guard band

For NB-IoT UL frequency carrier determination for all deployment scenarios:
· For initial access, the NB-IoT DL/UL frequency separation is configured by higher layers (SIBx) and is cell-specific
· After the initial random access procedure success, there can also be a UE specific configuration for the NB-IoT DL/UL frequency separation.

In this contribution, we show synchronization signal design for NB-IoT.
Synchronization signal
2.1      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. As discussed in many contributions, one of the main complexity of NB-IoT device is in NB-PSS detection. Hence, it is desirable to reduce computational complexity in NB-PSS detection process to get low complexity NB-IoT device. While keeping the benefits of short sequences, to minimize the complexity, we propose NB-PSS design to adopt two short ZC sequences with a cover code as illustrated in Figure 1. 
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Figure 1 NB-PSS transmission scheme.

In our design, z1(n) and z2(n)(n=1,…, 11) are length 11  ZC sequences of root indices of 5 and 6 respectively. Either z1(n) or z2(n) will be assigned to OFDM symbol and repeated over 11 OFDM symbols. To enhance the detection performance, we apply cover sequence to each OFDM symbol. for PSS, The PSS sequence = [z1(n), z2(n), z1(n), z2(n), z1(n), z2(n), z1(n), z2(n), z1(n), z2(n), z1(n)] are assigned to 11 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. 
The following explains the details of our detection algorithm assumed for evaluation. Denote a received signal r(n). 
In the first step, we perform differential operation to obtain d(n) between adjacent OFDM symbols. If we assume 1.92 MHz sampling frequency,  d(n) can be obtained as following equations:
			(1)
After differential operation, sequence length becomes 10 OFDM symbol. The same operation should be done in reference PSS sequence, p(n) to make modified reference PSS sequence. The length of p(n) also becomes 10 OFDM symbols:
				(2)
In the second step, the cross correlation is performed between d(n) and  to estimate the timing. 
In the third step, we check the correlator output to find the peak value. With peak correlator output, we can estimate the timing. In the fourth step, we estimate the CFO with the timing obtained in the third step. 
Since it is very challenging to achieve time and frequency synchronization with only one subframe in 164 dB target MCL case, we allow accumulation of multiple NB-PSS subframes. We set a threshold value such that false alarm probability is less than 0.1 %. If a NB-PSS correlator output does not exceed the threshold value, next NB-PSS subframe will be accumulated after the first step to the previous d(n-1). In case of NB-PSS detection success, NB-SSS detection procedure will follow. 
[bookmark: _GoBack]Figure 2 shows correlation property of a few example NB-PSS sequences by varying the number of base sequences with and without a cover code sequence. It is noted that correlation property is measured on p(n) (i.e., modified reference sequence with differential operation). Please note that Figure 2(a) shows the correlation property of NB-PSS sequence in [5] and Figure 2(f) shows the correlation property of NB-PSS sequence in [4].
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Figure 2. Correlation property of modified reference NB-PSS sequence, p(n): (a) number of different base sequences: 1 (root index 5), with cover code ([1, 1, 1, 1, -1, -1, 1, 1, 1, -1, 1]) [5], (b) number of different base sequences: 1 (root index 5), without cover code, (c) number of different base sequences: 2 (root index 5, 6), with cover code ([1, 1, -1, -1, 1, -1, -1, 1, -1, 1, 1]), (d) number of different base sequences: 2, without cover code, (e) number of different base sequences: 10 (root index 1, 10, 2, 9, 3, 8, 4, 7, 5, 6), with cover code ([1, 1, -1, -1, 1, -1, -1, 1, -1, 1, 1], and (f) number of base sequences: 10 (root index 1, 10, 2, 9, 3, 8, 4, 7, 5, 6), without cover code [4]. 
As can be seen in Figure 2, the cover code seems to be essential to enhance the correlation property. If the number of ZC sequences is 1 or 2, correlation property without cover code becomes worse. Even in case of the number of base sequences of 10, the correlation property can be enhanced. However, the correlation property with cover code in terms of 2nd peak seems to be similar to each other. 
Proposal 1: The cover code should be supported to enhance correlation property.
Observation 1: The similar correlation property in terms of 2nd peak can be seen when the number of base sequences is 2 and 10.
The modified reference sequence, p(n), can be represented p(n)=[p1(n), p2(n), p1(n), p2(n), p1(n), p2(n), p1(n), p2(n), p1(n), p2(n)]. Then, cross correlation can be implemented in hierarchical manner. The computational complexity linearly depends on the number of sub-sequences in p(n). That is, when the number of base sequences in NB-PSS increases, the computational complexity also linearly increases in proportion to the number of base sequences. Simply speaking, if we use 10 base sequences in NB-PSS, 5 times more computation may be required compared with that of 2 base sequences in case of hierarchical correlator implementation. Besides the computation complexity, it is also notable that increasing number of different base sequences would also require higher memory to store the sequences. 
Observation 2: The computational complexity linearly increases in proportion to the number of base sequences in NB-PSS in case of hierarchical correlation.

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
	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 [-18 KHz, 18 KHz]

	Channel raster
	±7.5 KHz

	Timing drift model
	Yes

	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


In Table 2 and Table 3, we show the performance comparison according to the number of base sequences in NB-PSS. As can be seen in Table 2 and Table 3, performance difference between the number of base sequences of 2 and 10 is not so significant. Therefore, considering the performance and computational complexity, 2 base sequences in NB-PSS seems to be reasonable compromise.
Proposal 2: The number of different base sequences in NB-PSS should be 2.

Table 2 The performance according to the number of base sequences NB-PSS when the number of interfering nodes is 0.
	# of ZC sequences
	Detection probability (%)
	90%-tile acquisition time (ms)

	1 (with CC)
	98.54
	2547

	2 (with CC)
	99.89
	1418

	10 (with CC)
	99.40
	1802

	10 (without CC)
	99.20
	1935



Table 3 The performance according to the number of base sequences NB-PSS when the number of interfering nodes is 2.
	# of ZC sequences
	Detection probability (%)
	90 %-tile acquisition time (ms)

	1 (with CC)
	84.47
	310

	2 (with CC)
	96.10
	160

	10 (with CC)
	96.57
	150

	10 (without CC)
	95.91
	170



2.3 	NB-SSS
In last RAN1#84 meeting, it is agreed to use ZC sequence for NB-SSS with potential binary scrambling code. If a longer NB-SSS transmission than 10 ms would be assumed, the number of radio frame index to be identified can be reduced (e.g., 4 assuming 20 ms NB-SSS transmission period). Assuming 504 PCI and 4 subframe locations for NB-SSS, total 2016 hypotheses will be required to discriminate them. 
Proposal 3: NB-SSS should carry the information about PCI and SFN information.
 There are 132 available REs in 11 OFDM symbols. Our SSS sequence, SSS(n), can be denoted as SSS(n)=g(n)*s(n) where g(n) is base sequence and s(n) is scrambling sequence, and n=1,..,132. The base sequence g(n) has sub-sequence of g1(n) and g2(n) where g1(n) and g2(n) are length-66 sequences. That is, g(n)=[g1(n) g2(n)]. The scrambling sequence s(n) has sub-sequence of s1(n) and s2(n) where s1(n) and s2(n) are length-66 sequences. That is, s(n)=[s1(n) s2(n)]. The first half of SSS(n), g1(n)*s1(n), is mapped to the first half of the available REs and the second half of SSS(n), g2(n)*s2(n), is mapped to the second half of the available REs.
The sub-sequence of base sequence, g1(n) and g2(n), is length-66 sequence generated by 1-bit puncturing of the length-67 ZC sequence.
The sub-sequence of scrambling sequence, s1(n) and s2(n), is length-66 sequence generated by 3-bit cyclic extension of the length-63 m sequence.
The information carried in NB-SSS (e.g., PCID and SSS position) can be indicated by combination of root indices of g1(n) and g2(n), (u1, u2), where u1 and u2 are root indices of g1(n) and g2(n), respectively. The scrambling sequence s1(n) and s2(n) are initialized based on PCID to remove ambiguity when UE is in cell boundary. The computational complexity is dependent on the number of root indices. For example, if we indicate 2016 hypothesis in NB-SSS, then u1 of 42 and u2 of 46 may be required (e.g., 42*46=2016). Then, (42+46)*66=88*66 complex multiplications may be required rather than 2016*132 complex multiplications.
For complexity reduction, we can consider another scrambling sequence sc(n) where sc(n) is length-132 sequence and selected from length-132 DFT sequences. For example, if we select 4 sequences for sc(n), then sc(n) may be exp(-j*2*pi*k*n/132) where k=0, 33, 66, and 99. In this case, sc(n) can be used to indicate SSS positions. Then, SSS(n)=g(n)*sc(n)*s(n). This description can be shown in Figure 3.
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Figure 3 NB-SSS transmission scheme. 

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 among different proposals is done assuming NB-PSS based on section 2.2.
Table 4 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 sequence based on Figure 3 provides better performance than those in [3] and [4].

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

	
	LG
	Ericsson[3]
	Intel[4]
	LG
	Ericsson[3]
	Intel[4]

	In-band
	Noise only
	99.89
	99.88
	99.90
	1418
	1736
	1490

	
	2 interferers
	98.19
	97.96
	98.38
	160
	180
	160




Proposal 4: The NB-SSS sequence consists of two ZC sequence multiplied by scrambling sequences. Additional scrambling sequence can be considered for complexity reduction.

3 Conclusions
We discuss synchronization signal design for NB-IoT and have following proposals and observations:
Proposal 1: The cover code should be supported for enhanced correlation property.
Observation 1: The similar correlation property in terms of 2nd peak can be seen when the number of base sequences is 2 and 10.
Observation 2: The computational complexity linearly increases in proportion to the number of base sequences in NB-PSS in case of hierarchical correlation.
Proposal 2: The number of base sequences in NB-PSS should be 2.
Proposal 3: NB-SSS should carry the information about PCI and subframe locations.
Proposal 4: The NB-SSS sequence consists of two ZC sequence multiplied by scrambling sequences. Additional scrambling sequence can be considered for complexity reduction.
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