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Introduction
In RAN1 NB-IoT Adhoc meeting, the following agreements related to synchronization signal design were made [1].
Agreements:
· 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
· 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
But there are still many pending issues. In this contribution, all the pending issues are discussed in this contribution.

Discussion
Information carried by NB-SSS
There are three operation modes for NB-IoT. And it was agreed that operation mode should be included in NB-MIB explicitly or implicitly. Considering that there is no priority between the three operation modes for NB-IoT UEs when accessing the network, the operation mode information can be carried in NB-MIB to reduce the complexity for cell search.  

Proposal 1: No operation mode information is carried in NB-SSS.

Considerations on NB-PSS design
The number of OFDM symbols occupied by NB-PSS in each synchronization subframe is fixed to 11 for normal CP. But the number of sub-carriers of each OFDM symbol occupied is still under discussion. 11 and 12 are two candidates. The choice may be related to PSS sequence design. 
Currently, mainly two possible PSS sequences designs are under discussion.
· Long sequence based design.[2][3][4][5]
· Short sequence based design.[6][7][8]

For the long sequence based design, the long ZC sequences are divided into N short sub-sequences, in which N corresponds to the number of OFDM symbols the NB-PSS occupied in a synchronization subframe. The short sequences then go through DFT, sub-carrier mapping, IFFT, and CP adding to generate the time-domain signal. Such process will impact the PAPR/CM property of the ZC sequence. Table-1 gives the PAPR and CM for the NB-PSS with the design in [9] and [6]. If the PAPA/CM is calculated from symbol basis, there will be high PAPR/CM in some OFDM symbols for long sequence based design, which is high-lighted with yellow in Table-1. Therefore, in coverage limited scenario, the PAPR and CM of the NB-PSS should be taken into account. 

Table-1: PAPR/CM for the NB-PSS
[image: ]
Observation 1: There may be CM/PAPR issues for long sequence based design.
Note that, for the long sequence design, two subframes are needed while for the short sequence design, only one subframe is needed. Therefore, for fair comparison, same overhead for the two designs should be taken into account. For example, if 8 subframes with 80ms are used for NB-PSS, the periodicity for long sequence design is 20ms while it is 10ms for short sequence design.  The cell search detection performances are simulated. And for fair comparison, we concentrate on the NB-PSS evaluation only in this section. Table 1 gives the performance comparison and the corresponding simulation parameters are listed in Annex-A.
Table 1: Comparison of NB-PSS network synchronization in time (ms) 
	
	Long sequence [9]
	Short sequence [6]

	CDF percentage
	No FO
SNR = -12.6dB
	FO = 20ppm
SNR = -4.6 dB
	FO = 20ppm
SNR = -12.6 dB
	No FO
SNR = -12.6dB
	FO = 20 pm
SNR = -4.6dB
	FO = 20ppm
SNR = -12.6dB

	50%
	40 (2*20[footnoteRef:1]) [1:   For long sequence, the period is 20 ms] 

	20 (1*20)
	140 (7*20)
	20 (2*10[footnoteRef:2]) [2:  For short sequence, the period is 10 ms] 

	10 (1*10)
	180(18*10)

	90%
	240 (12*20)
	40 (2*20)
	880 (44*20)
	90 (9*10)
	40 (4*10)
	620(62*10)



Observation 2: 
The one subframe NB-PSS design will have more detection chance than two subframes NB-SSS design assuming same overhead, which can help to reduce the cell search time.
From the simulation results, we can find that the short sequence can achieve better performance than long sequence at the same overhead in all the cases we simulated. Therefore, short sequence based design is more preferred. 

The another remaining issue on NB-PSS design is the number of sub-carrier the OFDM symbol occupied. The candidate value is 12 or 11. In our view, using all the subcarrier one PRB occupied is a natural choice. Unless significant benefit is observed by using 11 subcarriers, we slightly prefer that the number of subcarriers for NB-PSS is set to 12. The short sequence for each OFDM symbols can be a CAZAC sequence, such as cyclic shift extension length-11 ZC, truncation ZC-13, ZC-12 or CG-12 sequence can be the candidate sequence.
Proposal 2: Short sequence for NB-PSS should be adopted as baseline
Considerations on NB-SSS design
1.1.1 Number of OFDM symbols
Same as NB-PSS, the number of OFDM symbols the NB-SSS occupied in each synchronization subframe should be decided. From the agreement made in RAN1 Adhoc, NB-SSS uses the last [11] or [9] OFDM symbols of subframes  in which NB-SSS occurs for normal CP. The value [9] is proposed for common design for both normal CP and extended CP. But it was also agreed that NB-PSS uses the last 11 OFDM symbols of subframes for normal CP, which implies that common design is not so important. Since the NB-PSS spans over multiple OFDM symbols, the replica signal for NB-PSS correlation detection will be different for normal CP and extended CP. Therefore, CP hypothesis detection is needed for NB-PSS detection. And after the NB-PSS detection is completed, the UE will know the CP type the eNB applied. Therefore, no CP hypothesis detection is needed for NB-SSS. On the other hand, the performance of 11 OFDM symbols is better than that of 9 OFDM symbols as shown in Table-2. And it is difficult to use the un-used 2 OFDM symbols in the NB-SSS subframe. Therefore, same OFDM symbols occupied by NB-PSS and NB-SSS is more preferred. 
Table-2: Comparison of NB-NSS network synchronization in time (ms)[footnoteRef:3]  [3:   10 ms periodicity of NB-SSS is assumed and the NB-SSS design is based on Alt-2 below] 

	
	11 OFDM symbols
	9 OFDM symbols

	CDF percentage
	No FO SNR = -12.6dB
	No FO SNR = -12.6dB

	50%
	10
	10

	90%
	50
	100



Proposal 3: NB-SSS uses the last 11 OFDM symbols of subframes  in which NB-SSS occurs for normal CP
1.1.2 Sequence design
Regarding the sequence design for NB-SSS,  there are also two alternatives:
Alt-1: long sequence based
· Alt 1-1: two long sequences with different root index occupied by two subframes [2].
· Alt 1-2: one long sequence + scrambling sequence occupied by one subframe[10].
Alt-2: short sequence based [6][7][8]

For Alt 1-1, the combination of two root indices of NB-SSS is expected to provide sufficient information to encode PCIDs and frame timing. And for Alt 1-2, the combination of root index and cyclic shift of the long sequence can also provide sufficient information to encode the PCIDs, and the frame timing can be indicated by the scrambling sequence.
For Alt -2, the combination of root index and cyclic shift of the short sequence in different OFDM symbols can be used to indicate PCID. And the frame timing is carried by different scrambling sequence. Figure 1 shows the NB-SSS generation of Alt-2.
[image: ]
Figure 1 Generation of NB-SSS for Alt-2
Performance comparison of these three alternatives is present in Table 3. From the simulation results, we can find that Alt-2 can achieve almost the same performance as Alt 1-2 and better performance than that of Alt 1-1 at the same overhead. Therefore, we think Alt-2 is a more promising candidate. In the following, we give more details about Alt-2. 
Table-3: Comparison of NB-PSS network synchronization in time (ms) 
	
	Alt 1-1
	Alt 1-2
	Alt 2

	CDF percentage
	No FO, SNR = -12.6 dB
	No FO, SNR = -12.6 dB
	No FO, SNR = -12.6 dB

	50%
	20[footnoteRef:4] [4:  For Alt 1-1, the periodicity for NB-SSS is 20 ms] 

	10[footnoteRef:5] [5:  For Alt 1-2 and Alt 2, the periodicity for NB-SSS is 20 ms] 

	10

	90%
	80
	50
	50



Observation 3: 
The one subframe NB-SSS design will have more detection chance than two subframes NB-SSS design assuming same overhead, which can help to reduce the cell search time.
The length of short sequence in Alt-2 is 12, which is equal to the number of sub-carrier an OFDM symbol occupied in frequency domain. Therefore, for the short sequence design in Alt-2, four options can be considered:

Opt-1: length-11 ZC sequence with cyclic shift extension.
Opt-2: length-13 ZC sequence with truncation.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Opt-3: length-12 CG-CAZAC sequence defined in current LTE.

From the simulation results shown in Table-4. The performance difference between the three options is negligible. Considering that the available sequence for Opt-3 is larger than Opt-1 and Opt 2, Opt-3 is slightly more preferred. 


Table-4: Comparison of NB-PSS network synchronization in time (ms) [footnoteRef:6] [6:   For all options,  the periodicity for NB-SSS is 10 ms] 

	
	No FO, Accurate timing
	FO = +50Hz, Timing residual = 4 samples

	CDF percentage
	Opt-1
	Opt-2
	Opt-3
	Opt-1
	Opt-2
	Opt-3

	50%
	10
	10
	10
	10
	10
	10

	90%
	60
	60
	50
	80
	80
	80



From Figure 1, we can see that there is a mapping between PCIDs and the combination of root index and cyclic shift of the short sequence. The maximum available number of short sequences for the four options is listed in Table-5.
Table 2: Number of available sequences for different options
	
	Opt-1
	Opt-2
	Opt-2

	Number of root indices
	10
	12
	30

	Maximum number of CS
	12
	12
	12

	Maximum available sequences
	120
	144
	360




From Table-5 we can find that the maximum number of available short sequence is less than the number of PCIDs. which may cause a collision. The mapping of PCID to short sequence should minimize the collision. On the other hand, the collision is related to number of sequences used and the number of OFDM symbol the NB-SSS occupied.  And the number of sequences used depends on the number of cyclic shift used for each root sequence. Table 2 gives the maximum number of available sequence. As the number of cyclic shift used for each root sequence decreases, the number of available sequences decreases as well. Annex-B1 gives an example of PCID to short sequence mapping. The maximum number of short sequence collision in the same OFDM symbol for any two Cells is 1. And Table-B2 gives an example of mapping of PCID  NID to sequence index Iseq, k  assuming the number of available sequences is 90 and the number of OFDM symbol NB-SSS occupied is 11. Note that the number in Table A2 is a sequence index for illustration convenient, and the root index  and cyclic shift ncs, k can be unique determined by the sequence index Iseq, k. Table A3 gives such an example of mapping of sequence index Iseq, k  to  (rk, ncs, k ) for Opt-3 mentioned above.

Proposal 4: Short sequence with scrambling occupying one subframe is adopted for NB-SSS. 
   
Subframes pattern for PSS/SSS/PBCH transmission
It was agreed that NB-PBCH is transmitted in subframe 0 in every radio frame for FDD mode. But the number of subframes NB-PSS/NB-SSS occupied is still under discussion, which is related to the PSS/SSS sequence design as mentioned above.  As discussed in section 2.3, it is more preferred that the number subframe occupied by NB-SSS is 1.  Therefore, we consider the following two combinations:
· Combination #1: 2 NB-PSS subframes + 1 NB-SSS subframe
· Combination #2: 1 NB-PSS subframe + 1 NB-SSS subframe
For Combination #1, two candidate patterns for PSS/SSS/PBCH transmission are illustrated in Figure 2 for FDD and TDD respectively. Note that the distance between the two PSS subframes for FDD and TDD is different, which can be used to differentiate the TDD system and FDD system by the UE when performing PSS detection.
[image: ]
Figure 2 subframe pattern for PSS/SSS/PBCH transmission for Combination#1
And for Combination #2, considering the available DL subframes for FDD and TDD, the following transmission subframe patterns can be considered for TDD and FDD respectively. Note that the relative position of NB-PSS and NB-SSS is different for TDD and FDD, which can be used to differentiate the TDD and FDD as in LTE. Figure 3 is an example of illustrastion for periodicity with 10ms. If the  overhead is an issue, the period of NB-PSS/SSS can be enlarged, for example, both the periodicity of PSS/SSS can be extended to 20ms. 

Figure 3 subframe pattern for PSS/SSS/PBCH transmission for Combination#2
Note that same periodicity of NB-PSS and NB-SSS is proposed in these subframe patterns. This can help to reduce the NB-SSS detection complexity since no hypothesis is needed. If the periodicity of NB-SSS is different from NB-PSS, hypothesis for NB-SSS in different location is needed since the UE may complete the NB-PSS detection at any NB-PSS instance. 

Proposal 5:
· The periodicity for NB-PSS/SSS should be same.
· The distance between the two NB-PSS subframes should be different for FDD and TDD in case NB-PSS occupies two subframes.
· The distance between the NB-PSS and NB-SSS should be different for FDD and TDD in case NB-PSS/SSS occupies one subframes.

Conclusion
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In this contribution, more details and considerations of the synchronization signal design for NB-IoT are presented. In summary, we have the following observations and proposals.

Observation 1: There may be CM/PAPR issues for long sequence based design.
Observation 2: The one subframe NB-PSS/SSS design will have more detection chance than two subframes NB-PSS/SSS design assuming same overhead, which can turn to better cell search performance.

Proposal 1: No operation mode information is carried on NB-SSS.
Proposal 2: Short sequence for NB-PSS should be adopted as baseline.
Proposal 3: NB-SSS uses the last 11 OFDM symbols of subframes  in which NB-SSS occurs for normal CP
Proposal 4: Short sequence with scrambling occupying one subframe is adopted for NB-SSS.
Proposal 5:
· The periodicity for NB-PSS/SSS should be same.
· The distance between the two NB-PSS subframes should be different for FDD and TDD in case NB-PSS occupies two subframes.
· The distance between the NB-PSS and NB-SSS should be different for FDD and TDD in case NB-PSS/SSS occupies one subframes.
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Annex A: simulation assumptions
Table-A1 Link-level simulation assumptions 
	Parameter
	Value

	System bandwidth
	180 kHz

	Frequency band
	900 MHz

	Propagation channel model
	TU 1Hz

	Interference
	Noise only

	Antenna configuration 
	1Tx, 1Rx 

	Frequency error
	0 Hz

	SNR
	In-band : -12.6 dB1
Stand-alone: -4.6dB2

	Sampling Frequency (Fs)
	1.92 MHz 

	Timing error
	 0 us

	CRS power boosting
	None

	PSS OFDM symbol number
	11,

	CRS puncturing
	No enabled

	SSS OFDM symbol number
	11, 9

	SSS sequence
	Short sequence:ZC-11, ZC-13, CG-CAZAC-12, 
Long sequence: ZC-131

	NOTE1: -12.6 dB corresponds to an MCL of 164 dB for In-band operation.
NOTE2: -4.6 dB corresponds to an MCL of 164 dB for stand-alone operation.




Annex B:






Suppose the number of available short sequences (including different root index and different cyclic shift) is ,  is the number of short sequences with different root index,  is the cyclic shift distance of the root sequence used, and denotes the root index and cyclic shift of the short sequence used in OFDM symbol. For any cell identity, we will have

   






Where  is the sequence index used in OFDM symbol  and , .

 is determined by following:

For 



For , , where .



Table-B1 Mapping of PCID  to sequence index 
[image: ]



Table-B2. example of mapping of  to 
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