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At RAN1#82bis, a number of agreements were reached on the synchronization signal design for NB-IoT as shown in the following.
Agreements:
· Design of synchronization signal should consider the UE power consumption, UE complexity, resource overhead, and performance, and impact to the false detection of legacy devices
· Synchronization signal should not utilize the legacy control region
· FFS: size of the legacy control region
Agreements:
· The synchronization signals of NB-IoT consist of primary synchronization signal (PSS) and secondary synchronization signal (SSS). 
· NB-IoT PSS/SSS do not use at least:
· the LTE PDCCH control region 
· FFS: number of symbols of the control region
· REs used by LTE CRS
· The following mechanisms may be considered: 
· NB-IoT PSS/SSS are punctured by LTE CRS 
· Other mechanisms (including, for example, not using OFDM symbols used by LTE CRS, or transmitting the NB-IoT PSS/SSS in LTE MBSFN subframes) are not precluded
· NB-IoT PSS/SSS design should consider different CP lengths (e.g. normal CP and extended CP) if supported 
· FFS whether cell ID information is carried by NB-IoT PSS. 
· If not, then NB-IoT physical cell ID is indicated by NB-IoT SSS 
· FFS whether the operation mode (i.e. some or all of standalone / guard-band / in-band) needs to be indicated somehow.
· FFS whether/how FDD/TDD needs to be indicated. 

A working assumption regarding the number of supported physical cell identities was made also at this meeting. 
Working assumption:
· 504 unique physical cell identities shall be supported by the synchronization signal design

In this contribution, further views on the design principles are provided and an exemplified synchronization signal design following the design principles is illustrated. Extensive performance evaluations of the design are presented in our companion contribution [1].
Design principles
Normally the first 1, 2 or 3 OFDM symbols could be allocated by LTE for transmission of control channel information in each subframe. The number of OFDM symbols is dynamically indicated by CFI carried by PCFICH. 4 OFDM symbols may be configured only for the case where the LTE system bandwidth is 1.4MHz. It is not desirable to deploy NB-IoT in-band LTE when LTE system bandwidth is 1.4MHz due to the high probability of collision with LTE PSS/SSS and LTE PBCH. On the other hand, dynamic acquisition (i.e. blind decoding) of the size of LTE control region will significantly increase the device complexity. Therefore, it is preferable that the first 3 OFDM symbols are always assumed for the LTE control region by the NB-IoT PSS/SSS design.
To avoid the collision with LTE CRS, NB-IoT PSS/SSS could be punctured by LTE CRS REs. LTE configuring MBSFN subframes for the instances at which NB-IoT PSS/SSS are transmitted could be also considered if LTE CRS puncturing degrades the NB-IoT synchronization performance significantly. Not using any RE in OFDM symbols used by LTE CRS is not favorable due to the low efficiency of resource utilization and high detection complexity caused by non-continuous PSS/SSS transmission in time domain.
Fixing NB-IoT PSS sequence, i.e., only 1 sequence is applied for NB-IoT PSS, will effectively simplify the signal detection and time/frequency acquisition based on PSS search. The PCID information can in this case be indicated by NB-IoT SSS.
Different design options (e.g. resource mapping pattern, coding rate, etc) may be supported by different operation modes, so early indication of the operation mode to the largest extent allows for the optimized design for each mode. The most efficient way is to use NB-IoT SSS to indicate the operation mode, which can also help allow flexible design for the broadcast channel.
Based on the analysis above, we make the following proposal:
Proposal 1: 
· The first 3 LTE OFDM symbols are not used by NB-IoT PSS/SSS;
· LTE MBSFN subframes could be configured in case the LTE CRS puncturing seriously degrade the NB-IoT synchronization performance;
· Contiguous OFDM symbols are used by each NB-IoT synchronization signal transmission;
· A single fixed sequence is used for NB-IoT PSS;
· Operation mode (i.e. some or all of standalone/guard-band/in-band) is indicated by NB-IoT SSS.

Synchronization signal design
The synchronization signals for NB-IoT consist of primary synchronization signal (PSS) and secondary synchronization signal (SSS) and they are used for different purposes in the cell search procedure by our design. 
· PSS (Primary Synchronization Signal): used for signal detection, initial symbol-level time synchronization and CFO (Carrier Frequency Offset) estimation.
· SSS (Secondary Synchronization Signal): mainly used for frame-level time synchronization and carrying cell-specific identity information. SSS could also be utilized to refine the CFO estimation from PSS, and to detect false alarms.
Structure of PSS and SSS
The NB-IoT PSS signal consists of two Zadoff-Chu (ZC) sequences PSS1 and PSS2. PSS1 is generated based on a -length ZC sequence with root index 1, while PSS2 is based on the complex conjugate of PSS1
                                      (1)
                                       (2)
The NB-IoT secondary synchronization signal (SSS) is mainly used for frame level synchronization and cell identification by conveying the index of the frame, the operation mode and the physical cell ID of the base station. The SSS may also be used for finer synchronization.
Similarly, the NB-IoT SSS signal also consists of two sequences SSS1 and SSS2, both of which are generated based on a -length ZC sequence:
                                      (3)
                                     (4)
where  and represent the ZC root indices for SSS1 and SSS2 respectively. With ZC sequence length of , it is possible to generate a group of different sequences by choosing various root index values. Particularly when  is prime, up to  different sequences can be generated each for SSS1 and SSS2. The combination of the two IDs  is expected to provide sufficient information to encode the physical cell ID, the operation mode indicator and possibly the frame number information. 
The sequence of PSS or SSS is then oversampled to fit into the number of samples that will be produced eventually for PSS or SSS baseband signal (including CP samples). The oversampled sequence is divided into m sub-sequences, where m is the number of OFDM symbols used for one PSS or SSS repetition. The starting k samples for each sub-sequence are discarded to re-generate the sub-sequence before being fed into DFT, where k is equal to the number of samples for CP. Each sub-sequence after DFT is zero padded and transformed by IFFT subsequently. CP samples are added later on to generate the final synchronization signals. The signal generation diagram is shown in Figure 1.
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[bookmark: _Ref430877245]Figure 1. Generation of the NB-IoT synchronization signals
Depending on the amount of available resources and the NB-IoT PSS/SSS resource mapping pattern, the sequence lengths  and  can be scaled accordingly, so providing a common design for different operating modes, different CP lengths and/or different subcarrier spacing.
Proposal 2: NB-IoT PSS is generated by two root-1 Zadoff-Chu (ZC) sequences which are complex conjugate with each other according to formula (1) and (2).
Proposal 3: NB-IoT SSS is generated by two Zadoff-Chu (ZC) sequences with two independent roots according to formula (3) and (4). The combination of two root indices is used to indicate cell information (e.g. physical cell ID).
Mapping to physical resources
In this section, an example for the NB-IoT PSS/SSS resource mapping is given by assuming 15kHz subcarrier spacing (one of the possible downlink numerologies) with normal CP. The following evaluations are performed based on this exemplified resource mapping. By easily scaling the sequence lengths for the synchronization signals, the design can be extended to the case where a different subcarrier spacing (e.g. 3.75kHz) and/or a different resource mapping pattern is applied  depending on the final decisions for downlink numerology for the in band, guard band, and standalone operation modes.
The frame structure timing follows LTE. The NB-IoT PSS signal is transmitted 2 times every 20ms occupying subframe 0 and subframe 5 of the first frame respectively for PSS1 and PSS2 within the 20ms cycle. The NB-IoT SSS signal is transmitted 2 times every 40ms and mapped to subframe 0 and subframe 5 of the last frame respectively for SSS1 and SSS2 within the 40ms cycle. Note that the starts of both the 20ms cycle and 40ms cycle are aligned with the frame boundary. This subframe-level mapping avoids collision with the NB-IoT PBCH transmission as designed in [3].
The collision with legacy LTE PDCCH is avoided by allocating the last 11 OFDM symbols in the occupied subframes to the NB-IoT PSS and SSS. The NB-IoT PSS/SSS could be punctured by LTE CRS. The resource mapping is shown in Figure 2.



[bookmark: _Ref431305312]Figure 2. NB-IoT PSS/SSS resource mapping
Proposal 4: The resource mappings of NB-IoT PSS and NB-IoT SSS in case of 15kHz downlink numerology, FDD and normal CP are such that:
· NB-IoT PSS is transmitted in subframes 0 and 5 in even numbered radio frames;
· NB-IoT SSS is transmitted in subframes 0 and 5 of radio frames satisfying SFN mod 4 = 3.
· Both sequences are mapped to the last 11 OFDM symbols of subframes in which they occur.
[bookmark: _Ref129681832]Conclusions
In this contribution, we provide our further views on the design principles of NB-IoT synchronization signals and the following proposal is drawn.
Proposal 1: 
· The first 3 LTE OFDM symbols are not used by NB-IoT PSS/SSS;
· LTE MBSFN subframes could be configured in case the LTE CRS puncturing seriously degrade the NB-IoT synchronization performance;
· Contiguous OFDM symbols are used by each NB-IoT synchronization signal transmission;
· A single fixed sequence is used for NB-IoT PSS;
· Operation mode (i.e. some or all of standalone/guard-band/in-band) is indicated by NB-IoT SSS.
A new common design for the NB-IoT synchronization signals is also illustrated. The parameters of the common design can be scaled flexibly depending on the operation mode, the CP length and/or DL subcarrier spacing. The common design proposes:
Proposal 2: NB-IoT PSS is generated by two root-1 Zadoff-Chu (ZC) sequences which are complex conjugate with each other according to formula (1) and (2).
Proposal 3: NB-IoT SSS is generated by two Zadoff-Chu (ZC) sequences with two independent roots according to formula (3) and (4). The combination of two root indices is used to indicate cell information (e.g. physical cell ID).
Proposal 4: The resource mappings of NB-IoT PSS and NB-IoT SSS in case of 15kHz downlink numerology, FDD and normal CP are such that:
· NB-IoT PSS is transmitted in subframes 0 and 5 in even numbered radio frames;
· NB-IoT SSS is transmitted in subframes 0 and 5 of radio frames satisfying SFN mod 4 = 3.
· Both sequences are mapped to the last 11 OFDM symbols of subframes in which they occur.
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