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1 Introduction
For the synchronization signal design for NB-IoT, it has been described in the WID [1] that
· A single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals
In RAN1#83, it was further agreed [2]

· Confirm working assumption on supporting 504 PCIDs
· PCID is indicated by NB-SSS 

Furthermore,

· 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 provide some principles and proposals for NB-PSS/NB-SSS design.
2 Design targets for synchronization signals
In general, the synchronization signals are used to identify a cell through the acquisition of timing, frequency, and the corresponding cell ID. In our proposal, NB-PSS and NB-SSS are endowed with different missions in multi-stage cell search procedure. To be specific,

The purpose of NB-PSS may include:

· 1st level timing acquisition with 20ms frame boundary detection
· Coarse frequency offset estimation

The purpose of NB-SSS may include:
· 2nd level timing acquisition by resolving the time ambiguity within 80ms
· Identify the cell ID of 504 cells
· False alarm detection by pruning multiple time/frequency candidates
With the above design targets, we propose the synchronization signals as described in Sec.3.
3 NB-PSS design 
3.1 NB-PSS occurrence
It was already agreed that a single synchronization signal design will be applied for all operating modes. Considering the in-band operation scenario, the allocation of common signals or channels should avoid the possible occurrence of MBSFN subframe. Therefore, only subframe #0, #4, #5, and #9 are available for NB-PSS/NB-SSS and NB-PBCH. Furthermore, in [3] and [4] the idea of PSS1 and PSS2 are proposed. In this subsection, we discuss different subframe allocations of PSS1 and PSS2 as shown in Fig.1, where (a) shows the contiguous allocation; while (b) illustrates the separated allocation. 
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(a) PSS1 and PSS2 with contiguous allocation
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(b) PSS1 and PSS2 with separated allocation
Figure 1: NB-PSS occurrence with (PSS1,PSS2) (a) contiguous allocation; and (b) separated allocation
Though our evaluation shows different allocation methods result in almost the same PSS detection performance, we prefer the contiguous PSS1/PSS2 allocation as shown in Fig.1(a) for the possibility to enable UE’s low power design. When the UE wakes up from an idle period, the UE may need to reacquire the timing for the target cell. If the timing drift can be guaranteed to a certain amount, one may simply open a window for monitoring NB-PSS. In that sense, the contiguous pattern provides better power saving gain. 
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Figure 2: Comparison between NB-PSS detection performance with contiguous and separated (PSS1,PSS2)
Observation #1: The contiguous and separated (PSS1,PSS2) allocation result in similar NB-PSS detection performance.

3.2 NB-PSS sequence generation and resource mapping
It has been considered in [3][4] that the base sequence of NB-PSS is a Zadoff-Chu sequence due to its good correlation characteristics in time domain. The general time domain primary synchronization sequence generator for NB-IoT is shown in Fig.3. A major difference in our design from [4] is that we propose the length of ZC sequence as 143, accompanied by a regular CP symbol puncture pattern. The corresponding resource mapping on NB-PSS subframe is shown in Fig.4, where we propose except legacy LTE PDCCH region all the 11 OFDM symbols are employed for NB-PSS transmission.
Basically, the generator in Fig.3 is targeted to obtain the sequence in time domain that is as much as like the ZC sequence as possible. Due to the CP insertion of OFDM’s nature, the original ZC sequence is distorted in time domain. As a result, the concept of PSS sequence generator is to generate a ZC sequence with longer length and puncture some symbols so that the sequence in time domain can retain its values except for the CP positions.

According to the resource mapping in Fig.4, there will be totally 132 REs for transmitting NB-PSS signals in frequency domain. We consider roughly 1 CP sample will be inserted for each OFDM symbol (12 REs). Therefore the original ZC sequence should be generated by length 143 (132+11).
Specifically, in Fig.3 a Zadoff-Chu sequence is generated with length 143: zc(n), n = 0,1,…142. Then in the sequence the symbols zc(p) will be punctured evenly with some predefined pattern:

· p = {0,13,26,39,52,65,78,91,104,117,130}; or
· p = {12,25,38,51,64,77,90,103,116,129,142}
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Figure 3: Generation of NB-PSS sequence
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Figure 4: Resource mapping on NB-PSS subframe
The superiority of length-143 ZC sequence can be shown by the simulation in Fig.5, where the CDF of NB-PSS detection time is demonstrated comparing with length-139 and length-141 sequence. More evaluation results and simulation assumptions can be found in our companion paper in [6].

Observation #2: The length-143 Zadoff-Chu sequence provides better NB-PSS detection performance than length-139 or length-141 Zadoff-Chu sequence. 
Proposal #1: The NB-PSS consists of PSS1 and PSS2; where

· PSS1 is generated by a length-143 Zadoff-Chu sequence

· PSS2 is generated by the complex conjugate of the ZC sequence of PSS1

· PSS1 and PSS2 are allocated at subframe #9 and #0, respectively, of every 20ms
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Figure 5: CDF of NB-PSS detection time: comparison between difference length of ZC sequence 
3.3 NB-PSS complexity and memory requirement
For the UE’s cost for cell search, we follow the same methodology in [7] to calculate the MOPS (millions real-valued operations per second) requirement and memory requirement.
It can be derived that the MOPS is estimated as:
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For the NB-PSS detection, UE needs a total of 
· 9 (= Input + (NCP/ECP/Temp/Output) * (PSS1/PSS2)) FFT buffers of length 1024; and
· 4 (= (NCP/ECP) * (PSS1/PSS2)) correlation buffers.
; which results in 55.5kB memory in total.
It is noted that the complexity/memory requirement here is slightly less than 2 times of the numbers in [7] due to introducing PSS1 and PSS2. There may be room for further reduction depending on UE’s implementation.  
4 NB-SSS design 
4.1 NB-SSS occurrence
This section compares different options of NB-SSS occurrence and density. In Fig.6 (a) and (b), the NB-SSS appear in pairs. Each pair is allocated in adjacent subframes #4, #5. The major difference between (a) and (b) is the density (2 dual SSS in 80ms vs. 4 dual SSS in 80ms). Fig.6 (c) illustrates another option by evenly distribute 4 SSS subframe within 80ms, which results in the same density as (a).
The performance of three options is compared in Fig.7. As show by the simulation results, Option (b) provides the best SSS detection performance among the three due to its high density. The adjacent allocation by using Option (a) performs the worst. The uniform allocation by Option (c) provides good balance between performance and required system overhead.
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(a) 2 dual SSS per 80ms
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(b) 4 dual SSS per 80ms
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(c) 4 single SSS per 80ms
Figure 6: NB-SSS occurrence options
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Figure 7: CDF of NB-PSS detection time: comparison between difference length of ZC sequence 
Observation #3: The evenly distributed NB-SSS (1 subframe of every 20ms) provides good tradeoff between performance and system overhead. 
4.2 NB-SSS sequence generation and resource mapping
Several proposals for the NB-SSS sequence generator have been considered, for example [3] and [5] both apply Zadoff-Chu sequence as the base sequence to improve false detection performance. It was agreed that NB-SSS should be designed to identify the cell ID among 504 candidates, which means that UE need to generate all the possible sequences for hypothesis testing. Therefore, a low complexity sequence generation for SSS is important. In [3] the same generator is used to generate the sequence for PSS and SSS. Since the sequence generator involves DFT and IFFT, it would introduce too much computation burden for generate 504 candidate sequences. In this regard, the principle of simple ZC sequence scrambled by the m-sequence is preferred as proposed in [5]. Fig.8 shows the sequence generator for NB-SSS. 
To further improve the detection performance, we also investigate the following options with different length of ZC sequence

· ZC-61 (same as that proposed in [5]): Pad 11 zeros and occupy 6 non-CRS OFDM symbols 

· ZC-71: Pad 1 zeros and occupy 6 non-CRS OFDM symbols

· ZC-131: Pad 1 zeros and occupy 11 OFDM symbols
· Note that for this sequence there will be CRS puncturing effect
As shown in Fig.10 and more simulation results in our companion paper [6], it is demonstrated that increasing the ZC sequence length is beneficial for NB-SSS detection performance.

Observation #4: The NB-SSS detection performance improves as the length of ZC sequence. 
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Figure 8: NB-SSS sequence generation 
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Figure 9: Resource mapping on NB-SSS with ZC sequence (a) length-61 and length-71; and (b) length-131
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Figure 10: NB-SSS detection performance with different length of ZC sequence
4.3 NB-SSS complexity and memory requirement
For the complexity requirement of NB-SSS, it was shown about 0.5 MOPS per candidate for ZC-61 sequence. It can be inferred that increasing the length of ZC is roughly proportionally increasing the complexity, which results in about 1 MOPS per candidate for ZC-131 sequence. As for the memory, NB-SSS with ZC-131 requires 131 [ZC sequence-length] * 130 [number of sequences] * 2 = 34060 bytes and 65.5 bytes for storing the binary scrambling sequences.
Though the complexity and memory increases as the length of ZC sequence, the requirement for NB-SSS is still far less than that of NB-PSS even considering multiple candidates of NB-PSS results.
Proposal #2: The NB-SSS is generated by the scrambling a ZC sequence with m-sequence

· The NB-SSS subframe is located at subframe #4 of every 20ms

· The selection of base ZC sequence for NB-SSS should consider the performance/complexity tradeoff
5 Conclusion
In this contribution, we provide the design principles and details of synchronization signals for NB-IoT. The observations and the corresponding proposals are summarized as follows:
Observation #1: The contiguous and separated (PSS1,PSS2) allocation result in similar NB-PSS detection performance.

Observation #2: The length-143 Zadoff-Chu sequence provides better NB-PSS detection performance than length-139 or length-141 Zadoff-Chu sequence. 
Observation #3: The evenly distributed NB-SSS (1 subframe of every 20ms) provides good tradeoff between performance and system overhead. 
Observation #4: The NB-SSS detection performance improves as the length of ZC sequence. 
Proposal #1: The NB-PSS consists of PSS1 and PSS2; where

· PSS1 is generated by a length-143 Zadoff-Chu sequence

· PSS2 is generated by the complex conjugate of the ZC sequence of PSS1

· PSS1 and PSS2 are allocated at subframe #9 and #0, respectively, of every 20ms

Proposal #2: The NB-SSS is generated by the scrambling a ZC sequence with m-sequence

· The NB-SSS subframe is located at subframe #4 of every 20ms

· The selection of base ZC sequence for NB-SSS should consider the performance/complexity tradeoff
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