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1 Introduction
At RAN WG1 Meeting #84 [1] and NB-IOT RAN WG1 Adhoc meeting [2], a number of agreements were made on the Secondary Synchronization Signal design. All agreements relevant to NB-SSS design are copied below:
Agreements
· 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
· One transmission of NB-PSS, NB-SSS, NB-PBCH, and NB-PDSCH never overlaps between multiple LTE PRB bandwidths for in-band operation
· The number of subcarriers for NB-SSS is 12
· NB-SSS uses the last [11] or [9] OFDM symbols of subframes  in which NB-SSS occurs for normal CP
In this contribution, we discuss potential issues with the NB-SSS design discussed in [4], [5]. In addition, we also present our NB-SSS design from [6]. 
2 NB-Secondary Synchronization Signal Design
In this section, we discuss various options of NB-SSS sequence design. A summary of all NB-SSS proposals is given in [3]. All the proposals use a combination of ZC sequence root indices and scrambling sequence or cyclic shifts to indicate the physical cell ID (PCID). However, the designs differ in the way the PCID information is encoded and/or in the way NB-SSS sequence is generated (time-domain or frequency-domain generation). The time-domain generation does not give any additional benefits, but requires extra processing at the base station for NB-SSS generation [8], [9]. Amongst the frequency domain generation options, the proposals primarily differ in either the choice of ZC sequence root index or the way the cell ID information is encoded (scrambling sequence or cyclic shift). [6], [10], [11] use a 131 length ZC sequence, whereas [12] uses a 127 length ZC sequence and cyclically extend it to length 132 (corresponding to the number of resources occupied). Additionally, these proposals differ in use of cyclic shifts or scrambling sequences to encode the additional information needed to represent the PCID (note that 127 or 131 root indices can only represent 127 or 131 PCIDs respectively). We prefer the option of using scrambling sequences to encode the additional information, as presented in Section 2.2 because it allows for the design of low-complexity detection, atleast for the UEs experiencing good SNR. Differentially decoding a ZC sequence gives a phase ramp sequence, which upon IFFT operation directly yields the root of the ZC sequence, thus eliminating the need to perform cross-correlations with all possible ZC sequence root indices. We next discuss the issues with using combination of ZC sequence root indices to represent the PCID.
2.1 Combination of ZC sequence root indices generated in frequency domain
A combination of 11 Zadoff Chu sequences and cyclic shifts are used to indicate the physical cell ID in [4]. The 11 Zadoff Chu sequences are generated in frequency domain and are then mapped to the 11 symbols. Each symbol carries independent information and needs to be correctly decoded in order to obtain the physical cell ID. If a user is at the cell edge, the user may see signals of similar strength from two or possibly three cells. In such a scenario, a user can decode certain ZC sequences from one cell and another set of ZC sequences from another cell, leading to a cell-ambiguity problem. The idea of carrying cell ID information using multiple sequences is the same as proposed earlier in LTE SSS, where a combination of two ZC sequences was used to represent cell ID. Such ambiguity and collision problems [7] are well known and that is why two types of scrambling sequences were proposed (PSS based scrambling and  based scrambling on  in order to resolve the issue). A similar sequence design is presented in [5], where a combination of two ZC sequences is used to encode the Cell ID information. Additionally, scrambling based on the PCID is proposed to resolve the issue. However, the problem is not completely resolved and there is still a 3dB sidelobe of the cross-correlation values when one of two roots is identical. Moreover, designing unique scrambling sequences with good cross correlation properties for each of the N = 504 cell IDs can be a challenge. In some scenarios, additional verification of the cell ID may be needed. Figure 1 shows such an ambiguous cell search scenario and the possible problematic scenarios are shown in Table 1 (copied from [7]). 
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[bookmark: _Ref440301327]Figure 1 Cell Search Scenario [7]

Table 1. 8 scenarios for PSC, SSC1, SSC2 triplet [7]
	No.
	Pa & Pb
	S1a & S1b
	S2a & S2b
	Problem

	1
	Same
	Same
	Same
	n/a

	2
	Same
	Same
	Different
	Collision + Phase mismatch

	3
	Same
	Different
	Same
	Collision + Phase mismatch

	4
	Same
	Different
	Different
	Ambiguity + Phase mismatch

	5
	Different
	Same
	Same
	Phase mismatch

	6
	Different
	Same
	Different
	Collision + Phase mismatch

	7
	Different
	Different
	Same
	Collision + Phase mismatch

	8
	Different
	Different
	Different
	Ambiguity + Phase mismatch



Thus, unless the additional scrambling (increasing UE complexity) is introduced, use of multiple ZC sequences to carry cell ID information should be avoided. 
Proposal 1: A combination of ZC sequences is not used to represent cell ID information for NB-SSS design.

2.2 Proposed Secondary Synchronization Signal Design
The Secondary Synchronization Sequence (NB-SSS) is used in NB-IOT to achieve frame synchronization and detect one out of the N = 504 cell IDs. The NB-SSS design we discuss here is slightly different from the one mentioned in [2]. NB-SSS is generated in the frequency domain, occupies 12 subcarriers and is spread across 11 OFDM symbols. The NB-SSS symbols corresponding to the LTE RS are punctured. The NB-SSS is composed of a length = 131 Zadoff-Chu (ZC) sequence cyclically extended to occupy 132 resources (other option would be the truncation of 5 last elements from length-137 ZC sequence). This 131 length ZC sequence can be generated using different roots and scrambled with unique sequences to provide 504 unique cell identities. To support N=504 cell IDs, we propose the use of different root indices and scrambling codes - four scrambling codes would be sufficient to cover 504 cell IDs (130*4=520>504). This NB-SSS sequence is transmitted every 20 ms. A minimum periodicity of 20 ms might be needed for acceptable NB-SSS detection performance for coverage-extension UEs. The time domain allocation is shown in Fig. 1. If additional information needs to be indicated (e.g. frame number information), (e.g. ) different time domain cyclic time shifts can be applied to the frequency domain SSS sequence. 
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Figure 2. Time domain location of NB-PSS and NB-SSS transmission for NB-IoT
We next provide the details of the sequence design for the NB-SSS sequence supporting 504 cell IDs,  We use a combination of the root of the ZC sequence and a scrambling code to represent the cell ID of a cell. Specifically, the root index, say  and scrambling sequence index, say  uniquely represent a cell ID , where

 and



To represent the location at ‘d’ different radio frame locations, we use time-domain cyclic shifts , where .

Note that  takes the values from, while  takes on the values . The transmitter is shown in Fig. 2.
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Figure 3. Transmitter for NB-SSS generation
 The NB-SSS sequence is given by
, 
where  is the scrambling sequence. If sending NB-SSS  times like in Fig. 2, the following values of can be used. 

The scrambling sequence can be a M-sequence or a PN sequence with the 4 different sequences chosen to have good autocorrelation and cross-correlation properties. We choose  in the equation above, which is a prime number. 
Proposal 2: It is proposed for NB-SSS:
· A combination of root index of Zadoff Chu sequence and scrambling sequence is used for carrying the cell ID information.
· NB-SSS generation uses ZC sequence of length 131.
· The periodicity of NB-PSS should be 20 ms.
· To embed the frame number information (for e.g., 2 bits of information corresponding to location within a 80 ms NB-frame), different cyclic time shifts can be applied to the frequency domain SSS sequence.
3 Performance Evaluations
The simulation assumptions are tabulated in Table 1. For standalone mode, a transmit filter consisting of 19 taps is used in order that the NB-IoT signal fulfils the GSM PSD mask. This is essential to reduce the leakage outside the transmission bandwidth, thereby causing minimal interference to other systems, e.g., GSM. For guard-band and in-band operation, no such filter is required. Three levels of coverage enhancement for each operation mode (i.e. standalone, guard-band and in-band) are considered in the simulations, corresponding to coupling loss values of 164 dB, 154 dB and 144 dB. The correlation outputs are accumulated over multiple 20 ms windows. Rest of the simulation assumptions are summarized in Table 1.

Table 1: Simulation Parameters

	Parameter
	Value

	Carrier Frequency
	900 MHz

	Channel Model
	TU 1 Hz

	Subcarrier Spacing
	15 kHz

	Coupling loss
	144 dB, 154 dB, 164 dB

	Sampling Frequency (Fs)
	1.92 MHz (A/D)

	Carrier frequency offset
	+/- 50 Hz

	Cyclic Prefix
	10 samples for the 1st and 7th OFDM symbol within a subframe, 9 samples for the rest

	Antenna Configuration
	1 Tx, 1 Rx for standalone
2 Tx, 1 Rx for guard-band/in-band

	Number of realizations
	1000


We next report the time after timing and frequency offset estimation required to detect the Cell ID correctly. It is assumed that the timing is known correctly and the CFO is +/- 50 Hz post NB-PSS detection. Once the NB-IOT UE has timing and frequency information from NB-PSS, the UE tries look for NB-SSS in the next 20ms. If needed, the UE can accumulate over multiple 20ms subframes to detect NB-SSS. Correct NB-SSS detection leads to detection of cell ID as well as frame number information. We report the average, 50th percentile and 95th percentile for the three coupling losses (144 dB, 154 dB, 164 dB) in Tables 2, 3 and 4 for standalone, guard-band and in-band operation modes respectively.

Table 2: Time required for Cell ID detection (in ms) for standalone operation

	Statistic 
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	Average 
	20
	20.8
	34

	50th percentile
	20
	20
	20

	95th percentile
	20
	20
	110




[bookmark: _GoBack]Table 3: Time required for Cell ID detection (in ms) for guard-band operation

	Statistic 
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	Average 
	20
	23.4
	58.93

	50th percentile
	20
	20
	40

	95th percentile
	20
	40
	220



Table 4: Time required for Cell ID detection (in ms) for in-band operation

	Statistic 
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	Average 
	20.2
	25.8
	65.84

	50th percentile
	20
	20
	40

	95th percentile
	20
	60
	240




4 Conclusions
We described possible issues with the design in [3][4] leading to cell-ambiguity problem and proposed NB-SSS sequence design using a combination of Zadoff Chu sequence and sequence scrambling to indicate the cell ID. We also presented simulation results for the same. In conclusion, we propose the following:

Proposal 1: The combination of ZC sequences are not used to represent cell ID information for NB-SSS design.
Proposal 2: It is proposed for NB-SSS:
· A combination of root index of Zadoff Chu sequence and scrambling sequence is used for carrying the cell ID information.
· NB-SSS generation uses ZC sequence of length 131.
· The periodicity of NB-PSS should be 20 ms.
· To embed the frame number information (for e.g., 2 bits of information corresponding to location within a 80 ms NB-frame), different cyclic time shifts can be applied to the frequency domain SSS sequence.
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