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1. Introduction
In RP-152284, it is agreed that the following will be supported for NB-IOT operation:
· 180 kHz UE RF bandwidth for both downlink and uplink
· OFDMA on the downlink
· Two numerology options will be considered for inclusion: 15 kHz sub-carrier spacing (with normal or extended CP) and 3.75 kHz sub-carrier spacing. Technical analysis will either perform a down-selection or decide on inclusion of both based on the feasibility of meeting relevant requirements while achieving commonality (to be finalized by RAN #70)
· For the uplink, two options will be considered: FDMA with GMSK modulation (as described in 3GPP TR 45.820 section 7.3), and SC-FDMA (including single-tone transmission as a special case of SC-FDMA) 
· The two above will strive for single solution / down-selection, and the decision will be performed by RAN #70 on the basis of RAN1 evaluation. 

· RAN1 evaluation will be based on

· For the standalone mode of operation: on scenarios and criteria documented in 3GPP TR 45.820 Sections 4 & 5, and Annex A (with the exception of impacts to GSM base station baseband)

· For in-band & guard-band mode of operation: on scenarios and criteria documented in 3GPP TR 45.820 Sections 4 & 5, and Annex A (with exception of impacts to GSM base station baseband and RF), plus newly defined scenarios and criteria based upon the same TR e.g. interference to/from legacy LTE operation

· For power consumption, latency, and capacity, this evaluation will assume use of Gb interface towards the core network

· RAN1 evaluation will be based on a detailed numerical assessment in addition to any pass/fail criteria

· RAN1 will involve RAN2 as necessary

· A single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals
· Further, during RAN WG1 Meeting #83 it has been agreed to:
Evaluate (including performance and device complexity) the following options for NB-PSS design until the adhoc meeting; companies to provide a comparison between these alternatives:

· NB-PSS is a Zadoff-Chu sequence
· NB-PSS is constructed from a pair of Zadoff-Chu sequences with a cover sequence in each OFDM symbol

· NB-PSS sequence based on a pair of CGS with cover sequence in each OFDM symbol

· NB-PSS using binary sequences with cover sequence in each OFDM symbol with SC-FDMA with frequency domain pulse shaping as in R1-156545
In this contribution 

· First, we show that, in order to estimate a frequency offset of +/- 20 ppm, the PSS channel design should include certain number of null subcarriers at the band edges. Reduction in the the number of used subcarriers degrades the PSS detection performance unless power boosting is applied on the used tones. However, there is strict limit on the per subcarrier transmit power in in-band mode. If the bandwidth of the receiver front-end filter is limited to 180 KHz, the number of used subcarrier should be chosen based on maximum frequency offset. 
· We propose a PSS design based on single tone with larger subcarrier BW that produces sub-symbols within an OFDM symbol. This method has constant envelope and the bandwidth of the allocated single tone is Nu times wider than the operational subcarrier spacing of 15 KHz. Therefore, each OFDM symbol has Nu sub-symbols (constructed using a complex sinusoid) that are repeated Nu times, where a binary code cover is applied on the sub-symbols. Applying a further repetition of 11 OFDM symbols, a binary code cover of length 11Nu is applied on the W-ST-PSS signal. 

· Results show that 

· ZC based design has a PAPR of 2.9 dB

· Proposed method has unit PAPR. 
· The proposed method increases the frequency acquisition range by a factor Nu. The receiver acquires initial timing, and both fractional and integer offsets together in  one step. A maximum integer offset of +/- Nu subcarriers can be acquired without the need for cross-correlation based ML integer offset search.
· The maximum frequency offset expected in band-40 (2.6 GHz) is +/-52 KHz. For this case, the number of allocated subcarrier could be 4. For 2.3 GHz carrier frequency, the maximum frequency offset is+/- 46KHz. In this case Nu=6 with 6 null tones can be used. For 900MHz, the maximum frequency offset is +/- 18KHz that requires Nu=8 and 2 null tones on either side. The choice of Nu is limited by carrier frequency.
2. Short ZC based PSS Design
PSS design using short ZC sequences is being considered as a candidate PSS option. The design is as follows:
1. Base PSS sequence: Generate a ZC sequence of length Nu, Take Nu-point DFT, apply subcarrier mapping, take 128 point IDFT to generate one OFDM symbol. Apply CP to generate base sequence.
2. Repeat base PSS in 11 consecutive OFDM symbols where the sign of each OFDM symbol is flipped with +1/- (i.e., apply code cover)

3. Receiver collects a sample and its repeated copy, takes conjugate multiplication of this pair to construct a metric. The metric is averaged over multiple samples. At low SNR, the metric is further averaged multiple PSS signals. The metric gives initial timing and fractional frequency offset (FFO).
4. A cross correlation based search further refines timing, estimates integer frequency offset (IFO) using ML search over the range of expected IFOs.

3. Single Tone Short Symbol based PSS 
Transmission of a single tone with a bandwidth larger than system subcarrier width creates a sub-symbol within an OFDM symbol. A binary code cover is applied on each sub-symbol that is repeated Nu times that increases the BW of the tone to Nu times the operational subcarrier width (15 KHz). Presence of multiple subs-symbols provide finer time resolution during synchronization. The base sub-symbol is represented as:
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To avoid overlap with dc subcarrier, 
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=15 KHz. This base signal is repeated Nu times within one OFDM symbol duration 
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where 
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 is the code cover that is applied within n-th OFDM symbol.  A cyclic prefix is be added to 
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To ensure phase continuity between CP and the first OFDM symbol, choose 
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. The signal is further repeated over Q consecutive long OFDM symbols durations as
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The code cover 
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 is chosen such that receiver offer reliable synchronization performance. A frequency shift can be applied to avoid overlap with DC. As per RAN-1 agreement, the value of Q is 11. Windowing and/or transmit filtering is applied on the PSS to confine the PSS spectrum to the spectrum mask.
Remarks:

1. Since the single tone occupies Nu times the subcarrier spacing, the bandwidth occupancy is similar to that of ZC based design with Nu subcarriers. 

2. A ST PSS proposed in R-160066 uses a single tone with 15KHz subcarrier width and therefore requires transmit power boosting. In this case, because of higher subcarrier width, there is no need for transmit power bosting.  
Receiver Operations:

1. A front end filter with bandwidth 180KHz is assumed

2. Receiver discards CP, collects a sample and its repeated copy form adjacent sub-symbols, applies conjugate multiplication to obtain a metric

3. Metric is averaged over multiple PSS symbols. 

4. Receiver obtains timing metric, frequency offset in one step. The frequency offset acquisition range increases to +/- Nu subcarriers.

5. Receiver applies cross correlation to refine initial timing metric.

The proposed method has following advantages over ZC based design:

1. Unit PAPR operation. PAPR of ZC based design is 2.9 dB

2. Computational complexity of initial timing and frequency offset estimation algorithm is similar to ZC based design.

3. Over all lower implementation complexity compared to ZC based design since this method avoids the ML integer frequency offset search 
4. Compared to ZC based design, this method has a binary code cover of length is NuQ. The longer coder cover provides finer timing resolution and improves PSS detection performance. 
4. Results
In Figure-1 we show the cdf of synchronization time measured in ms for the case when Nu=8, and SNR=-4.6 dB. Results show that the proposed method provides good synchronization performance for extreme coverage (-12.6 dB SNR) cases. The figures show a spike in the cdf curve, since we used a limited number of frames for each simulation run. These results, however, indicate the good performance offered by the proposed method. We will provide additional results with longer simulation time before the meeting.
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Figure-1: CDF of synchronization time (delay) for SNR=-4.6 dB, Nu=8
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Figure-1: CDF of synchronization time (delay) for SNR=-12.6 dB, Nu=8

5. Conclusions
The proposed method is a further simplification of short ZC based design. It provides unit PAPR, lower implementation complexity compared to both short ZC and long ZC based design. Simulations show good synchronization performance.

Recommendation-1: Choose a value of Nu to meet +/- 20 ppm frequency offset estimation in band-40. The value of Nu is 8 or 4. Exact value is FFS
Recommendation-2: Adopt single tone short sub-symbol based PSS sequence. The code cover is for FFS
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