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1 Introduction

At RAN#69 plenary meeting, a new WI named “NB-IoT” was approved based on the outcome of the SI on the cellular IoT [1]. According to the WID, the downlink designs with different OFDM subcarrier spacing are candidates for the normative work: 
· 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 network synchronization, a target is set within the RAN1 scope:
· A single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals

In this contribution, a single unified synchronization signal design is provided attempting to address all the required deployment scenarios. The performance evaluations of the design based on the common assumptions made in SI [2] are presented also.
2 Synchronization signal design
A single unified synchronization signal design would benefit the reduction of the terminal device complexity as well as facilitate the inter-operation if different numerology options are specified. To achieve this goal, a new common synchronization signal design is proposed thereafter following the requirements/principles as below:
· The synchronization signal design can be applicable to all envisaged deployment scenarios (e.g. in-band, guard-band and standalone). The co-existence with legacy systems (e.g. GSM and LTE) will not degrade the performance of either of them (NB-IoT and the legacy system).
· The synchronization signal design can be smoothly scaled to different subcarrier spacing (e.g. 3.75kHz and 15kHz) by different parameter settings (e.g. sequence length) as needed depending on the final decisions for downlink numerology for the in band, guard band, and standalone scenarios.
· Low-complexity synchronization procedure/algorithm is supported by the synchronization signal design.
· The targets for coverage, latency, battery life and capacity in different deployment scenarios can be fulfilled by the system based on the synchronization signal design.
2.1 Cell search procedure
Cell search is the procedure by which a UE acquires time and frequency synchronization with a base station and detects the cell ID of that cell.  

The typical cell search procedure (e.g. in LTE) consists of 4 operations: signal detection, symbol timing and carrier frequency synchronization acquisition, frame timing, and physical cell ID identification. The cell search procedure is implemented based on the synchronization signals, which consist of two parts in 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 can also be utilized to refine the CFO estimation from PSS, and to detect false alarms.
2.2 Structure of PSS and SSS

The PSS signal consists of two Zadoff-Chu (ZC) sequences PSS1 and PSS2. PSS1 is generated based on a [image: image2.png]


-length ZC sequence with root index 1, while PSS2 is based on the complex conjugate of PSS1
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The secondary synchronization signal (SSS) is mainly used for frame level synchronization and cell identification by conveying the index of the X-frame and the physical cell ID of the base station. The SSS may also be used for finer synchronization.

Similarly, the SSS signal also consists of two sequences SSS1 and SSS2, both of which are generated based on a [image: image6.png]


-length ZC sequence:
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represent the ZC root indices for SSS1 and SSS2 respectively. With ZC sequence length of [image: image14.png]


, it is possible to generate a group different sequences by choosing various root index values. Particularly when [image: image16.png]


 is prime, up to [image: image18.png]


 different sequences can be generated each for SSS1 and SSS2. The combination of the two IDs [image: image20.png]


 is expected to provide sufficient information to encode the physical cell ID and the X-frame number information. 
The sequence PSS or SSS is then divided into m sub-sequences with zeros padded if it is not divisible. DFT is employed for each of these m sub-sequences, then each sequence is oversampled, zero-padded and transformed by IFFT. CP is added later on to generate the final synchronization signals. The signal generation diagram is shown in Figure 1.
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Figure 1. Generation of the synchronization signals
Depending on the amount of available resources and PSS/SSS resource mapping pattern, the sequence lengths [image: image23.png]
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 can be varied accordingly, so providing a common design for different operating modes and different subcarrier spacing.
2.3 Mapping to physical resources
In this section, an example for the PSS/SSS resource mapping is given by assuming 15kHz subcarrier spacing (one of the possible downlink numerologies). The following evaluations are performed based on this exemplified resource mapping. By easily scaling the parameters 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 scenarios.
The frame structure strictly follows LTE and a 80ms super-frame is introduced to facilitate the long DRX operation. The PSS signal is transmitted 4 times every 80ms occupying the even numbered frames within the 80ms super-frame (i.e. the frame 0, 2, 4 and 6). SSS signal is transmitted by the last frame within the 80ms super-frame. This avoids collision with the PBCH transmission as designed in [3].
Both PSS and SSS are mapped to subframe 4 and subframe 5 within each occupied frame. The collision with legacy LTE PDCCH is avoided by allocating the last 9 OFDM symbols in the subframe to PSS and SSS. The REs for LTE CRS are punctured by PSS/SSS. The resource mapping is shown in Figure 2.
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Figure 2. PSS/SSS resource mapping
3 Evaluations
The performance for initial cell search (when the MTC device has not previously connected to any cell, such as after power-on) is evaluated by the simulations. The single-cell scenario which has been proved to be the worst-case scenario for initial cell search at the SI stage is considered. 
The other simulation parameters are shown in Table 3 in Appendix I.
In the simulations, the accumulation-based algorithm is employed by the common design and the design in [3] while the same single-shot based algorithm is still applied for the design in [4]. Particularly, a device declares successful cell detection when the PSS correlation peak (accumulated or single-shot) of the target cell exceeds a pre-determined threshold.  The threshold value is chosen so that both the false alarm rate and false dismissal rate are lower than 1%.
The simulation results are shown in Table 1. The synchronization signal designs in [3] and [4] are evaluated together and the corresponding results are provided also for comparison. From the results, it can be seen that the common design can offer better timing accuracy than the other two designs and better frequency synchronization performance than the design in [4]. The design in [3] shows the worst performance in terms of timing accuracy although a higher transmit power (i.e. 43dBm) is applied than the other two designs (i.e. 38dBm). The residual frequency offset performance for the design in [3] is not available yet due to the long simulation time. The evaluation results for other metrics (e.g. detection time and non-initial cell search performance) and the residual frequency offset for the design in [3] will be provided in future contributions.
Table 1. Initial cell search performance
	
	The common design
	The design in [3] 
	The design in  [4]

	Tx Power (dBm)
	38
	43
	38

	Bandwidth (kHz)
	180
	180
	120

	Required SNR@164dB MCL (dB)
	-9.6
	-4.6
	-7.8

	False alarm rate
	< 1%
	< 1%
	< 1%

	False dismissal rate
	< 1%
	< 1%
	< 1%

	PSCH overhead
	12.5%
	10% (8ms/80ms)
	3.1% (1slot/32slot)

	The minimum CP length
	4.7us
	4.7us
	25us

	Residual timing error range (>95%)
	-1.04us ~ 1.04us
	-2.08us ~ 3.64us
	-2.08us ~ 2.60us

	Residual frequency offset (>95%)
	-50Hz ~ +50Hz
	/
	-50Hz ~ +50Hz

	Minimum sampling rate 
	240kHz for coarse estimation, while 1.92MHz for fine estimation
	240kHz for coarse estimation, while 1.92MHz for fine estimation
	240kHz for coarse and fine estimation


We also evaluate the design in [3] by assuming the same transmit power (i.e. 38dBm) as the other two designs. However, we fail to find out a correlation peak threshold value that can make both of false alarm rate and false dismissal rate lower than 1% which is regarded critical point for the effective work of synchronization signals.  The false alarm rates and false dismissal rates are shown in Table 2 by setting a sort of typical correlation peak thresholds.
Table 2. False alarm probability by different correlation peak thresholds
	Threshold
	3.8
	4.2
	4.6

	False alarm rate
	64.6%
	9.9%
	0.74%

	False dismissal rate
	0.6%
	2.9%
	6%


Note: the threshold represents the ratio of the correlation peak to the average correlation value
More simulation results for the residual timing error and residual frequency offset can be found in Figure 3 and Figure 4 respectively in Appendix II.
4 Conclusions
In this contribution, we have presented a new common design for the NB-IoT synchronization signals and evaluated the performance of the synchronization signals for initial cell search. From the results, it can be seen that the common design outperforms the other two existing designs.  
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Appendix I
Table 3. Simulation settings
	Scenario
	values

	Channel Model
	TU 

	Doppler
	1 Hz

	Antenna configuration
	1T1R

	BS Tx power (dBm)
	38 for all designs;
43 for the design in [3]

	PSS sequence length [image: image28.png]



	108

	SSS sequence length [image: image30.png]



	107

	SSS sequence root indices [image: image32.png]



	(1, 106)

	Sampling rate
	1.92MHz for the common design and the design in [3];   
240kHz for the design in  [4]

	MCL (dB)
	164

	Timing drift
	Proportionate to carrier frequency offset 

	UE initial carrier frequency offset
	Randomly chosen from {-20ppm, +20ppm}

	Cell initial timing offset (Rx delay at UE)
	Randomly chosen from 0 to 1 sync period duration with a granularity of 1 sample


Appendix II
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Figure 3. Distributions of residual timing error
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Figure 4. Distribution of residual frequency offset
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