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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN1#83 regarding the synchronization sequence design, it was decided to take the following next step actions until the adhoc meeting:
Next steps: 
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
According to the discussions at the last meeting, the performance metrics for the synchronization evaluation mainly include DL PAPR, device complexity and the metrics defined in the TR 45.820 for network synchronization. In this contribution, evaluations of the synchronization signal design proposed by our previous contribution [1] are performed with respect to these performance metrics. Particularly the impacts of extra initial frequency offset and extra sampling frequency offset caused by the different understandings of the channel raster between eNB and NB-IoT UE in in-band and guard-band operation modes [2] are considered in the evaluations. The detailed simulation assumptions are shown in Appendix. The evaluation results validate the good performance that can be achieved by our design. The remaining open issues for the synchronization signal design are discussed in our companion contribution [3]. 
DL PAPR performance
The concern of the synchronization signal PAPR is on the downlink coverage performance. Excessive PAPR may require transmit power back-off which will degrade the coverage performance consequently and the coverage loss is difficult to be compensated by more times of repetitions. In this section, we examine the PAPR performance of the synchronization signals designed in our previous contribution [1] and our companion contribution [3].
In Figure 1, the PAPR distribution of the synchronization signal samples in standalone and guard-band operation modes are shown. The Complementary Cumulative Distribution Function (CCDF) of the PAPR for data symbols based on 12 subcarriers with QPSK modulation is shown also for comparison. No reference signal is assumed in the subframes transmitting synchronization signals. It can be seen that the PAPR values for the four sequences (NB-PSS1, NB-PSS2, NB-SSS1 and NB-SSS2) are smaller than 2 dB which are much smaller than OFDM data symbols.
In Figure 2, the PAPR values for the samples at 10-4 are shown for different root indices. It can be seen that no PAPR value exceeds the PAPR of OFDM data symbols. 
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[bookmark: _Ref439600687]Figure 1. PAPR of NB-PSS in standalone and guard-band operation modes
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[bookmark: _Ref440037329]Figure 2. PAPR of NB-SSS in standalone and guard-band operation modes
In Figure 3 and Figure 4, the PAPR performances of the NB-PSS and NB-SSS in in-band operation mode are shown respectively. LTE CRS puncturing are considered and four LTE CRS antenna ports are assumed. It can be seen that no more than 6 dB PAPR at 10-4 is achieved by each NB-PSS sequence and no more than 7 dB PAPR at 10-4 for NB-SSS sequences with different root indices.
Note that it has been shown in [4] at least 7.66 dB PAPR at 10-4 can be tolerated by existing MCBTS PA without non-linear distortion. Larger tolerance can be expected for the MSR PA and pure LTE base station PA. Therefore, the following observation can be made: 
Observation 1: The PAPR values of the synchronization signals designed in [1][3] at a probability of 10-4are far below the PAPR limits of MCBTS and MSR base station without non-linear distortion.
As a result, there is sufficient margin for the coverage performance of the NB-PSS/NB-SSS designed in [1][3] with respect to DL PAPR
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[bookmark: _Ref439601779]Figure 3 PAPR of NB-PSS in in-band operation mode
[image: ]
[bookmark: _Ref439601782]Figure 4 PAPR of NB-SSS in in-band operation mode
[bookmark: _Ref129681832]Network synchronization performance
In the evaluations, the successful detection is defined by the correlation exceeding the correlation threshold. An incremental method is used whereby the detection process can be terminated after a variable number of frames, once the correlation threshold is achieved by accumulation. Particular, an efficient algorithm to perform correlation of long sequences, namely DFT-based overlap-save method proposed in [5] could be used to reduce the computational complexity.   A tradeoff of the false alarm probability (FAP) and detection probability (DP) can be achieved by properly setting the correlation peak threshold. 
At the time of signal detection, the coarse estimations of timing offset and frequency offset are performed. Low-rate sampling is employed by the signal detection to reduce the receiver complexity. Finer estimation of timing offset follows the signal detection using a higher-rate sampling in the range derived by the coarse estimation. After the timing offset estimation, the accurate frequency offset estimation is performed. Fixed number of NB-PSS instances are used for the accurate estimation. 
Upon the completion of signal detection, timing offset estimation and frequency offset estimation which are based on NB-PSS, the physical cell ID, operation mode and 320ms timing are detected based on NB-SSS. The network synchronization time is computed as the time from the start of signal detection to the end of SSS detection. 
The worst-case scenarios respectively for initial cell search and non-initial cell search are evaluated, i.e., the noise-only scenario for initial cell search whereas the two-interferer scenario for non-initial cell search, without losing the generality. The same correlation peak threshold is set for both of the initial cell search and non-initial cell search. 
Standalone operation mode
For the standalone operation mode, NB-PSS/SSS are not punctured by LTE CRS and there is no additional initial frequency offset and sampling frequency offset as the NB-IoT carrier centre frequency exactly hits the 100 kHz channel raster. 
The network synchronization performance in standalone operation mode is shown in Table 1.
[bookmark: _Ref439617995]Table 1. Network synchronization performance in standalone operation mode
	Metrics
	Initial cell search
	Non-initial cell search

	False alarm probability
	0%
	0%

	Detection probability
	100%
	100%

	Synchronization time (90th  percentile)
	200ms
	200ms

	Residual frequency offset (95th percentile)
	-50Hz~50Hz
	-50Hz~50Hz

	Residual timing error (95th percentile)
	-2.08µs ~2.08µs
	-2.08µs ~2.08µs



From the results shown in Table 1, it can be seen that very good detection performance and short synchronization time can be achieved by our design. The low time and frequency errors after synchronization can ensure the solid decoding performance of subsequent channels.  

Guard-band operation mode
For the guard-band operation mode, the NB-PSS/SSS transmission are not affected by LTE CRS but different from standalone mode, the transmit power may be limited by the shared PA with LTE. There is up to±7.5 kHz initial frequency offset in addition to the 20 ppm frequency offset in certain guard-band deployments (i.e. 5MHz and 15MHz LTE system bandwidths) and correspondingly ±8.3ppm additional sampling frequency offset [2].   
The network synchronization performance in guard-band operation mode with consideration of additional 7.5 kHz initial frequency offset and 8.3 ppm sampling frequency offset is shown in Table 2.
[bookmark: _Ref439927621]Table 2. Network synchronization performance in guard-band operation mode with 7.5kHz additional frequency offset and 8.3 ppm sampling frequency offset
	Metrics
	Initial cell search
	Non-initial cell search

	False alarm probability
	0%
	0%

	Detection probability
	100%
	100%

	Synchronization time (90th  percentile)
	1120ms
	800ms

	Residual frequency offset (95th percentile)
	-50Hz~50Hz
	-50Hz~50Hz

	Residual timing error (95th percentile)
	-2.08µs ~2.08µs
	-1.56µs ~1.56µs



It can be seen from Table 2 that the network synchronization performance in guard-band operation mode is as good as in the standalone operation mode except the synchronization time which is prolonged due to the additional 7.5 kHz frequency offset and 8.3 ppm sampling frequency offset.  

In-band operation mode
For the in-band operation mode, the NB-PSS/SSS are punctured by LTE CRS (in the evaluations, 2 antenna ports are assumed) and also the transmit power should not exceed the dynamic range. There is up to±7.5 kHz initial frequency offset in addition to the 20 ppm frequency offset in certain guard-band deployments (i.e. 5MHz and 15MHz LTE system bandwidths) and correspondingly ±8.3ppm additional sampling frequency offset[2].   
The network synchronization performance in in-band operation mode with consideration of additional 7.5 kHz initial frequency offset  and 8.3 ppm sampling frequency offset is shown in Table 3.

[bookmark: _Ref439927775]Table 3. Network synchronization performance in in-band operation mode with 7.5kHz additional frequency offset and 8.3ppm addition sampling frequency offset
	Metrics
	Initial cell search
	Non-initial cell search

	False alarm probability
	0%
	0%

	Detection probability
	100%
	100%

	Synchronization time (90th  percentile)
	1480ms
	900ms

	Residual frequency offset (95th percentile)
	-50Hz~50Hz
	-50Hz~50Hz

	Residual timing error (95th percentile)
	-2.08µs ~2.08µs
	-1.56µs ~1.56µs



It can be seen from Table 3 that the slight increase of the synchronization time compared to guard-band operation mode is due to the LTE CRS puncturing. The overall performance can still meet all targets in NB-IoT and provide a solid basis for other channels.  

Observation 2: The design in [1][3] can achieve 100% detection probability and 0% false alarm probability at each coverage level in standalone, guard-band and in-band operation modes among the simulated realizations.
Observation 3: The design in [1][3] can achieve residual timing error range of -2.08µs ~ 2.08 µs with more than 95% confidence at each coverage level in standalone, guard-band and in-band operation modes.
Observation 4: The design in [1][3] can achieve residual frequency offset range of -50Hz ~ 50Hz with more than 95% confidence at each coverage level in standalone, guard-band and in-band operation modes.
Observation 5: The time to synchronize to the network for the design in [1][3] is no longer than 1480ms and 900ms respectively for initial cell search and non-initial cell search at each coverage level in standalone, guard-band and in-band operation modes.
Device complexity
One major concern on the sequence selection, particularly between the binary/quaternary sequence and the complex sequence, is the device complexity. Due to the uncertainty of frequency and timing, correlation shall be applied to NB-PSS detection which dominates the device complexity required for synchronization signal detection/decoding. In the following, the computation complexity is evaluated for both binary/quaternary sequence based NB-PSS and complex sequence based NB-PSS. 
An efficient correlation algorithm for long sequence, named DFT-based overlap-save method [5]  can be used for the NB-PSS detection. 
In our NB-PSS design [1] based on complex sequence, there are 2 occurrences every 20ms, with each occupying 11 symbols (189 samples with 240 kHz sampling rate). Then in each 20ms period,  times correlation are required. And in each correlation computation, utilizing the DFT-based overlap-save method, there are FFT/IFFTs (69648 operations), multiplication for correlation (6144 operations) and final squaring (3072 operations). Therefore, totally 12*(69648+6144+3072)/(20*1000)=47.3 Mop/s are required for NB-PSS detection.
If the NB-PSS is generated based on binary/quaternary sequence and has the same density (i.e. 2 occurrences every 20ms, with each occupying 11 symbols), the computation complexity for the NB-PSS detection is the same as the complex sequence based NB-PSS design. The same amount of FFT/IFFT operations is required given the same sequence length. Because the binary/quaternary sequence will be transformed to a complex sequence by DFT operation, the same amount of real-valued operations and the same amount of squaring are also required for the element-wise multiplication of the length-N FFT vectors. 
Observation 6: The device complexity of the synchronization design in [1][3] is comparable to the binary sequence based solution using the DFT-based overlap-save method in [5].

Conclusions
In this contribution, the performance of downlink PAPR, device complexity and network synchronization was evaluated based on the NB-IoT synchronization signals design in [1]. The extra initial frequency offset and the extra sampling frequency offset caused by the misalignment of NB-IoT carrier centre frequency and 100 kHz channel raster [2] were particularly taken into account for the evaluations in guard-band and in-band operation modes. The following observations were made:
Observation 1: The PAPR values of the synchronization signals designed in [1][3] at a probability of 10-4are far below the PAPR limits of MCBTS and MSR base station without non-linear distortion.
Observation 2: The design in [1][3] can achieve 100% detection probability and 0% false alarm probability at each coverage level in standalone, guard-band and in-band operation modes among the simulated realizations.
Observation 3: The design in [1][3] can achieve residual timing error range of -2.08µs ~ 2.08 µs with more than 95% confidence at each coverage level in standalone, guard-band and in-band operation modes.
Observation 4: The design in [1][3] can achieve residual frequency offset range of -50Hz ~ 50Hz with more than 95% confidence at each coverage level in standalone, guard-band and in-band operation modes.
Observation 5: The time to synchronize to the network for the design in [1][3] is no longer than 1480ms and 900ms respectively for initial cell search and non-initial cell search at each coverage level in standalone, guard-band and in-band operation modes.
Observation 6: The device complexity of the synchronization design in [1][3] is comparable to the binary sequence based solution using the DFT-based overlap-save method in [5].
Based on the evaluation results, we propose to adopt the synchronization sequence design in [1][3] for NB-IoT
Proposal: 
· NB-IoT PSS is generated by two root-1 Zadoff-Chu (ZC) sequences which are complex conjugate of each other.
· NB-IoT SSS is generated by two Zadoff-Chu (ZC) sequences with two independent roots. The combination of the two root indices is used to indicate cell information (e.g. physical cell ID).
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Appendix
[bookmark: _Ref409108948]Table 4. Simulation settings
	Scenario
	values

	Channel Model
	TU 

	Doppler
	1 Hz

	Antenna configuration
	1T1R

	BS Tx power (dBm)
	43 for standalone operation mode;
35 for guard-band and in-band operation modes

	PSS sequence length 
	139

	SSS sequence length 
	139

	SSS sequence root indices 
	 (2,137)

	Sampling rate
	1.92MHz

	MCL (dB)
	164

	Timing drift
	Proportionate to carrier frequency offset 

	UE initial carrier frequency offset
	Randomly chosen from {-20ppm, +20ppm} for initial cell search
Randomly chosen from {-2ppm, +2ppm} for non-initial cell search

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