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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN1 NB-IoT Adhoc, there were mainly two families of NB-PSS sequence design: long sequence based and short sequence based. In this contribution, comparisons are performed for the long sequence based NB-PSS design and the short sequence based NB-PSS design. 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 operation mode [2] is considered in the comparisons. The detailed simulation assumptions are shown in Appendix. 
More evaluation results for the long sequence based design in different operation modes can be found in our previous contribution [3]. The remaining open issues for the synchronization signal design are discussed in our companion contribution [4]. 
[bookmark: _Ref129681832]DL PAPR performance
The PAPR performance of different NB-PSS designs is examined. For the long sequence option, the NB-PSS design in our previous contribution [1] is adopted. Two alternative short sequence based NB-PSS designs in [5] and [6] are also evaluated respectively for comparison. 
[image: ]
[bookmark: _Ref442380889]Figure 1. PAPR in standalone/gurard-band operation modes
In Figure 1, the PAPR distribution of the NB-PSS 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 NB-PSS. It can be seen that the short sequence design in [5] provides the best PAPR performance. The long sequence based design [1] achieves about 0.2 dB and 1 dB higher PAPR at 10-4 probability than the design in [5] for the paired conjugated sequences respectively. The short sequence design in [6] gets the worst PAPR performance because a variety of root indices are adopted by the ZC sequence. The PAPR values for all the three NB-PSS design options are much lower than the data channel in the standalone/guard-band modes.
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[bookmark: _Ref442381283]Figure 2. PAPR in in-band operation mode
In Figure 2, the PAPR performance of the three NB-PSS design options in in-band operation mode is shown. LTE CRS puncturing is considered in the evaluations. It can be seen that the three design options achieve very similar PAPR performance and the PAPR values at 10-4 are still rather lower than the pure data channel.
As a result, there is sufficient margin for all the three NB-PSS design options with respect to the PAPR that can be tolerated by the PA compared to the data channel.
Observation 1: The DL PAPR of the long sequence based NB-PSS design in [1] is slightly higher than the short sequence based NB-PSS design in [5] but lower than the design in [6] in standalone/guard-band operation modes. 
Observation 2: The three NB-PSS design options [1][5][6] achieve similar PAPR performance in in-band operation mode. 
Observation 3: There is sufficient margin for all the three NB-PSS design options [1][5][6] with respect to the PAPR that can be tolerated by the PA compared to the data channel.
NB-PSS synchronization performance
In the evaluations for both of the long sequence based design and the short sequence based design, the successful detection is defined by the correlation exceeding the respective correlation threshold. For the long sequence based design, an incremental method is used whereby the detection process can be terminated after a variable number of frames, once the cross-correlation threshold is achieved by accumulation. 
For the short sequence based NB-PSS design in [5], the time domain sliding-window auto-correlation based method as described in [5] is used. Weighted combing of the auto-correlation results between the sequences at two OFDM symbols with different interval (lag size) is employed to improve the performance. Accumulation is also performed across different synchronization periods.   
Figure 3 and Figure 4 show the correlation peak distributions at low SNR (-12.6 dB) and large initial CFO (25.5kHz) respectively for the long NB-PSS design [1] and the short NB-PSS design [5] in the single cell scenario. 20 repetitions are assumed in the evaluations for both of these two design options. The 8.3ppm frequency offset caused by the channel raster misalignment [2] is considered in addition to the 20ppm initial CFO assumption. This imposes more challenges to the NB-PSS design. The peak value generally corresponds to the “best” timing offset estimation, and it can be observed that it is very easy to distinguish the highest peak from the others based on the long NB-PSS design. However, multiple peaks with similar amplitude exist for the short NB-PSS design which usually means higher false alarm rate and inaccurate timing estimation. 
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[bookmark: _Ref442283235]Figure 3 Peak distribution based on the long NB-PSS design [1] for single cell
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[bookmark: _Ref442388349]Figure 4 Peak distribution based on the short NB-PSS design [5] for single cell
Figure 5 and Figure 6 shows the correlation peak distribution in the three-cell scenario for the short NB-PSS design [1] and the long NB-PSS design [5] respectively. The three cells are assumed to be fully synchronized and the NB-PSS signals from different cells arrive at the UE simultaneously. A “sharp” correlation peak is observed by the long NB-PSS design whereas a “flat” peak with broad extension is observed by the short NB-SSS design. This kind of flatness will cause ambiguity for the signal detection and time offset estimation. Although the fully synchronized case is rare in the practical system, the synchronization may collapse once this case occurs.
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[bookmark: _Ref442444609]Figure 5 Peak distribution in multiple cell scenario based on the long NB-PSS design [1]
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[bookmark: _Ref442444614]Figure 6 Peak distribution in multiple cell scenario based on the short NB-PSS design [5] 
Observation 4: The long sequence based NB-PSS design [1] can achieve better or comparable synchronization performance in multiple-cell scenario than in single-cell scenario while the short sequence based NB-PSS design [5] can suffer a lot in the multiple-cell scenario. 
A variety of NB-PSS synchronization performance metrics are evaluated also, including the signal detection rate, false alarm rate, the NB-PSS synchronization latency, timing estimation accuracy, frequency estimation accuracy, etc. The most challenging scenario, i.e., in-band operation mode at 164dB MCL is considered in the evaluation. In in-band operation mode, the NB-PSS are punctured by LTE CRS (2 LTE CRS antenna ports are assumed in the evaluations) and also the transmit power should not exceed the dynamic range. The additional 8.3ppm frequency offset as aforementioned is also assumed. 
Table 1 shows the NB-PSS signal detection performance respectively for the long NB-PSS design [1] and the short NB-PSS design [5]. Coarse timing estimation and frequency estimation are performed concurrently with the signal detection.
[bookmark: _Ref442293778]Table 1. NB-PSS signal detection performance
	Metrics
	Long NB-PSS design [1]
	Short NB-PSS design [5]

	Detection Probability
	100%
	99%

	False Alarm Probability
	0%
	0%

	Delay (90th percentile)
	540 ms
	1300 ms

	Coarse timing error (99th percentile)
	-6.25 us  ~  +6.25us
	-36 us  ~  +36us

	Coarse CFO error (99th percentile)
	-550 Hz  ~  +550 Hz 
	-3500 Hz  ~  +3500Hz 



It can be seen that both of these two designs can get quite good signal detection performance although the long NB-PSS design outperforms the short NB-SSS design slightly. However, much less time is required by the long NB-PSS design to successfully detect the signal.
Observation 5: The long sequence based NB-PSS design [1] achieves similar signal detection performance as the short sequence based design [5] within a much shorter time.
Table 2 and Table 3 respectively show the timing offset estimation performance and the frequency offset estimation performance for both of the long NB-PSS design and the short NB-PSS design. It can be seen that much more accurate timing offset estimation and frequency offset estimation are achieved by the long NB-PSS design than the short NB-PSS design.
[bookmark: _Ref442390116]Table 2. Timing offset estimation performance
	Metrics
	Long NB-PSS design [1]
	Short NB-PSS design [5]

	Delay 
	200ms
	400ms

	Residual timing error (95th percentile)
	-2.08 us  ~  +2.08us
	-10.42 us  ~  10.42 us



[bookmark: _Ref442390121]Table 3. Frequency offset estimation performance
	Metrics
	Long NB-PSS design [1]
	Short NB-PSS design [5]

	Delay 
	200ms
	　200ms

	Residual CFO error (95th percentile)
	-50 Hz  ~  +50 Hz
	　-225 Hz ~  +225 Hz



Observation 6: The long sequence based NB-PSS design [1] achieves more accurate timing offset estimation and frequency offset estimation than the short sequence based design [5].
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 our previous contribution [3], the computation complexity for both binary/quaternary sequence based NB-PSS and long complex sequence based NB-PSS is evaluated and comparable device complexity is observed by these two types of design. 
In the following, comparison for device complexity is provided between the long sequence based NB-PSS design [1] and the short sequence based NB-PSS designs [5]. The efficient cross-correlation algorithm for long sequence, named DFT-based overlap-save method [7]  is used by the long NB-PSS detection. Both of the time domain auto-correlation and the DFT-based auto-correlation are evaluated for the short NB-PSS design.
[bookmark: _Ref442447923] Table 4. Device complexity for NB-PSS detection (MOPS)
	Process
	Long NB-PSS design [1] (DFT-based cross-correlation)
	Short NB-PSS design [5] (time domain auto-correlation)
	Short NB-PSS design [5] (DFT-based auto-correlation)

	NB-PSS detection
	36.9
	812.1
	154.5



It might be thought that short sequence based auto-correlation usually implies lower computation complexity than the long sequence based cross-correlation if time domain processing is adopted by both. However, the use of the efficient cross-correlation algorithm which is based on the circular convolution theorem can significantly reduce the computation complexity for the long NB-PSS detection. On the other hand, the weighted combing of the auto-correlation results between the sequences at two OFDM symbols with different interval (lag size) to improve the correlation property and different cover sequences used to counter the inter-cell interference have linearly driven the computation complexity up.  As a result, it can be seen from Table 4 that lower computation complexity is observed by the long NB-PSS detection based on the efficient cross-correlation algorithm compared to the short NB-PSS detection. 
Observation 7: The long sequence based NB-PSS design [1] can achieve lower device complexity than the short sequence based NB-PSS designs [5] using the DFT-based efficient algorithm [7].

Conclusions
In this contribution, comparisons of the long sequence based NB-PSS design and the short sequence based NB-PSS designs were carried out. The following observations were made:
Observation 1: The DL PAPR of the long sequence based NB-PSS design in [1] is slightly higher than the short sequence based NB-PSS design in [5] but lower than the design in [6] in standalone/guard-band operation modes. 
Observation 2: The three NB-PSS design options [1][5][6] achieve similar PAPR performance in in-band operation mode. 
Observation 3: There is sufficient margin for all the three NB-PSS design options [1][5][6] with respect to the PAPR that can be tolerated by the PA compared to the data channel.
Observation 4: The long sequence based NB-PSS design [1] can achieve better or comparable synchronization performance in multiple-cell scenario than in single-cell scenario while the short sequence based NB-PSS design [5] can suffer a lot in the multiple-cell scenario. 
Observation 5: The long sequence based NB-PSS design [1] achieves similar signal detection performance as the short sequence based design [5] within a much shorter time.
Observation 6: The long sequence based NB-PSS design [1] achieves more accurate timing offset estimation and frequency offset estimation than the short sequence based design [5].
Observation 7: The long sequence based NB-PSS design [1] can achieve lower device complexity than the short sequence based NB-PSS designs [5] using the DFT-based efficient algorithm [7].
Based on the observations, we propose to adopt the long NB-PSS in [1] for NB-IoT
Proposal: NB-IoT PSS is generated by two root-1 length-139 Zadoff-Chu (ZC) sequences which are complex conjugate of each other.
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Appendix
[bookmark: _Ref409108948]Table 5. 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 for long NB-PSS design, 12 for short NB-PSS design

	Sampling rate
	1.92MHz

	MCL (dB)
	164

	Timing drift
	Proportionate to carrier frequency offset 

	UE initial carrier frequency offset
	Randomly chosen from {-28.3ppm, +28.3ppm} for 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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