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Introduction
[bookmark: OLE_LINK272][bookmark: OLE_LINK273]A unified NB-PSS/NB-SSS synchronization signal design in all three operation modes is described in [1]. In this contribution we take the NB-PSS/NB-SSS synchronization design in [1] to be a base line and compare with the other NB-PSS/NB-SSS synchronization designs. The different NB-PSS sequence design in [4] and [6] are evaluated in our simulator. Synchronization signal sub-frame allocation is evaluated, contiguous NB-PSS sub-frame allocation scheme is proposed in [2][6] and the separated PSS sub-frame allocation scheme is proposed in [4]. Additionally, the NB-SSS sub-frame allocation and density in 80ms as well as different NB-SSS sequences are evaluated.
The evaluation is based on the four scenarios suggested by Ericsson during Email discussion. These scenarios are listed in Table 1
We applied the same performance indicators as those in former contributions [3][5] to evaluate various NB-PSS/NB-SSS synchronization signal design.
[bookmark: _Ref440149999][bookmark: _Ref440177559]Table 1: Four scenarios in the evaluation
	MCL 164 dB
	Operation mode

	
	In-band
	Stand-alone
	Guard-band

	Cell search type
	Initial cell search
	0 Interferer
	0 Interferer
	X (Skipped)

	
	Non-initial cell search
	2 Interferers
	2 Interferers
	X (Skipped)


Simulation
Simulation assumption
The simulation was done on four scenarios in Table 1. 
For initial cell search scenario (with +/- 20ppm initial frequency offset), a single cell is simulated. For non-initial cell search scenario (with +/- 2ppm initial frequency offset), three cells with equal transmitted power are simulated (2 interferers). 
The carrier frequency offset and sampling timing error are modeled. 
In the stand-alone scenario, the transmit filter that fulfils the GSM PSD mask was not modelled yet. Therefore, the stand-alone simulation results would be a little better.
We will treat the design of [1] as the base line model and compare with different NB-PSS/NB-SSS design.
The detail simulation setting is listed in Table 2. 
The NB-PSS/NB-SSS synchronization signal setting is listed in Table 3.
The definition of successful detection is the PSS correlation peak exceeding a pre-determined threshold. Among these successful detection realizations, the definition of false alarm is the realization which is failed to find correct cell ID by NB-SSS. Additionally, other statistics like the residual timing error, residual frequency error, and total synchronization time are collected.
[bookmark: _Ref440178344]Table 2: Simulation setting
	
	In-band, initial cell search
	In-band, non-initial cell search
	Stand-alone, initial cell search
	Stand-alone, non-initial cell search

	Carrier frequency
	900 MHz

	Channel model
	TU

	Doppler spread
	1 Hz

	Initial frequency offset1
	+/- 20 ppm
	+/- 2 ppm
	+/- 20 ppm
	+/- 2 ppm

	SNR
	-12.6 dB2
	-4.6 dB3

	Antenna configuration
	1Tx 1Rx

	Sampling rate
	1.92 MHz (A/D); 240kHz (PSS detection)ing rategurationand chitted filter to  four different NB-SSS sequence PSS subframe allocation in 

	Power boost for NB-IoT signal
	6 dB
	0 dB

	Tx transmit filter
	No 
	No 

	Number of interferer
	0
	2
	0
	2

	Number of realizations
	1000

	Note1: For each simulation realization in initial cell search, a random initial frequency offset is selected from the set {20ppm, -20ppm}. For each simulation realization in non-initial cell search, a random initial frequency offset is selected from the set {2ppm, -2ppm}.
Note2: Under MCL 164 dB, the SNR for in-band operation mode is -12.6 dB
Note3: Under MCL 164 dB, the SNR for stand-alone operation mode is -4.6 dB


[bookmark: _Ref440180485][bookmark: _Ref440316362]
Table 3: NB-PSS/NB-SSS setting
	
	NB-PSS
	NB-SSS

	Sub-frame density in 80ms
	8/80 = 0.1
	4/80 = 0.05

	Symbols in a sub-frame
	11
	11

	CRS puncture (one antenna port)
	Yes
	Yes

	Source sequence
	Length 143 Zadoff-Chu sequence 
	Length 131 Zadoff-Chu sequence


Simulation results
A unified NB-PSS/NB-SSS synchronization signal design in all three operation modes is described in [1]. The statistic of simulation results are in Table 4. We can achieve 100% detection rate and <1% false alarm rate in all four scenarios. We can achieve 0% false alarm by increasing the PSS detection threshold but it will increase the required synchronization time. The range of residual timing error is ±3 µs with 95% confidences among four scenarios. The range of residual frequency error is ±50 Hz with 95% confidences among four scenarios. For initial cell search, the synchronization time is no longer than 900ms with 90% confidences. For non-initial cell search, the synchronization time is no longer than 400ms with 90% confidences.
The more detail figure of statistic is in Appendix A.2.

[bookmark: _Ref440208880]Observation #1: The synchronization signal design in [1] can achieve 100% detection rate and < 1% false alarm rate in all four scenarios
[bookmark: _Ref440208882]Observation #2: In the synchronization signal design [1], the range of residual timing error is ±3.2 µs with 95% confidences among four scenarios 
[bookmark: _Ref440208884]Observation #3: In the synchronization signal design [1], the range of residual frequency error is ±80 Hz with 95% confidences among four scenarios
[bookmark: _Ref440208885]Observation #4: In the synchronization signal design [1], the synchronization time is no longer than 4180ms and 920ms respectively for initial cell search and non-initial cell search.

[bookmark: _Ref440197814]Table 4: Statistics of simulation results
	MCL 164 dB
	In-band, initial cell search, 0 interferer
	In-band, non-initial cell search, 2 interferer
	Stand-alone, initial cell search, 0 interferer
	Stand-alone, non-initial cell search, 2 interferer

	Detection rate
	99.9%
	100%
	100%
	100%

	False alarm rate
	0.7%
	0.1%
	0%
	0%

	95%, Residual timing error (µs)
	-2.90~2.90
	-1.85~1.85
	-3.11~3.11
	-2.47~2.47

	95%, Residual frequency error (Hz)
	-78~78
	-59~59
	-43~43
	-30~30

	50%, synchronization time (ms)
	1506.0
	420.98
	308.57
	223.19

	90%, synchronization time (ms)
	4170.0
	902.86
	594.0
	376.47

	Average synchronization time (ms)
	1967.9
	524.12
	388.02
	271.14




Comparison
The different NB-PSS/NB-SSS sub-frame allocation, the different NB-PSS/NB-SSS sequence design are evaluated in follows.
NB-PSS sub-frame allocation
The contiguous NB-PSS sub-frame allocation is proposed in [2][6] and the separated PSS sub-frame allocation is proposed in [4]. In [1], we propose the contiguous NB-PSS sub-frame allocation scheme. The NB-PSS contiguous sub-frame allocation in Figure 1 and the NB-PSS separated sub-frame allocation in Figure 2 are evaluated. For separated scheme, the distance between two NB-PSS sub-frames is 5 sub-frames. The simulation results show the required time of NB-PSS detection for these two schemes are almost the same  in Appendix A.1 Figure 6~Figure 9. The statistic of synchronization time is in Table 5. In fact, compared with the sub-frame allocation scheme, the NB-PSS density is the dominant factor on the required time of NB-PSS detection.

[bookmark: _Ref440232031]Observation #5: Consider the required time of NB-PSS detection, there is no significant difference between contiguous and separated sub-frame allocation schemes.

[bookmark: _Ref440296100]Table 5: Statistics on two sub-frame allocation schemes for in-band initial cell search
	MCL 164 dB, in-band, initial cell search, 0 interferer
	Contiguous sub-frame allocation
	Separated sub-frame allocation

	50%, synchronization time (ms)
	1506
	1525

	90%, synchronization time (ms)
	4170.0
	4173.3

	Average synchronization time (ms)
	1967.9
	1987.6




[bookmark: _Ref440228336]Figure 1: Contiguous NB-PSS sub-frame allocation pattern


[bookmark: _Ref440228337]Figure 2: Separated NB-PSS sub-frame allocation pattern

NB-PSS sequence
The three different NB-PSS sequences in [4][6][1] are evaluated. The NB-PSS sequence generator in [4][6] use length 139 and 141 Zadoff-Chu sequence respectively. In [1] the length 143 Zadoff-Chu sequence is used. We replace the NB-PSS sequence generator by [4][6] to do simulations and compare with [1]. The simulation results are in Table 6~Table 9 for in-band initial cell search, in-band non-initial cell search, stand-alone initial cell search and stand-alone non-initial cell search respectively. The required time of PSS detection is in Appendix A.2 Figure 10, Figure 14, Figure 18, and Figure 22.
Under the initial cell search scenario, NB-PSS sequence generated by the length 143 Zadoff-Chu sequence in [1] is the best among these 3 NB-PSS sequences. 
Under the non-initial cell search scenario, the synchronization time for these three NB-PSS sequences is quite close.
The more detail figure of statistic is in Appendix A.2.

[bookmark: _Ref440232030]Observation #6: Under the initial cell search scenario, NB-PSS sequence generated by the length 143 Zadoff-Chu sequence in [1] is better than the other Zadoff-Chu sequence with length 139 and length 141 in [4][6] respectively 


[bookmark: _Ref440208444]Table 6: Statistics on NB-PSS sequence comparison for in-band initial cell search
	MCL 164 dB, in-band, initial cell search, 0 interferer
	Use NB-PSS generator by [4], ZC length 139
	Use NB-PSS generator by [6] , ZC length 141
	Use NB-PSS generator by [1] , ZC length 143

	50%, synchronization time (ms)
	1970.0
	2413.3
	1506.0

	90%, synchronization time (ms)
	5970
	7240
	4170

	Average synchronization time (ms)
	2594.7
	2966.3
	1967.9




[bookmark: _Ref440214529]Table 7: Statistics on NB-PSS sequence comparison for in-band non-initial cell search
	MCL 164 dB, in-band, non-initial cell search, 2 interferer
	Use NB-PSS generator by [4], ZC length 139
	Use NB-PSS generator by [6] , ZC length 141
	Use NB-PSS generator by [1] , ZC length 143

	50%, synchronization time (ms)
	408.64
	411.18
	420.98

	90%, synchronization time (ms)
	866.67
	880.0
	902.86

	Average synchronization time (ms)
	512.20
	516.38
	524.12




[bookmark: _Ref440214531]Table 8: Statistics on NB-PSS sequence comparison for stand-alone initial cell search
	MCL 164 dB, stand-alone, initial cell search, 0 interferer
	Use NB-PSS generator by [4], ZC length 139
	Use NB-PSS generator by [6] , ZC length 141
	Use NB-PSS generator by [1] , ZC length 143

	50%, synchronization time (ms)
	335.64
	343.16
	308.57

	90%, synchronization time (ms)
	695.0
	696.67
	594.0

	Average synchronization time (ms)
	421.94
	428.16
	388.02


[bookmark: _Ref440214532]

Table 9: Statistics on NB-PSS sequence comparison for stand-alone non-initial cell search
	MCL 164 dB, stand-alone, non-initial cell search, 2 interferer
	Use NB-PSS generator by [4], ZC length 139
	Use NB-PSS generator by [6] , ZC length 141
	Use NB-PSS generator by [1] , ZC length 143

	50%, synchronization time (ms)
	220.73
	222.45
	223.19

	90%, synchronization time (ms)
	363.16
	367.62
	376.47

	Average synchronization time (ms)
	266.64
	268.44
	271.14




NB-SSS density
Uniform NB-SSS sub-frame allocation is proposed in [3], and the non-uniform NB-SSS sub-frame allocation is proposed in [2][4]. In [1], we propose the uniform NB-SSS sub-frame allocation in low density (4 SSS sub-frames in 80ms) to shorten the SSS detection time. The NB-SSS uniform sub-frame allocations are demonstrated in Figure 3 and Figure 4 for low and high density respectively. The NB-SSS non-uniform sub-frame allocation is shown in Figure 5. The above 3 allocation methods are evaluated. The simulation results show the required time of NB-SSS detection is sub-optimal for uniform NB-SSS sub-frame allocation in low density. The performance is quite close to the one with high density.

[bookmark: _Ref440360674]Observation #7: Consider the required time of NB-SSS detection, 4 uniform NB-SSS within 80m scheme has the sub-optimal performance with only half density of the optimal solution that require 8 NB-SSS per 80ms.


[bookmark: _Ref440312697]Figure 3: Uniform NB-SSS sub-frame allocation pattern in low density (4 SSS)

[bookmark: _Ref440312714]Figure 4: Uniform NB-SSS sub-frame allocation pattern in high density (8 SSS)

[bookmark: _Ref440312736]Figure 5: Non-uniform NB-SSS sub-frame allocation pattern (4 SSS)

Table 10: Statistics on NB-SSS sub-frame allocation pattern comparison for in-band initial cell search
	MCL 164 dB, in-band, initial cell search, 0 interferer
	Use NB-SSS generator by [3], non-uniform 4 SSS
	Use NB-SSS generator by [3], uniform 8 SSS
	Use NB-SSS generator by[4], uniform 4 SSS

	50%, synchronization time (ms)
	27
	14
	21

	90%, synchronization time (ms)
	224
	140
	225



Table 11: Statistics on NB-SSS sub-frame allocation pattern comparison for in-band non-initial cell search
	MCL 164 dB, in-band, non-initial cell search, 2 interferer
	Use NB-SSS generator by [3], non-uniform 4 SSS
	Use NB-SSS generator by [3], uniform 8 SSS
	Use NB-SSS generator by[4], uniform 4 SSS

	50%, synchronization time (ms)
	24
	12
	17

	90%, synchronization time (ms)
	71
	33
	68



Table 12: Statistics on NB-SSS sub-frame allocation pattern comparison for stand-alone initial cell search
	MCL 164 dB, stand-alone, initial cell search, 0 interferer
	Use NB-SSS generator by [3], non-uniform 4 SSS
	Use NB-SSS generator by [3], uniform 8 SSS
	Use NB-SSS generator by[4], uniform 4 SSS

	50%, synchronization time (ms)
	21
	10
	11

	90%, synchronization time (ms)
	39
	19
	37



Table 13: Statistics on NB-SSS sub-frame allocation pattern comparison for stand-alone non-initial cell search
	MCL 164 dB, stand-alone, non-initial cell search, 2 interferer
	Use NB-SSS generator by [3], non-uniform 4 SSS
	Use NB-SSS generator by [3], uniform 8 SSS
	Use NB-SSS generator by[4], uniform 4 SSS

	50%, synchronization time (ms)
	21
	10
	10

	90%, synchronization time (ms)
	36
	18
	18



NB-SSS sequence
ZC sequence of 61 is proposed for NB-SSS in [3], and ZC sequence of 107 and 139 is proposed for NB-SSS in [2][4]. In [1], we demonstrate the simulation of SSS detection time for various ZC sequence length. We also evaluate the complexity of NB-SSS receiver. The candidate ZC sequence is 61, 71 and 131, which stands for 6, 6 and 11 NB-SSS symbols respectively. As expected, the results showed the ZC 131 is the best sequence among these 3 sequences, in the cost of extra receiver complexity for long sequence.

[bookmark: _Ref440360675]Observation #8: Consider the required time of NB-SSS detection, ZC sequence with length 131 has the best performance with the cost of doubled receiver complexity.
Table 14: Statistics on NB-SSS sequence comparison for in-band initial cell search
	MCL 164 dB, in-band, initial cell search, 0 interferer
	ZC 61
	ZC 71
	ZC 131

	50%, synchronization time (ms)
	49
	43
	21

	90%, synchronization time (ms)
	393
	364
	225



Table 15: Statistics on NB-SSS sequence comparison for in-band non-initial cell search
	MCL 164 dB, in-band, non-initial cell search, 2 interferer
	ZC 61
	ZC 71
	ZC 131

	50%, synchronization time (ms)
	41
	35
	17

	90%, synchronization time (ms)
	176
	140
	68



Table 16: Statistics on NB-SSS sequence comparison for stand-alone initial cell search
	MCL 164 dB, stand-alone, initial cell search, 0 interferer
	ZC 61
	ZC 71
	ZC 131

	50%, synchronization time (ms)
	14
	13
	11

	90%, synchronization time (ms)
	104
	96
	37



Table 17: Statistics on NB-SSS sequence comparison for stand-alone non-initial cell search
	MCL 164 dB, stand-alone, non-initial cell search, 2 interferer
	ZC 61
	ZC 71
	ZC 131

	50%, synchronization time (ms)
	11
	11
	10

	90%, synchronization time (ms)
	30
	25
	18



Conclusion
In this contribution, we provide the evaluation results for the synchronization design in [1]. And several different NB-PSS/NB-SSS designs are analyzed. The NB-PSS sub-frame allocation, the NB-PSS sequence, the NB-SSS density and different NB-SSS sequence design are evaluated.

Observation #1: The synchronization signal design in [1] can achieve 100% detection rate and < 1% false alarm rate in all four scenarios
Observation #2: In the synchronization signal design [1], the range of residual timing error is ±3.2 µs with 95% confidences among four scenarios
Observation #3: In the synchronization signal design [1], the range of residual frequency error is ±80 Hz with 95% confidences among four scenarios
Observation #4: In the synchronization signal design [1], the synchronization time is no longer than 4180ms and 920ms respectively for initial cell search and non-initial cell search.
[bookmark: OLE_LINK82][bookmark: OLE_LINK83][bookmark: OLE_LINK9][bookmark: OLE_LINK10]Observation #5: Consider the required time of NB-PSS detection, there is no significant difference between contiguous and separated sub-frame allocation schemes.
Observation #6: Under the initial cell search scenario, NB-PSS sequence generated by the length 143 Zadoff-Chu sequence in [1] is better than the other Zadoff-Chu sequence with length 139 and length 141 in [4][6] respectively
Observation #7: Consider the required time of NB-SSS detection, 4 uniform NB-SSS within 80m scheme has the sub-optimal performance with only half density of the optimal solution that require 8 NB-SSS per 80ms.
Observation #8: Consider the required time of NB-SSS detection, ZC sequence with length 131 has the best performance with the cost of doubled receiver complexity.
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Appendix A 
A.1	Statistic results of NB-PSS sub-frame allocation
[image: ]
[bookmark: _Ref440295518][bookmark: _Ref440295511]Figure 6: The required time of NB-PSS detection for in-band initial cell search


[image: ]
Figure 7: The required time of NB-PSS detection for in-band non-initial cell search
[image: ]
Figure 8: The required time of NB-PSS detection for stand-alone initial cell search


[image: ]
[bookmark: _Ref440229111]Figure 9: The required time of NB-PSS detection for stand-alone non-initial cell search

A.2	Statistic results of different NB-PSS sequence
A.2.1	In-band operation mode
A.2.1.1	Initial cell search
[image: ]
[bookmark: _Ref440296463]Figure 10: time required of PSS detection for in-band initial cell search


[image: ]
Figure 11: time required of SSS detection for in-band initial cell search
[image: ]
Figure 12: residual timing error for in-band initial cell search


[image: ]
Figure 13: residual frequency error for in-band initial cell search

A.2.1.2	Non-initial cell search
[image: ]
[bookmark: _Ref440296465]Figure 14: time required of PSS detection for in-band non-initial cell search


[image: ]
Figure 15: time required of SSS detection for in-band non-initial cell search

[image: ]
Figure 16: residual timing error for in-band non-initial cell search


[image: ]
Figure 17: residual frequency error for in-band non-initial cell search

A.2.2	Stand-alone operation mode
A.2.2.1	Initial cell search
[image: ]
[bookmark: _Ref440296468]Figure 18: time required of PSS detection for stand-alone initial cell search
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Figure 19: time required of SSS detection for stand-alone initial cell search

[image: ]
Figure 20: residual timing error for stand-alone initial cell search
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Figure 21: residual frequency error for stand-alone initial cell search

A.2.2.2	Non-initial cell search
[image: ]
[bookmark: _Ref440296469]Figure 22: time required of PSS detection for stand-alone non-initial cell search
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Figure 23: time required of SSS detection for stand-alone non-initial cell search

[image: ]
Figure 24: residual timing error for stand-alone non-initial cell search


[image: ]
Figure 25: residual frequency error for stand-alone non-initial cell search


A.3	Statistic results of NB-SSS sub-frame allocation
A.3.1	In-band operation mode
A.3.1.1	Initial cell search
[image: ]
Figure 26: time required of SSS detection for in-band initial cell search

A.3.1.2	Non-initial cell search
[image: ]
Figure 27: time required of SSS detection for in-band non-initial cell search
A.3.2	Stand-alone operation mode
A.3.2.1	Initial cell search
[image: ]
Figure 28: time required of SSS detection for standalone initial cell search

A.3.1.2	Non-initial cell search
[image: ]
Figure 29: time required of SSS detection for standalone non-initial cell search

A.4	Statistic results of NB-SSS sequence
A.4.1	In-band operation mode
A.4.1.1	Initial cell search
[image: ]
Figure 30: time required of SSS detection for in-band initial cell search

A.4.1.2	Non-initial cell search
[image: ]
Figure 31: time required of SSS detection for in-band non-initial cell search
A.4.2	Stand-alone operation mode
A.4.2.1	Initial cell search
[image: ]
Figure 32: time required of SSS detection for standalone initial cell search

A.4.1.2	Non-initial cell search
[image: ]
Figure 33: time required of SSS detection for standalone non-initial cell search
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