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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN1#82bis, several aspects of NB-IoT synchronization signal design were discussed and a number of design principles were agreed. A new common NB-IoT synchronization signal design is proposed by our companion contribution [1] following the agreed design principles. In this contribution, extensive performance evaluations of the common NB-IoT synchronization signal design are provided for standalone, guard-band and in-band operation modes. 
Simulations
Simulation settings
The cell search procedure consists of 4 operations: signal detection, symbol timing and carrier frequency synchronization acquisition, frame timing, and physical cell ID identification.
The performance for both initial cell search (when the MTC device has not previously connected to any cell, such as after power-on) and non-initial cell search / cell re-confirmation (when the MTC device can assume a reduced CFO capture range based on previous receptions from the same cell or a different cell) are evaluated by the simulations. 
Two typical scenarios are evaluated by simulation: single-cell scenario and multi-cell scenario. In the single-cell scenario, only one active cell can potentially become the serving cell whereas in the multi-cell scenario, two or three active cells which are adjacent to each other are assumed and each cell is a candidate to be the serving cell. 
The inter-cell co-channel interference is considered in the multi-cell scenario. The same transmit power and the same path-loss model are assumed for all relevant cells to present a relatively worst-case scenario. 
For simplification, no wrap-around interference is taken into account in the link-level simulation, but we consider that the wrap-around interference is unlikely to have a large impact.
Three levels of coverage enhancement for each operation mode (i.e. standalone, guard-band and in-band) are considered in the simulations, corresponding to coupling loss values of 164 dB, 154 dB and 144 dB. 
The timing drift during the initial cell search synchronisation processing is modelled by assuming it is proportionate to the initial carrier frequency offset (i.e. +/-20ppm) which means that the NB-IoT device receiver does not correct for timing drift until the initial cell search procedure is completed. 
The other simulation parameters are shown in Table 27 in Appendix A.
In the simulations, the accumulation-based algorithm is employed. Particularly, a device declares successful cell detection when the PSS correlation peak (accumulated) of the target cell exceeds a pre-determined threshold.      
Standalone operation mode
For the standalone operation mode, the NB-IoT PSS/SSS are not punctured by LTE CRS and the transmit power can be much larger than the guard-band operation mode and the in-band operation mode. In the following, 43dBm transmit power is assumed for the standalone operation mode.  More simulation results for standalone operation mode can be found in Appendix B.1.
1 
2 
2.1 
2.2 
Initial cell search
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. A tradeoff of the false alarm probability (FAP) and detection probability (DP) can be achieved by properly setting the correlation peak threshold. The FAP and DP achieved by the threshold setting in our evaluations are provided in Table 1 for different coupling losses and varying number of interferers.
[bookmark: _Ref413058550]Table 1. Signal detection performance for initial cell search in standalone operation mode
	Number of cells
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	· 
	DP
	FAP
	DP
	FAP
	DP
	FAP

	1
	100 %
	0%
	100 %
	0%
	100 %
	0%

	2
	100 %
	0%
	100 %
	0%
	100 %
	0%

	3
	100 %
	0%
	100 %
	0%
	100 %
	0%



At the time of signal detection, the coarse estimations of timing offset and frequency offset are performed. Low-rate sampling (240kHz) 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 (1.92MHz) in the range derived by the coarse estimation. Fixed number of PSS instances are used for the finer estimation. The residual timing errors at 95th percentile after finer estimation are provided in Table 2 for different coupling losses. It can be seen that smaller than 2.08 µs residual timing error is achieved with 95% confidence. 
[bookmark: _Ref433985666]Table 2. Residual timing error (in µs) for initial cell search in standalone operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08



After the timing offset estimation, the accurate frequency offset estimation is performed. Fixed number of PSS instances are used for the accurate estimation. From the residual frequency offset results shown in Table 3 for different coupling losses, it can be seen that smaller than 50 Hz residual frequency offset is achieved with 95% confidence.
[bookmark: _Ref433988319]Table 3. Residual frequency offset (in Hz) for initial cell search in standalone operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-20~20
	-30~30
	-40~40
	-20~20
	-35~35
	-45~45
	-50~50
	-50~50
	-50~50



Upon the completion of signal detection, timing offset estimation and frequency offset estimation which are based on NB-IoT PSS, the physical cell ID, operation mode and X-frame number are detected based on NB-IoT SSS. The network synchronization time (i.e. the time taken to synchronize to the network from the start of signal detection to the end of SSS detection) for different coupling losses is shown in Table 4. 
[bookmark: _Ref433988662]Table 4. Network synchronization time (in ms) for initial cell search in standalone operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	50th
	100
	100
	100
	100
	100
	100
	120
	160
	160

	90th
	100
	140
	140
	100
	140
	140
	200
	220
	220

	Average
	101.44
	109.78
	116.17
	103.74
	110.23
	118.78
	158.27
	157.43
	164.13



From the results for initial cell search, we obser`ve that the noise-only (i.e. 1 cell) scenario gives the worst performance, which is consistent with previous study in the SI phase and other investigations (e.g. [2]).
Non-initial cell search
A similar procedure as initial cell search is implemented for the non-initial cell search. The same correlation peak threshold as the initial cell search is set for the signal detection and the DP and FAP performance is shown in Table 5. 
[bookmark: _Ref433989251]Table 5. Signal detection performance for non-initial cell search in standalone operation mode
	Number of cells
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	· 
	DP
	FAP
	DP
	FAP
	DP
	FAP

	1
	100 %
	0%
	100 %
	0%
	100 %
	0%

	2
	100 %
	0%
	100 %
	0%
	100 %
	0%

	3
	100 %
	0%
	100 %
	0%
	100 %
	0%



The residual timing error and the residual frequency offset are shown respectively in Table 6 and Table 7. It can be seen that smaller than 2.08µs residual timing error and smaller than 50 Hz residual frequency offset are achieved with 95% confidence. 

[bookmark: _Ref433989743]Table 6. Residual timing error (in µs) for non-initial cell search in standalone operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08



[bookmark: _Ref433989735]Table 7. Residual frequency offset (in Hz) for non-initial cell search in standalone operation mode 
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-20~20
	-30~30
	-40~40
	-20~20
	-35~35
	-45~45
	-50~50
	-50~50
	-50~50



The total time spent on the signal detection, timing/frequency offset estimation and SSS detection for non-initial cell search is shown in Table 8.  Much lower latency for non-initial cell search compared to initial cell search can be observed because of the reduced capture range of initial frequency offset.
[bookmark: _Ref434042255]Table 8. Network synchronization time (in ms) for non-initial cell search in standalone operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	50th
	100
	100
	100
	100
	100
	100
	120
	160
	160

	90th
	100
	140
	140
	100
	140
	140
	200
	220
	220

	Average
	101.29
	108.85
	115.36
	103.43
	110.71
	118.29
	156.106
	158.32
	162.15



From the results for non-initial cell search, it can seen that the 2-interferer scenario (i.e. 3 cells) is the limited case. The reason is the interference will reduce the possibility of detecting the serving cell which the UE intends to connect to.

Guard-band operation mode
For the guard-band operation mode, the NB-IoT 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. In the following, 35dBm transmit power is assumed for the standalone operation mode (i.e. 6dB power boosting compared to the 10MHz LTE with Tx power of 43dBm).  More simulation results for the guard-band operation mode can be found in Appendix B.2.
2.3 
Initial cell search
The FAP and DP for the initial cell search in the guard-band operation mode are shown in Table 9 for different coupling losses and varying number of interferers. The same correlation peak value as the standalone mode is utilized.
[bookmark: _Ref434044394]Table 9. Signal detection performance for initial cell search in guard-band operation mode
	Number of cells
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	· 
	DP
	FAP
	DP
	FAP
	DP
	FAP

	1
	100 %
	0%
	100 %
	0%
	100 %
	0%

	2
	100 %
	0%
	100 %
	0%
	100 %
	0%

	3
	100 %
	0%
	100 %
	0%
	100 %
	0%



In Table 10 and Table 11 the residual timing error and the residual frequency offset are shown respectively. It can be seen that smaller than 2.08µs residual timing error and smaller than 50Hz residual frequency offset are achieved with 95% confidence for the initial cell search in the guard-band operation mode. 
[bookmark: _Ref434044731]Table 10. Residual timing error (in µs) for initial cell search in guard-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-1.56~1.56
	-1.56~1.56
	-1.56~1.56



[bookmark: _Ref434044741]Table 11. Residual frequency offset (in Hz) for initial cell search in guard-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-20~20
	-35~35
	-45~45
	-45~45
	-45~45
	-45~45
	-50~50
	-50~50
	-50~50



The total time of network synchronization for initial cell search in guard-band operation mode is shown in Table 12.  
[bookmark: _Ref434045199] Table 12. Network synchronization time (in ms) for initial cell search in guard-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	50th
	100
	100
	100
	120
	120
	160
	660
	620
	600

	90th
	100
	140
	140
	180
	180
	220
	920
	820
	800

	Average
	103.38
	110.26
	117.4
	143.32
	147.18
	152.85
	674.08
	627.88
	623.51



The noise-only (i.e. 1 cell) scenario still gives the worst performance for initial cell search in guard-band operation mode.

Non-initial cell search
The same correlation peak threshold as the initial cell search is set for the signal detection and the DP and FAP are shown in Table 13. 
[bookmark: _Ref434045336]Table 13. Signal detection performance for non-initial cell search in guard-band operation mode
	Number of cells
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	· 
	DP
	FAP
	DP
	FAP
	DP
	FAP

	1
	100 %
	0%
	100 %
	0%
	100 %
	0%

	2
	100 %
	0%
	100 %
	0%
	100 %
	0%

	3
	100 %
	0%
	100 %
	0%
	100 %
	0%



The time synchronization performance and the frequency synchronization performance are shown respectively in Table 6 and Table 7. We can observe smaller than 2.08µs residual timing error and smaller than 50 Hz residual frequency offset are achieved with 95% confidence for the non-initial cell search in the guard-band operation mode.
Table 14. Residual timing error (in µs) for non-initial cell search in guard-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-1.56~1.56
	-1.56~1.56
	-1.56~1.56



Table 15. Residual frequency offset (in Hz) for non-initial cell search in guard-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-20~20
	-30~30
	-40~40
	-40~40
	-40~40
	-45~45
	-50~50
	-50~50
	-50~50



The total network synchronization time is shown in Table 16.  
[bookmark: _Ref434045504]Table 16. Network synchronization time (in ms) for non-initial cell search in guard-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	50th
	100
	100
	100
	120
	120
	160
	560
	600
	580

	90th
	100
	140
	140
	180
	180
	200
	800
	780
	760

	Average
	102.99
	110.05
	117.71
	142.7
	145.89
	151.85
	595.59
	598.39
	591.35



From the results for non-initial cell search in guard-band operation mode, it can be seen that the 2-interferer scenario (i.e. 3 cells) is still the limited case. 

In-band operation mode
For the in-band operation mode, the NB-IoT 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. In the standalone evaluations, 35dBm transmit power is assumed for the NB-IoT PSS/SSS (i.e. 6dB power boosting compared to the 10MHz LTE with Tx power of 43dBm).  It should be noted that the assumption does not necessarily mean 6dB power boosting is feasible in in-band operation. The discussion on the dynamic range is still ongoing in RAN4. More simulation results for the guard-band operation mode can be found in Appendix B.3.
2.4 
Initial cell search
The FAP and DP for the initial cell search in the in-band operation mode are shown in Table 17 for different coupling losses and varying number of interferers. The same correlation peak value as the standalone mode and guard-band mode is utilized.
[bookmark: _Ref434046012]Table 17. Signal detection performance for initial cell search in in-band operation mode
	Number of cells
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	· 
	DP
	FAP
	DP
	FAP
	DP
	FAP

	1
	100 %
	0%
	100 %
	0%
	100 %
	0%

	2
	100 %
	0%
	100 %
	0%
	100 %
	0%

	3
	100 %
	0%
	100 %
	0%
	100 %
	0%



In Table 18 and Table 19 the residual timing error and the residual frequency offset are shown respectively. It can be seen that smaller than 2.08µs residual timing error and smaller than 50 Hz residual frequency offset are achieved with 95% confidence for the initial cell search in the in-band operation mode. 

[bookmark: _Ref434046046]Table 18. Residual timing error (in µs) for initial cell search in in-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-1.56~1.56
	-1.56~1.56
	-1.56~1.56



[bookmark: _Ref434046055]Table 19. Residual frequency offset (in Hz) for initial cell search in in-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-30~30
	-40~40
	-50~50
	-40~40
	-45~45
	-50~50
	-50~50
	-50~50
	-50~50



The total time of network synchronization for initial cell search in in-band operation mode is shown in Table 20.  
[bookmark: _Ref434046089] Table 20. Network synchronization time (in ms) for initial cell search in in-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	50th
	100
	100
	100
	120
	160
	160
	740
	680
	640

	90th
	100
	140
	140
	200
	220
	220
	1240
	920
	900

	Average
	103.01
	111.56
	118.92
	149.56
	153.78
	157.56
	827.85
	704.57
	678.68



The noise-only (i.e. 1 cell) scenario also gives the worst performance for initial cell search in in-band operation mode.

Non-initial cell search
The same correlation peak threshold as the initial cell search is set for the signal detection and the DP and FAP are shown in Table 21. 
[bookmark: _Ref434046146]Table 21. Signal detection performance for non-initial cell search in in-band operation mode
	Number of cells
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	· 
	DP
	FAP
	DP
	FAP
	DP
	FAP

	1
	100 %
	0%
	100 %
	0%
	100 %
	0%

	2
	100 %
	0%
	100 %
	0%
	100 %
	0%

	3
	100 %
	0%
	100 %
	0%
	100 %
	0%



The time synchronization performance and the frequency synchronization performance are shown respectively in Table 22 and Table 23. We can observe smaller than 2.08 µs residual timing error and smaller than 50 Hz residual frequency offset are achieved with 95% confidence for the non-initial cell search in the in-band operation mode.
[bookmark: _Ref434046174]Table 22. Residual timing error (in µs) for non-initial cell search in in-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-2.08~2.08
	-1.56~1.56
	-1.56~1.56
	-1.56~1.56



[bookmark: _Ref434046184]Table 23. Residual frequency offset (in Hz) for non-initial cell search in in-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	95th 
	-30~30
	-40~40
	-50~50
	-40~40
	-40~40
	-50~50
	-50~50
	-50~50
	-50~50



The total network synchronization time is shown in Table 24.  
[bookmark: _Ref434046228]Table 24. Network synchronization time (in ms) for non-initial cell search in in-band operation mode
	Percentile
	144 dB coupling loss
	154 dB coupling loss
	164 dB coupling loss

	
	1 cell
	2 cells
	3 cells
	1 cell
	2 cells
	3 cells
	1 cell 
	2 cells
	3 cells

	50th
	100
	100
	100
	120
	160
	160
	660
	640
	600

	90th
	100
	140
	140
	180
	220
	220
	900
	860
	860

	Average
	103.08
	111.19
	120.03
	147.18
	151.75
	156.82
	673.22
	658.74
	643.72



From the results for non-initial cell search in in-band operation mode, it can seen that the 2-interferer scenario (i.e. 3 cells) is also the limited case. 

Comparison of key performance metrics for different sync designs
The network synchronization performances achieved by our sync design and the design in [2] are compared in Table 25 and Table 26 respectively for initial cell search and non-initial cell search at the 164dB coupling loss (which is the most challenging case). From the comparisons, it can be seen that our common design in [1] can offer better timing accuracy and comparable frequency synchronization performance than the design in [2] at the expense of affordable PSS/SSS overhead increase. Particularly, the lower timing offset achieved by our design provides more tolerance for the inter-symbol interference, which may become the dominant factor limiting the whole system performance due to the short CP length and the utilization of windowing/filtering. The network synchronization time, which was regarded the most crucial criterion during the standardization of LTE synchronization signals, is much shorter by our design than the design in [2] for both initial cell search and non-initial cell search in each operation mode. Furthermore, the false detection probability and false alarm probability achieved by [2] for initial cell search in guard-band and in-band operation modes are much higher than 1% which is the critical point for the effective work of synchronization signals, while both lower than 1% can be achieved by our design.
[bookmark: _Ref431309870]Table 25. Comparison of initial cell search performance at 164 dB coupling loss
	Metrics
	The design in our companion paper [1]
	The design in [2] 

	
	Standalone
	Guard-band
	In-band (w/ CRS puncturing)
	Standalone
	Guard-band/In-band (w/o CRS puncturing)

	Tx Power (dBm)
	43
	35
	35
	43
	35

	Required SNR@164dB MCL (dB)
	-4.6
	-12.6
	-12.6
	-4.6
	-12.6

	False alarm probability
	 0%
	0%
	0%
	0.3%
	4.9%

	Detection probability
	100%
	100%
	 100%
	100%
	96.2%

	Synchronization time (90th  percentile)
	220 ms 
	800 ms
	900 ms
	480 ms
	7080 ms

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

	Residual timing error (95th percentile)
	-2.08µs ~ 2.08 µs
	-1.56µs ~1.56µs 
	-1.56µs ~1.56µs 
	About -2.6µs ~ 1.8µs
	About -2.6µs ~ 2µs

	Minimum CP length
	4.7us
	4.7us

	PSS/SSS overhead
	15%
	10%

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



[bookmark: _Ref434046406]Table 26. Comparison of non-initial cell search performance at 164 dB coupling loss
	Metrics
	The design in our companion paper [1]
	The design in [2] 

	
	Standalone
	Guard-band
	In-band (w/ CRS puncturing)
	Standalone
	Guard-band/In-band (w/o CRS puncturing)

	Tx Power (dBm)
	43
	35
	35
	43
	35

	Required SNR@164dB MCL (dB)
	-4.6
	-12.6
	-12.6
	-4.6
	-12.6

	False alarm probability
	 0%
	0%
	0%
	0.2%
	0.4%

	Detection probability
	100%
	100%
	100%
	100%
	100%

	Synchronization time (90th  percentile)
	220 ms 
	760 ms
	860 ms
	520 ms
	1110 ms

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

	Residual timing error (95th percentile)
	-2.08µs ~ 2.08 µs
	-1.56µs ~1.56µs 
	-1.56µs ~1.56µs 
	About -2.6µs ~ 2.1µs
	About -2.6µs ~ 2µs

	Minimum CP length
	4.7us
	4.7us

	PSS/SSS overhead
	15%
	10%

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


[bookmark: _Ref129681832]Conclusions
In this contribution, we provided extensive evaluation results for the NB-IoT synchronization signals designed in our companion contribution [1] in different operation modes (i.e. standalone, guard-band and in-band). With the coverage levels being 144 dB, 154 dB, and 164 dB MCL, the following observations are made:
Observation 1: The common design in [1] 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 2: The common design in [1] 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 3: The common design in [1] 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 4: The time to synchronize to the network for the common design in [1] is no longer than 900ms and 860ms respectively for initial cell search and non-initial cell search at each coverage level in standalone, guard-band and in-band operation modes.
Comparisons were also undertaken between our design and the proposed design in [2]. The comparisons showed that our design can notably outperform the design in [2] at the expense of minor overhead increase.   
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Appendix A
[bookmark: _Ref409108948]Table 27. 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



Appendix B
B.1   Standalone operation mode
[bookmark: _Ref419849271]B.1.1   Initial cell search
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 (b) Coupling loss=154dB
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 (c) Coupling loss=144dB
[bookmark: _Ref409867623]Figure 1. Time of signal detection for initial cell search in standalone operation mode
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(a) Coupling loss=164dB
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 (b) Coupling loss=154dB
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 (c) Coupling loss=144dB
Figure 4. Time of SSS detection for initial cell search in standalone operation mode
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 (a) Coupling loss=164dB
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[bookmark: _Ref409897899]Figure 5. Distribution of residual timing error for initial cell search in standalone operation mode
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[image: ]
 (b) Coupling loss=154dB
[image: ]
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[bookmark: _Ref413166558]Figure 6. Distribution of residual frequency offset for initial cell search in standalone operation mode

B.1.2   Non-initial Cell Search
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 (a) Coupling loss=164dB
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Figure 7. Time of signal detection for non-initial cell search in standalone operation mode


[image: ]
(a) Coupling loss=164dB
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Figure 10. Time of SSS detection for non-initial cell search in standalone operation mode
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 (a) Coupling loss=164dB
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 (c) Coupling loss=144dB
Figure 11. Distribution of residual timing error for non-initial cell search in standalone operation mode
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(a) Coupling loss=164dB 
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Figure 12. Distribution of residual frequency offset for non-initial cell search in standalone operation mode

B.2   Guard-band operation mode
B.2.1   Initial cell search
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 (c) Coupling loss=144dB
Figure 13. Time of signal detection for initial cell search in guard-band operation mode
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(a) Coupling loss=164dB
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 (c) Coupling loss=144dB
Figure 16. Time of SSS detection for initial cell search in guard-band operation mode
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 (a) Coupling loss=164dB
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Figure 17. Distribution of residual timing error for initial cell search in guard-band operation mode
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(a) Coupling loss=164dB 
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 (c) Coupling loss=144dB
Figure 18. Distribution of residual frequency offset for initial cell search in guard-band operation mode

B.2.2   Non-initial Cell Search
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 (a) Coupling loss=164dB
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 (c) Coupling loss=144dB
Figure 19. Time of signal detection for non-initial cell search in guard-band operation mode
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(a) Coupling loss=164dB
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 (c) Coupling loss=144dB
Figure 22. Time of SSS detection for non-initial cell search in guard-band operation mode
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Figure 23. Distribution of residual timing error for non-initial cell search in guard-band operation mode
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(a) Coupling loss=164dB 
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 (c) Coupling loss=144dB
Figure 24. Distribution of residual frequency offset for non-initial cell search in guard-band operation mode

B.3   In-band operation mode
B.3.1   Initial cell search
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 (c) Coupling loss=144dB
Figure 25. Time of signal detection for initial cell search in in-band operation mode
[image: ]
 (a) Coupling loss=164dB
[image: ]
 (b) Coupling loss=154dB
[image: ]
 (c) Coupling loss=144dB
Figure 28. Time of SSS detection for initial cell search in in-band operation mode
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Figure 29. Distribution of residual timing error for initial cell search in in-band operation mode
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(a) Coupling loss=164dB 
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 (c) Coupling loss=144dB
Figure 30. Distribution of residual frequency offset for initial cell search in in-band operation mode

B.3.2   Non-initial Cell Search
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 (a) Coupling loss=164dB
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 (b) Coupling loss=154dB
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 (c) Coupling loss=144dB
Figure 31. Time of signal detection for non-initial cell search in in-band operation mode
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Figure 34. Time of SSS detection for non-initial cell search in in-band operation mode
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Figure 35. Distribution of residual timing error for non-initial cell search in in-band operation mode
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 (c) Coupling loss=144dB
Figure 36. Distribution of residual frequency offset for non-initial cell search in in-band operation mode
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