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During the RAN4#78 meeting on NB-IoT RRM an attempt was made by several companies to align on simulation assumptions for cell search link simulations [1], however due to that synchronization signal design had not been settled by RAN1, the proposal on simulation assumption was not agreed.
Since the RAN4#78 meeting RAN1 has had an ad hoc meeting where the NB-PSS design was agreed while the NB-SSS design still is open. In an attempt to provide input to the upcoming discussions at RAN4#78bis on simulation assumptions we have conducted initial simulations using the agreed NB-PSS design and periodicity, and NB-SSS design based on our previous proposal in RAN1 [3].
In this contribution we provide initial simulation results for PSS detection latency, SSS detection latency, and total cell detection time.
Note: This is a revision of R4-161947.
Background
Synchronization signals
Similar to MBB LTE the synchronization signals consists of a Primary Synchronization Signal (NB-PSS) and a Secondary Synchronization Signal (NB-SSS). The number of versions, the composition, and the periodicity however differs from the legacy LTE system. There is a single PSS common to all 504 cell identities, and there are 504 cell identities represented by SSS. In subframes that carry synchronization signals, NB-PSS and NB-SSS, respectively, occupies the last 11 OFDM symbols, at least for the normal cyclic prefix configuration. The number of subcarriers that are used for carrying synchronization signals is 11 for NB-PSS and 12 for NB-SSS.
The periodicities of NB-PSS and NB-SSS have not yet been determined, but NB-PSS is sent in subframe 5 and NB-SSS in subframe 9. Subframes in which NB-PSS or NB-SSS are transmitted do not carry NB-RS, but may in case of in-band deployment be subjected to puncturing by CRS from the LTE cell in whose downlink bandwidth the NB-IoT cell operates.
The agreed design of NB-PSS is captured in [2], and consists of a Zadoff-Chu sequence of length 11 in frequency domain, generated with root index 5. The same Zadoff–Chu sequence is repeated in 11 subsequent OFDM symbols but with a phase determined by a code cover sequence [1  1  1  1  -1  -1  1  1  1  -1  1].
For the design for NB-SSS it has been agreed that it too shall be based on one or more Zadoff-Chu sequences, but remaining details on number of sequences and potential use of binary scrambling sequences are still open. In the simulations we have used the NB-SSS design in [3].
Regarding periodicities of NB-PSS and NB-SSS we have assumed that the former has a periodicity of 10ms and that the latter has a periodicity of 20ms and is transmitted in every odd radio frame. Moreover, for the latter a binary scrambling code is applied on the four instances transmitted during a 80ms period such that the UE can determine where in the 80ms period it captured the NB-SSS instance. The layout of the synchronization signals in a 80ms period is illustrated in Figure 1.


[bookmark: _Ref447285472]Figure 1: Assumed periodicities and phases of NB-PSS and NB-SSS in simulations.

Operation modes
Three operation modes have been agreed for NB-IoT:
· Stand-alone operation, making use of scattered spectrum and e.g. re-farming of GSM spectrum,
· Guard-band operation, making use of the currently unused resource blocks at the edges of the MBB LTE cell, and
· In-band operation, making use of resources that are within the system bandwidth of the MBB LTE cell.
In stand-alone and guard-band operation it is mainly the interference that may put a limit on the performance, whereas in the in-band operation additional puncturing of NB-PSS and NB-SSS by MBB LTE CRSs may have an impact on the performance. For the latter case a boosting of the NB-PSS and NB-SSS by up to 6dB compared to the MBB LTE CRS has been agreed. Particularly for in-band operation the first 3 OFDM symbols in a subframe are reserved for the MBB LTE control region (PDCCH, PHICH, PCFICH) and hence are not used by NB-IoT. Both normal and extended cyclic prefixes are to be supported however the impact on e.g. NB-PSS and NB-SSS when extended cyclic prefix is used is still to be specified by RAN1.
Coverage scenarios
The NB-IoT device may operate in three coverage scenarios:
· Normal coverage, similar to that of MBB LTE devices
· Extended coverage, similar to that of eMTC devices, and
· Extreme coverage, a new coverage scenario that implies an SINR as low as about -20dB.
Simulation assumptions
The parameters used in the simulations are shown in Table 1 below. The assumptions for the initial simulations, with purpose of aligning results with interested companies, are based on that the NB-IoT device already has carried out initial cell search, i.e., the device has synchronized its frequency reference to the network. Also the initial cell search has to be investigated in order to provide information to RAN2 on what latency can be expected in case serving cell coverage has been lost during DRX/eDRX inactivity.  
The cases considered are a single cell with radio propagation channels AWGN, ETU 1Hz and EPA 1Hz. All three cases aim at modelling a stationary device, with the fading channels modelling that although the device is stationary, the multipath propagation may be influenced by activities in the surrounding (road traffic etc.)


[bookmark: _Ref447287211]Table 1: Simulation parameters
	Parameter
	Value(s)
	Comment

	Channel model
	AWGN,
ETU 1Hz,
EPA 1Hz
	Models stationary device

	System bandwidth
	180kHz (1 PRB)
	

	Antenna configuration
	In-band
Guard-band
	2TX, 1RX
	Puncturing of NB-PSS and NB-SSS in in-band operation when colliding with 2TX CRS pattern

	
	Stand-alone
	1TX, 1RX
	

	Power boosting for NB-IoT
	In-band
Guard-band
	0 dB, 6 dB
	NB-IoT is transmitted at 6dB higher power than the MBB LTE cell to which it is associated.

	
	Stand-alone
	N/A
	

	Cyclic prefix configuration 
	Normal CP
	CP lengths 10 and 9 samples for first and following symbols in a slot, respectively, at 1.92MS/s.

	NB-IoT load condition
	Fully loaded, modelled by OCNG
	OFDM symbols 3-13

	MBB LTE cell load condition
	In-band
	Fully loaded, modelled by OCNG
	OFDM symbols 0-2. (Control region)

	
	Guard-band
Stand-alone
	N/A
	

	Frequency offset
	Static 200Hz frequency offset
	Models imperfect AFC tracking.

	SNR range
	-20 to 10 dB
	

	NB-PSS periodicity
	10ms
	

	NB-SSS periodicity
	20ms
	

	Algorithms for cell detection
	Implementation specific
	



Simulation results
In-band operation
AWGN
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Figure 2: Results for in-band AWGN scenario: (top) 6dB boosting, (bottom) 0dB boosting.

[bookmark: _Ref447625503]Table 2: In-band AWGN scenario. Percentiles for total cell detection time and accumulated NB-PSS and NB-SSS instances for successful detection. 
	
	Boosting 6dB
	Boosting 0dB

	SNR [dB]
	Total time [ms]
	# PSS
	# SSS
	Total time [ms]
	# PSS
	# SSS

	
	50pt
	90pt
	50pt
	90pt
	95pt
	50pt
	90pt
	95pt
	50pt
	90pt
	50pt
	90pt
	95pt
	50pt
	90pt
	95pt

	-20
	670
	1226
	51
	107
	136
	7
	14
	16
	690
	1310
	54
	114
	140
	7
	13
	15

	-16
	190
	350
	13
	27
	32
	3
	6
	7
	510
	930
	39
	79
	96
	6
	11
	12

	-12
	70
	110
	4
	8
	10
	2
	3
	3
	370
	670
	27
	57
	68
	5
	9
	10

	-6
	30
	30
	1
	2
	2
	1
	1
	1
	270
	470
	18
	40
	47
	4
	7
	8

	0
	30
	30
	1
	1
	1
	1
	1
	1
	210
	350
	14
	28
	33
	3
	6
	7

	3
	30
	30
	1
	1
	1
	1
	1
	1
	150
	270
	10
	20
	24
	3
	5
	6



ETU 1Hz
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Figure 3: Results for in-band ETU 1Hz scenario: (top) 6dB boosting, (bottom) 0dB boosting.






Table 3: In-band ETU 1Hz scenario. Percentiles for total cell detection time and accumulated NB-PSS and NB-SSS instances for successful detection. 
	
	Boosting 6dB
	Boosting 0dB

	SNR [dB]
	Total time [ms]
	# PSS
	# SSS
	Total time [ms]
	# PSS
	# SSS

	
	50pt
	90pt
	50pt
	90pt
	95pt
	50pt
	90pt
	95pt
	50pt
	90pt
	50pt
	90pt
	95pt
	50pt
	90pt
	95pt

	-20
	490
	2124
	34
	179
	241
	4
	23
	43
	540
	2118
	34
	170
	234
	4
	27
	45

	-16
	130
	650
	7
	50
	78
	2
	7
	12
	110
	684
	7
	52
	85
	2
	7
	12

	-12
	50
	250
	3
	16
	31
	1
	3
	5
	50
	290
	3
	19
	35
	1
	3
	5

	-6
	30
	70
	1
	4
	10
	1
	2
	2
	30
	90
	1
	5
	11
	1
	2
	2

	0
	30
	30
	1
	2
	4
	1
	1
	1
	30
	30
	1
	2
	5
	1
	1
	1

	3
	30
	30
	1
	1
	2
	1
	1
	1
	30
	30
	1
	2
	4
	1
	1
	1




EPA 1Hz
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Figure 4: Results for in-band EPA 1Hz scenario: (top) 6dB boosting, (bottom) 0dB boosting.



Table 4: In-band EPA 1Hz scenario. Percentiles for total cell detection time and accumulated NB-PSS and NB-SSS instances for successful detection. 
	
	Boosting 6dB
	Boosting 0dB

	SNR [dB]
	Total time [ms]
	# PSS
	# SSS
	Total time [ms]
	# PSS
	# SSS

	
	50pt
	90pt
	50pt
	90pt
	95pt
	50pt
	90pt
	95pt
	50pt
	90pt
	50pt
	90pt
	95pt
	50pt
	90pt
	95pt

	-20
	385
	1690
	23
	138
	182
	4
	20
	40
	450
	1748
	29
	147
	211
	4
	24
	37

	-16
	110
	570
	6
	45
	70
	2
	7
	11
	110
	590
	7
	48
	72
	2
	6
	11

	-12
	50
	230
	3
	15
	26
	1
	3
	5
	50
	230
	3
	14
	27
	1
	3
	5

	-6
	30
	70
	1
	4
	7
	1
	2
	2
	30
	70
	1
	4
	7
	1
	2
	2

	0
	30
	30
	1
	2
	3
	1
	1
	1
	30
	30
	1
	2
	3
	1
	1
	1

	3
	30
	30
	1
	1
	2
	1
	1
	1
	30
	30
	1
	1
	2
	1
	1
	1





Stand-alone

AWGN
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Figure 5: Results for stand-alone AWGN scenario

[bookmark: _Ref442651683][bookmark: _Ref442651678]Table 5: Stand-alone AWGN scenario. Percentiles for total cell detection time and accumulated NB-PSS and NB-SSS instances for successful detection. 
	
	

	SNR [dB]
	Total time [ms]
	# PSS
	# SSS

	
	50pt
	90pt
	50pt
	90pt
	95pt
	50pt
	90pt
	95pt

	-20
	550
	960
	41
	83
	101
	6
	12
	14

	-16
	150
	270
	10
	21
	26
	3
	5
	6

	-12
	70
	90
	3
	7
	8
	2
	2
	3

	-6
	30
	30
	1
	2
	2
	1
	1
	1

	0
	30
	30
	1
	1
	1
	1
	1
	1

	3
	30
	30
	1
	1
	1
	1
	1
	1




ETU 1Hz
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Figure 6: Results for stand-alone ETU 1Hz scenario

Table 6: Stand-alone ETU 1Hz scenario. Percentiles for total cell detection time and accumulated NB-PSS and NB-SSS instances for successful detection. 
	
	

	SNR [dB]
	Total time [ms]
	# PSS
	# SSS

	
	50pt
	90pt
	50pt
	90pt
	95pt
	50pt
	90pt
	95pt

	-20
	360
	1646
	20
	124
	177
	4
	22
	35

	-16
	110
	550
	6
	40
	64
	2
	6
	9

	-12
	50
	210
	2
	13
	28
	1
	3
	4

	-6
	30
	70
	1
	4
	10
	1
	1
	2

	0
	30
	30
	1
	2
	3
	1
	1
	1

	3
	30
	30
	1
	2
	3
	1
	1
	1



EPA 1Hz
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Figure 7: Results for stand-alone EPA 1Hz scenario

Table 7: Stand-alone EPA 1Hz scenario. Percentiles for total cell detection time and accumulated NB-PSS and NB-SSS instances for successful detection. 
	
	

	SNR [dB]
	Total time [ms]
	# PSS
	# SSS

	
	50pt
	90pt
	50pt
	90pt
	95pt
	50pt
	90pt
	95pt

	-20
	230
	1376
	11
	115
	145
	3
	21
	30

	-16
	90
	504
	5
	37
	54
	2
	6
	9

	-12
	50
	190
	2
	12
	24
	1
	3
	4

	-6
	30
	70
	1
	4
	6
	1
	2
	2

	0
	30
	30
	1
	2
	2
	1
	1
	1

	3
	30
	30
	1
	1
	2
	1
	1
	1



Summary
The simulations provide initial results for the amount of accumulation needed for NB-PSS (# PSS) and NB-SSS (# SSS) for correct detection of the timing and the PCI, respectively. The time for RSRP measurements is not covered by the simulations.
The provided cell detection time percentiles (“Total time”) comprise the time needed to detect NB-PSS and NB-SSS. An NB-IoT device implementation that either accurately can determine when a NB-PSS candidate is reliable, or is able to pursue NB-SSS detection for a large number of NB-PSS candidates can meet the cell detection times provided under “Total time” in the tables. 
However a NB-IoT device that instead bases cell detection on accumulation of a certain number of NB-PSS instances and NB-SSS instances, respectively, before carrying out detection attempts will require a somewhat longer cell detection time, since NB-PSS and NB-SSS detections each separately will have to fulfil some given probability of success. Assuming independence between NB-PSS and NB-SSS detection, which is true for the AWGN scenario but only approximate for the fading channels, the number of accumulated instances given by the 95th percentiles for NB-PSS and NB-SSS, respectively, are required in order for the cell detection to be successful with 90% probability.
To exemplify, consider the in-band AWGN scenario in Table 2. For the 6dB boosting case, the 90th percentile for the cell detection time at SNR -20dB according to the former design (detect when the NB-PSS result is reliable) is 1226ms, whereas for the latter design it is about 136•10+16•20ms = 1680ms (“# PSS” and “# SSS”; 95th percentile). The complexity in terms of processing and memory footprint is in general lower for the latter than for the former approach. On the other hand, the latter approach would generally require more radio time and would therefore be more expensive from power consumption point of view. Hence before settling on cell detection requirements a discussion on the acceptable complexity would be in place.
The difference between the two extremes of NB-IoT cell search designs is noticeable also for the fading channels; the latter design consistently requires more radio time than the former design.
Observation 1: The achievable cell detection time is highly influenced by which complexity can be accepted for the procedure. A discussion on the acceptable complexity would be in place before settling on cell detection core requirements.
Besides the cell search design as such there is also one factor that will highly influence the cell detection time and the power consumption: whether high or low density of NB-PSS and NB-SSS is used. In the results provided at the RAN4#78 meeting [4] one alternative that was investigated concerned a NB-PSS with same repetition period as in this contribution, i.e. 10ms, but where NB-PSS occupied 11 OFDM symbols in two adjacent subframes. Hence from power point of view twice the power was used per 10ms in [4]. Since NB-PSS was transmitted in adjacent subframes the result from each subframe could be combined coherently, which resulted in a 3dB higher NB-PSS detection sensitivity than in the current results. With lower density of NB-PSS the cell detection time hence the radio time increases since more instances have to be non-coherently accumulated before a peak can be accurately detected. 
Observation 2: The density of NB-PSS has an impact on the power consumption and on the required memory for accumulation. The sparser the NB-PSS the more radio time hence power is needed for accumulating a particular number of instances. The sparser the NB-PSS the larger memory is need for accumulated result.
Moreover, the design of NB-SSS has not yet been settled by RAN1 hence there may be some uncertainty on the number of instances that have to be accumulated before NB-SSS can be successfully decoded.
Observation 3: Since RAN1 has not yet finalized the design on NB-SSS some uncertainty remain on how many instances need to be accumulated in order to detect NB-SSS successfully.
Conclusions
We have carried out NB-IoT cell search simulations and have made the following observations:
Observation 1: The achievable cell detection time is highly influenced by which complexity can be accepted for the procedure. A discussion on the acceptable complexity would be in place before settling on cell detection core requirements.
Observation 2: The density of NB-PSS has an impact on the power consumption and on the required memory for accumulation. The sparser the NB-PSS the more radio time hence power is needed for accumulating a particular number of instances. The sparser the NB-PSS the larger memory is need for the accumulation.
Observation 3: Since RAN1 has not yet finalized the design on NB-SSS some uncertainty remain on how many instances need to be accumulated in order to detect NB-SSS successfully.
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