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1 Introduction
In RAN #75 meeting, new WID RP-170852 on Further NB-IoT enhancements was agreed as working agreement [1]. One of the objective is NPRACH reliability and range enhancements

NPRACH reliability and range enhancements

· If found necessary, reduce false alarm probability for NPRACH detection due to inter-cell interference on NPRACH [RAN1, RAN2, RAN4]

· If found necessary, introduce at least additional cyclic prefixes for NPRACH to support cell radius of at least 100 km [RAN1, RAN2, RAN4]

In this contribution, we discuss the issue of NPRACH reliability and range enhancements for NB-IoT.
2 The impact on NPRACH detection due to inter-cell interference
2.1 Preliminary analysis
In the case when overlap exists between the NPRACH resource of the target cell and the neighboring cell, because of the all ‘1’ sequence of the NPRACH preamble, if neighboring cell’s UE starts sending preamble , the preamble  could be received by the target cell and raise the false alarm probability of preamble detection for the target cell.
Also, if the UE in the target cell is transmitting preamble, the inter-cell NPRACH interference will also has a big impact on the target cell NPRACH TA estimation performance. In Figure 1, we show the target cell’s UE preamble TA estimation performance degradation caused by inter-cell NPRACH interference with MCL=144dB, the corresponding simulation parameters are listed in Table A1 and Table A2 of Appendix 1.
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Figure 1: TA estimation performance, MCL=144dB
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Figure 2: TA estimation performance within [-10*sampling interval, 10*sampling interval]
Table 1:TA estimation result  

	Scenario
	Probability of TA estimation error within [-7*16Ts, 7*16Ts][Note 1]

	w/o inter-cell NPRACH interference
	99%

	with inter-cell NPRACH interference, SIR = 3dB
	36%

	with inter-cell NPRACH interference, SIR = 0dB
	20%

	Note1:Ts=32.55ns,16Ts is the sampling interval corresponding to sample rate of 1.92MHz;


From simulation results in Table1, it can be seen that inter-cell NPRACH interference has significant impact on NPRACH preamble detection.
Observation 1:NPRACH inter-cell interference will cause significant increase of target cell’s false alarm probability of preamble detection.
Observation 2:NPRACH inter-cell interference will significantly increase target cell preamble TA estimation error. 
2.2 NPRACH collision rate analysis 
In Appendix 2, orthogonal time-frequency resourced needed for NPRACH in neighboring cells are calculated based on given NPRACH collision probability. In Table 2 a summary of the result is shown. 
Table 2: NPRACH overhead result
	Collision probability
	NPRACH overhead
	Maximum of NPRACH resource reuse factor

	1%
	129%
	1

	5%
	32.6%
	3

	10%
	15.5%
	7


From Table2 it can be seen that with collision probability of 1%, the required NPRACH resources exceeds the total available resource in the system. Even with a collision probability of 5%, 32.6% of total resource is still needed for NPRACH configuration.
Observation 3:Reducing collision rate via orthogonal NPRACH resource configuration will require extremely high NPRACH resource. 

Because multiple preamble sequences are not supported in Rel-13 NPRACH, once collision happens, at least one UE’s preamble will not be detected by the eNB. Even with the detectable preamble, the interference between the colliding UE will cause significant TA estimation performance degradation. Therefore, it is expected in actual deployment higher collision rate shall be avoided. With 5% collision rate, based on Table 2 it is known that the NPRACH resource usage is 32.6%. Therefore at most 3 adjacent cells can be supported with orthogonal NPRACH resource without significant inter-cell NPRACH interference. However, usually for TA estimation , up to six non-ignorable cells will impact the TA performance of the target cell. Therefore , it is impossible to configure enough orthogonal NPRACH resource to avoid inter-cell NPRACH resources.
Note NPRACH resource could be a bottleneck in the NB-IoT deployment. In Rel-15 WID RP-170852 “Evaluate power consumption/latency gain and specify necessary support for DL/UL data transmission on a dedicated resource during the Random Access procedure after NPRACH transmission and before the RRC connection setup is completed” is proposed. Considering the extra NPRACH resource that could be needed for this use case, the NPRACH resource reuse factor will be further lowered and more severe inter-cell NPRACH interference is expected. 
Observation 4:Based on the current NPRACH resource usage, NPRACH inter-cell resource cannot be eliminated through configuration of orthogonal NPRACH resources. 
Proposal 1: Beside configuration of orthogonal NPRACH resources, other enhancements need to be explored to reduce the inter-cell NPRACH interference. 
2.3 Evaluation methodology for inter-cell NPRACH interference
· Evaluation metrics
false alarm probability

The false alarm probability is the conditional total probability of erroneous detection of the preamble (i.e. erroneous detection from any detector) when input is only noise.

The false alarm probability shall be less than or equal to 0.1%.

The probability of detection

The probability of detection is the conditional probability of correct detection of the preamble when the signal is present. There are several error cases – detecting different preamble than the one that was sent, not detecting a preamble at all or correct preamble detection but with the wrong timing estimation. A timing estimation error occurs if the estimation error of the timing of the strongest path is larger than [3.646]us. The strongest path for the timing estimation error refers to the strongest path in the power delay profile.
· Simulation parameters
Table 3: NPRACH link level simulation parameters

	Parameters 
	Description 

	Frequency band 
	900 MHz 

	Sampling rate 
	15.36MHz 

	Antenna configuration 
	BS: 2Rx; NB-IoT UE: 1Tx 

	Frequency error
	Randomly chosen from the set {-200,200} Hz ； 

	Frequency drift
	22.5Hz/s 

	Timing uncertainty
	randomly selected from [0 MaxRTD], where MaxRTD is calculated according to the cell radius

	Repetition times
	8，32；

	SNR
	Table 4

	Interference signal power 
	Table 4


Table 4: Interference modelling for NPRACH
	Parameters 
	Description 

	Cellular Layout 
	Hexagonal grid, 19 cell sites, 3 sectors 

	NPRACH resource reuse factor
	1 ，3，7

	Frequency band 
	900 MHz 

	Inter site distance 
	1732 m 

	Antenna configuration 
	BS: 2Rx; NB-IoT UE: 1Tx 

	Rx noise figure 
	BS: 3 dB 

	Thermal noise density 
	-174 dBm/Hz 

	NB-IoT UE Tx Power 
	23 dBm

	Path loss model 
	L=I + 37.6log10(R), R in kilometers; I=120.9 

	Shadowing standard deviation 
	8 dB 

	Correlation distance of Shadowing 
	110 m 

	Shadowing correlation 
	Between cell sites: 0.5

Between sectors of the same cell site: 1.0 

	Antenna pattern (horizontal) 
	See table 5-7, 3GPP TR 45.914, 65°H-plane. 

	BS antenna gain 
	18 dBi 

	NB-IoT UE Antenna gain 
	-4 dBi 

	BS cable loss 
	3 dB 

	User distribution

	· Indoor scenario 
· All UEs are indoor

· UE distribution follows TR 45.820 
· Channel model : EPA,1Hz
· Building Penetration Loss Scenario#1  Coef =0.5 (See Annex D.1 of TR 45.820). 
· Outdoor scenario 
· All UEs are Outdoor 

· UEs are uniformly dropped 

· Channel model : EPA,2.5Hz 25Hz
· No Building Penetration Loss 



	SNR 
	Based on the dropping method in the “User distribution”, get the UE SNR CDF. 

	Interference signal power
	a% of total interference power , based on the dropping method in the “User distribution”.


· Simulation output
1. Target cell UE SNR CDF；
2. NPRACH false alarm probability and  probability of detection；
Proposal 2:Adopt unified evaluation methodology(simulation parameters, interference modeling and NPRACH evaluation criteria）to evaluate the impact of  inter-cell NPRACH interference on NPRACH performance.
3 Preliminary analysis on supporting larger cell radius for NPRACH
Based on the requirement in [1], NB-IoT shall support cell radius of at least 100km, which corresponds to minimal 667us RTD. This means for NPRACH subcarrier of 3.75kHz and 266.7us symbol length, at least 3 symbols are needed to be configured as CP.

If the overall structure is still based on the simple extension of Rel-13 NPRACH, then the symbol group is as shown in Figure 3, where the first 3 symbols are configured as CP and the last 3 symbols are NPRACH symbols. 
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Figure 3:symbol group structure with extended CP
To analysis the impact on eNB timing estimation, we adopt the correlation based detection algorithm. With 2-step hopping based scheme, the TA estimation is based on the following expression.
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*Ts。Evidently this will cause significant TA error and degrade NPRACH performance. 
Observation 5:  Simple CP extension of Rel-13 NPRACH cannot support large cell with 100km cell radius. 
Proposal 3:  To support large cell with 100km cell radius, new NPRACH sequence is needed. 
4 Conclusions
In this contribution, we make the following observation and proposals:
Observation 1:NPRACH inter-cell interference will cause significant increase of target cell’s false alarm probability of preamble detection.
Observation 2:NPRACH inter-cell interference will significantly increase target cell preamble TA estimation error. 

Observation 3:Reducing collision rate via orthogonal NPRACH resource configuration will require extremely high NPRACH resource. 

Observation 4:  Based on the current NPRACH resource usage, NPRACH inter-cell resource cannot be eliminated through configuration of orthogonal NPRACH resources. 

Observation 5:  Simple CP extension of Rel-13 NPRACH cannot support large cell with 100km cell radius. 
Proposal 1:  Beside configuration of orthogonal NPRACH resources, other enhancements need to be explored to reduce the inter-cell NPRACH interference. 

Proposal 2:Adopt unified evaluation methodology(simulation parameters, interference modeling and NPRACH evaluation criteria）to evaluate the impact of  inter-cell NPRACH interference on NPRACH performance.
Proposal 3:  To support large cell with 100km cell radius, new NPRACH sequence is needed. 
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Appendix 1：NPRACH simulation assumptions

Table A1: NPRACH coverage performance

	1)      Tx power (dBm)
	23

	2)      PSD (dBm/Hz)
	-174

	3)      Rx noise figure (dB)
	3

	4)      Interference margin (dB)
	0

	5)      BW (Hz)
	3750

	6)      Effective noise (dBm)
2)+3)+4)+10*log10(5))
	-135.2597

	7)      Required SINR (dB)
	14.25

	8)      Rx sensitivity (dBm)
6)+7)
	-121.0097

	9)      Rx processing gain (dB)
	0

	10)    MCL (dB)

1)-8)+9)
	144.0097


Table A2:NPRACH simulation parameters

	Parameter
	Value

	Channel model
	EPA

	Doppler spread
	1 Hz

	Antenna configuration
	1 Tx; 2 Rx

	Cell size
	35 km

	Timing uncertainty
	randomly selected from [0 MaxRTD], where MaxRTD is calculated according to the cell radius

	Frequency error
	Uniformly drawn from the set {-50 Hz, 50 Hz}

	Sample rate
	1.92MHz


Appendix 2：Calculation of NPRACH collision probability
For NPRACH collision probability, UE arrival rate is adopted from [2].
Table A3: UE arrival rate
	Coupling loss
	<144 dB
	[144 dB, 154 dB]
	>154 dB

	Percentage
	88.5%
	8.9%
	2.8%

	Mean arrival rate (/s)
	5.43
	0.54
	0.17


Based on the collision calculation in [3], we can find the relationship between NPRACH resource overhead and preamble collision rate.
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 is the total number of random-access opportunities per second and 
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is the random-access intensity, i.e. there are, on average,  random-access attempts per second and cell. 

Based on Rel-13 NB-IoT NPRACH structure, if the CP length is 266.7us, a Unit is defined for 4 symbol groups with length 6.4ms, (1000/6.4)*48=7500 Units can be configured in 1s. From RAN4 NPRACH requirement in [4], we assume the NPRACH repetition number corresponding to 3 CE level is 8, 32 and 128 respectively. 
Table A4: NPRACH overhead, Collision probability =1%
	Coupling loss
	UE mean arrival rate (/s)
	Number of NPRACH opportunities (/s)
	Need Unit number per NPRACH opportunities
	NPRACH resource for single tone/multiple tone Msg3 indication
	Number of Unit allocated (/s)
	Collision probability

	<144 dB
	5.43
	376
	8
	x2
	6016
	1.4%

	[144 dB, 154 dB]
	0.54
	50
	32
	x1
	1600
	1.1%

	>154 dB
	0.17
	16
	128
	x1
	2048
	1.1%

	

	Total number of Unit allocated (/s)
	9664
	NPRACH overhead in

uplink resource
	9664/7500=129%


Table A5: NPRACH overhead, Collision probability =5%
	Coupling loss
	UE Mean arrival rate (/s)
	Number of NPRACH opportunities (/s)
	Need Unit Number per NPRACH opportunities
	NPRACH resource for Single tone/Multiple tone Msg3 indication
	Number of Unit allocated (/s)
	Collision probability

	<144 dB
	5.43
	105
	8
	x2
	1680
	5.1%

	[144 dB, 154 dB]
	0.54
	11
	32
	x1
	352
	4.8%

	>154 dB
	0.17
	3.25
	128
	x1
	416
	5.1%

	

	Total number of Unit allocated (/s)
	2448
	NPRACH overhead in

uplink resource
	2448/7500=32.6%


Table A6: NPRACH overhead, Collision probability =10%
	Coupling loss
	UE Mean arrival rate (/s)
	Number of NPRACH opportunities (/s)
	Need Unit Number per NPRACH opportunities
	NPRACH resource for Single tone/Multiple tone Msg3 indication
	Number of Unit allocated (/s)
	Collision probability

	<144 dB
	5.43
	50
	8
	x2
	800
	10.3%

	[144 dB, 154 dB]
	0.54
	5.125
	32
	x1
	164
	10.2%

	>154 dB
	0.17
	1.56
	128
	x1
	200
	10.1%

	

	Total number of Unit allocated (/s)
	1164
	NPRACH overhead in

uplink resource
	15.5%
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