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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 RAN1#89 meeting, the following agreements on NPRACH range enhancement  were made [2]:
· To support of cell range of at least 100 km, FFS between:

· Cat 1: Rel-13 NPRACH

· Cat 2: Sharing the same NPRACH resources as Rel-13 NPRACH formats, with symbol or symbol-group level scrambling; maintaining feasibility of FFT processing and orthogonality of preambles on different tones

· CP length FFS between same as or longer than Rel-13 formats

· Cat 3: New NPRACH numerology with CP length FFS between same as or longer than Rel-13 formats

Option A: 1.25 kHz subcarrier spacing with minimum hop distance of 1.25 kHz

Option B: 3.75 kHz subcarrier spacing with minimum hop distance 1.25 kHz

Option C: 3.75 kHz subcarrier spacing with minimum hop distance 3.75 kHz with new hopping pattern

· Combinations of Category 2 and Category 3 solutions are not precluded

In RAN1#90 meeting, the following conclusion on NPRACH range enhancement  were made [3]:
· Regarding NPRACH false alarm rate reduction and cell range extension, companies are encouraged to explain the potential impacts of the agreed categories/alternatives on implementations.
In this contribution, we provide the detailed discussion about the three alternative solutions for NPRACH range enhancements.
2 Discussion
· For solution in Cat1
To support at least 100km cell radius, the required RTD is larger than 667us. For 3.75kHz subcarrier length with symbol duration of 266.7us, at least 3 symbols are needed. Based on Rel-13 NRPACH structure, the most straight forward way is shown in Figure 1, for a symbol group consisting of 6 symbols, three symbols are configured as CP with 3 symbols for NPRACH preamble sequence.
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Figure 1:Symbol group structure with extended CP
It is noted from [4] that original TA detection algorithm for Rel-13 will have relatively large TA estimation error, to improve TA estimation, algorithm with several iteration of estimation targeting specific hopping pattern has been evaluated. Figure 2 below shows the results in TU 1Hz channel. It is observed the requirement in TS36.104 (-3.645us，+3.645us) still has not been achieved.
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Figure 2: TA estimation result for Cat 1 solution
Observation 1：Cat 1 solutions will not meet requirement in TS36.104 (-3.645us，+3.645us)；
· For solution in Cat2
It is known that symbol level scrambling will have impact on the orthogonality of preamble on different tones. If more symbols are used for CP, such as the proposal in [5], the orthogonality of the remaining symbols can be maintained. However, the 3 symbol are effectively used as CP so there will be performance degradation on NPRACH detection. In shorts, it is not preferred to provision excessive symbol for CP just for the sake of symbol orthogonality. 

The other choice is symbol group level based scrambling, which can maintain orthogonality of preambles on different tones. However, scrambling is more useful for inter-cell interference randomization, therefore improve the NPRACH detection reliability. For single user TA estimation , the performance as shown in Figure 3 is same as Cat 1 solution.
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Figure 3: TA estimation result for Cat 2 solution
Observation 2：Cat 2 solutions will not meet requirement in TS36.104 (-3.645us，+3.645us)；

· For solutions in Cat3
Option A: 
For 1.25kHz subcarrier spacing, 100km cell range can be supported with one symbol length CP. Since for single tone NRACH , the phase difference between two symbol group around the frequency hopping instance , and two level frequency hopping can only support up to 35km cell range , so at least 3 level of frequency hopping is needed for 100km cell range.
Observation 3：For Option A in Cat 3, 3  level of frequency hopping is needed.
Considering the discussion in [6] regarding the hopping pattern effect on TA estimation performance, we suggest ‘good’ hopping pattern shall be adopted for all 3 level of frequency hopping.
Based on the above analysis, the NPRACH structure for option A is given in Figure 4. A preamble is defined by 7 symbol groups, including 3 level frequency hopping, 1st FH distance=1.25kHz，2nd FH distance = 6*1.25kHz，3rd  FH distance = 24*1.25kHz，Each level frequency hopping has two hopping direction. The hopping distance was chosen based on simulation comparison.
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Figure 4:NPRACH preamble structure with 1250Hz subcarrier spacing
Considering the symbol duration of 1.25kHz tone spacing is 800us, symbol group total length will be 4800us if same number of symbol per symbol group as in Rel-13 is used. Since two adjacent symbol groups are needed for TA estimation, the total length will exceed 9200us and the channel’s effect is not negligible, therefore the TA estimation accuracy will be affected. In Figure 5 the number of symbol in one symbol group’s impact on TA estimation is compared. The simulation parameter is given in the appendix. From the Figure it is observed that TA estimation accuracy is optimal if two symbol are configured in one symbol group. Therefore it is suggested to adopt two symbol per symbol group for 1.25kHz tone spacing.
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Figure 5: TA estimation performance for Option A NPRACH structure
Observation 4:  It is optimal to configure 2 symbols in one symbol group for Option A in Cat 3；
Observation 5:  Option A in Cat 3 solutions will meet requirement in TS36.104 (-3.645us，+3.645us)；

Option B: 
As hopping distance  1.25kHz is not the multiple of 3.75kHz, severe inter-carrier interference will be introduced. Therefore option B is not recommended.
Option C:
To meet the requirement of targeted TA estimation accuracy in TS36.104, improved hopping pattern and larger symbol group number may be used. As shown in Figure 6, one NPRACH band consisting of 12 subcarriers is divided into 12 NPRACH channels(CH0~CH11), this could be grouped into two subgroup A and B, with CH0~CH5 for subgroup A and CH6~CH11 for subgroup B. In this way, the preamble consisting of 8 symbol groups. The two adjacent 4 symbol groups are configured in the same subgroup, with channel index randomly chosen. 
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Figure 6: Enhanced NPRACH structure 
Simulation result is shown in Figure 7, with detailed parameters given in Table A2 and Table A3  in the appendix. It is observed that with this modification the targeted TA estimation accuracy defined in TS 36.104 (-3.645us，+3.645us) can be achieved.
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Figure 7: TA estimation result for further optimized detection method

Observation 6:  Option C in Cat 3 solutions will meet requirement in TS36.104 (-3.645us，+3.645us)；
Based on the above analysis we see both Option A in Cat3 and Option C in Cat 3 will satisfy the TA estimation requirement in TS36.104. For Option C in Cat3, the CP in one symbol group occupy 3 symbol duration and has a total overhead of 50%. Compare with Option A in Cat3, it has worse resource utilization. Additionally, since CP occupies three symbol duration, the eNB will detect three peak value therefore more processing is required at eNB side. 
For Option A in Cat 3, new subcarrier spacing 1.25kHz needs to be introduced. Correspondingly, Ran4 needs to define new requirement. Considering there are already two uplink subcarrier spacing exists in NB-IoT, introducing a third subcarrier will make uplink resource allocation more difficult. 
Considering the resource utilization Option A in Cat 3 is preferred.
Proposal 1:  It is suggested to adopt Option A in Cat 3 (below) for NB-IoT range enhancement.
· 1.25kHz subcarrier spacing

· A preamble is defined by 7 symbol groups
·  3 level frequency hopping, 1st FH distance=1.25kHz, 2nd FH distance = 6*1.25kHz, 3rd  FH distance = 24*1.25kHz, each level frequency hopping including hopping for both direction 
·  2 symbol configured in one symbol group
· Preamble support repetition
3 Conclusions
In this contribution, we make the following observation and proposals:
Observation 1：Cat 1 solutions will not meet requirement in TS36.104 (-3.645us，+3.645us)；

Observation 2：Cat 2 solutions will not meet requirement in TS36.104 (-3.645us，+3.645us)；

Observation 3：For Option A in Cat 3, 3  level of frequency hopping is needed.

Observation 4:  It is optimal to configure 2 symbols in one symbol group for Option A in Cat 3；
Observation 5:  Option A in Cat 3 solutions will meet requirement in TS36.104 (-3.645us，+3.645us)；

Observation 6:  Option C in Cat 3 solutions will meet requirement in TS36.104 (-3.645us，+3.645us)；
Proposal 1:  It is suggested to adopt Option A in Cat 3 (below) for NB-IoT range enhancement.
· 1.25kHz subcarrier spacing

· A preamble is defined by 7 symbol groups
·  3 level frequency hopping, 1st FH distance=1.25kHz, 2nd FH distance = 6*1.25kHz, 3rd  FH distance = 24*1.25kHz, each level frequency hopping including hopping for both direction 

·  2 symbol configured in one symbol group

· Preamble support repetition
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Appendix：NPRACH simulation assumptions 
Table A1: NPRACH coverage performance for 1250Hz subcarrier spacing
	1)      Tx power (dBm)
	23

	2)      PSD (dBm/Hz)
	-174

	3)      Rx noise figure (dB)
	3

	4)      Interference margin (dB)
	0

	5)      BW (Hz)
	1250

	6)      Effective noise (dBm)
2)+3)+4)+10*log10(5))
	-140.0309

	7)      Required SINR (dB)
	19.03

	8)      Rx sensitivity (dBm)
6)+7)
	-121.0009

	9)      Rx processing gain (dB)
	0

	10)    MCL (dB)

1)-8)+9)
	144.0009


Table A2: NPRACH coverage performance for 3750Hz subcarrier spacing
	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 A3:NPRACH link level simulation parameters

	Parameter
	Value

	Channel model
	TU

	Doppler spread
	1 Hz

	Antenna configuration
	1 Tx; 2 Rx

	Cell size
	100 km

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

	Frequency error
	Uniformly drawn from the set {-100 Hz, 100 Hz}

	Frequency drift
	22.5Hz/s

	Sample rate
	1.92MHz
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