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1 Introduction

In RAN1#89, the following agreements were reached.
Agreements:
· 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 this contribution we provide our views on the design of NPRACH to support cell radius of at least 100 km. 
2 Based on existing Rel-13 NPRACH formats
2.1 Solutions to support cell radius of at least 100km
In Rel-13, there are two NPRACH preamble formats. The CP length of a preamble is 66.7 μs or 266.67 μs. Based on Rel-13 design, the supported cell radius is up to 10 km and 40 km. As described in [1], longer CP should be used for NPRACH to support cell radius of at least 100km. The CP length should be larger than 666.67 μs, which is equal to more than two symbols’ length, thus there exists three phase ambiguities corresponding to three kinds of ToA. Here we treat the nominal CP and the first two symbols as an equivalent CP. Three time correlations are made based on the 3 hypotheses of ToA and the detector chooses the hypothesis that corresponds to the largest correlation value as the final estimate of ToA.
In a single-user scenario, the ToA performance is shown in Figure 1. The simulation assumption is shown in the appendix. From the simulation result, it can be seen that in a single-user scenario existing NPRACH design can be used to support cell radius of at least 100km, but such a single-user scenario rarely occurs in practice.
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Figure 1 The ToA performance of existing signal with nominal CP and the first two symbols as equivalent CP
In a multi-user scenario, if existing Rel-13 NPRACH design is used to support cell radius of at least 100 km, the inter subcarrier interference needs to be taken into account. As shown in Figure 2, assume that there are two users to send NPRACH signals on subcarrier f1 and subcarrier f2. The ToA difference between the two users is larger than 1 symbol’s length. If the receiver window is 1 symbol, the interference from subcarrier f2 on subcarrier f1, shown in Formula 1, is not equal to zero. If the receiver window is 5 symbols, the interference from subcarrier f2 on subcarrier f1, shown in Formula 2, is also not equal to zero.


Formula 1 
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Formula 2 
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Figure 2 Rel-13 NPRACH symbol groups with 1 symbol length receiver window or with 5 symbol length receiver window
Observation 1: For Cat 1 solution (Rel-13 NPRACH), in realistic multi-user scenarios, existing Rel-13 NPRACH design used to support cell radius of at least 100km will experience inter- subcarrier interference.
2.2 False alarm reduction
In [3], symbol level scrambling is proposed to reduce false alarm probability. In single-user scenario, the same estimation method as based on Rel-13 NPRACH can be used, i.e. three time correlations are made based on the 3 hypotheses of ToA and the detector selects the hypothesis that corresponds to the largest correlation value as the final estimate of ToA. For symbol level scrambling proposed in [3], the autocorrelation property is not worse than that of all ‘1’s. 
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Figure 3 Rel-13 NPRACH symbol groups with symbol level scrambling

Formula 3
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In a multi-user scenario, for existing Rel-13 NPRACH design with symbol level scrambling, the issue of inter subcarrier interference still exists. As shown in Figure 3, symbol level scrambling code {C(0), C(1), C(2), C(3), C(4)} is added to each symbol within one symbol group. Assume that there are two users to send NPRACH signals on subcarrier f1 and subcarrier f2. The ToA difference between the two users is larger than 1 symbol’s length. If the receiver window is 5 symbols, the interference from subcarrier f2 on subcarrier f1, shown in Formula 3, is not equal to zero.
Observation 2: For Cat 2 solutions, i.e. existing Rel-13 NPRACH design with symbol level scrambling, to support cell radius of at least 100km and false alarm reduction, inter-subcarrier interference in multi-user scenario will exist. 
Proposal 1: For Cat 2 solutions, i.e. existing Rel-13 NPRACH design with symbol level scrambling, to support cell radius of at least 100km and false alarm reduction, the performance impacts due to inter-subcarrier interference need further study.
3 New NPRACH format design with new numerology
3.1 Solutions to support cell radius of at least 100km
For Cat 3 option B and option C, 3.75 kHz subcarrier spacing is still reused. The symbol length, i.e. 
1/3.75 kHz = 266.67 μs,  is less than the maximum timing of arrival for cell radius of at least 100 km, which is larger than 666.67 μs. Thus in the scenario shown in Figure 2, the issue of inter-subcarrier interference, as analyzed in section 2, is also not avoided. So for Cat 3 solutions, Option B, i.e. 3.75 kHz subcarrier spacing with minimum hopping distance 1.25 kHz, and Option C, i.e. 3.75 kHz subcarrier spacing with minimum hopping distance 3.75 kHz with new hopping pattern will cause inter-subcarrier interference. 
Observation 3: For Cat 3 solutions, Option B, i.e. 3.75 kHz subcarrier spacing with minimum hopping distance 1.25 kHz, and Option C, i.e. 3.75 kHz subcarrier spacing with minimum hopping distance 3.75 kHz with new hopping pattern will cause inter-subcarrier interference.
To avoid inter-subcarrier interference, Cat 3 option A is preferred, i.e. 1.25 kHz subcarrier spacing with minimum hop distance of 1.25 kHz. For 1.25 kHz subcarrier spacing, the symbol length, i.e. 
1/1.25kHz = 800 μs , is enough to cover the maximum timing of arrival for cell radius of 120 km. Thus in the scenario shown in Figure 2, the issue of inter-subcarrier interference, as analyzed in section 2, can be avoided. The CP length should be at least equal to the maximum timing of arrival of supported cell radius. The CP length can be equal to one symbol’s length, i.e. 1/1.25 kHz = 800 μs. Thus the supported maximum cell radius will be up to 120 km.
Observation 4: For Cat 3 solution, Option A, i.e. 1.25 kHz subcarrier spacing with minimum hop distance of 1.25 kHz, can avoid the issue of inter subcarrier interference.
Similar to Rel-13, the preamble can be designed based on single-tone transmission with frequency hopping at symbol group level. Each symbol group consists of one CP and several symbols. Based on Rel-13, there are two hopping gaps, i.e. 3.75 kHz and 22.5 kHz (6*3.75 kHz). The minimum hopping gap ensures that UE can access the cell. The maximum hopping gap can improve the ToA estimation accuracy. Similarly, minimum hopping gap should ensure that it can support maximum cell radius of at least 100 km. It is natural to use subcarrier spacing as the minimum hopping gap, i.e. the minimum subcarrier spacing can be 1.25 kHz. To keep the same ToA estimation accuracy as Rel-13, the maximum hopping gap can reuse 
22.5 kHz.  In Rel-13, the ratio of smaller frequency hopping gap and larger frequency hopping gap is 1/6. The new design can also reuse the similar structure. Four frequency hopping gaps, i.e. 1.25 kHz, 6*1.25 kHz, 3.75 kHz, 3.75 kHz*6 is used for NPRACH. An example hopping design is shown in Figure 2. As shown in Figure 2, one repetition of a preamble has two parts, each of four symbol groups. Both parts reuse a similar frequency hopping pattern as Rel-13. 
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Figure 2 An example single-tone frequency hopping design
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Figure 3 Timing error performance of example design
The simulation results of the example design are shown in Table 1. Five different symbol group structures are considered. As shown in Figure 3 and summarized in Table 1, the probability of the estimated ToA error in [-2.6~2.6] us exceeds 90% except the case of CP + 1 symbol. 
As shown in Table 1, the ToA estimation performance gets better as the number of symbols increases towards 4 symbols per group. When the number of symbols in one symbol group exceeds 4, the ToA estimation performance gets worse. This is because with a too large number of symbols in one symbol group, the phase rotation caused by carrier frequency offset and frequency drift is harmful for coherent combination between symbol groups.
The duration of the preamble transmission needs to be considered. In Rel-13, under 164 dB MCL, the duration of NPRACH is 32*4*1.6 = 204.8 ms. For the symbol structure “CP + 2 symbols”, under 164 dB MCL, it satisfies the requirement of 0.1% false alarm probability and 1% miss detection probability, and has duration 307.2 ms, which is close to Rel-13. So taking performance and NPRACH duration into consideration, the symbol group structure “CP + 2 symbols” would be better. It can support cell radius of at least 100 km.
Table 1 Summary of false alarm, missed detection probability, and ToA estimation performance for different symbol group structures of 16 repetitions at 164 dB MCL
	Symbol group structure
	CP overhead
	False alarm probability
	Miss detection probability
	 Probability of ToA Error in [-2.6~2.6]us

	CP + 1 symbol
	50%
	0.1%
	4.3%
	85.9%

	CP + 2 symbols
	33.3%
	0.1%
	1%
	91.6%

	CP + 3 symbols
	25%
	0.1%
	0.36%
	94.7%

	CP + 4 symbols
	20%
	0.1%
	0.35%
	95.7%

	CP + 5 symbols
	16.7%
	0.1%
	3.95%
	94%


Observation 5: The design of 1.25 kHz single-tone frequency hopping symbol groups, with similar frequency hopping structure as Rel-13 NPRACH, 8 symbol groups in one repetition and 
CP + 2 symbols in one symbol group can support cell radius of at least 100 km.
Proposal 2: For Cat 3 solution, Option A, i.e. 1.25 kHz subcarrier spacing with minimum hop distance of 1.25 kHz can support cell radius of at least 100km without causing inter-subcarrier interference.

Proposal 3: The followings are recommended for Cat 3 solution, Option A.
· 800 μs CP length.
· The symbol group for new NPRACH format consists of CP + 2 symbols.
· 8 symbol groups are in one repetition for the new NPRACH format.
· Within one repetition for new NPRACH format, single-tone based symbol group level frequency hopping steps are 1.25 kHz, 6*1.25 kHz, 3.75 kHz and 6*3.75 kHz. 
3.2 Consideration on false alarm reduction
Based on the proposed new NPRACH format with new numerology, the symbol level scrambling code proposed in [3] can be introduced to reduce false alarm probability. We assume the symbol group for the new NPRACH format uses CP + 2 symbols. So the scrambling code should choose length-2 orthogonal sequences, an example is shown in Table 2. The orthogonal sequence index is derived from cell ID 
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Figure 6 Proposed new NPRACH format with symbol level scrambling

Formula 4 
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Table 2 The symbol level scrambling code set
	Sequence index  
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	Orthogonal sequence

	0
	[1  1]

	1
	[1  -1]


Proposal 4: To support cell radius of at least 100km and false alarm reduction, the symbol level scrambling code in Table 2 can be considered to apply on the proposed Cat 3 Option A of NPRACH format with 1.25 kHz numerology.
To summarize the above analysis in section 2 and section 3, the pros and cons of the above two proposed solutions are listed in Table 3.
Table 3 Summary of the two proposed solutions
	Solutions
	Pro
	Con

	Cat 2 solution
	Share same Rel-13 NPRACH resources
	Inter-subcarrier interference

	Cat 3 solution, Option A, 
with symbol level scrambling
	No inter-subcarrier interference
	Require additional NPRACH resources 


Proposal 5: To support of cell range of at least 100 km and false alarm reduction, choose between:
· Cat 2 solutions (i.e. existing Rel-13 NPRACH design with symbol level scrambling).

· Cat 3 solutions, Option A (i.e. 1.25 kHz subcarrier spacing with minimum hop distance of 1.25 kHz) with symbol level scrambling.
4 Conclusions
In this contribution we provide our views on enhancing NPRACH to support cell radius of at least 100 km. The following proposals and observations are made.
Observation 1: For Cat 1 solution (Rel-13 NPRACH), in realistic multi-user scenarios, existing Rel-13 NPRACH design used to support cell radius of at least 100km will experience inter- subcarrier interference.
Observation 2: For Cat 2 solutions, i.e. existing Rel-13 NPRACH design with symbol level scrambling, to support cell radius of at least 100km and false alarm reduction, inter-subcarrier interference in multi-user scenario will exist. 

Observation 3: For Cat 3 solutions, Option B, i.e. 3.75 kHz subcarrier spacing with minimum hopping distance 1.25 kHz, and Option C, i.e. 3.75 kHz subcarrier spacing with minimum hopping distance 3.75 kHz with new hopping pattern will cause inter-subcarrier interference.
Observation 4: For Cat 3 solution, Option A, 1.25 kHz subcarrier spacing and 800 μs CP can avoid the issue of inter subcarrier interference.
Observation 5: The design of 1.25 kHz single-tone frequency hopping symbol groups, with similar frequency hopping structure as Rel-13 NPRACH, 8 symbol groups in one repetition and 
CP + 2 symbols in one symbol group can support cell radius of at least 100 km.
Proposal 1: For Cat 2 solutions, i.e. existing Rel-13 NPRACH design with symbol level scrambling, to support cell radius of at least 100km and false alarm reduction, the performance impacts due to inter-subcarrier interference need further study.
Proposal 2: For Cat 3 solution, Option A, i.e. 1.25 kHz subcarrier spacing with minimum hop distance of 1.25 kHz can support cell radius of at least 100km without causing inter-subcarrier interference.

Proposal 3: The followings are recommended for Cat 3 solution, Option A.

· 800 μs CP length.
· The symbol group for new NPRACH format consists of CP + 2 symbols.
· 8 symbol groups are in one repetition for the new NPRACH format.
· Within one repetition for new NPRACH format, single-tone based symbol group level frequency hopping steps are 1.25 kHz, 6*1.25 kHz, 3.75 kHz and 6*3.75 kHz.
Proposal 4: To support cell radius of at least 100km and false alarm reduction, the symbol level scrambling code in Table 2 can be considered to apply on the proposed Cat 3 Option A of NPRACH format with 1.25 kHz numerology.

Proposal 5: To support of cell range of at least 100 km and false alarm reduction, choose between:

· Cat 2 solutions (i.e. existing Rel-13 NPRACH design with symbol level scrambling).

· Cat 3 solutions, Option A (i.e. 1.25 kHz subcarrier spacing with minimum hop distance of 1.25 kHz) with symbol level scrambling.
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Appendix A
	Channel model 
	TU

	Doppler spread 
	1 Hz

	Antenna configuration
	1Tx, 2Rx

	Frequency error
	Normal(0, [100]) Hz 

	Frequency drift 
	±22.5 Hz/s

	Distance between UE and eNB
	100km

	UE transmit power
	23 dBm 

	MCL
	164 dB 

	Repetition of NPRACH for UE’s each transmission
	32 (for baseline evaluation of Rel-13 NPRACH)
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