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Introduction
In RAN#75, a working agreement on the work item on further enhanced NB-IoT was made. The objective of the work item is to introduce further support of enhanced features for NB-IoT, supporting standalone, guard-band, and in-band operation modes. One objective is to study NPRACH reliability and range enhancements as listed below.

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 how the existing NPRACH design can be used to support cell radius of at least 100 km.
[bookmark: _Ref178064866]Discussion
NPRACH is a single subcarrier waveform of 3.75kHz with frequency hopping [1]. The basic unit of NPRACH preamble is symbol group that consists of a CP and 5 repetitive OFDM symbols. With 5 repetitive OFDM symbols in a symbol group, the relative CP overhead is reduced while maintaining the orthogonality of NPRACH preambles transmitted on different subcarriers. Two CP lengths, 66.7 us and 266.7 us, are defined [1]. The 266.7 us CP length equals the maximum round-trip delay of cells with radius up to 40 km. Therefore, the CP with 266.7 us length can support the maximum cell radius of 35 km required in the GERAN study item [2]. To reduce CP overhead and improve spectral efficiency for smaller cell sizes, the CP length of 66.7 us, equalling the maximum round-trip delay of cells with radius up to 10 km, was also introduced. 
Though the nominal longest CP length of NPRACH equals the maximum round-trip delay of cells with radius only up to 40 km, the special structure of NPRACH design can be exploited to support larger cells with radius of at least 100 km. Using the 266.7 us CP length as an example, Figure 1 gives an illustration of how eNB in a cell with 100 km radius may process NPRACH. Specifically, the eNB of a cell with 100 km radius may treat the nominal CP plus the first 2 symbols in the symbol group as an equivalent CP. The length of the equivalent CP is 800 us and equals the maximum round-trip delay of cells with radius up to 120 km.
With 2 more symbols treated as part of the equivalent CP, there is a processing loss of 2 symbols per symbol group. This loss may be compensated by configuring a higher number of repetitions for NPRACH to achieve the same MCL and detection performance. 
The eNB shall also estimate the time of arrival with the received NPRACH preamble. To facilitate uplink timing estimation at the eNB, a special hopping pattern is used in NPRACH. The hopping pattern of NPRACH consists of both inner layer fixed size hopping and outer layer pseudo-random hopping. Outer layer pseudo-random hopping is applied between groups of 4 symbol groups. Inner layer fixed size hopping is applied within every 4 symbol groups: a single-subcarrier hopping is used between the first and the second and between the third and the fourth symbol groups, while a six-subcarrier hopping is used between the second and the third symbol groups.
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[bookmark: _Ref477228708]Figure 1: An illustration of NPRACH processing for supporting cell radius of at least 100 km with 266.7 us nominal CP
With frequency hopping, the time of arrival may be estimated by processing the phases of the received NPRACH symbol groups. The phase difference of two received symbol groups caused by frequency hopping is prone to a 2*Pi phase ambiguity, which may cause confusion in the time-of-arrival estimation. The minimum step size of frequency hopping in NPRACH is one subcarrier of 3.75 kHz, which avoids phase ambiguity if the uplink timing uncertainty is within 266.7 us (= 1/3.75 kHz). 
Treating the nominal CP plus the first 2 symbols as an equivalent CP, the eNB of a cell with 100 km radius may face 3 phase ambiguities. For example, suppose that a UE is located at 60 km away from the eNB. The phase difference of two symbol groups is the same for 20 km distance, 60 km distance, and 100 km distance. In other words, by processing the phase information of the received NPRACH symbols, there exist 3 hypotheses of the time of arrival. On possible approach to determining the final time of arrival estimate may go as follows: the eNB performs 3 time correlations based on the 3 hypotheses and chooses the hypothesis that yields the largest correlation value as the final estimate of the time of arrival. 
In the Appendix, we show NPRACH time of arrival estimation performance with 100 km cell radius. In the simulation, we treat the nominal CP plus the first 2 symbols in each symbol group as an equivalent CP, and resolve the phase ambiguities using the approach described above. The simulation results show that the existing NPRACH design can be used to support cells with radius of at least 100 km.
[bookmark: _Toc477862036]Though the longest nominal CP length in NPRACH is 266.7 us, eNB may treat the nominal CP plus the first 2 symbols in the symbol group as an equivalent CP with length of 800 us.
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Conclusions
In this contribution, we analyse the design of the existing NPRACH and made the following observations:
Observation 1	Though the longest nominal CP length in NPRACH is 266.7 us, eNB may treat the nominal CP plus the first 2 symbols in the symbol group as an equivalent CP with length of 800 us.
Observation 2	Existing NPRACH design can be used to support cells with radius of at least 100 km.
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In this section, we present NPRACH time of arrival estimation performance with 100 km cell radius by treating the nominal CP plus the first 2 symbols in each symbol group as an equivalent CP. The simulation assumptions are summarized in Table 1.
[bookmark: _Ref477860780]Table 1: Simulation setup
	Parameter
	Value

	Channel model
	TU

	Doppler spread
	1 Hz

	Antenna configuration
	1 Tx; 2 Rx

	Cell radius
	100 km

	Timing uncertainty
	Uniformly drawn from [0, 800 us]. See Note 1.

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

	Frequency drift
	Uniformly drawn from the set {-22.5 Hz/s, 22.5 Hz/s}.

	Note 1: 800 us is the maximum round-trip delay in the cell of radius 100 km.
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Figure 2: NPRACH time of arrival estimation performance with 100 km cell radius: 2 repetitions at 144 dB MCL (i.e., 14.24 dB SNR)
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Figure 3: NPRACH time of arrival estimation performance with 100 km cell radius: 32 repetitions at 164 dB MCL (i.e., -5.76 dB SNR)
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