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Introduction
[bookmark: _Ref178064866]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 RAN1#88bis, a working assumption for evaluation purpose was made, as copied below. 
· Working assumption for evaluation until RAN1#89:
· At least the following 2 options are considered for a new NPRACH format 
· Option 1: Rel-13 NPRACH definition with CP length >= 666.67us is introduced. 
· Subcarrier bandwidth <= 1.5 kHz
· Option 2: Rel-13 based NPRACH scrambled by a sequence with good autocorrelation properties. 
In this contribution, we first discuss how the existing NPRACH design can be used to support cell radius of at least 100 km. We then present our views on the design options for Rel-15 NPRACH enhancements. In a nutshell, if NPRACH enhancements are proved necessary in Release 15, a single new NPRACH format addressing both reliability (i.e. false alarm) and range enhancements should be implemented in the specifications.
Discussion
Extended range support with Rel-13 NPRACH
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. The NPRACH is never hopping across more than 12 sub-carriers.

[image: ]
[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: _Toc481300665][bookmark: _Toc481745485]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.
[bookmark: _Toc481300666][bookmark: _Toc481745486]Existing NPRACH design can be used to support cells with radius of at least 100 km.

Design options for Rel-15 NPRACH enhancements
In RAN1#88bis, companies presented multiple options for Rel-15 NPRACH enhancements. Most of the options tackle the reliability (i.e. false alarm) and range enhancements separately. This may lead to more than one new NPRACH formats or design options introduced. This is highly undesirable since too many NPRACH formats would lead to 
1) High standardization effort including possibly both PHY and higher layer impact.
2) Difficulties in maintaining a high degree of backward compatibility if full compatibility is not possible.
3) Overall system complication such as more radio resource fragmentations.
4) High product development cost and burden.
5) Significant testing and field trial efforts.
6) Long time-to-market.
We believe that these outcomes would not be welcome by companies that would like to see the success of NB-IoT and/or have been actively contributed to NB-IoT technologies. Considering these, if NPRACH enhancements are proved necessary in Release 15, a single new NPRACH format addressing both reliability (i.e. false alarm) and range enhancements is preferred. 
We carefully analyse the design options for NPRACH enhancements proposed in RAN1#88bis and summarize our analysis in Table 1. It can be seen from Table 1 that scrambling Rel-13 NPRACH by new sequences has the potential of addressing both reliability (i.e. false alarm) and range enhancements, while maintaining a high degree of backward compatibility. If the scrambling is not done appropriately, the disadvantages are (1) that scrambling may make FFT processing impossible at the receiver, and (2) the orthogonality of preamble transmissions on different subcarriers may be lost, which might be a new source of false alarm. These issues are detailed in our companion contribution [3].
[bookmark: _Ref481302564]Table 1: Summary of design options for NPRACH enhancements
	Design option
	Pros (+) and cons (-)

	Reduced subcarrier spacing (e.g. 1.5kHz)
	· May support range enhancements (+)
· Does not address false alarm issue (-)
· More sensitive to residual CFO and Doppler (-)
· Difficult to overlay with existing NPRACH and may require new resources (-)
· Increased inter-carrier interference if FDMed with 3.75kHz NPRACH (-)

	Modified UE behaviour (i.e., try different TA hypotheses for RA)
	· May support range enhancements (+)
· Does not address false alarm issue (-)
· More random access loads due to multiple hypotheses of TA (-)
· More random access failures due to incorrect TA (-)
· Increased interference to NPUSCH if the TA is incorrect in Msg3 (-) 
· Uncertain UE behaviour under mobility (-)
· Uncertain UE behaviour when moving back to the nominal cell range (-)

	Define a longer CP
(>= 666.7 us)
	· Explicit standards support of cell radius of at least 100km (+)
· Does not address false alarm issue (-)

	Rel-13 NPRACH scrambled by new sequences
	· May support range enhancements (+)
· Easier to overlay with existing NPRACH resources (+)
· May address false alarm issue with a proper design (+)
· If not done appropriately, may have high impact on eNB RX implementation due to not being compliant with FFT processing (-)
· Increased inter-carrier interference (-)



Based on the analysis and discussion, it seems that scrambling Rel-13 NPRACH by new sequences and a reduced subcarrier spacing deserve further study in Rel-15. In our companion contribution [3], we discuss the various issues related to scrambling Rel-13 NPRACH by new sequences in more detail.
[bookmark: _Toc481745487]Scrambling Rel-13 NPRACH by new sequences, and a reduced subcarrier spacing, deserve further study in Rel-15.
[bookmark: _Toc481305710][bookmark: _Toc481305940][bookmark: _Toc481306205][bookmark: _Toc481306220][bookmark: _Toc481306747][bookmark: _Toc481306751][bookmark: _Toc481414436][bookmark: _Toc481585201][bookmark: _Toc481667333][bookmark: _Toc481667350][bookmark: _Toc481744927][bookmark: _Toc481745488]If NPRACH enhancements are proved necessary in Release 15, RAN1 focuses on a single new NPRACH format/design addressing both reliability (i.e. false alarm) and range enhancements. 
Conclusions
In this contribution, we discuss NPRACH range support issues. We 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.
Observation 3	Scrambling Rel-13 NPRACH by new sequences, and a reduced subcarrier spacing, deserve further study in Rel-15.

Based on the discussion in this contribution, we propose the following:
Proposal 1	If NPRACH enhancements are proved necessary in Release 15, RAN1 focuses on a single new NPRACH format/design addressing both reliability (i.e. false alarm) and range enhancements.

[bookmark: _In-sequence_SDU_delivery]References
[bookmark: _Ref476921348][bookmark: _Ref477226465]TS 36.211, “Evolved Universal Terrestrial Radio Access (E-UTRA); Physical channels and modulation.”
[bookmark: _Ref477227283]TR 45.820, “Technical Specification Group GSM/EDGE Radio Access Network; Cellular System; Support for Ultra Low Complexity and Low Throughput Internet of Things; (Release 13).” 
[bookmark: _Ref481306196]R1-1706891, “NPRACH false alarm reduction for NB-IoT,” Ericsson.
[bookmark: _Ref477860640]Appendix
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 2.
[bookmark: _Ref477860780]Table 2: 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.


[image: C:\local_data\MassiveMTC\MyDocs\RAN1_88bis\results\toa_144.png]
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)
[image: C:\local_data\MassiveMTC\MyDocs\RAN1_88bis\results\toa_164.png]
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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