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1 Introduction
In RAN#75, a new WID on further NB-IoT enhancements [1] was approved. One of the objectives of the WID is as the following: 
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].
The reliability of NPRACH signal, particularly the false alarm probability, was discussed in several papers [2][3]. In this document, we discuss the impacts of inter-cell NPRACH interference and identify two mechanisms for improving NPRRACH reliability.

2. Discussions 

Since the bandwidth of NPRACH is only 0.75 kHz as compared to the subcarrier spacing of 3.75 or 15 kHz of NPUSCH, an NPRACH transmission mainly suffers from interference due to other NPRACH signals of neighboring cells. When two or more cells have overlapped NPRACH resources, two types of impacts can be identified:

· Increased false alarm probability: an NPRACH transmission is falsely detected due to NPRACH signals of other cells. This mostly occurs when two or more overlapping NPRACH resource blocks have comparable numbers of repetitions and the interfering cell is heavily loaded. Although different cells have different hopping patterns among repetitions, at an NPRACH resource element identified by a starting subcarrier index, one or more neighbor-cell NPRACH signals may be transmitted. For instance, an empty NPRACH resource element with two repetitions may see NPRACH interferer A in repetition 1 and NPRACH interferer B in repetition 2. In this case, it is likely that the cell of concern will detect an NPRACH transmission.
· Reduced timing accuracy: the timing estimation of a transmitted NPRACH signal is biased due to NPRACH signals in neighboring cells. This mostly occurs when the interfering NPRACH resource blocks have comparable or smaller number of repetitions. As mentioned above, an NPRACH transmission can be interfered by different NPRACH signals at different repetitions. Since all NPRACH signals in one repetition are the same, it can be difficult to tell the existence of an interfering NPRACH signal. The resulting timing estimation can be significantly biased. It is hence desirable to identify repetitions that under large NPRACH interference and remove them in timing estimation. This requires some mechanism to differ NPRACH signals from different cells within one repetition. 
Unless in a coordinated deployment where inter-cell NPRACH resource overlapping can be avoided, NPRACH reliability including both false alarm and timing accuracy can be adversely affected by inter-cell NPRACH interference. This problem is expected to be more serious when cell sizes are small and/or load is high. 

Observation 1: Inter-cell NPRACH interference can cause false alarm and significant degradation in accuracy of timing estimation. The above problems can be alleviated by reduced interference and introduction of cell differentiation within one NPRACH repetition. 
2 Solutions

As discussed above, to improve NPRACH reliability one needs to reduce NPRACH interference and/or to provide differentiation of NPRACH signals within a repetition.

In this section, we propose two backward compatible solutions.

2.1 Frequency Shift

Since the bandwidth of an NPRACH signal is 0.75 kHz while the hopping distance is integer multiples of 3.75 kHz, different frequency shifts as an integer multiple of 0.75 kHz can be applied at different cells. Doing so, any two completely overlapped NPRACH signals associated with different shifts are orthogonal to each other. If partially overlapped, the interference seen by one NPRACH signal is significantly reduced w.r.t the power of the interferer. 

As shown in Figure 1, 5 frequency shifts can be created around an existing subcarrier, corresponding to frequency shifts [-2, -1, 0, 1 2]*0.75 kHz. Different cells can use different frequency shifts for reduced mutual interference. 
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Figure 1 NPRACH subcarrier locations with integer multiple of 0.75 kHz shifts.

2.2 Scrambling
Scrambling can be applied on symbol group level, i.e., one scrambling number per symbol group, to allow differentiation between NPRACH signals from different cells. This would allow eNB to detection of the presence of NPRACH interference(s). Since the phase shift between symbol groups 1 and 2 and the phase shift between symbol groups 3 and 4 are expected to be the same in the absence of frequency offset, the two phase shifts can be used to detect the presence of interference. As such, a simple version of scrambling is to have a phase shift on symbol group 4 only. The phase shift value should be large enough to allow reliable interference detection, for instance in the form of /2*m, m=0, 1,2, 3.  

Form the above, we have the following proposal:

Proposal 1: Adopt the following enhancements for feNB-IoT NPRACH:

· A frequency shift of k*0.75 kHz is applied

· FFS k=[-2, -1, 0, 1, 2] or [-2, -1 1 2].

· A phase rotation of m*p/2 with m=0,1,2,3 is applied to the 4th symbol group of each repetition.

· Exact signaling of the above frequency shift and phase rotation is FFS: by SIB or by specification as cell ID dependent.
3 Summary
In this document, we have discussed the NPRACH reliability problem with the following observation:

Observation 1: Inter-cell NPRACH interference can cause false alarm and significant degradation in accuracy of timing estimation. The above problems can be alleviated by reduced interference and introduction of cell differentiation within one NPRACH repetition. 
In addition, we have proposed the following enhancements:

Proposal 1: Adopt the following enhancements for feNB-IoT NPRACH:

· A frequency shift of k*0.75 kHz is applied

· FFS k=[-2, -1, 0, 1, 2] or [-2, -1 1 2].

· A phase rotation of m*p/2 with m=0,1,2,3 is applied to the 4th symbol group of each repetition.

· Signaling of the above frequency shift and phase rotation is FFS: by SIB or by specification as cell ID dependent.
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