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Introduction
In RAN #75 meeting, FeNB-IoT was approved as a work item [1]. The objective is to achieve further latency and power consumption reduction, to achieve narrow band measurement accuracy improvements, to achieve NPRACH reliability and coverage enhancements, to reduce system acquisition time, and to specify additional features including small cell. The objectives apply to the in-band, guard-band, and standalone operation modes.
According to [1], the objective of NPRACH reliability and coverage enhancements in FeNB-IoT is described as follows:
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 meeting, the following working assumption was made [2]:
· 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 discuss two major approaches to random access preamble range enhancement and further considerations on NPRACH range enhancement for NB-IoT. Reliability enhancement is discussed in the companion paper [3].

Motivation for NPRACH range enhancement 
NPRACH in NB-IoT has been designed to support a cell radius of 35km which is based on GSM network. However, for in-band deployment of NB-IoT in the LTE network, it is necessary for the NPRACH to support a cell radius of up to 100km, which is also covered by LTE PRACH random access preamble. As inherited from legacy LTE, timing adjustment command during random access in NB-IoT already support up to 100km cell radius, so the only changes required to support 100km cell radius seem to be random access preamble design and issues arising from the introduction of new type of preamble, e.g., NPRACH resource configuration, random access procedures, etc. 

Approaches to NPRACH range enhancement
Basically, supporting a larger cell radius requires a longer cyclic prefix and smaller subcarrier spacing for the random access preamble especially if we want to keep CP overhead unchanged. To cover 100 km cell radius, CP length over 666.7 us is needed to avoid inter-symbol interference causing performance loss. As for the smaller subcarrier spacing, proposals could be broadly categorized into two approaches to resolving timing estimation ambiguity issues, one of which is using the same subcarrier spacing as current NPRACH subcarrier spacing, the other one is using subcarrier spacing smaller than 1.5 kHz.  

Approach 1: NPRACH range enhancement without changing subcarrier spacing
In this approach, enhanced random access preamble uses 3.75 kHz subcarrier spacing which is the same as the current random access preamble in NB-IoT, but extends the cyclic prefix length to three symbols duration supporting up to 120 km cell radius. As already discussed in [4], the same sequence and structure as the current NB-IoT preamble can be reused with the minimal, if any, impact on the specification. To resolve inherent ambiguity in timing estimation, eNB performs hypothesis testing with the candidate timing estimates. 
Considering the parallel discussion on reliability enhancement, we can consider adopting a sequence scrambling in place of all 1’s sequence as well. If we denote random access preamble format 1 of the current NB-IoT as ‘111111’ ‘111111’ ‘111111’ ‘111111’, then in the same way a symbol-level scrambled version of the preamble format 1 could be described as ‘ABCDEA’ ‘FGHIJF’ ‘KLMNOK’ ‘PQRSTR’. Different characters here merely mean an element of a scrambling sequence which is not necessarily the same as other elements of the same sequence. The same characters mean they are copied from the last part of the same symbol group for cyclic prefix. 
Now if we further consider range enhancement of the scrambled preamble, then we could consider ‘ABCABC’ ‘DEFDEF’ ‘GHIGHI’ ‘JKLJKL’ structure with the first three symbols of each symbol group corresponds to the cyclic prefix of each symbol group. Here assuming the same structure, i.e., the same number of symbols in a symbol group as that of the current preamble in NB-IoT, the CP overhead increase from 16.7% to 50%. To reduce the CP overhead or collect the same amount of ‘useful’ signal energy per symbol group, we can consider more than six symbols per symbol group. For example, eight symbols in a symbol group would give the same ‘useful’ energy, i.e. for 5 symbols duration, per symbol group as the current preamble format 1 of NB-IoT with the slight increase of CP overhead (37.5%). Of course increased number of symbols in a symbol group extends duration of the symbol group and hence duration of the preamble. ‘Useful’ energy here means the collective symbol energy contributing to the preamble signal energy used for preamble detection and therefore excludes cyclic prefix part. 
If only symbol group-level scrambling is considered, i.e., without symbol-level scrambling, then from range enhancement point of view, there is no difference from ‘111111’ case above. The symbol group-level scrambled preamble ‘AAAAAA’ ‘BBBBBB’ ‘CCCCCC’ ‘DDDDDD’ can be used with the smaller number of ‘useful’ symbols in a symbol group with the preamble duration unchanged, or the number of symbols in a symbol group could be increased, e.g., eight symbols in a symbol group ‘AAAAAAAA’ ‘BBBBBBBB’ ‘CCCCCCCC’ ‘DDDDDDDD’, to keep the same number of ‘useful’ symbols in a symbol group. 

Approach 2: NPRACH range enhancement using smaller subcarrier spacing
More fundamental approach to resolving time estimation ambiguity would be to use subcarrier spacing smaller than 1.5 kHz. For example, subcarrier spacing 1.25 kHz supports up to 120 km cell radius, which has enough margin even with large delay spread and also has benefit of being a submultiple of 3.75 kHz subcarrier spacing. Enhanced preamble with smaller subcarrier spacing has no timing estimation ambiguity issue, which removes the additional processing at eNB side required for the approach 1. This approach also has the benefit of increased multiplexing capability of NPRACH resources in the frequency domain. If 12 subcarriers of 3.75 kHz are assigned for enhanced preamble with of 1.25 kHz subcarrier spacing, 36 subcarriers would be available for enhanced preamble transmission which can be assigned to more users. 
On the other hand, approach 2 has long symbol duration due to reduced subcarrier spacing given the same number of repetitions and therefore has disadvantages in terms of latency and power consumption. Due to the reduced subcarrier spacing, approach 2 may result in poorer Doppler performance which may not be a big issue given the typical use cases. 
Further consideration
In previous sections, when we discussed two major approaches and a few examples, we rather focused on timing estimation ambiguity, implications on the RAN1 specification, CP overhead, and structures, e.g., number of symbols in a symbol group, preamble duration, etc. We also briefly mentioned multiplexing capability when we discussed the approach 2. 
Besides, we have to consider implications on legacy NB-IoT UEs not supporting the new type of preamble if introduced. In this aspect, approach 1 with exactly the same structure, i.e. the same number of symbols in a symbol group with the same preamble duration, has a minimal impact on the legacy UE. If the sequence is also the same, i.e., all 1’s sequence, there is no distinction between legacy and enhanced preamble and the range enhancement is entirely up to eNB’s discretion. However, because in this case the number of ‘useful’ symbols decreases the performance may not be as good as we would expect for legacy preamble using more ‘useful’ symbols for preamble detection. For this, additional repetition level(s) can be considered to compensate for decreased number of useful symbols compared to legacy preamble. 
Instead of more repetitions to compensate for the performance loss due to decreased number of ‘useful’ symbols in a symbol group, we can consider increasing the number of symbols in a symbol group. In this case number of repetition doesn’t have to be changed because the same number of ‘useful’ symbols contribute their energy to detecting the random access preamble. However, in this case, the preamble duration is increased due to increased number of symbols in a symbol group. 

Proposal 1: If enhanced preamble with decreased useful symbol energy within a preamble is to be considered, consider either of the followings as well:
- support more repetitions than the currently supported 
- increase the number of useful symbols in a preamble

If approach 2 above is adopted, the preamble duration would be an integer multiple of the preamble duration of the legacy preamble. Assuming an enhanced preamble with 1.25 kHz subcarrier spacing and the same structure, i.e., the same number of symbols in a symbol group and the same number of symbol groups in a preamble, and the same number of repetitions as the legacy preamble, the preamble duration would be three times the duration of the legacy preamble. However, in this case, because the ‘useful’ energy of the enhanced preamble is three times that of the legacy preamble, the number of repetitions can be reduced to one third of that of the legacy preamble given the same energy. 

Proposal 2: If enhanced preamble with the reduced subcarrier spacing is to be considered, consider reducing the number of repetitions to match the useful energy of the enhanced preamble with that of the legacy preamble. 

[bookmark: _GoBack]In the current NPRACH for NB-IoT, there is no explicit guard time (GT) defined as in LTE. Without a proper guard time, random access preamble would overlap the following subframe at the eNB receiver. Fortunately, however, given the fact that random access preamble in NB-IoT has the length of either 5.6 us for preamble format 0 or 6.4 us for preamble format 1 and also given the supported number of repetitions, there is always a time gap between the end of the preamble repetition and the following subframe boundary. The time gap takes one value out of {200, 400, 600, 800} us depending on the number of repetitions. Considering the maximum CP length of 266.7 us for the legacy preamble, the time gaps could have effectively taken the place of guard times without significant performance loss. 
For enhanced preamble, however, the time gaps never seem to be enough for guard times anymore because 200 and 400 us time gaps are too short compared to the required guard time of 666.7 us. Therefore we need to consider introducing guard time for NPRACH range enhancement.

Proposal 3: We need to consider introducing guard time for NPRACH range enhancement.

When we make decisions on approaches to NPRACH range enhancement, NPRACH resource configuration aspect should also be taken into account. Furthermore, if the enhanced preamble is to be introduced, we need to discuss details on how to allocate legacy preambles and the enhanced preambles to UEs. 
Conclusion
In this contribution we discussed two major approaches to NPRACH range enhancement and further considerations for FeNB-IoT. We propose the followings:

Proposal 1: If enhanced preamble with decreased useful symbol energy within a preamble is to be considered, consider either of the followings as well:
- support more repetitions than the currently supported 
- increase the number of useful symbols in a preamble

Proposal 2: If enhanced preamble with the reduced subcarrier spacing is to be considered, consider reducing the number of repetitions to match the useful energy of the enhanced preamble with that of the legacy preamble. 

Proposal 3: We need to consider introducing guard time for NPRACH range enhancement.
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