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Introduction
In RAN1 #92b meeting, following agreement on the NPRACH range enhancement were made [1]:
	Agreement
Configurable NPRACH bandwidth is integer multiple of 45 kHz. 

Agreement
For Rel-15 UEs, in case NPUSCH transmission collides with any configured NPRACH resources in the cell, the NPUSCH transmission is postponed.

Agreement
For one NPRACH symbol group for subcarrier spacing of 1.25 kHz, one NPRACH symbol group consists of CP+3 Symbols

FFS the number of symbol groups per NPRACH preamble repetition.

Agreement
For frequency hopping within one NPRACH preamble, down-select the following alternatives at RAN1#93 meeting
· Alt 1: 2-level  -/+ 1.25 kHz -/+ 22.5 kHz
· Alt. 2: 3-level -/+ 1.25 kHz -/+ 3.75 kHz 22.5 kHz

Agreement
Specification supports that the new NPRACH format resources can be configured to overlap or not overlap with the NPRACH resources of Rel-13/Rel-14.


In this contribution, we discuss remaining issues for NPRACH range enhancement for NB-IoT. Enhanced NPRACH structure with the frequency hopping details, NPRACH resource configuration, and the guard time issue for NPRACH range enhancement are discussed in this contribution.

NPRACH structure 
Based on the agreement so far regarding the NPRACH structure for range enhancement, the design guideline for a specific NPRACH structure can be summarized as follows:
· 1.25 kHz subcarrier spacing with minimum hop distance of 1.25 kHz
· Only 800 us CP length is supported
· CP + 3 symbols in a symbol group
· NPRACH BW is an integer multiple of 45 kHz (configurable)
· Support resource overlapping with the legacy NPRACH
· Support either of the following two alternatives for NPRACH frequency hopping
· Alt.1: 2-level  -/+ 1.25 kHz -/+ 22.5 kHz
· Alt.2: 3-level -/+ 1.25 kHz -/+ 3.75 kHz 22.5 kHz
In legacy NB-IoT, the minimum frequency hopping distance is 3.75 kHz and the maximum frequency hopping distance is 3.75 * 6 kHz. For the enhanced preamble, the minimum frequency hopping distance is 1.25 kHz and therefore the acquisition range is extended but the estimation accuracy is reduced. Therefore, the probability of the successful transition from the coarse timing estimation (using 1.25 kHz hop distance) to the fine timing estimation (using 3.75 * 6 kHz hop distance) is decreased compared to the legacy preamble. The intermediate hopping distance (3.75 kHz) proposed in Alt.2 above can help overcome this potential problem. Therefore we prefer the NPRACH structure supporting the Alt.2 frequency hopping (3-level -/+ 1.25 kHz -/+ 3.75 kHz 22.5 kHz).  
In addition to the design guideline summarized above, the following metrics are considered important for enhanced NPRACH design:
· The distance between the symmetric frequency hopping pair (measured in symbol group unit)
· The symmetric frequency hopping pair in this contribution means a pair of frequency hopping generated between two symbol groups with the same hopping distance yet with the opposite direction (e.g., for Alt.1 above, two symmetric frequency hopping pairs, i.e., -/+ 1.25 kHz and -/+ 22.5 kHz, are provided.).
· The two frequency hoppings comprising the symmetric hopping pairs are combined for CFO cancellation and for noise reduction. So, the smaller the distance is, the better the performance is especially for time varying channels. This is important especially for the case where the phase noise generated by low-cost oscillators is not small.
· The number of enhanced NPRACH format resources that can be supported in the NPRACH bandwidth
· The enhanced NPRACH structure that utilizes all the subcarriers for NPRACH resources should be a baseline design.
· In our view, this metric is more important compared to the small performance differences we have seen so far among the proposals on the table.
Based on the consideration of the design guideline and the metrics we consider important for enhanced NPRACH structure design, we propose the enhanced NPRACH structure shown in Figure 1. 
[image: ]
[bookmark: _Ref513842737]Figure 1 The proposed enhanced NPRACH structure (starting subcarrier index = 0)
The characteristics of our proposed enhanced NPRACH structure is summarized below:
1) Number of symbol groups = 6
2) Support Alt.2 frequency hopping (3-level -/+ 1.25 kHz -/+ 3.75 kHz 22.5 kHz)
3) Support symmetric frequency hopping pairs for the minimum (1.25 kHz) and the intermediate (3.75 kHz) frequency hopping distance
4) Minimum distance between the symmetric frequency hopping pair 
A. Distance is 1 symbol group for the minimum (1.25 kHz) frequency hopping and 1 symbol group for the intermediate (3.75 kHz) frequency hopping
Figure 1 shows the frequency hopping pattern of the proposed enhanced NPRACH structure in the case where the starting subcarrier index for the enhanced NPRACH format resource is 0. Depending on the starting subcarrier index, 6 different frequency hopping patterns are generated and the proposed structure utilizes all the subcarrier indices (36 subcarriers in the NPRACH bandwidth). To show how they look like when multiple NPRACH format resources are multiplexed, Figure 2 shows 12 multiplexing patterns with the starting subcarrier indices from 0 to 5 and from 30 to 35 (Different hopping patterns are coded in different colors  in Figure 2). 
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[bookmark: _Ref513843984]Figure 2 Multiplexing of the proposed enhanced NPRACH format resources
As shown in Figure 2, the proposed enhanced NPRACH structure utilizes all the subcarrier indices within the enhanced NPRACH bandwidth. To support this, a frequency hopping rule is proposed as follows:
	For frequency hopping distance  , the subcarrier index of the i-th symbol group  is determined by the following rule:

, where  is subcarrier index of the (i-1)-th symbol group


The frequency hopping rule that enables full utilization of all the subcarriers in the enhanced NPRACH bandwidth is proven by the multiplexing pattern shown in Figure 2 generated by the proposed frequency hopping rule.

Proposal 1: An enhanced NPRACH structure that is characterized below is proposed as an enhanced NPRACH structure.
· Number of symbol groups per preamble equals 6.
· Support Alt.2 frequency hopping (3-level -/+ 1.25 kHz -/+ 3.75 kHz 22.5 kHz).
· Frequency hopping pattern
· Symmetric 1.25 kHz frequency hopping (-/+ 1.25 kHz) between the 1st and the 2nd hopping
· Symmetric 3.75 kHz frequency hopping (-/+ 3.75 kHz) between the 3rd and the 4th hopping
· 22.5 kHz frequency hopping in the 5th hopping (22.5 kHz)
· Minimum distance between the -/+ 1.25 kHz frequency hoppings (1st and 2nd)
· Minimum distance between the -/+ 3.75 kHz frequency hoppings (3rd and 4th)

Proposal 2: The frequency hopping rule that enables full utilization of all the subcarriers in the enhanced NPRACH bandwidth is proposed.
· For frequency hopping distance, the subcarrier index of the i-th symbol group  is determined by the following rule:

, where  is subcarrier index of the (i-1)-th symbol group

Alternatively, the following enhanced NPRACH structure can also be considered. The difference from the structure above is that in case of the minimum frequency hopping distance, each of the timing estimation uses different part of the symbol group (no duplicate use of the same symbol group for timing estimation). But the distance between the symmetric frequency hopping pair is increased to 2 symbol groups for the minimum frequency hopping distance.
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Figure 3 Alternative enhanced NPRACH structure for consideration

NPRACH resource configuration 
NB-IoT, due to its small system bandwidth and repetitive transmission, is lack of resources for uplink transmission. This trend is getting worse as the NB-IoT market grows in the near future. Therefore, efficient use of uplink resources is a subject for further improvement. In this context, especially for the NB-IoT system that supports both the legacy and the enhanced NPRACH, NPRACH resource overlapping between the legacy and the enhanced NPRACH are useful. Coexistence between the legacy and the enhanced NPRACH should also be considered because allocating separate narrowbands for NB-IoT supporting enhanced NPRACH is not cost effective at least at the trial or initial stage. One of the objectives of overlapping enhanced NPRACH resource onto the legacy NPRACH is to deploy the enhanced NPRACH without any (serious) impact on the legacy NB-IoT UEs. For efficient resource overlapping, aligning in time the starting and ending points of the enhanced NPRACH with the legacy NPRACH is beneficial. Figure 4 shows an example of resource overlapping between the legacy and enhanced NPRACH. 
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[bookmark: _Ref513846223]Figure 4 Resource overlapping between the legacy and enhanced NPRACH format resources
In Figure 4, enhanced NPRACH format resources occupy part of the legacy NPRACH resources for contention free (CF) random access. In this case, the legacy and the enhanced NPRACH format resources share the same RA-RNTI. To discriminate between the two, eNB allocates random access preamble IDs (RAPIDs) first to the legacy NPRACH format resources and then subsequently to the enhanced NPRACH format resources. No RAPID is shared between the legacy and the enhanced NPRACH format resources.

Proposal 3: For resource overlapping between the legacy and the enhanced NPRACH format resources, RAPID is allocated first to the legacy NPRACH format resources as defined in Rel-13/14 spec, and then subsequently allocated to the enhanced NPRACH format resources. 

Due to the currently available 6-bit RAPIDs, full utilization of the enhanced NPRACH format resources is not possible at the moment. Separate discussion on the RAPID extension is on-going at RAN2 WG and depending on the conclusion, full utilization of the enhanced NPRACH format resources can be supported in the future.
Currently in legacy NB-IoT, NPRACH resources are divided into contention-based and contention-free NPRACH resources. For coexistence of NPRACH resources of the enhanced preambles and the legacy preambles in the legacy contention-based NPRACH time/frequency region, the frequency resources for NPRACH range enhancement can be configured in 3.75 kHz spacing with a 1.25 kHz offset from the frequency locations of the legacy NPRACH resources in such a way to minimize the interference with the legacy NPRACH resources. Or, if the frequency resources for NPRACH range enhancement are configured in the legacy contention-free NPRACH time/frequency region, the frequency resources for NPRACH range enhancement can be configured in 1.25 kHz spacing to maximize the number of NPRACH resources for range enhancement. 

Proposal 4: Support overlapping of the legacy and the enhanced NPRACH format resources in the legacy contention-based and the contention-free NPRACH time/frequency regions. 
· When the enhanced NPRACH format resources are overlapped with the legacy contention-based NPRACH format resources, the enhanced NPRACH format resources are configured in subcarrier locations with 1.25 kHz offsets from the frequency locations of the legacy NPRACH resources with a 3.75 kHz subcarrier spacing.
· When the enhanced NPRACH format resources are overlapped with the legacy contention-free NPRACH format resources, the enhanced NPRACH format resources are configured in 1.25 kHz subcarrier spacing.

NPRACH guard time
In the legacy NPRACH format, there is no explicit guard time (GT) defined as in LTE. The reason is as follows:
1) The target cell range of the legacy NB-IoT was small compared to the LTE (40 km vs. 100 km).
2) The guard time inherently provided by the legacy NPRACH format is sufficient for most cases.
· For legacy NPRACH format 1 of length 6.4 us, there is always a certain amount of time gap between the end of the NPRACH repetition and the start of the following subframe. The values of time gaps belong to {200us, 400us, 600us, 800us} depending on the number of repetitions. Considering the required time gap of 266.7 us for the legacy preamble, there should have been no strong concern without the explicit guard time. 
For the enhanced NPRACH format, the guard time should be explicitly provided for the following reasons:
1) The target cell range is 100 km (same as in LTE). 
2) The guard time inherently provided by the legacy NPRACH format is not sufficient for most cases. 
· For the enhanced NPRACH format, the values of time gaps inherently provided by the enhanced NPRACH format also belongs to {200us, 400us, 600us, 800us} depending on the number of repetitions. However, the required guard time is at least 666.7 us. Therefore explicit guard time is needed at least for repetitions that is in short of inherent guard time. 
· Or, simply puncture the last repetition of the preamble if there is no enough guard time to avoid collision between the enhanced NPRACH format and the following subframe. 

Proposal 5: For the enhanced NPRACH format, the collision problem between the last repetition of the enhanced NPRACH format and the following uplink subframe should be resolved. As a simple solution, puncturing of the last part of the enhanced NPRACH format to provide the required guard time is proposed. 

Further consideration
eNB can configure the legacy NPRACH format resources and the enhanced NPRACH format resources per each carrier and per each CE level. If either only legacy NPRACH format resources or only enhanced NPRACH format resources are configured in each CE level, or if both the legacy and the enhanced NPRACH format resources are configured but in different carriers, the UE capable of enhanced NPRACH will be able to select the NPRACH resource without confusion in order to perform RACH procedure upon detecting the DCI format N1 for NPDCCH order.  However, if both legacy NPRACH format resources and enhanced NPRACH format resources are configured in same NB-IoT carrier and same CE level, there is a confusion selecting the NPRACH resource in response to the NPDCCH order from the eNB. One simple solution is that the NPRACH format to be used is indicated via DCI format N1 for NPDCCH order by eNB. Another solution is that the enhanced UE can select the same NPRACH format used in previous RACH procedure. Since the second solution does not need to change the DCI design, we prefer the second one.

Proposal 6: If both the legacy and enhanced NPRACH format resources are configured in same NB-IoT carrier and the same CE level, and if the DCI format N1 for NPDCCH order is detected, the UE capable of enhanced NPRACH selects the same NPRACH format (either the legacy or the enhanced) used in previous RACH procedure.

Conclusion
In this contribution we discussed enhanced NPRACH structures with the frequency hopping details, resource overlapping between the legacy and enhanced NPRACH formats including RAPID allocation, guard time issues, and the case of NPDCCH order for the enhanced NPRACH format for NB-IoT. We proposed the followings:

Proposal 1: An enhanced NPRACH structure that is characterized below is proposed as an enhanced NPRACH structure.
· Number of symbol groups per preamble equals 6.
· Support Alt.2 frequency hopping (3-level -/+ 1.25 kHz -/+ 3.75 kHz 22.5 kHz).
· Frequency hopping pattern
· Symmetric 1.25 kHz frequency hopping (-/+ 1.25 kHz) between the 1st and the 2nd hopping
· Symmetric 3.75 kHz frequency hopping (-/+ 3.75 kHz) between the 3rd and the 4th hopping
· 22.5 kHz frequency hopping in the 5th hopping (22.5 kHz)
· Minimum distance between the -/+ 1.25 kHz frequency hoppings (1st and 2nd)
· Minimum distance between the -/+ 3.75 kHz frequency hoppings (3rd and 4th)
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Proposal 2: The frequency hopping rule that enables full utilization of all the subcarriers in the enhanced NPRACH bandwidth is proposed.
· For frequency hopping distance, the subcarrier index of the i-th symbol group  is determined by the following rule:

, where  is subcarrier index of the (i-1)-th symbol group

Proposal 3: For resource overlapping between the legacy and the enhanced NPRACH format resources, RAPID is allocated first to the legacy NPRACH format resources as defined in Rel-13/14 spec, and then subsequently allocated to the enhanced NPRACH format resources. 

Proposal 4: Support overlapping of the legacy and the enhanced NPRACH format resources in the legacy contention-based and the contention-free NPRACH time/frequency regions. 
· When the enhanced NPRACH format resources are overlapped with the legacy contention-based NPRACH format resources, the enhanced NPRACH format resources are configured in subcarrier locations with 1.25 kHz offsets from the frequency locations of the legacy NPRACH resources with a 3.75 kHz subcarrier spacing.
· When the enhanced NPRACH format resources are overlapped with the legacy contention-free NPRACH format resources, the enhanced NPRACH format resources are configured in 1.25 kHz subcarrier spacing.

Proposal 5: For the enhanced NPRACH format, the collision problem between the last repetition of the enhanced NPRACH format and the following uplink subframe should be resolved. As a simple solution, puncturing of the last part of the enhanced NPRACH format to provide the required guard time is proposed. 

Proposal 6: If both the legacy and enhanced NPRACH format resources are configured in same NB-IoT carrier and the same CE level, and if the DCI format N1 for NPDCCH order is detected, the UE capable of enhanced NPRACH selects the same NPRACH format (either the legacy or the enhanced) used in previous RACH procedure.
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