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Introduction
[bookmark: _Ref178064866]The objective of the work item on further enhanced NB-IoT 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#92 and RAN1#92bis, the following agreements were made for NPRACH range enhancement. 
Agreement
For NPRACH range enhancement,
· New NPRACH numerology with 1.25 kHz subcarrier spacing with minimum hop distance of 1.25 kHz.
· Only 800 us CP length is supported.
· Configurable NPRACH bandwidth is integer multiple of 45 kHz.
· For Rel-15 UEs, in case NPUSCH transmission collides with any configured NPRACH resources in the cell, the NPUSCH transmission is postponed.
· For one NPRACH symbol group for subcarrier spacing of 1.25 kHz, one NPRACH symbol group consists of CP+3 Symbol.
· FFS the number of symbol groups per NPRACH preamble repetition.
· 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
· 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 present our views on the design options for Rel-15 NPRACH enhancements for the support of cell radius of at least 100 km.
Discussion
NPRACH preamble structure
It is agreed that “For one NPRACH symbol group for subcarrier spacing of 1.25 kHz, one NPRACH symbol group consists of CP+3 Symbols”. This equals to 3.2 ms. Recall that in Rel-13 NPRACH design, the length of one NPRACH symbol is 266.7 us, and two different CP lengths, i.e., 66.7 us and 266.7 us are supported. Notice that the agreed NPRACH symbol group structure for 1.25 kHz numerology has the same length as that of 2 symbol groups in Rel-13 NPRACH with a CP length of 266.7 us. It is also agreed that “Configurable NPRACH bandwidth is integer multiple of 45 kHz.”. Therefore, with 1.25 kHz subcarrier spacing, the smallest NPRACH band can consist of 36 subcarriers. 
[bookmark: _Toc485305050][bookmark: _Toc485305764][bookmark: _Toc485306239][bookmark: _Toc485306796][bookmark: _Toc485307744][bookmark: _Toc488046779][bookmark: _Toc488046802][bookmark: _Toc488046838][bookmark: _Toc488046877][bookmark: _Toc488047350][bookmark: _Toc488048936][bookmark: _Toc488049016][bookmark: _Toc490199813][bookmark: _Toc494360243][bookmark: _Toc494360803][bookmark: _Toc513726676][bookmark: _Toc513727274][bookmark: _Toc513808935]With 1.25 kHz subcarrier spacing, the frequency hopping pattern consists of both inner layer fixed size hopping and outer layer pseudo-random hopping.
As for the frequency hopping design, we suggest reusing the design principles of legacy NPRACH. The hopping scheme can consist of both inner layer fixed size hopping and outer layer pseudo-random hopping. The outer layer pseudo-random hopping can be the same as Rel-14 NPRACH, with the relaxation that pseudo-random hopping can be larger than 45 kHz. In other words, the range of the outer layer pseudo-random hopping can scale with the number of configured NPRACH subcarriers.
· The range of the outer layer pseudo-random hopping is 36 subcarriers if the configured NPRACH band consists of 36 subcarriers with 1.25 kHz subcarrier spacing.
· The range of the outer layer pseudo-random hopping is 72 subcarriers if the configured NPRACH band consists of 72 subcarriers with 1.25 kHz subcarrier spacing.
· The range of the outer layer pseudo-random hopping is 108 subcarriers if the configured NPRACH band consists of 108 subcarriers with 1.25 kHz subcarrier spacing.
· The range of the outer layer pseudo-random hopping is 144 subcarriers if the configured NPRACH band consists of 144 subcarriers with 1.25 kHz subcarrier spacing.
The relaxation of the range of pseudo-random hopping can increase the timing resolution, which may be helpful for improving the link performance. 
[bookmark: _Toc485305051][bookmark: _Toc485305765][bookmark: _Toc485306240][bookmark: _Toc485306797][bookmark: _Toc485307745][bookmark: _Toc488046780][bookmark: _Toc488046803][bookmark: _Toc488046839][bookmark: _Toc488046878][bookmark: _Toc488047351][bookmark: _Toc488048937][bookmark: _Toc488049017][bookmark: _Toc490199814][bookmark: _Toc494360244][bookmark: _Toc494360804][bookmark: _Toc513726677][bookmark: _Toc513727275][bookmark: _Toc513808936]With 1.25 kHz subcarrier spacing, the range of the outer layer pseudo-random hopping can scale with the number of configured NPRACH subcarriers.
Note that the new NPRACH resources are not known to the legacy NB-IoT UEs. Hence, when designing the new NPRACH structure, the less UL fragmentation the better. This is because the eNB scheduler will take care of the collisions between the legacy UEs and the new NPRACH resources. For the inner layer hopping in a NPRACH preamble repetition unit, we first need to determine the number of symbol groups in the repetition unit. Recall that the agreed symbol group structure of 1 CP + 3 symbols spans 3.2 ms. Therefore, 5 symbol groups will have a total length of 16 ms (occupying 16 subframes), which aligns well with the NPUSCH subframes. 
[bookmark: _Toc485305766][bookmark: _Toc485306241][bookmark: _Toc485306798][bookmark: _Toc485307746][bookmark: _Toc488046781][bookmark: _Toc488046804][bookmark: _Toc488046840][bookmark: _Toc488046879][bookmark: _Toc488047352][bookmark: _Toc488048938][bookmark: _Toc488049018][bookmark: _Toc490199815][bookmark: _Toc494360245][bookmark: _Toc494360805][bookmark: _Toc513726678][bookmark: _Toc513727276][bookmark: _Toc513808937]With 1.25 kHz subcarrier spacing, a basic NPRACH repetition unit consists of 5 symbol groups.
The inner layer hopping can reuse legacy NPRACH inner layer hopping, as illustrated in Figure 1. The 1-tone hopping between Group 1 and Group 2 and the 1-tone hopping between Group 3 and Group 4 constitute a pair with reversed hopping directions.  The 18-tone hopping between Group 2 and Group 3 and the 18-tone hopping between Group 4 and Group 5 constitute a pair with reversed hopping directions.  
[image: ]
[bookmark: _Ref510048136][bookmark: _Ref510047685]Figure 1: New NPRACH numerology with 1.25 kHz subcarrier spacing
Compared to Alternative 2, the hopping pattern in Alternative 1 allows better frequency error cancellation due to reversed hopping directions for both (1.25 kHz and 22.5 kHz) hops. Therefore, we support the frequency hopping pattern described in Alternative 1 of the relevant RAN1#92bis agreement.
[bookmark: _Toc485305053][bookmark: _Toc485305767][bookmark: _Toc485306242][bookmark: _Toc485306799][bookmark: _Toc485307747][bookmark: _Toc488046782][bookmark: _Toc488046805][bookmark: _Toc488046841][bookmark: _Toc488046880][bookmark: _Toc488047353][bookmark: _Toc488048939][bookmark: _Toc488049019][bookmark: _Toc490199816][bookmark: _Toc494360246][bookmark: _Toc494360806][bookmark: _Toc513726679][bookmark: _Toc513727277][bookmark: _Toc513808938]With 1.25 kHz subcarrier spacing, adopt the hopping pattern in Figure 1 for the hopping of symbol groups within a NPRACH repetition unit.

NPRACH configurations
It is agreed that “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”. 
It is expected that the new UEs and legacy UEs can share the same RAR. Therefore, the parameters used for configuring the type2-CSS should allow the same configurations for both Rel-15 UEs and legacy UEs. This leads to the following proposal. 
[bookmark: _Toc513726680][bookmark: _Toc513727278][bookmark: _Toc513808939]The parameters and their values for the type2-CSS configurations of RAR corresponding to the Rel-15 NPRACH resources remain the same as in legacy NPRACH. 
For the configuration of the new NPRACH resources, some of the values of the legacy parameters can be reused. Recall that the current NPRACH starting time is defined in 36.211 [1] as “NPRACH transmission can start only  time units after the start of a radio frame fulfilling .” The values for the current nprach-StartTime is sufficient to allow both overlap and non-overlap configurations. This leads to the following proposal.
[bookmark: _Toc513726681][bookmark: _Toc513727279][bookmark: _Toc513808940]Reuse the Rel-13 values for nprach-StartTime, numRepetitionsPerPreambleAttemp, and nprach-Periodicity for Rel-15 NPRACH format 2 resources configurations. 
With 1.25 kHz subcarrier spacing, a maximum of 144 preambles can be simultaneously configured within an NPRACH resource unit. Therefore, the range of nprach-SubcarrierOffset needs to be updated. In order to support overlap configurations, nprach-SubcarrierOffset needs to be set to 0, 36, 72, 108, 6, 54, 102. Similarly, to support non-overlap configurations, some new values need to be added to nprach-SubcarrierOffset. Therefore, we propose the following configuration for this parameter. 
[bookmark: _Toc513726682][bookmark: _Toc513727280][bookmark: _Toc513808941]Set nprach-SubcarrierOffset to {0, 36, 72, 108, 6, 54, 102, 12, 24, 48, 84, 120, 18, 66, 144, spare1} subcarriers. 
With 1.25 kHz subcarrier spacing, the smallest NPRACH band consists of 36 subcarriers for better backward compatibility. This implies that even in a cell with a few users, NPRACH may occupy a significant amount of the resources. This is especially true if that user has latency requirements since this requires a short NPRACH periodicity. Therefore, it is beneficial to allow finer FDM across cells within the same NPRACH band consisting of 36 subcarriers. Finer NPRACH FDM may also help reduce the false alarm rate.
With a similar dimensioning as Rel-13 NPRACH, each cell may be restricted to use only 12 preambles in the NPRACH band consisting of 36 subcarriers. The random hopping is still done within the entire configured NPRACH bandwidth, i.e., within 36 subcarriers. 
 Two FDM options may be considered.
· Option A
· Cell 0 uses preambles 0-11 (starting tone indices ranging from 0-11)
· Cell 1 uses preambles 12-23 (starting tone indices ranging from 12-23)
· Cell 2 uses preambles 24-35 (starting tone indices ranging from 24-35)
· Option B
· Cell 0 uses preambles 0, 3, 6, …, 33 (starting tone indices being 0, 3, 6, …, 33)
· Cell 1 uses preambles 1, 4, 7, …, 34 (starting tone indices being 1, 4, 7, …, 34)
· Cell 2 uses preambles 2, 5, 8, …, 35 (starting tone indices being 2, 5, 8, …, 35)

[bookmark: _Toc513649719][bookmark: _Toc513726683][bookmark: _Toc513727281][bookmark: _Toc513808942]When a minimum 36 subcarrier is used, with 1.25 kHz subcarrier spacing, finer FDM is supported.
FDM Option B is more robust to intra-cell leakage because preambles are separated further in the frequency domain. Which set of the 3 sets of preambles to be used in a cell can be either tied to cell ID or signaled as part of NPRACH configuration parameters, i.e., one new parameter is needed.  
This leads to the following proposal. 
[bookmark: _Toc513727285][bookmark: _Toc513808943]If Option A or Option B is adopted, indicate the which subset of preamble(s) of the configured NPRACH format 2 resources are used. The indication can be either signaled explicitly or derived from cell ID.
[bookmark: _GoBack]In order to support non-contention based NPRACH, in Rel-13 the parameter nprach-NumCBRA-StartSubcarriers was introduced.  This parameter indicates the frequency location of the first subcarrier allocated to NPRACH. This parameter needs to be extended due to the increased number of preambles. Notice that in Rel-13, we have 4 different values for every 10 preambles. This offers a trade-off between flexibility and size of the contention free region. To achieve similar granularity, we need 52 unique values for NPRACH format 2, which can be described by 6 bits. Since 6 bits allow for 64 different values, we can support a finer granularity.  This leads to the following proposal.
[bookmark: _Toc513649722][bookmark: _Toc513726687][bookmark: _Toc513727286][bookmark: _Toc513808944]Set nprach-SubcarrierOffset to {2, 4, 6, 8, 10, 11, 12, 14, 16, 20, 22, 23, 24, 28, 30 32, 34, 35, 36, 38, 40, 42, 44, 46, 48, 50, 52, 55, 56, 58, 60, 62, 64, 66, 69, 70, 72, 76, 78, 80, 82, 88, 89, 90, 92, 96, 98, 108, 110, 111, 112, 114, 116, 120, 122, 123, 124, 132, 134, 135, 136, 140, 142, 144} subcarriers. 

NPRACH reliability enhancement
In RAN1#92bis, the following agreement was made for Rel-15 NPRACH reliability enhancement for 3.75 kHz numerology.
Agreement
· Sharing the same NPRACH resources as Rel-13 NPRACH formats, with symbol or symbol-group level scrambling; maintaining feasibility of FFT processing and orthogonality of preambles on different tones.
· Down-select the following alternatives at RAN1#93:
· Symbol level scrambling
· Symbol group scrambling
Note: Qualcomm has strong concerns about the above agreement and thinks it is not based on technical merits.
In line with our stance on 3.75 kHz numerology [5][6], we support symbol-level scrambling for 1.25 kHz numerology. We propose pairwise scrambling for reducing false alarm reduction while maintaining the feasibility of FFT processing and orthogonality of preambles on different tones. As explained in [5][6], the main idea is to use the same scrambling value for two adjacent symbols within a symbol group. Then, at the receiver, the first (CP) and the third symbols within a symbol group are discarded. The remaining symbols within the symbol group are used for detection. Note that the case with pure symbol-level scrambling requires the receiver to process the entire symbol group (i.e., a longer receive window that covers the entire symbol group) to maintain orthogonality. In contrast, pairwise scrambling allows for symbol-by-symbol processing of the received signal, resulting in a simpler receiver. This is even more attractive for 1.25 kHz numerology since it already requires a 3x times finer FFT grid as compared to 3.75 kHz numerology.
Observation 1	With 1.25 kHz numerology, eNB complexity is increased since the FFT operation needs to be carried out on a 3x finer grid.
Observation 2	Pairwise symbol-level scrambling maintains the feasibility of FFT processing and orthogonality of preambles on different tones. 

For the proposed NPRACH preamble consisting of 1 CP + 3 symbols, there are 4 “symbols” and thus pairwise scrambling can be applied to reduce false alarm. This is also illustrated for one symbol group in Figure 1. 
[bookmark: _Toc513726688][bookmark: _Toc513727287][bookmark: _Toc513808945]With 1.25 kHz subcarrier spacing, pairwise symbol-level scrambling is proposed for NPRACH reliability enhancement.
Conclusions
In this contribution, we discussed NPRACH range support issues. We made the following observations and proposals:
Observation 1	With 1.25 kHz numerology, eNB complexity is increased since the FFT operation needs to be carried out on a 3x finer grid.
Observation 2	Pairwise symbol-level scrambling maintains the feasibility of FFT processing and orthogonality of preambles on different tones.
Proposal 1	With 1.25 kHz subcarrier spacing, the frequency hopping pattern consists of both inner layer fixed size hopping and outer layer pseudo-random hopping.
Proposal 2	With 1.25 kHz subcarrier spacing, the range of the outer layer pseudo-random hopping can scale with the number of configured NPRACH subcarriers.
Proposal 3	With 1.25 kHz subcarrier spacing, a basic NPRACH repetition unit consists of 5 symbol groups.
Proposal 4	With 1.25 kHz subcarrier spacing, adopt the hopping pattern in Figure 1 for the hopping of symbol groups within a NPRACH repetition unit.
Proposal 5	The parameters and their values for the type2-CSS configurations of RAR corresponding to the Rel-15 NPRACH resources remain the same as in legacy NPRACH.
Proposal 6	Reuse the Rel-13 values for nprach-StartTime, numRepetitionsPerPreambleAttemp, and nprach-Periodicity for Rel-15 NPRACH format 2 resources configurations.
Proposal 7	Set nprach-SubcarrierOffset to {0, 36, 72, 108, 6, 54, 102, 12, 24, 48, 84, 120, 18, 66, 144, spare1} subcarriers.
Proposal 8	When a minimum 36 subcarrier is used, with 1.25 kHz subcarrier spacing, finer FDM is supported.
Proposal 9	If Option A or Option B is adopted, indicate the which subset of preamble(s) of the configured NPRACH format 2 resources are used. The indication can be either signaled explicitly or derived from cell ID.
Proposal 10	Set nprach-SubcarrierOffset to {2, 4, 6, 8, 10, 11, 12, 14, 16, 20, 22, 23, 24, 28, 30 32, 34, 35, 36, 38, 40, 42, 44, 46, 48, 50, 52, 55, 56, 58, 60, 62, 64, 66, 69, 70, 72, 76, 78, 80, 82, 88, 89, 90, 92, 96, 98, 108, 110, 111, 112, 114, 116, 120, 122, 123, 124, 132, 134, 135, 136, 140, 142, 144} subcarriers.


Proposal 11	With 1.25 kHz subcarrier spacing, pairwise symbol-level scrambling is proposed for NPRACH reliability enhancement.
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