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At RAN#69, a new work item named Narrowband IoT (NB-IoT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. 
In RAN#70, the following items have been agreed [2].
· 180 kHz UE RF bandwidth for both downlink and uplink
· OFDMA on the downlink
· 15 kHz sub-carrier spacing for all the modes of operation (with normal or extended CP). 
· For the uplink: 
· Single tone transmissions are supported. Two numerologies should be configurable by the network for single-tone transmission: 3.75 kHz and 15 kHz. A cyclic prefix is inserted. Frequency domain sinc pulse-shaping in the physical layer description.
· Multi-tone transmissions are supported, based on SC-FDMA with 15 kHz UL subcarrier spacing.
· FFS: Additional mechanisms for PAPR reduction.
· The UE shall indicate the support single-tone and/or multi-tone, details to be discussed by RAN WGs
In RAN1 NB-IoT ad hoc meeting, it was further agreed that “Support one PRACH scheme for all MCL cases [3].” Also, as a working assumption, “PRACH scheme is based on single-tone transmission [3].”

In [10], we have discussed the various design considerations on single-tone NB-PRACH design to meet the performance targets of NB-IoT. In this contribution, we elaborate in more detail on the hopping pattern design. Evaluation results are provided in [11]. 
Two-layer Hopping Pattern
The single tone NB-PRACH design is to spread the random access preamble in time, instead of spreading it in frequency. If the bandwidth of the tone is small, to achieve both large time-of-arrival estimation range (i.e., large cell size) and more accurate time-of-arrival estimation performance, a two-layer hopping pattern can be used, as illustrated in Figure 1.
· Inner layer hopping: Fixed size hopping at odd group indices. This is necessary and should be small enough to ensure certain time-of-arrival estimation range (equivalently, the cell size target) can be met.
· Outer layer hopping: Hopping at even group indices. With single tone NB-PRACH, this additional layer of hopping greatly helps improve time-of-arrival estimation accuracy and thus is needed to make NB-IoT with CP as short as 4.7us work.
The design on the inner layer hopping is more straightforward. Take 3.75 kHz tone spacing example: with 35km cell size, we can fix the value to 1; with 8 km cell size, we can fix the value to 4 or just leave it to be 1 and let the outer layer hopping take care of the time-of-arrival estimation accuracy. This inner layer hopping has been proposed since [4].
The design on the outer layer hopping has more freedom, and many different hopping patterns could be proposed. As long as the hopping parameters are carefully chosen, different outer layer hopping patterns can all potentially meet the performance targets. To facilitate the timely completion of the work item, we prefer to simply reuse what has been defined in LTE. For example, we can reuse LTE PUSCH Type 2 hopping. Specifically, each eNB can configure one or more PRACH bands in a cell. Each PRACH band is configured by two parameters: the starting tone index and the number of tones in the band (for example 8, 12, 16, etc. The exact set of values that are needed can be FFS). Then we can simply apply existing LTE type hopping as the outer layer mapping for NB-IoT.
The benefits of reusing LTE type hopping as well as how to reuse it are elaborated in more detail in Section 3.
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To support 35 km cell size, [3] has proposed to limit the hopping distance to 1 tone. The contributions [6][7] have further proposed to use additional hopping sizes to improve time-of-arrival estimation accuracy. For example, [6] has proposed to use an additional 6-tone hopping on top of the one-tone hopping proposed in [3]. The contribution [7] has provided initial results about how the values of the second hopping affect the time-of-arrival estimation accuracy. It is observed in [7] that “With increased tone hopping value 2, the center of CDF is improved but the tail is also elevated.” The last problem can be solved if an optimized hopping pattern is used, as detailed in the following. 
Benefits of Reusing LTE Type Pseudo Random Hopping
Instead of using additional fixed size hopping on top of the one-tone hopping, it may be more beneficial and flexible to use pseudo random hopping on top of the fixed size hopping. The pseudo random hopping may be equivalently considered as using multiple predetermined hopping sizes (which are determined by specified pseudo random formulas). Logically, pseudo random hopping may also be thought of as a type of cell specific CDM if the hopping is cell specific. The benefits of using pseudo random hopping on top of fixed size hopping for NB-PRACH are summarized as follows.   
1) Pseudo random hopping can solve the elevated tail issues (identified in [7]) and has the potential of providing more accurate time-of-arrival estimation accuracy.

It is well known that the timing estimation accuracy is inversely proportional to the signal bandwidth. However, it is observed in [7] that “With increased tone hopping value 2, the center of CDF is improved but the tail is also elevated.” This seems to contract the conventional intuition. We explored this issue and found that the phenomenon is due to the fixed hopping value in the second level. This issue can be solved by pseudo random hopping, as shown in Figure 2. Specifically, due to 2*Pi phase rotation ambiguity, hopping by more than one tone can introduce side peaks with 35 km cell size. The larger the second level hopping value, the more the side peaks, as shown in the upper figures in Figure 2. These side peaks cause estimation errors and lead to the elevated error tails. In contrast, pseudo random hopping solves this issue, as shown in the bottom figures in Figure 2. Further, the wider the pseudo random hopping range, the narrower the correlation peak (and thus potentially the more accurate the estimation would be). This matches the conventional wisdom that a signal of wider bandwidth can enable better timing estimation performance.  
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[bookmark: _Ref441160212]Figure 2: An illustration of the impact of hopping patterns on receiver’s correlation statistics: Long preamble for users with 164 dB MCL. Detailed configuration parameters are given in Section Error! Reference source not found..      
2) Pseudo random hopping is already in LTE, which can be reused for NB-PRACH. 

Pseudo random hopping has been introduced in LTE since Release 8. It is well understood and should be reused for NB-IoT when applicable. For NB-PRACH, a pseudo random hopping similar to LTE PUSCH type 2 hopping (see TS 36.211 [8] and TS 36.213 [9]) can be used on top of the fixed size (e.g., one tone) hopping. 

3) Pseudo random hopping mitigates inter-cell and intra-cell interference. 

It is well known that cell-specific hopping can mitigate inter-cell interference. Without pseudo random hopping, the NB-PRACH transmissions in one cell may cause persistent interference to the NB-PRACH and/or NB-PUSCH transmissions in the neighbouring cells. Persistent interference may exist even in the same cell (among NB-PRACHs or between NB-PRACH and NB-PUSCH), because (i) multiple intra-cell NB-PRACH transmissions at the same time may not be fully orthogonal due to e.g. residual carrier frequency offsets, and (ii) NB-PUSCH and NB-PRACH are not orthogonal if they are frequency multiplexed.   

4) Pseudo random hopping increases NB-PRACH capacity. 

In [6], neighbouring cells configure different frequency resources for NB-PRACH. While this approach avoids inter-cell NB-PRACH interference, this may reduce NB-PRACH capacity. In particular, according to the dimensioning in [6], there are only 12 tones (or equivalently, 12 preambles) in a cell. Note that each cell may reserve some preambles for contention free random access. Also, if LTE type preamble partition was used to indicate information in Msg1, the number of available preambles would become even more limited in each partitioned group. Putting these together, NB-PRACH may become the bottleneck of the NB-IoT system if its resource is not carefully dimensioned. 

As mentioned earlier, pseudo random hopping may be thought of as a type of cell-specific CDM. This CDM allows neighbouring cells to use the same frequency resources for NB-PRACH. This greatly increases NB-PRACH capacity, compared to FDM of NB-PRACH among neighbouring cells. Specifically, with 180 kHz bandwidth and 3.75 kHz subcarrier spacing, up to 48 NB-PRACH preambles can be used in a cell.

5) Pseudo random hopping provides more hopping flexibility and is more forward compatible.

The two-level hopping proposed in [6] imposes some restriction on possible NB-PRACH resource configuration. In particular, the two-level hopping proposed in [6] always requires the NB-PRACH band to have 12 tones, which is not flexible.

In contrast to two-level hopping with two fixed hopping sizes, pseudo random hopping essentially uses multiple hopping sizes and is more flexible. For example, a cell may configure different NB-PRACH bandwidths. NB-PRACH transmission with one-level fixed hopping plus additional pseudo random hopping can be readily scaled as the bandwidth increases. If fixed-size two-level hopping is used, many different hopping sizes may need to be defined.

Moreover, frequency hopping will likely become a NB-IoT feature in future releases. Using pseudo random hopping is more forward compatible. If fixed-size two-level hopping is used, additional hopping sizes might need to be defined in future releases.
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Proposal 1: In addition to the first level fixed size hopping (inner layer hopping), pseudo random hopping is used for single tone frequency hopping NB-PRACH transmission as outer layer hopping. The outer layer hopping can be based on e.g. LTE PUSCH type 2 hopping.
Conclusions
In this contribution, we have discussed the various design considerations that should be taken into account for the single tone frequency hopping NB-PRACH design.

Proposal 1: In addition to the first level fixed size hopping (inner layer hopping), pseudo random hopping is used for single tone frequency hopping NB-PRACH transmission as outer layer hopping. The outer layer hopping can be based on e.g. LTE PUSCH type 2 hopping.
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