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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
At RAN#70, a revised NB-IoT WID [1] was approved based on the discussions and evaluations in RAN1 [2] and the outcome of the GERAN SI on Cellular IoT [3].
In this contribution, considerations on the NB-PRACH design principles are provided and compared against existing NB-PRACH design described in [4]. A new single-tone frequency hopping based design is also proposed that conforms to these design principles.
The proposed design has the following characteristics:
· It uses multiple frequency hopping steps to achieve good timing accuracy performance while also supporting a large range of timing delays. 
· It maintains perfect constant envelope and can be used by all UEs, irrespective of their coupling loss or whether they are single-tone or multi-tone.
Performance simulation results are provided in a companion submission [5].

[bookmark: _Ref440014447]NB-PRACH design principles
Two of the key aims of NB-IoT are to provide very long UE battery life and ultra-low UE cost. With regards to the design of the NB-PRACH signal, this leads to the following design principles:
Proposal 1: [bookmark: _Ref440014395]A single underlying waveform design for NB-PRACH should be used by all NB-IoT UEs, irrespective of coupling losses and whether a UE is single-tone or multi-tone. 
The above principle simplifies the system design and provides more flexible resource multiplexing.  
Proposal 2: [bookmark: _Ref440014419]The NB-PRACH signals should have constant envelope. 
The above principle allows the NB-PRACH signals to be transmitted with high energy efficiency by all UEs, without spectral regrowth or EVM degradation even with a fully saturated power amplifier.
Proposal 3: The NB-PRACH signals should provide good enough timing estimation accuracy to support 15 kHz subcarrier spacing, with the cyclic prefix durations used in LTE (4.7-5.2) us.

Existing NB-PRACH proposals
In [4], a NB-PRACH proposal is presented which uses two waveform designs according to the coupling loss (coverage class) of the device, as follows:
· For UEs with lower coupling losses (≤154 dB), a waveform is proposed that is derived from an 80 kHz ZC sequence. This waveform is not constant envelope (it has PAPR >> 0 dB) which is the reason it is not proposed in [4] for devices with higher coupling losses.
· For UEs with high coupling losses, a waveform is proposed that is derived from single-tone signals which hop between two adjacent subcarriers. This waveform is constant envelope (PAPR = 0 dB) but provides relatively poor timing accuracy which is the reason that it is not proposed in [4] for lower coupling loss devices.
It can be seen that this existing proposal [4] requires two completely different waveform designs, which is a significant disadvantage in terms of system design complexity and flexibility of resource multiplexing. Furthermore, only one of the waveform designs is constant envelope.  Therefore it is not consistent with Proposal 1 and Proposal 2 in Section 2. The UE complexity is also increased in order to support the generation of more than one waveform just for NB-PRACH.
Another problem of the design in [4] is the poor timing accuracy performance of format 2 for extreme coverage UEs. As shown in [4], for 10% of the UEs the estimation error is greater than 15 us, i.e. beyond the CP length, especially for 15 kHz subcarrier spacing. As a result, the uplink capacity will be significantly impacted, or a new NB-PUSCH format has to be introduced which would further complicate the overall system design.
The objective of this submission is to improve existing proposals, and ensure that a single waveform design can be used by all NB-IoT UEs, irrespective of their coupling loss and whether they are single-tone or multi-tone devices.
Single-tone frequency hopping NB-PRACH design
Optimized single-tone frequency hopping pattern
Hopping step
For the sake of clarity, unlike in [4], an SC-FDMA symbol is called a “symbol”, and the group of consecutive symbols (including CP) with the same instantaneous subcarrier number is called a “group” in this document.
The timing estimation is accomplished through differential operations between two signals on adjacent groups. If the hopping step between two adjacent groups is denoted by ,the result of a differential operation can be expressed by

where  is the channel frequency response which is assumed the same on the two corresponding sub-carriers, and  is the RTT for a given UE. It can be derived from the above equation that , therefore . The smaller  is, the wider the range of  is, and the larger the supported cell size is. On the other hand, smallerresults in lower timing estimation accuracy.
The relationships between  and the supported cell size is shown in Table 1 below,
[bookmark: _Ref438713305]Table 1: Hopping step and supported cell size
	 (kHz)
	Supported cell size (km)

	2.5
	60

	3.75
	40

	15
	10



Considering the requirement of 35 km cell size in Annex A of TR 45.820, a basic hopping step of 3.75 kHz may be a better tradeoff between the supported cell size and the timing estimation accuracy. Further, since 3.75 kHz is one of the subcarrier spacings supported on NB-PUSCH, with a hopping step of 3.75 kHz it is easier to multiplex NB-PRACH and NB-PUSCH in the frequency domain. Another advantage for 3.75 kHz is that it can achieve almost 4 times capacity comparing with 15 kHz at the extreme coverage.
Hopping pattern
Since the timing estimation accuracy is determined by hopping step, improvement of the timing accuracy can be done by optimizing the hopping step. Two different hopping steps,  and  are proposed, as illustrated in Figure 1. The first hopping step is used to achieve coarse timing estimation, and the second hopping step is used for finer timing estimation within the delay range determined by the first hopping step.


[bookmark: _Ref437438934]Figure 1: Illustration of the two hopping steps
The hopping pattern is defined by applying the following iterations:




where X(0) is the first subcarrier for a given NB-PRACH transmission. The iteration starts at k = 0 and stops when any of 4k, 4k+1, 4k+2, and 4k+3 reaches #groups defined in Table 2, below.
To make full use of the subcarriers that may be hopped over by any NB-PRACH transmission, NB-PRACH should occupy a bandwidth of 45 kHz (i.e. 12 subcarriers). That also means up to 12 UEs can be multiplexed in the frequency domain for NB-PRACH transmission, as shown in Figure 2.


[bookmark: _Ref439769723]Figure 2: Multiplexing of UEs in the frequency domain for NB-PRACH transmission
Proposal 4: The NB-PRACH design should be based on single-tone frequency-hopping.
Proposal 5: Two hopping steps are used for a NB-PRACH transmission: 3.75 kHz and 22.5 kHz.
Configuration for different coverage levels
The support for different coverage levels is achieved by configuring the number of symbols per group and the number of groups for a given NB-PRACH transmission. One example is shown in Table 2 where 3 formats are defined respectively for 3 coverage regions. 
[bookmark: _Ref440041656]Table 2: NB-PRACH configurations
	Format
	Coupling loss (dB)
	#symbols per group
	#groups
	duration (ms)

	0
	≤144
	3
	6
	4.8

	1
	(144, 154]
	6
	12
	19.2

	2
	>154
	6
	120
	192.0



Proposal 6: Three NB-PRACH formats are defined respectively for UEs in normal coverage (i.e. coupling loss <= 144 dB), extended coverage (i.e. coupling loss between 144 dB and 154 dB), and extreme coverage (i.e. coupling loss >= 154 dB).

Sequence generation
The sequence generation is proposed to be the same as format 2 in [4], i.e., a constant sequence, x[1] = x[2] = x[3] = … = x[100], is generated that alternates between the two subcarriers. The sequence can also be viewed as a symbol spreaded by a sequence of whole “1”.
NB-PRACH resource mapping and configuration
Resource mapping and multiplexing
Resource mapping
The multiplexing between different NB-PRACH formats and between NB-PRACH and NB-PUSCH can be realized by TDM and/or FDM, which makes the NB-PRACH resource configuration very flexible. In Figure 4, three resource configurations are shown as examples. Note that FDM in resource configuration #2 and #3 is configured by the starting subcarrier in NB-PRACH.
[image: ]
a) Resource configuration option #1
[image: ]
b) Resource configuration option #2
[image: ]
c) Resource configuration option #3
[bookmark: _Ref439332392]Figure 3: NB-PRACH resource configuration options
Proposal 7: The resource mapping for NB-PRACH is configurable by the base station based on a predefined set of configuration options.

Multiplexing between neighboring cells
One of the advantages of limiting NB-PRACH in a bandwidth of 45 kHz is that, the data transmission on NB-PUSCH is less interrupted by NB-PRACH than the design in [4]. Another advantage is that the interference between neighboring cells could be coordinated in frequency domain, without the need for synchronization between eNBs, as illustrated in Figure 4.


[bookmark: _Ref439771990]Figure 4: Interference coordination between neighboring cells

Further capacity improvement with CDM
CDM could also be introduced to further increase the NB-PRACH capacity. The timing delay between UEs can be accommodated by the CP of a symbol group with duration of 266.7 us. Details are FFS.
[bookmark: _Ref129681832]Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the following considerations on the PRACH design principles for NB-IoT are proposed:
Proposal 1: A single underlying waveform design for NB-PRACH should be used by all NB-IoT UEs, irrespective of coupling losses and whether a UE is single-tone or multi-tone. 
Proposal 2: The NB-PRACH signals should have constant envelope.
Proposal 3: The NB-PRACH signals should provide good enough timing estimation accuracy to support 15 kHz subcarrier spacing, with the cyclic prefix durations used in LTE (4.7-5.2) us.
Furthermore, an optimized NB-PRACH design is described which follows these design principles. The analysis of the new design leads to the following proposals:
Proposal 4: The NB-PRACH design should be based on single-tone frequency-hopping.
Proposal 5: Two hopping steps are used for a NB-PRACH transmission: 3.75 kHz and 22.5 kHz.
Proposal 6: Three NB-PRACH formats are defined respectively for UEs in normal coverage (i.e. coupling loss <= 144 dB), extended coverage (i.e. coupling loss between 144 dB and 154 dB), and extreme coverage (i.e. coupling loss >= 154 dB).
Proposal 7: The resource mapping for NB-PRACH is configurable by the base station based on a predefined set of configuration options.
[bookmark: _GoBack]Performance simulation results for the new design are provided in a companion submission [5].
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