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1. Introduction
At RAN#69, a new work item named NarrowBand IOT (NB-IOT) was created, see [1]. The objective is for cellular internet of things to exchange data between them and the cellular network.
At RAN#83 it has been agreed that: 

For NB-IoT UL

· Single-tone transmissions are supported

· 2 numerologies should be configurable for Single-tone transmission: [3.75]kHz and 15kHz

· A cyclic prefix is inserted

· Frequency domain Sinc pulse shaping in the physical layer description

· Multi-tone transmissions are supported

· Multi-tone transmissions are based on SC-FDMA

· 15 kHz UL subcarrier spacing

· Additional mechanisms for PAPR reduction FFS

· The UE shall indicate the support of Single-tone and/or Multi-tone

· Details to be discussed by WGs

In this contribution, we provide our views on PRACH design for NB-IOT. 

2. PRACH design
The NB-IOT system also targets to support large cell size, e.g., 30km. To accommodate the large round trip delay, a large CP length is also required. On the other hand to reduce CP overhead, it’s desirable to have a long symbol duration. On the other hand for PRACH design for in-band deployment, it’s desirable to support both FDD and TDD frame structures. We therefore have the following proposals. 

Proposal 1: Allow multiple PRACH formats with different transmission duration and CP length for different cell radius. 
The switching point for cell radius split is FFS. Each UE only use one format. Below is one example with 2 cell radius levels:

Table 1: CP length with two cell radius levels

	Cell radius
	Below 10km
	[10km , 30km]

	CP length
	100us
	250us


A single RB bandwidth for use in uplink data transmissions in a wideband system has a limited dimension for multiplexing of uplink user data transmissions.  The Zadoff-Chu sequence based PRACH design would occupy a large percentage of the system bandwidth if not all and use cyclic shift to separate users. To support large cell size and to provide enough user multiplexing capacity, long sequence length desired, which in turn leads to sensitivity to frequency errors. Furthermore, for UEs in deep coverage as much as 164 dB MCL, PA efficiency is more critical. Therefore, a PRACH design with single tone transmission could be beneficial in terms of PA efficiency and possibly user capacity. Since in RAN#83 it has been agreed that single tone transmission is supported and there might be single-tone only UE present in the system therefore a single-tone PRACH design that works for both single tone UE and multi-tone UE might be desirable. We therefore have the following proposals: 
Proposal 2: Consider single tone transmission with tone hopping for better PA efficiency and user multiplexing capacity

Figure 1 shows one example for single tone PRACH design with tone hopping, where one burst is the minimum duration for consecutive PRACH transmissions. Although in the plot, CP part is in the beginning of the transmission, in real options eNB can determine the location of the CP based on tone spacing, etc.
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Figure 1. Single tone preamble based PRACH with tone hopping
Table 1 shows one example for multiple formats that supports FDD and TDD configurations. Tone hopping value is chosen such that for the maximum round trip delay the phase offset between the two tones of adjacent symbols are within [-pi, pi].
	 
	Frame structure
	Burst duration
	Symbol duration
	Guard time
	CP length
	Cell size
	Tone spacing
	Tone hopping value
	Required SNR for 164dB MCL

	0
	FDD
	5ms
	1.067ms
	233us
	250us
	30km
	15khz/16
	5 tones
	0.76dB

	1
	TDD cfg. 0, 3, 6
	3ms
	0.533ms
	367us
	250us
	30km
	15khz/8
	2 tones
	-2.24dB

	2
	TDD cfg. 0, 1, 3,4,6
	2ms
	0.333ms
	167us
	250us
	30km
	15kHz/5
	3 tones
	-4.29dB

	3
	TDD cfg. all
	1ms
	0.133ms
	267us
	100us
	10km
	15kHz/2
	1 tone
	-8.23dB


Table 1.  Example of multiple formats for single tone PRACH transmission with hopping

The timing estimation can be based on checking the phase difference between the two hopped tones. The accuracy depends on tone hopping value. The large tone hopping value is, the smaller variance the estimation will have. On the other side, maximum round trip dictates a certain hopping value beyond which the phase difference of two hopped tones might wrap around 2*pi region and leads to ambiguity. Having more than one hopping values might help to improve the timing with at least one set of large hopping value to improve accuracy and at least one set of small hopping value to help resolve ambiguity. 
Proposal 3: Consider single tone transmission with more than one tone hopping values for better timing estimation
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Figure 2. Single tone preamble based PRACH with more than one tone hopping values

Different coverage classes may use different tone hopping values, in which case, the PRACH resources for different coverage classes should be orthogonal to each other so eNB can know which hopping values to use for detection. Separating PRACH resources of different coverage classes also helped reducing interference between. They can be either TDMed or FDMed. TDM partitioning is easy to manage but may need deal with coexistence of PRACH and other UL channels in the same RB, which will likely have different CP and tone spacing and therefore leads to mutual interference. FDM partitioning on the other hand will need to deal with mutual interference between different coverage classes. Either way the eNB needs to signal to UE the corresponding PRACH resources for different coverage classes. 
Proposal 4: Different coverage classes use orthogonal PRACH resources. 
Since PRACH tone spacing and normal data tone spacing is likely to be different. Once PRACH preamble (message 1) is transmitted, the UE needs to know where to expect message 2 and to transmit subsequent message 3. The mapping of message 1 and message 2 and 3 can be frequency and time two dimensions. Fore example, if PRACH tone spacing is 15kHz/16 while message 2 and 3 will use tone spacing 15KHz/4. Every four of PRACH resource will be mapped to a four tone*time grids as depicted in Figure 3. When PRACH tone indices vary during message 1 transmissions. The initial PRACH tone index is used for mapping. 
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Figure 3. Example of resource mapping from message 1 to message 2 and 3
Proposal 5: Resource mapping of message 1 to message 2 and 3 are a function of initial PRACH tone index and the tone spacing scaling between PRACH and data transmissions. 

3. Simulation results
Figure 4 shows one preliminary timing estimation result for a PRACH design with burst duration 6ms. The tone spacing is 15kHz/16. The tone hopping value 1 is 5. For the design with 2 hops, the tone hopping value 2 are varied as 10, 20, and 30. Half of the hopping is with hopping value 1 while the other half of hopping is with hopping value 2. The total number of bursts is 28 (168ms) with SNR at 0.76dB which correspond to 164dB MCL. The number of receive antenna is 2. Channel is TU1Hz.  50Hz frequency error is assumed. As we can observe from the plots, the timing estimations with one hop is worst and it’s beyond normal CP range. With 2 hops, the timing accuracy is significantly improved. With increased tone hopping value 2, the center of CDF is improved but the tail is also elevated. Tone hopping value 2 = 20 seems to be a better trade off between center and tail timing accuracy. Such design can bring 80% of the UEs to the range of normal CP and another 10% of UEs just slightly off the range. 
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Figure 4. Timing estimation for 6ms burst duration in deep coverage
4. Summary
In this contribution we presented our views on the PRACH design and some initial results. We make the following proposals 

Proposal 1: Allow multiple PRACH formats with different transmission duration and CP length for different cell radius. 
Proposal 2: Consider single tone transmission with tone hopping for better PA efficiency and user multiplexing capacity

Proposal 3: Consider single tone transmission with more than one tone hopping values for better timing estimation
Proposal 4: Different coverage classes use orthogonal PRACH resources. 

Proposal 5: Resource mapping of message 1 to message 2 and 3 are a function of initial PRACH tone index and the tone spacing scaling between PRACH and data transmissions. 
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