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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN1 adhoc meeting, following agreements and working assumptions were made for NB-PRACH:
Agreement:
· Use only preamble based PRACH for NB-IoT
Agreement:
· Support one PRACH scheme for all MCL cases
Working assumption:
· PRACH scheme is based on single-tone transmission
In RAN1 adhoc meeting, a detailed design based on single-tone frequency hopping transmission was provided in [1] and the performance was also provided in [2]. In this contribution, we provide updated design. In detail, a set of 4 continuous symbol groups is defined as the basic unit for NB-PRACH, with different number of repetitions of the basic unit to support different coverage levels. Moreover, durations of a NB-PRACH transmission are increased for format 0 and 1, and CFO estimation and compensation are performed for all formats at the receiver side, so that improved performance can be obtained. The updated performance evaluation is shown in a companion contribution [3].

[bookmark: _Ref440014447]Signal structure for NB-PRACH
Principles of ToA estimation for NB-PRACH
As explained in [1], for single-tone based NB-PRACH, the ToA estimation is accomplished through differential operations between two signals on adjacent groups. 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. The ToA estimation is derived from the RTT, which can be estimated as


Subcarrier spacing for NB-PRACH
The subcarrier spacing will determine the minimum hopping  distance in frequency. So, in order to support large cell size as 35km, the subcarrier spacing should be smaller than 1/(2*35e3/3e8)≈4.3kHz at least. Different preambles are expected to be multiplexed in FDM way for single-tone based NB-PRACH. Therefore, if smaller subcarrier spacing is used, the number of available preambles will increase. A subcarrier spacing of 3.75 kHz can be considered as a natural choice for NB-PRACH, for better coexistence between NB-PUSCH and NB-PRACH.

Proposal 1: A single subcarrier spacing of 3.75kHz is supported for NB-PRACH.

Hopping intervals for NB-PRACH
Under the assumption of 3.75kHz subcarrier spacing, it is natural to use 3.75kHz as one hopping interval to support 35km cell size. Furthermore, it is necessary to introduce another larger hopping interval to improve the ToA estimation accuracy. In principle, the larger is the hopping interval, the higher accuracy can be obtained. However, it should be noted that too large hopping interval will cause serious error, because the range of residual timing error from the coarse estimation will exceed the estimation range of larger hopping interval. According to our simulation, for 164 dB MCL, the range of the residual timing error from the coarse estimation (i.e. based on the small hopping interval) is [-20us, 20us] with a probability of 99.1%. That is to say, the larger hopping interval should be smaller than 1/(40us) = 25kHz. Therefore, we propose to use 22.5kHz (6 × 3.75kHz) as the larger hopping interval.
In [3], it can be found that 22.5kHz hopping interval can work well with the 3.75kHz hopping interval together to obtain a satisfactory ToA estimation accuracy. Therefore, two hopping intervals, i.e. 3.75kHz and 22.5kHz, are suggested to be used for NB-PRACH.
Proposal 2: Two hopping intervals, i.e. 3.75kHz and 22.5kHz, are used for NB-PRACH.

Hopping Patterns
The received SNR is very low for UEs under extreme coverage. Thus some mechanism to improve the NB-PRACH performance in low SNR area is necessary. Multiple symbols can be transmitted continuously on the same tone (called a “symbol group”) before frequency hopping, as shown in Fig.1, to enhance the performance in low SNR area. Coherent combination can be performed to improve the received SNR before subsequent differential operation. When the number of symbols in each symbol group is 6, the coherent combination accumulates enough signal energy and can work well in -5.7dB SNR area.
Proposal 3: 6 consecutive symbols form a symbol group. 



Figure 1: Illustration of the hopping pattern

It should be noted that, there is 50Hz residual CFO in the NB-PRACH signal, which will degrade the performance of NB-PRACH. Here, we rewrite the differential result of a differential operation as

where,  is the residual CFO and T is the length of a symbol group. If 6 symbols are contained in each symbol group, T will be 1.6ms, and then the phase error caused by 50Hz CFO will be . If there is no special processing at the receiver, the phase error will cause an additional timing error of 21.3us on coarse ToA estimation based on the smaller hopping of 3.75kHz, which will bring serious error floor. For fine ToA estimation based on larger hopping, even if an interval of 60kHz is used, the phase error will cause an additional timing error of 1.3us. This is considered unacceptable because the expected ToA accuracy range is [-2.5, 2.5]us.
The above impact of CFO has been considered in our pattern design. According to the pattern shown in Fig.1, for the smaller hopping of 3.75kHz, the differential result between 1st and 2nd group can be expressed as

The differential result between 3rd and 4th group can be expressed as

Sum them together, i.e.

It can be found that, in the phase domain, there is only the phase related with RTT. For the larger hopping of 22.5kHz, the impact of CFO can also be mitigated by similar operations. In detail, the differential result between 2nd group and 3rd group can be expressed as

The differential result between 4th and 5th group can be expressed as

Sum them together, i.e.

Based on the above analysis, it can be found that the impact of CFO can be mitigated by a structure of paired upward hopping and downward hopping. Therefore, it is suggested to use the pattern shown in Fig.1 for NB-PRACH.
Proposal 4: Hopping pattern should have a structure of paired upward hopping and downward hopping for each hopping interval.
Proposal 5: Use the following as the basic unit for NB-PRACH. One basic unit lasts 6.4ms.



The hopping pattern can be 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.
FDM between cells can be used to reduce the false alarm of NB-PRACH detection, while the occupied NB-PRACH time-frequency resources can be reused as NB-PUSCH by other cells. This helps improve the uplink spectrum efficiency. One example configuration with 45 kHz (12 subcarriers) for each cell is illustrated in Figure 2. That also means up to 12 UEs can be multiplexed in the frequency domain for NB-PRACH transmission.



[bookmark: _Ref439769723]Figure 2: Multiplexing of UEs in the frequency domain for NB-PRACH transmission

Sequence generation
In this contribution, a constant sequence, i.e., x[1] = x[2] = x[3] = …, is generated for all symbols of a NB-PRACH transmission. The sequence can also be viewed as a symbol spread by a sequence of constant “1”s.
In [3], it is proven that the performance of constant “1” single tone based hopping NB-PRACH meets the design requirement..
Observation 1: The design target can be met by assuming that all the symbols are the same. 
Proposal 6: The same constellation point is used for all symbols of a NB-PRACH transmission.

Configurations for NB-PRACH
Related to different coverage levels
Based on the hopping pattern defined in section 2.4, different repetitions can be configured to support different coverage level. Three example configurations are shown in Table 1. Compared with the previous design in [2], the durations of format 0 and 1 are increased from 4.8ms and 19.2ms to 12.8ms and 38.4ms respectively.

[bookmark: _Ref440041656]Table 1: Example NB-PRACH configurations
	Format
	Coupling loss (dB)
	Number of Repetitions
	Duration (ms)

	0
	≤144
	2
	12.8

	1
	(144, 154]
	6
	38.4

	2
	>154
	30
	192



However, in practice, there are diverse requirements for coverage enhancement for different cells. So, it is suggested to define more than 3 NB-PRACH configurations for more than 3 coverage levels for NB-PRACH, from which a given cell can select an appropriate subset, so that both overhead and flexibility of NB-PRACH can be optimized.
Proposal 7: Based on the basic unit, different repetitions can be configured for NB-PRACH to support different coverage levels.
Proposal 8: To optimize the overhead and the flexibility, more than 3 repetition values can be defined for NB-PRACH, e.g. {2, 4, 8, 16, 32, 64, 128}, from which eNB can configure a subset, e.g. consisting of 3 values, according to the real condition of the cell.

Resource mapping and multiplexing
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. Therefore, in general, the resource mapping for each NB-PRACH format can be indicated through a set of time and frequency domain parameters. Time-domain parameters include the periodicity and the starting position index. In addition, the number of available occasions per each period can also be configurable, so that it will increase the capacity of NB-PRACH in case there are more occasions consecutive in time domain during each period. Frequency-domain parameter can include the starting subcarrier index and the number of available subcarriers etc.
One example of configuration is illustrated in Figure 2 assuming the following configuration in the table.
Table 2: Example NB-PRACH configurations 
	Format
	Number of Repetitions
	Duration (ms)

	a
	4
	25.6

	b
	8
	51.2

	c
	16
	102.4


Time-domain configurations for all formats are following, 
· Period: the period of format a and format b is the same and half of the period of format c. The unit can be 10ms.
· Starting subframe: always 0 for FDD operation.
· Starting offset (in number of basic units, or in number of durations) within the period. In this example, both format a and format c have a starting offset of 0 basic unit or 0 duration, and format b has a starting offset of 8 basic units or 1 duration.
· Number of occasions: for format b and format c, there is only 1 occasion in each period. For format a, there are 2 occasions in each period.
For the purpose of frequency-domain configurations, an array is created for the subcarrier indices: [0, 1, 6, 7, 2, 3, 8, 9, 4, 5, 10, 11]. The actual subcarriers for a given format are configured by slicing the array with “starting index” for the array and “number of subcarriers”. For example, the frequency-domain configurations in Figure 3 are listed in Table 3.
In case of collision the format with longest period takes precedence. For example, in Figure 3, there is an overlap for subcarrier 0 in the configurations for the three formats, so subcarrier 0 is configured and only configured for format c.

[image: ]
[bookmark: _Ref442517628]Figure 3: Resource configurations for NB-PRACH

[bookmark: _Ref442517968]Table 3: Example of frequency-domain configurations
	Format
	Starting index
	Number of subcarriers

	a
	0
	12

	b
	0
	12

	c
	0
	4



Proposal 9: The resource mapping for each NB-PRACH format can be configured through a set of time and frequency domain parameters, where
· Time domain parameters: period, starting offset, number of occasions; 
· Frequency domain parameters: starting subcarrier index, number of subcarriers.

[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 subcarrier spacing of 3.75kHz is supported for NB-PRACH.
Proposal 2: Two hopping intervals, i.e. 3.75kHz and 22.5kHz, are used for NB-PRACH.
Proposal 3: 6 consecutive symbols form a symbol group. 
Proposal 4: Hopping pattern should have a structure of paired upward hopping and downward hopping for each hopping interval.
Proposal 5: Use the following as the basic unit for NB-PRACH. One basic unit lasts 6.4ms.


Proposal 6: [bookmark: _GoBack]The same constellation point is used for all symbols of a NB-PRACH transmission.
Proposal 7: Based on the basic unit, different repetitions can be configured for NB-PRACH to support different coverage levels.
Proposal 8: To optimize the overhead and the flexibility, more than 3 repetition values can be defined for NB-PRACH, e.g. {2, 4, 8, 16, 32, 64, 128}, from which eNB can configure a subset, e.g. consisting of 3 values, according to the real condition of the cell.
Proposal 9: The resource mapping for each NB-PRACH format can be configured through a set of time and frequency domain parameters, where
· Time domain parameters: period, starting offset, number of occasions; 
· Frequency domain parameters: starting subcarrier index, number of subcarriers.
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