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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 this contribution, we discuss how single-tone NB-PRACH should be designed to meet the performance targets of NB-IoT.
[bookmark: _Ref441488033]Basic Design Principles
In this section, we revisit the basic design principles behind the single tone frequency hopping NB-PRACH. The design considerations for selecting the specific parameters are discussed in Section 3. 
The basic idea of the design is to spread the random access preamble in time, instead of spreading it in frequency (as in Zadoff-Chu sequences based PRACH design). The design is illustrated in Figure 1. To reduce the overhead, we can combine several OFDM symbols and add one single CP. The symbols and the CP constitute a group, as called in [5]. The preamble consists of L groups of symbols in time and occupies one tone (of B kHz) in frequency. The transmission however hops from one group to another. The hopping is used to facilitate the time-of-arrival estimation at the BS. 
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[bookmark: _Ref436229777]Figure 1: An illustration of the single tone frequency hopping NB-PRACH
As shown in [3], with an appropriate selection of the design parameters, the theoretical PAPR of the preamble signal can be as low as 0 dB. UEs in extreme coverage are power limited and their performance is sensitive to power amplifier efficiency. The 0 dB PAPR property of the single tone frequency hopping NB-PRACH is particularly desirable for this type of UEs.
[bookmark: _Ref436229951]The choice of hopping distance has the following implications.
· Since the phase difference of two adjacent received symbol groups due to hopping is proportional to the hopping distance D, choosing a large hopping distance D makes the observed phase difference at the BS more robust to noise. This may help improve the time-of-arrival estimation performance at the BS.
· The phase difference of two adjacent received symbol groups caused by hopping is prone to a 2*Pi phase ambiguity, which may cause confusion in the time-of-arrival estimation. To avoid the 2*Pi phase ambiguity, choosing a large hopping distance D reduces the time-of-arrival estimation range. This translates into a smaller cell size that can be supported.
To achieve both large time-of-arrival estimation range (i.e., large cell size) and more accurate time-of-arrival estimation performance, additional hopping can be used on top of the first level fixed size hopping for the single tone NB-PRACH, as illustrated in Figure 1. In this contribution, we refer to the first level fixed size hopping as inner layer hopping and the additional hopping as outer layer hopping. The central question is that how we should design the additional hopping (i.e., outer layer hopping), which is discussed in detail in the companion contribution [8]. 
[bookmark: _Ref441488035]Design Considerations
Subcarrier Spacing
The choice of the subcarrier spacing has the following implications.
· For a given configured NB-PRACH bandwidth, the larger the subcarrier spacing, the smaller the number of subcarriers. Since different single tone frequency hopping NB-PRACH preambles are effectively separated in the frequency domain, using larger subcarrier spacing implies a smaller number of available preambles. 
· Using larger subcarrier spacing may help improve the time-of-arrival estimation performance at the eNB and is less sensitive to carrier frequency offset in the uplink.
· Using larger subcarrier spacing implies shorter symbol duration, making it easier to pack more symbols into 1 ms subframe and thus possibly enabling better support of TDD deployment. 

From the above discussions, it is clear that there exist various design tradeoffs in choosing the subcarrier spacing for the single tone frequency hopping NB-PRACH. Given that NB-IoT devices support both 3.75 kHz and 15 kHz NB-PUSCH, it seems natural to reuse these two subcarrier spacing choices for NB-PRACH. The 15 kHz subcarrier spacing may enable better TDD support. However, with 180 kHz NB-IoT system bandwidth and 15 kHz subcarrier spacing, at most 12 tones can be used for single tone NB-PRACH. This may limit the random access capacity of NB-IoT. Therefore, using 3.75 kHz subcarrier spacing with up to 48 NB-PRACH tones is more appropriate.

Proposal 1: As a working assumption, single tone frequency hopping NB-PRACH in FDD NB-IoT is based on at least 3.75 kHz subcarrier spacing to support 35 km cell size. FFS whether or not 15 kHz subcarrier spacing is needed.

Cyclic Prefix Lengths
The choice of CP lengths is mainly determined by the supported cell sizes of NB-IoT. In particular, the CP length should be long enough to account for the uplink timing uncertainty after downlink synchronization. The largest timing uncertainty can be the sum of (1) maximum round-trip delay, (2) downlink synchronization errors, and (3) channel delay spread (which may also include the transmit/receiver filtering effects). 
For NB-IoT, the largest supported cell size required in the GERAN study item is 35 km [6], leading to a maximum of 233.3 us round-trip delay. Using a single CP of length greater than 233.5 us in NB-PRACH for all the cells of different sizes can result in unnecessarily high overhead. The overhead is especially high for the format with 164 dB MCL that may have a length of 100+ ms. Therefore, it is desirable to introduce different CP lengths for NB-PRACH for spectral efficiency. Nevertheless, we should not introduce too many CP lengths for NB-PRACH that may result in a high NB-PRACH configuration signalling overhead. In our view, 2~4 choices should suffice. Assuming 3.75 kHz subcarrier spacing is used for NB-PRACH, as a working assumption we propose to use 266.7 us (=1/3.75 kHz) and 66.7 us (=1/4 x 1/3.75 kHz) CP lengths, which can respectively support up to about 40 km and 10 km cell sizes. 

Proposal 2: Specify at least 2 CP lengths for NB-IoT PRACH to better support cells of different sizes.

Proposal 3: Assuming 3.75 kHz subcarrier spacing is used for NB-PRACH, use 266.7 us and 66.7 us CP lengths for single tone NB-PRACH as a working assumption. FFS whether more CP lengths are needed.

NB-PRACH Band Configuration
Each eNB can configure one or more NB-PRACH bands. The number of tones in each band can be different. For example, if frequency division multiplexing of NB-PRACH transmissions of different coverage classes is allowed, the eNB may want to configure NB-PRACH bands of different bandwidths for different coverage classes. The NB-PRACH bands of neighbouring cells may or may not overlap. In case of overlapping, cell-specific pseudo random hopping should be used to distinguish preambles in neighbouring cells and/or to mitigate inter-cell interference. 
Each NB-PRACH band is characterized by the starting tone index (), the number of tones in the band (), and the size of the fixed hopping (). These parameters are signalled via as system information. Note that some of these parameters may be fixed and thus do not need to be signalled.
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Figure 2: NB-PRACH band configuration. Each NB-PRACH band is characterized by the starting tone index and the number of tones in the band (or the ending tone index).
For contention based random access, the UE firstly randomly selects a tone in the configured NB-PRACH frequency resource pool, and then transmits the random access preamble in the corresponding NB-PRACH band. Therefore, the hopping is defined within each NB-PRACH band.

Proposal 4: The hopping patterns of single tone NB-PRACH should allow eNBs to flexibly configure NB-PRACH band resources. 

[bookmark: _Ref441591033]Hopping Patterns
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. 
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 the companion contribution [8].
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Figure 3: Two-layer Hopping Pattern
Proposal 5: Both inner layer hopping and outer layer hopping are used for single tone frequency hopping NB-PRACH.
Preamble Lengths and Pseudo Random Hopping Ranges
The selection of the preamble length (denoted as L in Figure 1) is relatively straightforward. The length should be long enough to help the BS accumulate enough energy to obtain satisfactory performance including high detection rate, low false alarm rate, and good timing estimation accuracy. Therefore, depending on the coverage target, L can be chosen accordingly. Multiple lengths should be defined if the single tone frequency hopping NB-PRACH is used for all coverage classes 

Proposal 6: For the single tone frequency hopping NB-PRACH design, specify the preamble lengths based on the coverage classes.   

The choice of pseudo random hopping range should be related to the preamble lengths to some extent. Intuitively, if a preamble length is short but the pseudo random hopping range is large, many correlation side peaks would arise. This is illustrated in Figure 4. More extensive time-of-arrival estimation simulation results are given in [7], which further confirms that longer preamble length can afford larger pseudo random hopping range. 

Proposal 7: Consider using different pseudo random hopping ranges for different preamble lengths in single tone frequency hopping NB-PRACH transmission.
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[bookmark: _Ref441235876]Figure 4: Longer preamble length can use larger pseudo random hopping range. Upper figures: short preamble for users with 144 dB MCL; bottom figures: long preamble for users with 164 dB MCL. Detailed configuration is given in Section 4.      
Preamble Sequences
Another important issue is what sequences to be used for the single tone frequency hopping NB-PRACH. Specifically, what symbols (within a symbol group and across symbols groups) should be sent in the frequency resources determined by the hopping patterns.
We first need to discuss the structure of the preamble sequence. Figure 5 shows the possible preamble sequence structures. To begin with, it is understood that each logical tone (the physical mapping determined by the hopping patterns) with a certain number of groups represents one NB-PRACH resource unit. The logical tone can be identified by, for example, the physical tone index used by the first symbol group. As indicated in Section 3.4, the proposed pseudo random hopping can help mitigate and/or randomize both inter- and intra-cell interference to some extent. To further randomize interference, it is desirable to make the values of the preamble sequence both cell ID dependent and/or tone index dependent. As an example, the symbol value  in Structure (1) in Figure 5 should be dependent on the logical tone index and/or cell ID. 
 
Proposal 8: NB-PRACH preamble sequences should be logical tone index and/or cell ID dependent. (Here the logical tone index can be mapped to, for example, the physical tone index used in the first symbol group.)

With the understanding that the preamble sequences are logical tone index and/or cell ID dependent, next we can focus on discussing the structure of a particular preamble sequence to be used on some logical tone in some cell. Figure 5 shows the possible preamble sequence structures. 
1) With this structure, a preamble sequence consists of a constant sequence, i.e., all the symbols are the same. (But the specific symbol value can be logical tone index and/or cell ID dependent, as discussed above.) In this case, it is easier to guarantee phase continuity between adjacent symbol groups and thus helps maintain close-to-zero peak-to-average-power ratio (PAPR) of the preamble signal. However, it is not clear whether or not the interference to other transmissions is sufficient.  

2) With this structure, the symbols in a group are the same, but they are different across the symbol groups. Structure (2) may be considered as applying an additional layer of CDM over groups in Structure (1). In this case, it is not easier to guarantee phase continuity between adjacent symbol groups and thus might cause some PAPR issue. The benefit is that from a system level perspective the interference to other transmissions is further randomized.  

3) With this structure, the symbols in a group are different, but the whole symbol group is repeated across groups. Structure (3) may be considered as applying an additional layer of CDM within a group in Structure (1). In this case, it is not easier to guarantee phase continuity between adjacent symbol groups and thus might cause some PAPR issue. The additional benefit from interference randomization (vs. Structure (1)) may be limited since symbols only change within a group.  


4) With this structure, the symbols can be different both within a group and across groups. Structure (4) may be considered as applying an additional layer of CDM over symbols in Structure (1). In this case, it is not easier to guarantee phase continuity between adjacent symbol groups and thus might cause some PAPR issue. The benefit is that from a system level perspective the interference to other transmissions is further randomized to the greatest extent.  

5) Structure (5) is a relatively generic structure, where symbols indicated by “?” are for FFS but the last symbol in each symbol group is fixed. Since CP is the same as a last part or the whole of the last symbol, this structure make it easier to guarantee phase continuity between adjacent symbol groups and thus helps maintain close-to-zero PAPR of the preamble signal. If additional inference randomization (in addition to those brought by pseudo random hopping, logical tone index and/or cell ID dependent sequence values) is desired, we can further optimize Structure (5) by carefully choosing appropriate values for those symbols marked as “?”.
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[bookmark: _Ref441745972][bookmark: _Ref441745918]Figure 5: Possible preamble sequence structures 

Proposal 9: The last symbol in a NB-PRACH symbol group does not change across symbol groups to help maintain phase continuity across hopping groups. FFS the sequence values in the other positions. 
[bookmark: _Ref441233952]Example Design
Based on the design principles presented in Sections 2 and 3, the eNB should be able to configure the following parameters of single tone frequency hopping NB-PRACH.
· Time resource information that informs UEs “when to send“ 
· Preamble sequence information that directs UEs “what to send”
· Frequency resource information that directs UEs “where to send”
Therefore, we propose:
Proposal 10: NB-IoT UEs should have the following knowledge to send a single tone frequency hopping NB-PRACH preamble. 
· Possible starting times of NB-PRACH possibilities
· Preamble sequence values 
· Starting indices of one or more NB-PRACH bands
· CP length
· Number of symbols per group
· Number of groups
· Fixed hopping size
· Pseudo random hopping range
The above information can be signalled using a System Information Block (SIB), or a Master Information Block (MIB), or the combination of MIB and SIB. Note that some of these configurations may be fixed and thus does not need to be signalled.
A set of design configuration parameters are summarized in Table 1, which can be used as the starting point for further discussion of single-tone frequency hopping NB-PRACH design.
	Cell size
(km)
	MCL
(dB)
	Subcarrier spacing (kHz)
	Tcp 
(us)
	Number of symbols per group
	Number of groups
	Hopping pattern
	Pseudo random hopping range

	35
	144
	3.75
	266.7
	5
	8
	1 tone micro hopping + pseudo random hopping
	{8, 12, 16} tones

	
	154
	3.75
	266.7
	5
	24
	1 tone micro hopping + pseudo random hopping
	{8, 12, 16} tones

	
	164
	3.75
	266.7
	5
	120
	1 tone micro hopping + pseudo random hopping
	{8, 12, 16} tones

	8
	144
	3.75
	66.7
	5
	8
	1 tone micro hopping + pseudo random hopping
	{8, 12, 16} tones


	
	154
	3.75
	66.7
	5
	24
	1 tone micro hopping + pseudo random hopping
	{8, 12, 16} tones

	
	164
	3.75
	66.7
	5
	120
	1 tone micro hopping + pseudo random hopping
	{8, 12, 16} tones

	Remark 1: Pseudo random hopping is based on LTE PUSCH type 2 hopping.



[bookmark: _Ref441492069]Table 1: Example design for single tone frequency hopping NB-PRACH

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: As a working assumption, single tone frequency hopping NB-PRACH in FDD NB-IoT is based on at least 3.75 kHz subcarrier spacing to support 35 km cell size. FFS whether or not 15 kHz subcarrier spacing is needed.

Proposal 2: Specify at least 2 CP lengths for NB-IoT PRACH to better support cells of different sizes.

Proposal 3: Assuming 3.75 kHz subcarrier spacing is used for NB-PRACH, use 266.7 us and 66.7 us CP lengths for single tone NB-PRACH as a working assumption. FFS whether more CP lengths are needed.

Proposal 4: The hopping patterns of single tone NB-PRACH should allow eNBs to flexibly configure NB-PRACH band resources. 

Proposal 5: Both inner layer hopping and outer layer hopping are used for single tone frequency hopping NB-PRACH.

Proposal 6: For the single tone frequency hopping NB-PRACH design, specify the preamble lengths based on the coverage classes.   

Proposal 7: Consider using different pseudo random hopping ranges for different preamble lengths in single tone frequency hopping NB-PRACH transmission.

Proposal 8: NB-PRACH preamble sequences should be logical tone index and/or cell ID dependent. (Here the logical tone index can be mapped to, for example, the physical tone index used in the first symbol group.)

Proposal 9: The last symbol in a NB-PRACH symbol group does not change across symbol groups to help maintain phase continuity across hopping groups. FFS the sequence values in the other positions. 

Proposal 10: NB-IoT UEs should have the following knowledge to send a single tone frequency hopping NB-PRACH preamble. 
· Possible starting times of NB-PRACH possibilities
· Preamble sequence values 
· Starting indices of one or more NB-PRACH bands
· CP length
· Number of symbols per group
· Number of groups
· Fixed hopping size
· Pseudo random hopping range
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The hopping patterns below are used for ease of drawing. The actual hopping patterns may differ.
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