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[bookmark: _Ref409106980]Introduction
[bookmark: _Ref441488033]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. The work item was further agreed in RAN#70 [2].

In RAN1 #84 [3], it was confirmed that “NB-PRACH is based on single-tone with frequency hopping.” Many physical design details have also been agreed.
Agreements:
· NB-PRACH uses a subcarrier spacing of 3.75kHz 
· 2 CP lengths are provided to support different cell sizes
· 66.7 us and 266.7 us
· Hopping is between groups of symbols
· For CP length of  266.7 us, a group is defined as 5 symbols and one CP of length of  266.7 us
· For CP length of 66.7 us, a group is defined as 5 symbols and one CP of length of 66.7 us 
· Details of hopping:
· First level single-subcarrier hopping is used between 1st/2nd and between 3rd/4th symbol groups
· Second level 6-subcarrier hopping is used between 2nd/3rd symbol groups
· Pseudo-random hopping is used between repetitions of groups of 4 symbol groups:
i. Constrained within max 12 subcarriers, and according to LTE PUSCH type 2 hopping
Agreements:
· The following numbers of NB-PRACH repetitions are provided in the specifications:  
· {1, 2, 4, 8, 16, 32, 64, 128}
· eNB can configure up to 3 numbers of NB-PRACH repetitions from the above set
· Power ramping:
· If more than one repetition level is configured in the cell, then the UE transmits NB-PRACH with max power except for the lowest repetition level
· Otherwise, the UE uses NB-PRACH power ramping 

Agreement: 
· Multi-tone Msg3 is supported
· RAN1 specifications will support the existence of UEs that do not support multi-tone Msg3 
· The specifications support the possibility for the UE to indicate whether it supports multi-tone Msg3 by NB-PRACH resource selection
· A NB-PRACH resource is defined at least by at least time-frequency resource, and possibly (FFS) one of more of:
· NB-PRACH sequence
· NB-PRACH hopping pattern
· Each NB-PRACH resource also has a repetition level configured 
· For at least one number of repetitions of NB-PRACH, multi-tone Msg3 transmission is not allowed by the specifications
· The UL grant for both Msg3 and PUSCH indicates the subcarrier(s) to be used 
· Subcarrier spacing is indicated:
· For Msg3:
· in RAR 
· Subsequent NB-PUSCH transmissions:
· Follow RAR always

In RAN1 NB-IoT NB-IoT Ad Hoc #2 [4], the following were further agreed.
Agreement:
· For NB-PRACH,
· A symbol group consists of 1 CP + 5 identical symbols

Agreement:
· The symbol values do not change across symbol groups during a NB-PRACH transmission

Agreements:
· The configuration of NB-PRACH resource is given by –
· Periodicity (3 bits)
· {40, 80, 160, 240, 320, 640, 1280, 2560} ms
· When PRACH resource and PUSCH collide, PUSCH is postponed
· Number of repetitions (3 bits)
· {1, 2, 4, 8, 16, 32, 64, 128}
· Number of opportunities per period
· 1 (no indication needed)
· Starting time of period (FFS bits)
· FFS
· Repetition uses contiguous subframes within one period 
· Frequency
· Frequency location in subcarrier offset (3 bits)
· {0, 12, 24, 36, 2, 18, 34}
· Number of subcarriers (2 bits)
· {12, 24, 36, 48}
· Multi-tone Msg3 transmission is not supported for the following numbers of repetitions of NB-PRACH
· {32, 64, 128}

In the email discussion after the adhoc it was decided to have three bits for starting period indicating one of {8, 16, 32, 64, 128, 256, 512, 1024} ms.

In this contribution, we discuss the remaining issues for NPRACH.
NPRACH Remaining Issues
[bookmark: _Ref445456466]NPRACH Sequences
Existing agreements imply that an NPRACH preamble consists of a constant sequence, i.e., all the symbols are the same both within a symbol group and across symbol groups. This structure is illustrated in Figure 1. The remaining issue is what exactly the symbol value  is.
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[bookmark: _Ref446922195]Figure 1: NPRACH sequence structure
To begin with, it is understood that an NPRACH preamble can be identified by a logical tone index (the physical mapping is determined by the hopping pattern). The logical tone can be identified by, for example, the physical tone index used by the first symbol group. To randomize interference, it is desirable to make the symbol value of the constant-value preamble sequence cell ID and/or tone index and/or the starting time of NPRACH opportunity dependent. As an example, the symbol value  in Figure 1 should be dependent on the logical tone index and/or cell ID and/or the starting time of the NPRACH opportunity.

Proposal 1: The symbol value of a constant NPRACH preamble sequence should be logical tone index and/or cell ID and/or the starting time of NPRACH opportunity dependent. 
· Here the logical tone index can be mapped to, for example, the physical tone index used in the first symbol group of an NPRACH preamble transmission.

The problem, illustrated in Figure 2, boils down to selecting reference symbol values for NPRACH in the frequency domain.
[image: ]
[bookmark: _Ref446923078]Figure 2: NPRACH time-frequency resource grid: each rectangle indicates a symbol group of NPRACH

In our view, Zadoff-Chu sequences are a good candidate because with a combination of root and cyclic shift selection they provide great design flexibility for sequence selection. For example, each cell may configure a Zadoff-Chu sequence in the frequency domain at each NPRACH opportunity. The root and cyclic shift of the Zadoff-Chu sequence may depend on cell ID and/or starting time of the NPRACH opportunity. For Msg1 transmission, a UE randomly selects a logical tone i and sends a constant-value preamble sequence, where the symbol value is the i-th element of the configured Zadoff-Chu sequence in the frequency domain.  

To this end, existing LTE uplink DMRS design, which is also based on Zadoff-Chu sequences, is a good starting point. Note that existing agreements on NPRACH resource configuration include the following.
· Frequency
· Frequency location in subcarrier offset (3 bits)
· {0, 12, 24, 36, 2, 18, 34}
· Number of subcarriers (2 bits)
· {12, 24, 36, 48}

In other words, an NPRACH band may consist of 12, 24, 36, or 48 tones. Accordingly, the reference symbols for NPRACH should support all these choices.

Proposal 2: For NB-IoT NPRACH symbol value selection, use existing LTE DRMS design (or more generally, Zadoff-Chu sequences) as the starting point.
· The root and/or cyclic shift should depend on cell ID and/or the starting time of NPRACH opportunity.

Proposal 3: To support NPRACH bands of numbers of subcarriers {12, 24, 36, 48}:
· Alt. 1: Use sequences of length 48 and truncate them to lengths 12, 24, or 36 if NPRACH band consists of 12, 24, or 36 subcarriers.  
· Alt. 2: Use sequences of length {12, 24, 36, 48} for NPRACH bands of numbers of {12, 24, 26, 48} subcarriers, respectively.

 Multi-tone Msg3 Indication
It has been agreed that multi-tone Msg3 is transmitted and the specifications support the possibility for the UE to indicate whether it supports multi-tone Msg3 by NPRACH resource selection. Note that it has also been agreed that multi-tone Msg3 transmission is not supported for {32, 64, 128} repetitions of NPRACH. These agreements however do not preclude the possibility that the networks choose 3 coverage levels from the set of remaining repetition numbers {1, 2, 4, 8, 16}. Therefore, to fully indicate multi-tone Msg3 capability, the networks may need to configure up to 6 sets of NPRACH configuration parameters that include periodicity (3 bits), number of repetitions (3 bits), starting time of period (3 bits), frequency offset (3 bits), and number of subcarriers (2 bits). As a result, it may take up to 6*(3+3+3+3+2)=84 bits in SIB2. 

Observation 1: If separate signaling of NPRACH configuration parameters is used to indicate single tone vs. multi-tone Msg3 NPRACH resource, it may consume up to 84 bits in SIB2.

Clearly, it is desirable to reduce the signaling overhead of NPRACH configuration in indicating single tone vs. multi-tone Msg3 NPRACH resources. In our view, for the same coverage level, many parameters on NPRACH configuration for single tone Msg3 can be the same as those for multi-tone Msg3. For example, for the same coverage level, the number of repetitions should be the same for both single tone Msg3 and multi-tone Msg3 NPRACH configurations. Thus, for the same coverage level, separate signaling of NPRACH configuration parameters for single tone Msg3 and multi-tone Msg3 can lead to unnecessarily redundant signaling in SIB2.

Proposal 4: To avoid unnecessarily redundant signaling in SIB2, the NPRACH configuration parameters for single tone Msg3 and multi-tone Msg3 NPRACH resources are jointly signaled for each coverage level.

There may be two alternatives for joint signaling of NPRACH configuration parameters for single tone Msg3 and multi-tone Msg3 NPRACH resources. 

· Alternative 1: Use the same set of configuration parameters (including periodicity, number of repetitions, frequency offset, and number of subcarriers) but different starting times of period to indicate single tone vs. multi-tone Msg3 NPRACH resources, as illustrated in Table 1. This joint signaling only consumes up to 3*(3+3+3+3+2) + 3*3=51 bits, saving 33 (=84-51) bits in SIB2. 

· Alternative 2: Use the same set of configuration parameters (including periodicity, number of repetitions, starting time of period, frequency offset, and number of subcarriers) but introduce preamble partition to indicate single tone vs. multi-tone Msg3 NPRACH resources, as illustrated in Table 2. For example, a set of values {0, ¼, ½, ¾} can be used to indicate the fraction of the preambles that are used to indicate single tone Msg3, while the remaining preambles are used to indicate multi-tone Msg3. Taking 24-tone NPRACH band for example, if the parameter is set to ½, the first 12 preambles are used to indicate single tone Msg3, while the remaining 12 preambles are used to indicate multi-tone Msg3. This joint signaling only consumes up to 3*(3+3+3+3+2) + 3*2=48 bits, saving 36 (=84-48) bits in SIB2.




[bookmark: _Ref447014050]Table 1: NPRACH Configuration Signalling: Alternative 1
	Parameter
	NPRACH for single tone Msg3
	NPRACH for multi-tone Msg3

	Periodicity
	3 bits

	Number of repetitions
	3 bits

	Starting time of period
	3 bits
	3 bits

	Frequency location in subcarrier offset
	3 bits

	Number of subcarriers
	2 bits



[bookmark: _Ref447109902]Table 2: NPRACH Configuration Signalling: Alternative 2
	Parameter
	NPRACH for single tone Msg3
	NPRACH for multi-tone Msg3

	Periodicity
	3 bits

	Number of repetitions
	3 bits

	Starting time of period
	3 bits

	Frequency location in subcarrier offset
	3 bits

	Number of subcarriers
	2 bits

	Preamble partition
	2 bits
{0, 1/4, 1/2, 3/4}





From the above discussion, it can be seen that both joint signaling alternatives can save quite a significant number of bits in SIB2. Alternative 2 however provides more flexibility for the networks to control the partition of NPRACH resources between signaling single tone Msg3 and multi-tone Msg3. For example, for a low coverage level with repetition number 1, the networks may configure more preambles for multi-tone Msg3; for a higher coverage level with repetition number 4, the networks may configure a medium number of preambles for multi-tone Msg3; for the highest configured coverage level with repetition number 16, the networks may configure a less number of preambles for multi-tone Msg3; 

Proposal 5: Flexible preamble partition is used to indicate single tone Msg3 and multi-tone Msg3. 

Guard Times
Another remaining issue on NPRACH is the guard time, which is illustrated in Figure 3. Obviously, the guard time should be inserted at the end of NPRACH and should be at least as long as the corresponding NPRACH CP length. 

Proposal 6: A guard time that is at least as long as CP length should be inserted at the end of NPRACH.

Considering the agreement that repetition (of 4 symbol groups) uses contiguous subframes within one period for NPRACH, it is possible to transmit all the repetitions back-to-back, i.e., no guard times are inserted between repetitions. This helps improve radio resource utilization, especially when the number of repetitions is large.

Proposal 7: The repetitions of NPRACH are transmitted back-to-back in the contiguous subframes within one period for NPRACH.

[image: ]
[bookmark: _Ref447282378]Figure 3: NPRACH guard time

Assuming the guard time is as long as CP, the NPRACH preamble length plus guard time may not align with the subframe boundary. The misalignment varies as the number of repetitions varies. Table 3 shows the cases with 4 symbol groups (i.e., 1 repetition) and 8 symbol groups (i.e., 2 repetitions). As a result, there exist fractional subframes at the end of each NPRACH opportunity. Whether these fractional subframes are used for NPUSCH or left unused may be up to the networks.

Proposal 8: It is up to the networks to decide how to use the fractional subframes at the end of NPRACH opportunities.

[bookmark: _Ref447283550]Table 3: NPRACH Preamble Lengths
	CP length
	4 symbol groups
(w/o guard period 
in the end)
	8 symbol groups
 (w/o guard period 
in the end)
	4 symbol groups
(w/ guard time 
in the end)
	8 symbol groups
(w/ guard time 
in the end)

	266.7 us CP
	6.4 ms
	12.8 ms
	6.6667 ms
	13.0667 ms

	66.7 us CP
	5.6 ms
	11.2 ms
	5.6667 ms
	11.2667 ms

	Remark: Guard time is assumed to be as long as CP.



Conclusions
In this contribution, we have made the following proposals.

Proposal 1: The symbol value of a constant NPRACH preamble sequence should be logical tone index and/or cell ID and/or the starting time of NPRACH opportunity dependent. 
· Here the logical tone index can be mapped to, for example, the physical tone index used in the first symbol group of a NPRACH preamble transmission.

[bookmark: _GoBack]Proposal 2: For NB-IoT NPRACH symbol value selection, use existing LTE DRMS design (or more generally, Zadoff-Chu sequences) as the starting point.
· The root and/or cyclic shift should depend on cell ID and/or the starting time of NPRACH opportunity.

Proposal 3: To support NPRACH bands of numbers of subcarriers {12, 24, 36, 48}:
· Alt. 1: Use sequences of length 48 and truncate them to lengths 12, 24, or 36 if NPRACH band consists of 12, 24, or 36 subcarriers.  
· Alt. 2: Use sequences of length {12, 24, 36, 48} for NPRACH bands of numbers of {12, 24, 26, 48} subcarriers, respectively.

Proposal 4: To avoid unnecessarily redundant signaling in SIB2, the NPRACH configuration parameters for single tone Msg3 and multi-tone Msg3 NPRACH resources are jointly signaled for each coverage level.

Proposal 5: Flexible preamble partition is used to indicate single tone Msg3 and multi-tone Msg3. 


Proposal 6: A guard time that is at least as long as CP length should be inserted at the end of NPRACH.

Proposal 7: The repetitions of NPRACH are transmitted back-to-back in the contiguous subframes within one period for NPRACH.

Proposal 8: It is up to the networks to decide how to use the fractional subframes at the end of NPRACH opportunities.
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The hopping patterns below are used for ease of drawing. The actual hopping patterns follow agreements.

UE close to
cp cP
the eNB GT

[c» i
)

UE close to

cp cP
cell edge

cP

Time





image1.png
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