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1 Introduction

At the last RAN #70 Plenary meeting, revisions to the work item description for NB-IoT were approved [1]. Accordingly, it was agreed that NB-IoT would use OFDM with 15 kHz subcarrier spacing in the DL and support both single- and multi-tone transmissions in the UL. For single-tone transmissions, both 15 kHz and 3.75 kHz subcarrier spacing values should be configurable, while for multi-tone transmissions, SCFDMA using 15 kHz would be supported.
Further, RAN sent an LS to RAN1 WG [2], indicating the following working assumptions:
· At least the first UL message after NB-PRACH for initial access to the network can be at least via single-tone UL

· RAN1 to inform RAN2 in January the supportable message size, i.e. same number of bits as LTE Msg3 or another number of bits, while meeting latency and coverage targets for this message

· Both of the following are supported by the specifications:

· 3.75 kHz subcarrier spacing for the first transmission after the first UL random access transmission

· 15 kHz subcarrier spacing for the first transmission after the first UL random access transmission

· Details of network configurability is left to WGs (including the possibility of configuring both in the same cell)

· RAN will make the decision on capability/interoperability testing at RAN#71. 

Considering the narrowband nature of the NB-IoT system, the coverage enhancement, UE battery life and latency objectives, and the supported waveform and numerologies, in this contribution, we present our views on the design of the random access process for NB-IoT including the physical layer design for Narrowband-Physical Random Access Channel (NB-PRACH), NB-PRACH configuration, and the options for the design of the overall random access procedure.

2 On NB-PRACH Preamble Design
In this section, we share our views and design considerations for NB-PRACH preamble design.
2.1 Sequence- vs. Message-based NB-PRACH
For NB-PRACH, both sequence-based and message-based options have been proposed. Support of SC-FDMA-based multi-tone UL and CP-based single-tone UL transmissions for NB-IoT necessitate adequate UL timing synchronization for which the eNodeB should be able to perform sufficiently accurate UL time of arrival (ToA) estimation and issue appropriate timing advance commands to the UE to maintain orthogonality between multiplexed transmissions from different UEs. While a message-based NB-PRACH design can help in simplifying and possibly shortening the random access procedure, accurate ToA estimation in low SINR regimes can be much better facilitated via a sequence-based NB-PRACH design compared to the message-based option. Hence, it is recommended that a sequence-based NB-PRACH design is adopted for NB-IoT. 

Further, indication of the scheduling request (SR) information including the UL buffer status using a coded packet that is transmitted during the transmission of NB-PRACH preamble may be considered such that the UE transmits the NB-PRACH preamble sequence and the coded packet including SR information as part of Message 1 transmission of the random access procedure. The coded packet can be transmitted using a fixed MCS and TBS using the NB-PUSCH physical layer structure and DL reference time (i.e., with timing advance = 0) with either FDM or TDM between the NB-PRACH preamble and the initial SR transmission. Such a design may be helpful especially if support of transmission of UL data with a relatively wide range of NB-PUSCH transport block sizes as part of the Message 3 transmission is deemed necessary in order to minimize connection establishment overhead for small packet transmissions on the UL, while at the same time, enabling the eNodeB to perform sufficiently accurate ToA estimation for reception of subsequent larger UL SCH data packets. However, considering the limited time available for the Rel-13 WI on NB-IoT, it is preferred that a sequence-based PRACH preamble without any coded packet transmission in the Message 1 of random access procedure is supported in Rel-13.
In LTE systems, multi-tone PRACH preamble is supported wherein a subcarrier spacing of 1.25 kHz and a PRACH bandwidth of about 1 MHz are used. Considering the limited system bandwidth of 180 kHz for NB-IoT UL, it is clear that a new NB-PRACH preamble design is necessary. Both multi-tone and single-tone NB-PRACH preamble formats have been proposed at the last RAN1 meeting (e.g.,[3]). While single-tone NB-PRACH can provide easier FDM-based user multiplexing within a single 180 kHz carrier and the benefit of higher transmission PSD and lower PAPR for UEs in extreme coverage, a significant challenge for single-tone NB-PRACH preamble is in terms of accurate ToA estimation. Compared to single-tone transmission NB-PRACH, multi-tone preambles can enable significantly improved ToA estimation due to the larger NB-PRACH bandwidth (BW), thereby enabling improved NB-PUSCH reception performance and avoidance of inter-symbol interference (ISI). Additionally, considering the latency and battery consumption aspects, for UEs not in extreme coverage, multi-tone NB-PRACH can be expected to take shorter Message 1 transmission duration compared to single-tone NB-PRACH, even when taking into account the most likely use of repetitions of the NB-PRACH preamble for successful detection at the eNodeB receiver. Hence, it is desirable that for UEs in basic or extended coverage, NB-PRACH based on multi-tone transmission is supported while single-tone NB-PRACH transmission can be considered for UEs in extreme coverage.
Proposal 1

· For Rel-13 NB-IoT, NB-PRACH preamble uses a sequence-based design.

· The NB-PRACH preamble design includes multi-tone preamble(s) that is/are used at least by UEs in basic or extended coverage.
2.2 Multi-tone NB-PRACH design
As discussed in the previous subsection, multi-tone NB-PRACH design based on SC-FDMA waveform should be used at least for UEs in basic or extended coverage. The physical structure of the NB-PRACH can be based on the currently specified LTE PRACH physical structure including a cyclic prefix (CP), the PRACH sequence of length TSEQ, and a Guard Time (GT) at the end. Figure 1 illustrates such a physical structure that can be considered for NB-IoT. 
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Figure 1. PRACH physical layer structure
Depending on the target coverage class and the amount of coverage enhancement necessary, two options may be further considered for multi-tone NB-PRACH design. One option is to define multiple NB-PRACH formats to address the different coverage classes [3], while another option is to define repeated transmissions of the basic NB-PRACH preamble format in order to satisfy higher maximum coupling loss (MCL) values.
For the design described in [3], NB-PRACH format 0 is proposed with a BW of ~80 kHz with 251-length Zadoff Chu (ZC) sequence using 312.5 Hz subcarrier spacing. Additional guard band and reserved frequency resources for NB-PUSCH transmissions in the NB-PRACH subframes occupy the remaining ~100 kHz bandwidth equally divided at either side of the NB-PRACH. Further, it was proposed in  that NB-PRACH format 0 would be used by UEs in basic coverage while UEs in extended coverage use NB-PRACH format 1 that is built by repeating the sequence part of format 0 twelve times.

While this may be reasonable starting point, we discuss a few aspects related to the design of NB-PRACH formats 0 and 1 in [3]:
· Format 0 spans a contiguous time duration of 4ms and Format 1 spans a contiguous time duration of 39.2ms (~40ms)

· This may be incompatible with future support of TDD systems due to the need for multiple UL subframes that are contiguous-in-time. While separate NB-PRACH formats for TDD may be considered, it is desirable to define a common NB-PRACH preamble format that may be applied to both FDD and TDD systems. Moreover, a smaller time duration for the basic NB-PRACH preamble format can better facilitate time-domain multiplexing with other UL transmissions or TDD frame structure.
· The benefit of defining NB-PRACH format 1 based on repetition of only the sequence part from format 0 provides marginal overhead savings by avoiding repetitions of the CP and guard time. Considering the increase in the sequence length when going from format 0 to format 1, it may be simpler and beneficial in limiting device complexity if only a single NB-PRACH format (“NB-PRACH format 0”) is defined. Thus, the basic format 0 may be repeated multiple times depending on the coverage class to support UEs that may be worse coverage situations.

· A subcarrier spacing of 312.5 Hz may be sensitive to Doppler shifts and frequency offsets, especially susceptible to  integer frequency offsets resulting in potentially increased demands on UE oscillator performance.
· In addition to the above, such small subcarrier spacing also imposes some demands on the phase noise requirements at the UE side, and considering the mandate of supporting low complexity UEs, and hence, it may be worthwhile to consider slightly larger subcarrier spacing in order to support simpler and more robust NB-PRACH preamble transmitters.

A more robust NB-PRACH format

Based on the above and other trade-offs including those between improved ToA estimation, detection performance, NB-PRACH user capacity for via different cyclic shifts of the ZC base sequence, need to support FDM between NB-PRACH and NB-PUSCH in order to minimize impact to UEs that are in CONNECTED mode (especially those in extreme coverage class), we propose to consider an NB-PRACH subcarrier spacing of 750 Hz for NB-PRACH format 0. Accordingly, an NB-PRACH BW of ~120 kHz can be supported. Considering the desirability of using prime-length sequence for NB-PRACH sequences to have good cross-correlation properties and maximal user capacity, length 157 ZC sequence can be used to define the NB-PRACH, occupying a BW of 117.75 kHz, resulting in 31.125 kHz of frequency resources on either side of the NB-PRACH preamble. This can comfortably accommodate any guard band and at least an equivalent of a single 15 kHz subcarrier (or four 3.75kHz subcarriers) on either side, such that FDM between NB-PRACH and NB-PUSCH can be supported towards minimizing the impact to other CONNECTED mode UEs in very poor radio conditions with UL traffic being transmitted using a larger number of repetitions. The resulting NB-PRACH physical structure is shown in Figure 2 below.
[image: image2.emf]31.125 kHz

750 Hz x 157 

= 117.75 kHz

750 Hz

31.125 kHz

180 kHz

:

PRACH

NB-PUSCH

NB-PUSCH

Guard band

Guard band


Figure 2. Proposed NB-PRACH physical layer structure with 750 Hz subcarrier spacing 
NB-PRACH dimensioning

For the NB-PRACH dimensioning, we first note that a subcarrier spacing of 750 kHz results in an NB-PRACH sequence duration (TSEQ = 1.33 ms). Thus, it should be possible to fit in the proposed NB-PRACH format 0 within 2ms, i.e., requiring two consecutive UL subframes. This can provide much better forward compatibility for use in TDD deployments compared to the 4ms NB-PRACH format 0 presented in [3]. Note that this value of the preamble sequence length easily exceeds the round trip delay (RTD) corresponding to the GERAN requirement of supporting 35 km cell radius. Similar to the consideration of the RTD for the NB-PRACH sequence duration, the CP and the GT need to be sufficiently long to cover the RTD. In addition, the CP should preferably also accommodate for the maximum delay spread of the channel although this can be quite small compared to the RTD targets. For the proposed NB-PRACH format, assuming a 2ms total NB-PRACH duration we obtain CP + GT = 666.67us, of which, it is proposed that CP = 336.67us and GT = 330us. Thus, a maximum cell radius of close to 50 km can be supported by this NB-PRACH format. 
User capacity and cyclic shifts for NB-PRACH

The number of cyclic shifts (CSs), and thereby, the number of users that may be mutliplexed via different CSs of a single NB-PRACH base sequence depends on the target cell radius so that sufficient distance is maintained between the time cyclic shifts to absorb the maximal difference between two UEs’ RTD values. Thus, considering the target cell radius of 35km, it can be seen that with sequence length of 157, about 5 CS values can be supported for a particular base sequence, and for a target of 5km cell radius, this increases to about 39 CSs (i.e., 39 UEs can be multiplexed via CS per base sequence). Compared to this, the proposed design in [3] can support up to about 13 CSs for a target of 35km cell radius. However, considering multiple base sequences can be used to support larger user capacity, overall, the lower multiplexing capacity for a particular base sequence for the proposed NB-PRACH format using 750 Hz subcarrier spacing may not have a significant impact on the overall system performance and UE batterylife and power consumption. 
Table 1 summarizes the main properties of the proposed NB-PRACH multi-tone format. 

Table 1. Numerology for NB-PRACH
	NB-PRACH format 0
	Subcarrier spacing (Hz)
	Preamble seq. duration, TSEQ (ms)
	Preamble seq. length (NZC)
	Guard band (each side) (kHz)
	CP length* (us)
	Guard time* (us)
	Maximum cell radius (km)
	Total NB-PRACH duration (ms)

	Format 0 [3]
	312.5
	3.2
	251
	50.78
	400
	400
	60
	4

	Proposed design
	750
	1.33
	157
	31.125
	336.67
	330
	~50
	2


For coverage enhancement, it is proposed to consider three coverage enhancement classes. Depending on the feasibility of a UE using DL measurements for determining its coverage class, similar to Rel-13 eMTC, different thresholds can be provided as part of the NB-PRACH configuration and the UE may select the NB-PRACH preamble resources configured for the determined coverage class. 

Proposal 2:

· Consider a single multi-tone NB-PRACH format with repetitions at least for UEs in basic and extended coverage (up to 154 dB MCL).
· Consider an NB-PRACH subcarrier spacing of 750 Hz to balance between the sequence length and robust performance in the presence of impairments like frequency offset and Doppler.

· FDM between NB-PRACH and NB-PUSCH should be supported at least for single-tone NB-PUSCH with both subcarrier spacing options.
2.3 Single-tone NB-PRACH design
In [3], a single-tone NB-PRACH design was proposed to be used for UEs in extreme coverage class. While the single-tone approach is appealing from a PAPR and coverage perspective, one of the disadvantages of the proposed NB-PRACH format 2 design is the poor performance for ToA estimation accuracy. The achievable timing estimation accuracy reported in [4], etc. can be as large as 31.25us and this can cause significant performance degradation for NB-PUSCH reception, with both 15 kHz as well as with 3.75 kHz subcarrier spacing for single-tone NB-PUSCH, especially in the presence of interference from other UEs’ transmissions in neighboring frequency resources. Further studies are needed to evaluate the possible ways to improve the ToA estimation accuracy for a single-tone based NB-PRACH to give acceptable performance. One option could be to consider the frequency hopping over multiple subcarriers instead of just over two subcarriers. 
However, for UEs in better coverage conditions, use of single-tone NB-PRACH can lead to unnecessarily long NB-PRACH transmissions, leading to increased latency (e.g., for transmission of UL exception reports) and potentially sub-optimal ToA estimation performance. Hence, at least for UEs in basic and extended coverage, multi-tone NB-PRACH based on a single PRACH format and its repetitions should be considered. 

Proposal 3:

· Further studies are necessary for support of single-tone NB-PRACH format including consideration of ToA estimation accuracy and possibly frequency hopping over multiple subcarriers.
2.4 NB-PRACH Configurations
For multiplexing of different UEs across various coverage levels, different NB-PRACH resource set configurations need to be supported at the system-level. Different NB-PRACH resource sets can be defined by different number of repetitions applied to the basic NB-PRACH format (including the no repetition case). The configuration of NB-PRACH resources can be defined similar to legacy PRACH configuration but with new definitions for the NB-PRACH configuration index to correspond to new time-domain NB-PRACH opportunities.
Between different NB-PRACH sets, at least TDM-based NB-PRACH multiplexing should be supported. Additionally, for multi-tone NB-PRACH, CDM-based multiplexing should be supported, while for single-tone NB-PRACH (if defined), different UEs can be multiplexed in the frequency domain. 

Upon failure of a RACH attempt, multiple attempts within the same repetition level should be supported. Similar to Rel-13 eMTC, a maximum number of attempts per repetition level is supported and the UE would move to the next repetition level upon reaching the maximum number of attempts in the current repetition level. To simplify the mechanism and considering the uncertainty in the DL measurement accuracy for NB-IoT (should be further studied in RAN4) PRACH power ramping may not be supported and UEs transmit with the maximum power level. For inter-cell interference coordination, at least CDM (based on preamble partitioning) and TDM can be supported. FDM-based coordination between neighboring cells can be possible at least for single-tone NB-PRACH if supported.
Further, partitioning of preamble sequences for both multi- and single-tone transmissions should be considered in order to allow UEs to indicate support of subcarrier spacing options (i.e., between 15 kHz and 3.75 kHz single-tone) and between multi-tone and single-tone and single-tone only UL transmissions via the NB-PRACH preamble choice.
Proposal 4:

· Support different NB-PRACH resource sets based on different repetitions of the basic NB-PRACH format and single-tone NB-PRACH (if supported). 

· Consider partitioning of preamble sequences for both multi- and single-tone transmissions to distinguish UE capability between 15 kHz and 3.75 kHz single-tone, and between support of single-tone only and support of both single- and multi-tone NB-PRACH.

3 Random Access: Messages 2, 3 and 4
RAR transmissions

One straightforward option for the support of RAR transmission is to rely on a common search space (CSS) for the NB-PDCCH that would be used to schedule the NB-PDSCH carrying potentially multiple RAR records. While “control-less” (i.e., without dynamic scheduling) may be considered for system resource utilization and UE power consumption efficiency, for NB-IoT systems operating using a single PRB, user blocking can be a significant challenge for RAR transmissions, and this can adversely affect the UE power consumption and increase the access latency significantly if extremely long RAR windows are the only option for multiplexing UEs. Similar to Rel-13 eMTC, if multiple NBs are available and configured, then the NB-PDSCH could even be scheduled in different PRBs if dynamic cross-PRB scheduling is supported.

The UL grant in the RAR carries the scheduling information for the Message 3 transmission and can schedule the Message 3 transmission depending on the UE’s coverage level indicated by the successfully detected NB-PRACH. Based on RAN LS quoted in Section 1, Message 3 transmission should support at least single-tone NB-PUSCH. However, multi-tone NB-PUSCH should also be supported for Message 3 transmission in order to enable a faster random access procedure since UEs in better coverage conditions like basic or extended coverage can transmit their NB-PUSCH within a shorter period of time. 
Regarding the size of the Message 3 transmission, we propose to reuse the same payload size of 56 bits (including an 8-bit header) as supported in LTE. This payload size is reasonable to be transmitted via both multi- or single-tone options, depending on UE’s channel conditions and capabilities. One of the main motivation for reusing the LTE Message 3 size is to ensure that the upper layers for NB-IoT are minimally affected compared to legacy LTE. Thus, even for RRC Resume procedure, it is recommended use legacy RRC connection request and connection setup messages with relevant changes for the resume process. Depending on the coverage condition determined by the eNodeB from the NB-PRACH reception and indicated UE capabilities, the UE can be configured with the appropriate number of subcarriers, subframes, and MCS to use to transmit the Message 3 on the UL.
Message 3 retransmission and Message 4 scheduling

Similar to Rel-13 eMTC, scheduling of Message 3 retransmission, Message 4 (and RRCConnectionSetup message) scheduling information can be received by the UE by monitoring the same search space (SS) as the CSS-RAR used to monitor for NB-PDCCH scheduling RAR, but during the extent of the ContentionResolutionTimer. Note that, similar to the RAR window, the ContentionResolutionTimer should be increased in length as well to accommodate TDM between transmissions to different UEs, including multiplexing with traffic for CONNECTED mode UEs. 
Finally, the RRCConnectionSetup message (that may be carried along with the Message 4) can be used to provide the UE with the details of the NB-PDCCH UE-specific search space (USS) including the set of aggregation level and repetition levels to monitor, the periodicity of the USS, the location of the PRB to monitor for NB-PDCCH if multiple PRBs with anchor carrier concept is defined. 
Proposal 5:
· Consider defining a CSS-RAR for scheduling of RAR messages within the RAR window. The same SS is used for scheduling of Message 3 retransmission, Message 4 (and possibly RRCConnectionSetup message).
· Message 3 payload size is maintained the same as legacy LTE, i.e., 48 bits for the RRC payload. Message 3 transmission supports both single- and multi-tone NB-PUSCH that is configurable by the eNodeB via the UL grant depending on the UE coverage condition and indicated capabilities via the NB-PRACH.
4 Conclusion

In this contribution, we presented our views on design aspects of the random access for NB-IoT including details of NB-PRACH design options, NB-PRACH configurations, multiplexing, and Messages 2, 3, and 4 scheduling and transmissions. The following are the proposals:
Proposal 1

· For Rel-13 NB-IoT, NB-PRACH preamble uses a sequence-based design.

· The NB-PRACH preamble design includes multi-tone preamble(s) that is/are used at least by UEs in basic or extended coverage.
Proposal 2:

· Consider a single multi-tone NB-PRACH format with repetitions at least for UEs in basic and extended coverage (up to 154 dB MCL).
· Consider an NB-PRACH subcarrier spacing of 750 Hz to balance between the sequence length and robust performance in the presence of impairments like frequency offset and Doppler.

· FDM between NB-PRACH and NB-PUSCH should be supported at least for single-tone NB-PUSCH with both subcarrier spacing options.
Proposal 3:

· Further studies are necessary for support of single-tone NB-PRACH format including consideration of ToA estimation accuracy and possibly frequency hopping over multiple subcarriers.
Proposal 4:

· Support different NB-PRACH resource sets based on different repetitions of the basic NB-PRACH format and single-tone NB-PRACH (if supported). 

· Consider partitioning of preamble sequences for both multi- and single-tone transmissions to distinguish UE capability between 15 kHz and 3.75 kHz single-tone, and between support of single-tone only and support of both single- and multi-tone NB-PRACH.

Proposal 5:

· Consider defining a CSS-RAR for scheduling of RAR messages within the RAR window. The same SS is used for scheduling of Message 3 retransmission, Message 4 (and possibly RRCConnectionSetup message).

· Message 3 payload size is maintained the same as legacy LTE, i.e., 48 bits for the RRC payload.
· Message 3 transmission supports both single- and multi-tone NB-PUSCH that is configurable by the eNodeB via the UL grant depending on the UE coverage condition and indicated capabilities via the NB-PRACH.
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