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1 Introduction

It was identified that transmission schemes for Random Access Response (RAR) need further enhancements in order to be received by low complexity (LC) MTC UEs with reduced bandwidth support as well as for other MTC UEs in enhanced coverage. In this regard, the following agreements were made at the RAN1 #79 meeting [1]:
· RAR/Paging messages for Rel-13 low-complexity UEs and/or UEs operating coverage enhancements (CE) are transmitted separately from RAR/Paging messages for other UEs

· RAR/paging message intended for Rel-13 low-complexity UE and/or UE operating CE can support PDSCH subframe bundling/repetition with multiple bundle sizes/repetition levels

During the RAN1 #81 meeting, details of resource assignment information for RAR reception were agreed:

· UE knows repetition level of transmission of RAR from the repetition level of its most recent PRACH
· FFS whether the repetition level is a function of the TBS of the RAR or not

· FFS the detailed mapping from the repetition level of PRACH to that of RAR
· UE knows in which subframe(s) transmission of RAR can begin from its most recent PRACH resource set
· UE knows in which frequency resource(s) transmission of RAR can occur from its most recent PRACH resource set

· Note: if option 1 is adopted, this does not preclude the possibility of specifying a single frequency resource for M-PDCCH
· NOTE: “Transmission of RAR” includes Option 1,2,3 for RAR transmission mechanism (which will be down-selected)

· If option 1 is adopted, the repetition level, subframe(s), frequency resource(s) here refers to that of M-PDCCH
Also, at the RAN1 #81 meeting, the following was agreed as a working assumption regarding for MTC [2]:

· Options for RAR and Paging for Rel-13 low complexity UEs and UEs operating coverage enhancement:

· Option 1: M-PDCCH-scheduled PDSCH carrying the message(s)

· Option 2: M-PDCCH DCI carrying the message

· Option 3: M-PDCCH-less PDSCH carrying the message
· •
Agree the following as working assumptions for RAR:
· Support Option 2 for the case of a single MAC RAR in a narrowband

· Support Option 1 for the case of multiple MAC RARs in a narrowband

· FFS: In case of small number of MAC RARs, some part of MAC RARs is included in the DCI, and remaining parts of MAC RARs are included in the PDSCH

· FFS whether eNB indicates support for Option 1 and/or Option 2 in SIB


· If eNB can indicate support for only Option 1 then Option 1 can be used also for a single MAC RAR
In this contribution, following the above agreements, we share our views on the remaining details regarding scheduling of RAR messages for low complexity (LC) MTC devices with reduced bandwidth and in enhanced coverage in LTE systems. Our views on transmission of paging messages to Rel-13 LC MTC UEs with reduced BW support and UEs in enhanced coverage are presented in our companion contribution [3].
2 Scheduling of Random Access Response Messages
As quoted above, it was agreed as a working assumption during RAN1 #81 meeting that if a single RAR message needs to be transmitted in a 1.4 MHz narrowband (NB), then it is to be transmitted directly using the M-PDCCH, else, for the case of multiple MAC RARs in a NB, RAR messages are transmitted using PDSCH scheduled by M-PDCCH. However, given that a UE would not be configured with a UE-specific Search Space (UE-SS) at the time of RAR monitoring, a non-UE-specific search space for monitoring of M-PDCCH transmissions carrying either the RAR message itself or the scheduling information for PDSCH carrying the RAR message, referred to as nUE-SS-RAR in this work, needs to be defined. 
Towards this, as described in [4], the nUE-SS-RAR may be separately configured via MTC SIBs as a non-UE-specific search space for M-PDCCH that a UE monitors during the period of time defined by the RAR window. Note that the RAR window would need to be extended compared to current specifications to accommodate the repetitions of at least the M-PDCCH associated with the RAR transmissions. Alternatively, a single common configuration for a non-UE-specific SS (nUE-SS), with the possible exception of defining multiple narrowband (NB) indices for RAR (to realize multiple instances that may be monitored by different UEs as described in the sequel), may be provided in the MTC SIB covering multiple functionalities, e.g., scheduling of paging and RAR messages, scheduling of Message 4, etc. In this case, the nUE-SS-RAR can be interpreted as the instance of the nUE-SS that a UE is expected to monitor during the RAR window following transmission of a PRACH preamble. 
Proposal 1:
· A non-UE-specific search space (nUE-SS) for monitoring of M-PDCCH transmissions carrying either the RAR message itself or the DL assignment for the PDSCH conveying the RAR, nUE-SS-RAR, needs to be defined. 

· The nUE-SS-RAR is monitored by a Rel-13 LC/EC MTC UE following PRACH preamble transmission during the extent defined by the RAR window.
· The nUE-SS-RAR configuration is provided to the MTC UEs using the MTC SIB.
Configuration of non-UE-specific Search Space for RAR (nUE-SS-RAR)
One or more instances of nUE-SS-RAR may be configured by the network based on different factors, such as the EC mode or the EC level. A UE may monitor one of them (e.g. nUE-SS-RAR EC level x) based on the resources and repetition level used for PRACH preamble transmission. For instance, they can be multiplexed via Frequency Division Multiplexing (FDM) on different 1.4 MHz narrowbands (NBs) in order to alleviate the issue of user blocking for RAR transmissions. Further, it may be beneficial to have nUE-SS-RAR for different EC levels FDM-ed at the system-level to alleviate the user blocking.
In time dimension, a UE performing RACH procedure may be expected to monitor the nUE-SS-RAR during certain time, defined as the extent of the RAR window. However, the RAR window can now be interpreted as the duration during which a UE may expect the M-PDCCH transmission carrying the RAR message or M-PDCCH transmission carrying the DL scheduling assignment for the PDSCH carrying the RAR message, while the PDSCH itself may be transmitted beyond the end of the RAR window considering the use of cross-subframe scheduling and repetitions needed for enhanced coverage operation.

The configuration for a nUE-SS-RAR can include the following information: starting subframe for M-PDCCH repetitions, Repetition Levels (RLs) and Aggregation Levels (ALs) used for M-PDCCH, the NB index, and the PRBs within the NB that constitute the M-PDCCH-PRB set. The choice of ALs for a nUE-SS-RAR can be limited to a subset of possible ALs depending on the CE level targeted for the particular nUE-SS-RAR. As another alternative, the AL used for M-PDCCH in enhanced coverage in the nUE-SS-RAR can be specified to always use the maximum AL = 24 in order to minimize the number of repetitions needed for transmitting the M-PDCCH and to reduce UE blind decoding attempts, both beneficial in reducing UE power consumption for monitoring for M-PDCCH transmissions in the nUE-SS-RAR. In this case, the PRBs for the M-PDCCH-PRB set can be fixed to include all the 6 PRBs in a NB for nUE-SS-RAR that corresponds to UEs in enhanced coverage.
Proposal 2:

· One or more instances of nUE-SS-RAR may be configured by the network based on different EC levels supported and a UE may monitor one of them based on the resources and repetition level used for PRACH preamble transmission. 
· Such multiple instances of nUE-SS-RAR may be multiplexed via Frequency Division Multiplexing (FDM) on different 1.4 MHz narrowbands (NBs). 
· Further, this would enable the design solutions to have a high level of commonality between reduced UE bandwidth support and enhanced coverage. 
Blind decoding in the nUE-SS-RAR
Following the current working assumption in RAN1 WG, a UE may need to monitor the nUE-SS-RAR for either a Downlink Control Information (DCI) that includes the contents of the RAR message itself (referred to as DCI-RAR in this work), or a DCI with the DL scheduling assignment that schedules PDSCH carrying the RAR message (referred to as DCI-SA-RAR). 

This would result in increased UE complexity due to increase in the number of blind decoding attempts for multiple DCI formats. Assuming that the size of DCI-RAR would be larger than DCI-SA-RAR, one option to reduce the number of blind decoding attempts is to use zero-padding for the DCI-SA-RAR to match its size to that for DCI-RAR. However, this would result in reduced efficiency due to increase in the DL control overhead from the transmission of a larger-than-necessary DCI-SA-RAR. 

It was agreed at the RAN1 #81 meeting that "UE knows repetition level of transmission of RAR from the repetition level of its most recent PRACH". Here, repetition level of transmission of RAR implies repetition level of the transmission of the M-PDCCH. Additionally, it was agreed that "UE determines based on RSRP measurement whether or not to start using one of the PRACH resource sets for CE (i.e., PRACH transmission with repetitions)". Therefore, based on the decision of whether to use coverage enhancement (CE) for PRACH and the choice of repetition level for PRACH, the UE would be able to determine the number of repetitions of M-PDCCH for either DCI-RAR or DCI-SA-RAR transmission. 

Note that, to support the general case wherein UE monitors nUE-SS-RAR for both DCI formats with unequal sizes, the two mapping relationships between number of repetitions for PRACH and number of repetitions for M-PDCCH need to be defined: one assuming DCI-RAR transmission and the other, DCI-SA-RAR. Depending on the exact size of each DCI format, a fixed relationship between the repetitions for DCI-RAR and DCI-SA-RAR can be defined in the specifications or indicated via MTC SIB signalling. For example, a factor x = (number of repetitions for DCI-RAR)/(number of repetitions for DCI-SA-RAR) can be defined in the specifications or included in the MTC SIB. Further, the factor x can also be a function of the enhanced coverage (EC) level of the UE to address the non-linearity in the number of required repetitions vs. operating SNR (the latter being related to the EC level). 

An alternative to minimize UE complexity is to enable the UE to determine which DCI format to monitor for in the nUE-SS-RAR in response to a PRACH preamble transmission. Towards this, we first note that the RAR payload increases with an increase in the number of UEs addressed (i.e., number of RAR records). This can lead to a large number of repetitions for the M-PDCCH and the associated PDSCH transmissions, especially when in enhanced coverage, if multiple RAR messages are transmitted in a single RAR MAC PDU. Thus, it may be more practical to address a single UE in a RAR MAC PDU for UEs in enhanced coverage. 

Here, it should be noted that repetitions of M-PDCCH and PDSCH transmissions carrying DCI-SA-RAR and the RAR message respectively may be needed for UEs in normal coverage as well (cf. [5] and [6]). 

Accordingly, the eNodeB may only address multiple UEs in a single RAR MAC PDU when the target UEs are in normal coverage and may only transmit a single RAR record using M-PDCCH (i.e., transmit DCI-RAR) for RAR messages intended for UEs in enhanced coverage. Therefore, a UE may assume that the RAR is transmitted using DCI-RAR directly using the M-PDCCH when it is in enhanced coverage w.r.t. PRACH preamble transmissions, i.e., when it uses repetitions for PRACH preamble transmission; otherwise, it may assume that the RAR is transmitted using the PDSCH that is scheduled by DCI-SA-RAR.
Proposal 3:

· Considering the need for a very large number of repetitions to address multiple UEs in enhanced coverage in a single RAR MAC PDU and the desire to limit the UE complexity and power consumption, multiple UEs may be addressed in a single RAR MAC PDU using PDSCH scheduled by M-PDCCH only when the target UEs are in normal coverage, else, a single RAR record may be transmitted using M-PDCCH to UEs in enhanced coverage.

· Consequently, a UE may assume that the RAR is transmitted directly on the M-PDCCH when in enhanced coverage and using PDSCH scheduled by M-PDCCH when in normal coverage.
· The determination of normal vs. enhanced coverage is based on the UE’s use of PRACH resource sets for enhanced coverage PRACH preamble transmission. 
3 Further details of RAR transmission in enhanced coverage
In general, the frequency location (starting PRB index) of the M-PDCCH transmission carrying the RAR message or the DL assignment can be defined as a function of one or more of: the RA-RNTI, the frequency index (f_id) for the PRACH transmission, the time index of the first subframe of the specified PRACH (t_id), the EC level (derived from the number of PRACH repetitions), and the Physical Cell ID.
Considering that different number of repetitions of the M-PDCCH would be needed for UEs in different coverage conditions, it could be beneficial to define the frequency location of the M-PDCCH transmission carrying the RAR message (or the DL assignment) as a function of at least the EC level of the UE (derived from the number of PRACH repetitions). Therefore, if UEs in the same EC level monitor the same narrowband and M-PDCCH search space for potential RAR or DL assignment for RAR, the same repetition level (RL) can be used for the M-PDCCH transmissions, with the RL possibly selected to satisfy the coverage enhancement target for the respective set of UEs. This can enable a simpler search space definition for UEs to monitor for RAR or DL assignment for RAR with a fixed repetition level (RL) for the M-PDCCH decoding candidates. 
Proposal 4:

· The frequency location of the M-PDCCH transmission for the RAR message can be defined as a function of RA-RNTI, the frequency and/or time indices for the PRACH transmission, the physical cell ID, enhanced coverage operation indicator, coverage enhancement level, etc.
· Consider defining the frequency location of the M-PDCCH transmission carrying the RAR message (or the DL assignment) as a function of at least the EC level of the UE (that may be indicated by the most recent PRACH repetition level).

However, it may not always be possible to multiplex in frequency the M-PDCCH for RAR transmissions for UEs in different EC levels. For instance, there may be a limited number of DL narrowbands available at the system level that may be used for Rel-13 LC/EC MTC UEs. 

According to the agreement in the RAN1#79 meeting [1], PRACH resources for MTC UEs in normal and enhanced coverage modes can be multiplexed using CDM/TDM/FDM.

Considering the possibility of CDM based resource allocation for PRACH transmissions between UEs in normal and enhanced coverage or between UEs with not-too-different EC levels, additional PRACH preamble sequences may be defined for MTC UEs in enhanced coverage. Consequently, the overall PRACH code space would increase from its current value of 64. To accommodate the increased PRACH sequence space, potential design changes need to be carefully studied for dynamic scheduling with the considerations of backward compatibility. One potential approach is to increase the RAPID field in the MAC subheader or modify the RAR content. This approach, however, may not be backward compatible due to the fact that the legacy UEs may not understand the RAPID or RAR content and hence may be blocked from access. To address this issue, a new RA-RNTI may be defined to allow the MTC UEs in enhanced coverage mode to access the separate PDSCH resources. In this regard, the RAPID and RAR content would remain the same to ensure backward compatibility.
Current RA-RNTI associated with the PRACH in which the Random Access Preamble is transmitted is computed as:

RA-RNTI = 1 + t_id + 10*f_id

where t_id is the index of the first subframe of the specified PRACH (0≤ t_id <10), and f_id is the index of the specified PRACH within that subframe, in ascending order of frequency domain (0≤ f_id< 6). Based on the analysis above, a new RA-RNTI may be defined as:

RA-RNTI = 1 + t_id + 10*f_id + M*r_id

where r_id denotes a flag for enhanced coverage operation or is the index of the repetition level and M is an appropriate integer. 

Proposal 5:

· If the PRACH preamble sequence space is increased to accommodate enhanced CDM-based multiplexing between UEs in normal and enhanced coverage or between UEs in not-too-different EC levels, consider defining a new RA-RNTI value that is a function of the enhanced coverage operation or the repetition level index to help UEs identify their respective RAR messages in a backward-compatible manner.
4 Indication of Repetition Levels for RAR and Message 3
One potential solution to indicate the repetition level for RAR and Msg3 transmissions for MTC UEs in enhanced coverage is to employ dynamic scheduling, i.e., repetition levels for RAR (PDSCH) transmission and Msg3 (PUSCH) transmission are explicitly signalled by M-PDCCH. For this approach, a new DCI field regarding PDSCH repetition level and a new field in uplink resource grant regarding PUSCH repetition level may need to be defined and specified, requiring additional specification effort. Another option could be to include information on the repetition level for the Msg3 transmission in the RAR itself. However, this would require changes to the MAC PDU format for RAR and involve additional specification work in RAN2 WG. Further, it would be most desirable to limit the DCI size for the DL assignment carried by the M-PDCCH as well as the size of the RAR message in order to minimize the number of repetitions needed for coverage enhancement. 
To minimize the specification impact and avoid introduction of additional fields in the DCI format for DL assignment or the RAR itself, an alternative solution could be to indicate the repetition levels associated with Msg2/3 transmission in a predefined manner. Specifically, the repetition levels for PDSCH/PUSCH transmission may be derived according to the predefined or broadcasted mapping rule from coverage extension status indicated by successful PRACH transmission. For instance, with the predefined rule, the repetition level for each Msg is derived from the repetition level of or as indicated in the previous Msg. 
Note that, as listed in Section 1, it was agreed at the RAN1 #81 meeting that the UE may derive the repetition level of the M-PDCCH carrying the DL assignment or the RAR itself from the repetition level of its most recent PRACH transmission.  For the case of transmission of a single MAC RAR, it can be transmitted using the M-PDCCH as per the current working assumption. For the case of transmission of multiple MAC RARs via PDSCH scheduled by M-PDCCH, the TBS for the RAR message may vary depending on the number of UEs being addressed. In this case, the repetition level can be defined as a function of the TBS of the RAR such that the UE may derive the number of PDSCH repetitions for RAR based on information on the TBS of the RAR (obtained from the DCI-SA-RAR) and the number of repetitions used for its most recent PRACH transmission.
Proposal 6:
· Repetition levels for RAR and Message 3 transmissions during initial random access should be derived according to the predefined or broadcasted mapping rule from coverage extension status indicated by PRACH transmission.
5 Conclusions

In this contribution, we provided our views on enhancements to transmission of RAR for MTC devices with reduced bandwidth and MTC UEs in enhanced coverage. Based on the discussion presented, we summarize our views through the following proposals:
Proposal 1:
· A non-UE-specific search space (nUE-SS) for monitoring of M-PDCCH transmissions carrying either the RAR message itself or the DL assignment for the PDSCH conveying the RAR, nUE-SS-RAR, needs to be defined. 

· The nUE-SS-RAR is monitored by a Rel-13 LC/EC MTC UE following PRACH preamble transmission during the extent defined by the RAR window.
· The nUE-SS-RAR configuration is provided to the MTC UEs using the MTC SIB.
Proposal 2:

· One or more instances of nUE-SS-RAR may be configured by the network based on different EC levels supported and a UE may monitor one of them based on the resources and repetition level used for PRACH preamble transmission. 
· Such multiple instances of nUE-SS-RAR may be multiplexed via Frequency Division Multiplexing (FDM) on different 1.4 MHz narrowbands (NBs). 

· Further, this would enable the design solutions to have a high level of commonality between reduced UE bandwidth support and enhanced coverage. 
Proposal 3:

· Considering the need for a very large number of repetitions to address multiple UEs in enhanced coverage in a single RAR MAC PDU and the desire to limit the UE complexity and power consumption, multiple UEs may be addressed in a single RAR MAC PDU using PDSCH scheduled by M-PDCCH only when the target UEs are in normal coverage, else, a single RAR record may be transmitted using M-PDCCH to UEs in enhanced coverage.

· Consequently, a UE may assume that the RAR is transmitted directly on the M-PDCCH when in enhanced coverage and using PDSCH scheduled by M-PDCCH when in normal coverage.

· The determination of normal vs. enhanced coverage is based on the UE’s use of PRACH resource sets for enhanced coverage PRACH preamble transmission. 
Proposal 4:

· The frequency location of the M-PDCCH transmission for the RAR message can be defined as a function of RA-RNTI, the frequency and/or time indices for the PRACH transmission, the physical cell ID, enhanced coverage operation indicator, coverage enhancement level, etc.

· Consider defining the frequency location of the M-PDCCH transmission carrying the RAR message (or the DL assignment) as a function of at least the EC level of the UE (that may be indicated by the most recent PRACH repetition level).

Proposal 5:

· If the PRACH preamble sequence space is increased to accommodate enhanced CDM-based multiplexing between UEs in normal and enhanced coverage or between UEs in not-too-different EC levels, consider defining a new RA-RNTI value that is a function of the enhanced coverage operation or the repetition level index to help UEs identify their respective RAR messages in a backward-compatible manner.
Proposal 6:
· Repetition levels for RAR and Message 3 transmissions during initial random access should be derived according to the predefined or broadcasted mapping rule from coverage extension status indicated by PRACH transmission.
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