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1 Introduction

At the RAN1 #80bis meeting, the following observations were being made on the various alternatives for initialization of the UE-specific M-PDCCH set configuration [1]:

· For Rel-13  MTC UEs in both normal coverage and enhanced coverage, the initialization of UE-specific EPDCCH configuration can be performed based on
·  Alt.1A: Dedicated RRC signaling scheduled by EPDCCH in common search space(CSS) if CSS is supported
· The parameters for UE-specific EPDCCH set initialization are included in the RRC signaling scheduled by EPDCCH in CSS
· FFS: The configuration and design of this CSS
· Alt.1B:  Signaling scheduled by EPDCCH in common resources (ref. R1-150060)
· The parameters for UE-specific EPDCCH set initialization are scheduled in common resources
· Alt.2: System information blocks for MTC
· The parameters for UE-specific EPDCCH set initialization are included in the SIBs 
· FFS: Details of scheduling of SIB
· Alt.3A: Messages during RACH: RAR
· The parameters for UE-specific EPDCCH set initialization are included in the RAR
· FFS: Details of scheduling of RAR
· May be combined with Alt.1 or Alt.2
· Alt.3B: Messages during RACH: Message 4
· The parameters for UE-specific EPDCCH set initialization are included in message 4
· FFS: Details of scheduling of message 4
· Other alternatives are not precluded
Also, on the M-PDCCH search space design, RAN1 agreed on the following details at the RAN1 #81 meeting [2]:

· A starting subframe of an M-PDCCH UE-specific search space is configured at least for enhanced coverage

· FFS details of configuration

· FFS whether configuration is implicit or explicit

· FFS whether configuration is UE-specific or cell-specific

· For an M-PDCCH candidate with {L, R}

· L: ECCE aggregation level, R: number of repetitions

· The L is the same within R subframes

· The ECCE indices are same within R subframes

· For an M-PDCCH UE-specific search space

· Multiple M-PDCCH candidates with the same {L, R} can be configured. 

· M-PDCCH candidates with different R can be configured for enhanced coverage.
In this contribution, following the above sets of agreements, we share our views on the remaining details of M-PDCCH search space design. 

2 Overall design of common search space for M-PDCCH

For Rel-13 LC MTC UEs, support of common or “common search space” for certain functionalities would be necessary. Some of the functionalities include:

· scheduling of: paging messages, Random Access Response (RAR) messages, Contention Resolution Message (Message 4 of RACH procedure) and PDSCH carrying dedicated RRC signaling for configuration of UE-specific Search Space (SS) for EPDCCH;

· DCI transmission for group power control (using TPC-PUSCH-RNTI or TPC-PUCCH-RNTI);

· etc.

At the RAN1 #81 meeting, it was agreed as working assumptions that for Rel-13 LC MTC UEs and UEs in enhanced coverage, paging messages will be carried by PDSCH scheduled by M-PDCCH and RAR messages will be carried by M-PDCCH for the case of a single MAC RAR in a narrowband and will be carried be PDSCH scheduled by M-PDCCH for the case of multiple MAC RARs in a narrowband. 

We propose the concept of a common search space with the following characteristics:

· The common SS for M-PDCCH (CSS) may not be common to all the UEs in the cell but only certain groups of UEs may monitor a certain instance of the common SS for M-PDCCH.

· The CSS is monitored by all or a group of UEs in the cell "based on functionality" differentiations that may include the type of use case (message to be transmitted or scheduled), enhanced coverage (EC) level of the UE, UE_ID, etc. Therefore, it is possible that one or multiple "common SS for M-PDCCH" regions are defined from the network perspective (all of this are further detailed below).

· Alternatively, a common configuration of CSS, with possibly different instances on different narrowbands (NBs), can be provided and different sets of UEs can be implicitly indicated to monitor different physical resources (e.g., narrowbands) for monitoring of M-PDCCH transmissions in their respective common SS for M-PDCCH.
For the scheduling purposes of RAR (Message 2), paging, and Message 4, the common SS for M-PDCCH can be configured "based on functionality" instead of being monitored in every DL subframe as currently defined for legacy PDCCH Common Search Space (CSS) in LTE. In general, "based on functionality" indicates that the monitoring of the CSS depends on the different functionality like scheduling and transmissions of different messages (such as RAR vs. paging vs. message 4). For instance, we refer to each instance of these common SS (i.e. "CSS") based on the type of message scheduling as CSS for RAR (CSS-RAR), CSS for paging (CSS-Paging), and CSS for Message 4 (CSS-Msg4) scheduling. Additionally, a CSS-ConnectedMisc can be configured for other purposes like RRC reconfiguration (and for UEs in RRC CONNECTED mode). For example, one of the two M-PDCCH-PRB sets, that can be configured as part of UE-specific search space configuration for E-PDCCH following existing LTE specifications, may be used to configure the CSS-ConnectedMisc.

Alternatively, a single common CSS configuration may be provided for a UE to monitor and the UEs may monitor the CSS for different DCIs scrambling by different RNTIs at different time instances. For example, a UE may monitor a CSS for DCI scheduling PDSCH with paging messages and with the CRC scrambled with P-RNTI during or before paging occasions (POs). The same CSS can be monitored for DCI with CRC scrambled with RA-RNTI that either carries the RAR message itself or the scheduling assignment for the PDSCH carrying the RAR message. Similarly, for the case of monitoring for DCI scheduling Msg4 transmission during the period of the ContentionResolutionTimer (see next Section). 

This alternative of a single CSS can be extended to multiple separate physical resources from the network perspective, e.g., different NBs being configured for the CSS that different UEs monitor based on their UE ID or EC level or PRACH transmission parameters, etc. – with the primary aim of minimizing the user blocking probability in the cell, for paging or RAR or Message 4 transmissions, etc. The configuration for the CSS can be provided as a single configuration along with the indices of the NBs. 

For the use of CSS for purposes other than transmission of RAR, paging or Message 4 (i.e., for group TPC, RRC reconfiguration message, etc.), the same CSS can be monitored but potentially with different configuration information, such as, starting subframe for M-PDCCH, and a certain periodicity. This additional information can be indicated by configuring a period, duration and offset (w.r.t. System Frame Number) that are provided to the UE via dedicated RRC signaling. For instance, this information can be provided to the UE as part of or in addition to the configuration of UE-specific search space, such as through Message 4 or RRC Connection Reconfiguration message in new or existing fields/information elements. 

Compared to the option of defining separate CSS for RAR, paging, Msg4 and other purposes, the main benefit of configuring a single CSS for a UE to monitor for reception of these different messages/control information, is in terms of reduced signaling overhead. On the other hand, separate configuration of CSS can benefit from: (i) reduction in the UE processing complexity by reducing the number of DCI formats a UE may need to attempt to blindly decode in each subframe, (ii) additional scheduling flexibility and optimized configuration of the CSS (in terms of aggregation and repetition levels, M-PDCCH-PRB set, etc.) depending on the use case. 

In the most general case, the different instances of CSS can map to different time or frequency resources. In time, they could be mapped to different subframes or radio frames, e.g., the CSS-RAR is monitored during the duration of the RAR window and CSS-Message4 is monitored during the duration of the ContentionResolutionTimer. 

In frequency, the different instances of CSS can either be mapped to different NBs or multiple instances of CSS can be mapped to the same NB. 

In the next section we present some details of the configuration of the CSS-Msg4 for the purpose of initialization of the UE-specific M-PDCCH set. Details regarding CSS-RAR for RAR scheduling and transmissions and regarding CSS-Paging for scheduling of paging messages are discussed in our companion papers [3] and [4] respectively. 

3 Initialization of UE-specific M-PDCCH set 

In the current specifications, the EPDCCH UE-specific search space (UE-SS) configuration is provided via dedicated RRC signaling which in turn is scheduled using the legacy PDCCH in common search space (C-SS). However, due to the reduced BW support, Rel-13 LC MTC UEs cannot receive the legacy wideband PDCCH. As listed in Section 1, various alternatives have been proposed at the last RAN1 meeting to address this issue. 

One of the alternatives (Alt. 3B) to address this issue is by carrying such configuration information in Msg 4, which typically is the first RRC message transmitted to the UE. As indicated in Section 1, the mechanism to schedule Msg 4 itself was identified FFS. This can be achieved by defining a common search space for M-PDCCH, the configuration of which may be indicated via one of the System Information Blocks (SIBs) specified for MTC ("MTC SIBs”). 
One of the considerations regarding the design of the common search space for M-PDCCH concerns the subframes in which a UE is expected to monitor for M-PDCCH transmissions in the common search space. In this regard, as part of the random access procedure, the UE can monitor the common search space for M-PDCCH, referred to as CSS-Message4 in this work, in subframes within the contention resolution timer. It is regarding this aspect that the proposed common search space differs from the usual notion of a common search space in that the latter is expected to persist on almost all DL subframes following legacy definition of a common search space. 

Alternatively, a single CSS may be defined with the interpretation that this search space is monitored by the UE during the extent of the contention resolution timer. Information about the narrowband frequency band that the UE monitors for this common M-PDCCH search space can be included in the configuration provided via an MTC SIB. 
Essentially, according to the proposed design, the M-PDCCH in this common search space schedules the Contention Resolution (CR) message (Msg 4), and the 16-bit CRC of this M-PDCCH message is scrambled with the Temporary C-RNTI that was provided to the UE in the random access response message. Further, it is proposed that the configuration for the UE-SS for subsequent M-PDCCH transmission is signaled as part of the Contention Resolution message (Message 4). 
Currently, the CR timer can take on one of the following values as indicated in the SIB2 message as part of the RACH configuration: {8, 16, 24, 32, 40, 48, 56, 64} subframes. In view of the use of repetitions to transmit the M-PDCCH in the common search space that schedules the Message 4 via cross-subframe scheduling, the CR timer value range may be extended to include greater than 64 subframes. Further, the CR timer value can be indicated in the MTC SIB or predefined for MTC UEs based on different coverage enhancement targets. Specifically, the CR timer value can be a function of the amount of coverage enhancement needed or the repetition level needed to satisfy the required amount of required coverage enhancement. 

The configuration of the common search space for the M-PDCCH for initial configuration of the M-PDCCH UE-SS should be limited to few options in order to keep the UE blind decoding and configuration signaling in the MTC SIB simple enough. For instance, for a cell supporting EC operations, a single AL = 24 may be used for the M-PDCCH to minimize the number of repetitions and the repetition level (RL) can be implicitly determined based on the RLs for the previous Messages (Msg 1, Msg 2, Msg 3). Additionally, only Downlink Control Information (DCI) format 1A or a compact version of DCI format 1A for MTC can be carried by the M-PDCCH in the common search space. 

Since the CSI-RS configuration may not be known to the MTC UEs at this stage of the random access procedure (e.g., during initial access), one option for the M-PDCCH transmission in the common search space to schedule the CR message can be to puncture M-PDCCH transmission corresponding to the REs used for CSI-RS transmission in the particular subframe. Another option could be to rate-match the M-PDCCH transmission around all possible CSI-RS configurations.
Regarding the physical transmission scheme for the M-PDCCH transmission in the common search space, the currently defined distributed M-PDCCH design that employs antenna port switching can be reused.
At the RAN1 #82 meeting, it was pointed out that it is possible that the network only transmits the Contention resolution message and this is followed by the transmission of the RRCConnectionSetup message separately. In such scenarios, the UE-SS initialization configuration would be carried in the RRCConnectionSetup message (Alt. 1A). Accordingly, to handle this case, the UE would need to monitor the CSS for scheduling of not only Msg 4, but also the first RRC message following Msg 4. Further note that, this same CSS will be monitored by the UE after Msg3 transmission for monitoring of the HARQ-ACK feedback in response to Msg3 transmission. The details of this procedure are described in our companion paper [3]. 

Proposal 1:
· Define a common search space for M-PDCCH that a UE monitors during initial access during the period indicated by the start of the Contention Resolution Timer value after Msg 3 transmission until the RRCConnectionSetup message is received. Remaining configuration parameters including frequency resources to monitor for the common search space for M-PDCCH are indicated via the MTC SIB signaling or determined implicitly based on previous RA procedure Messages.

· (Alt. 3B+ Alt. 1A) The initialization of the UE-specific M-PDCCH set configuration is provided to the UE in the Contention Resolution message (Message 4) or via the RRCConnectionSetup message following Message 4 transmission if Message 4 only carries the Contention Resolution message.
4 M-PDCCH decoding candidates and search space design

In this section, we present our views on the various options to define the UE-specific search space (UE-SS) for M-PDCCH including guidelines on potential combinations of {AL, RL} pairs and the determination of the starting ECCE index for each M-PDCCH candidate in a subframe within a set of M-PDCCH repetitions.
On combinations of {AL, RL} pairs for M-PDCCH

At the RAN1 #80bis meeting, it was agreed that a set of possible combinations of the Aggregation Level (AL) and Repetition Level (RL) would be defined and a subset from this set would be indicated to the UE as part of its UE-specific search space (UE-SS) for M-PDCCH. Regarding the set of combinations to be supported, it was proposed to always define a fixed AL = 24 whenever RL > 1. While the motivation behind this approach is to allow the quickest access of the M-PDCCH for UEs in enhanced coverage, fixing the AL to the maximum value over 6 PRB-pairs implies a significant increase in the blocking probability for M-PDCCH transmissions within an M-PDCCH set. Accordingly, to offer sufficient flexibility in transmission of M-PDCCH, ALs of {8, 16, 24} should be supported when RL > 1. 

Proposal 2:
· When RL > 1, the possible set of {AL, RL} combinations include at least AL = {8, 16, 24}.

The M-PDCCH repetition level for a UE corresponding to a certain AL can be determined and tracked when a UE is in CONNECTED mode. Accordingly, it could be possible to configure the UE-SS such that the UE monitors a single RL corresponding to its coverage level and multiple ALs. The option of using one from a set of ALs to transmit the M-PDCCH provides flexibility to the eNodeB in terms of finer link adaptation, M-PDCCH load balancing, and blocking probability minimization. A downside of this approach is that the UE may need to expend significant power trying to receive the M-PDCCH if the configured RL is large (e.g., corresponding to a very low AL). In general, for the option of UE monitoring a fixed RL and multiple ALs, it is preferable that the number of ALs defining the UE-SS is limited to a small value (e.g., two) with the ALs being consecutive ones. This implies the need for a relatively efficient “coarse link adaptation” for the M-PDCCH based on the UE’s coverage condition while providing some flexibility at the eNodeB in M-PDCCH scheduling. Similarly, configuration of multiple RLs and ALs to define the UE-SS should only be considered for low RLs and a very limited set of ALs to help minimize the UE blind decoding complexity.

Note that, for cases with fixed RL and multiple ALs, when it may be possible for the eNodeB to use a higher AL and much smaller RL in lightly loaded cells, it may be possible for the UE to check for the CRC before the end of the repetition block and have early termination of decoding M-PDCCH once decoding is considered successful.

Proposal 3:
· For the option of UE monitoring a fixed RL and multiple ALs for M-PDCCH, the number of ALs defining the UE-SS should be limited to a small value (e.g., two).

· Configuration of multiple RLs and ALs to define the UE-SS should only be considered for small values of RLs and a very limited set of ALs (e.g., no more than two ALs) to help minimize the UE blind decoding complexity.

5 Conclusions

In this contribution, we provided our views on the remaining details of M-PDCCH search space design.. Based on the discussion presented, we summarize our observations and proposals in the following:
Proposal 1:
· Define a common search space for M-PDCCH that a UE monitors during initial access during the period indicated by the start of the Contention Resolution Timer value after Msg 3 transmission until the RRCConnectionSetup message is received. Remaining configuration parameters including frequency resources to monitor for the common search space for M-PDCCH are indicated via the MTC SIB signaling or determined implicitly based on previous RA procedure Messages.

· (Alt. 3B+ Alt. 1A) The initialization of the UE-specific M-PDCCH set configuration is provided to the UE in the Contention Resolution message (Message 4) or via the RRCConnectionSetup message following Message 4 transmission if Message 4 only carries the Contention Resolution message.

Proposal 2:
· When RL > 1, the possible set of {AL, RL} combinations include at least AL = {8, 16, 24}.

Proposal 3:
· For the option of UE monitoring a fixed RL and multiple ALs for M-PDCCH, the number of ALs defining the UE-SS should be limited to a small value (e.g., two).

· Configuration of multiple RLs and ALs to define the UE-SS should only be considered for small values of RLs and a very limited set of ALs (e.g., no more than two ALs) to help minimize the UE blind decoding complexity.
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