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1 Introduction

In RAN#65, a WI on a new UE for MTC operation [1] has been approved. According to the WID, three aspects for a new MTC UE are specified, a new low complexity UE category/type, coverage enhancement for a new UE category/type and other delay-tolerant MTC UEs, and power consumption reduction for the UE category/type.

In RAN1#81, regarding physical downlink control channel for a new low-complexity MTC UE, some agreements and working assumptions were made as follows [2],

	Agreement:

· 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.
Agreement:

· Within subframes for M-PDCCH transmission for UEs operating coverage enhancements, 
· Confirm working assumption with the following revised proposal
· The UE may assume the same precoder per antenna port applies at least on the same PRB for at least X subframes.
· FFS: The UE may assume the same precoder per antenna port applies on a PRG for at least X subframes.
· FFS: Details on PRG size
· Companies are encouraged to evaluate potential performance benefits due to PRG, especially comparing with precoding diversity. Impact due to frequency offsets can also be considered

Agreements:

· For UEs in coverage enhancement, the repetition level for at least unicast PDSCH/PUSCH is dynamically indicated based on a set of values configured by higher layers

· Note: the configuration can be explicit or implicit

· FFS: Use of different RVs or transmitting code bits of a TB across subframes for the repetitions

· Note: any previous agreements on RV still hold

· The dynamic signaling is via:

· Option 1: existing field in DCI 

· Option 2: A new field in DCI dedicated to provide the number of repetitions 
Working assumption:

· The UE assumes that at least the following subframes would not be used for at least unicast M-PDCCH/PDSCH repetition

· FFS regarding MBSFN subframe(s)
· Special subframes when special subframe configuration 0 or 5 is used in normal CP (0 or 4 in extended CP)
· Special subframe configuration is signaled by MTC SIB-1
· FFS uplink subframes in TDD 
· FFS on subframe(s) assumed to be used for frequency retuning when frequency hopping occurs in every Y subframes
· FFS on subframe(s) configured for a measurement gap
· FFS on other cases


In this contribution, we provide remained detailed design of M-PDCCH search space for Rel-13 low-complexity UEs with respect to above aspects and agreements.
2 Subframe resources for M-PDCCH search space
2.1 Starting subframe of M-PDCCH monitoring
In the last meeting, it was agreed that starting subframe location of an M-PDCCH UE-specific search space is configured at least for UEs operating coverage enhancement [2]. Details on starting subframe of M-PDCCH monitoring need to be discussed, so we provide our view on this issue in this section.

In legacy system, it is general that a UE monitors PDCCH/EPDCCH every transmission time interval (TTI). For coverage enhancement of MTC UEs, TTI of data transmission is increased since PDSCH/PUSCH is repeated for multiple subframes. Hence, it seems natural to lengthen M-PDCCH monitoring interval considering TTI size of data. If the interval of M-PDCCH monitoring is increased, so a UE can monitor M-PDCCH in a subset of subframes, it can reduce unnecessary M-PDCCH monitoring. M-PDCCH cannot be transmitted during PDSCH transmission in same narrowband, since PDSCH would be transmitted using full PRB resources of the narrowband to reduce repetition number. Therefore, monitoring M-PDCCH during PDSCH transmission would be wasteful. For example, as depicted in Figure 1.(a), continuous M-PDCCH monitoring can cause unnecessary M-PDCCH monitoring for a UE. However, monitoring M-PDCCH in a subset of subframes as shown in Figure 1.(b) can reduce unnecessary power consumption and complexity. 
Also, monitoring M-PDCCH in a subset of subframes by increasing M-PDCCH monitoring interval can be used to TDM of M-PDCCH monitoring region among MTC UEs. It can be beneficial for load balancing and UE power consumption aspects.

Regarding these aspects, a UE can monitor M-PDCCH for a subset of subframes, and period and offset of starting subframes for M-PDCCH monitoring can be explicitly configured per UE.

Proposal 1: For coverage enhancement MTC UEs, M-PDCCH monitoring subframes can be restricted to subset of subframes, and Period and Offset of starting subframe of M-PDCCH monitoring can be configured UE-specifically. 
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(a) M-PDCCH monitoring in all subframes
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(b) M-PDCCH monitoring in a subset of subframes

Figure 1. M-PDCCH monitoring subframe region
2.2 Valid subframe for M-PDCCH transmission
For M-PDCCH transmission for MTC UEs, there can be subframes which cannot be used for M-PDCCH transmission. In our opinion, at least following subframes can be treated as invalid subframes, so these subframes can be assumed to be not used for M-PDCCH transmission. Following invalid subframes are also applicable to PDSCH transmission 
· Special subframe

In TDD, EPDCCH cannot be transmitted in special subframes when special subframe configuration is 0 or 5 in normal CP and special subframe configuration is 0, 4, or 7 in extended CP. Therefore, it would be natural that M-PDCCH/PDSCH is not able to be transmitted in these special subframes.
· Uplink subframe

In TDD, uplink subframes cannot also be used to transmit M-PDCCH/PDSCH. However, when a cell supports eIMTA, UL/DL subframe configuration of the cell can be changed dynamically. In this case, we need to clarify UL subframes which are not valid for M-PDCCH/PDSCH transmission. To handle this issue, following options can be candidate solutions.
· Option 1: A UE can assume that a cell cannot support eIMTA and Rel-13 MTC simultaneously. So, uplink subframes configured by U/D configuration in SIB can be handled as invalid subframe for M-PDCCH/PDSCH transmission. In case of PUSCH transmission, downlink subframes and special subframes configured by U/D configuration in SIB are treated as invalid subframe.
· Option 2: Rel-13 MTC can be operated in a cell which supports eIMTA, and M-PDCCH/PDSCH is transmitted using fixed downlink subframes only. It means that subframes that can be configured to uplink subframe (i.e., fixed uplink subframes and flexible uplink subframes) are invalid for M-PDCCH/PDSCH transmission. Similarly, in case of PUSCH transmission, fixed and flexible downlink subframes are invalid. In other words, a UE assumes uplink subframes configured by U/D configuration in SIB are invalid for M-PDCCH/PDSCH transmission, and downlink subframes configured by DL HARQ reference configuration via RRC are invalid for PUSCH transmission.
· Option 3: To adapt U/D configuration for MTC UEs operating coverage enhancement also, U/D configuration or location of valid DL subframes among flexible DL subframes can be configured semi-statically. 
· Option 4: Rather than make a UE to determine invalid subframe location, location of valid subframe for M-PDCCH/PDSCH transmission can be indicated directly using bitmap. Then, a UE assumes that subframes indicated by eNodeB are valid for M-PDCCH/PDSCH transmission regardless of MBSFN subframe configuration and U/D configuration by SIB
· MBSFN subframe

MBSFN subframes for PMCH transmission are not able to transmit M-PDCCH/PDSCH. However, a part of MBSFN subframes not carrying PMCH can be used to transmit M-PDCCH/PDSCH for MTC UEs. If those MBSFN subframes are used for MTC UEs, the location of MBSFN subframes which can be used to transmit M-PDCCH/PDSCH should be indicated to UE. For handling of MBSFN subframes for M-PDCCH/PDSCH transmission, there can be three options.
· Option 1: A UE can assume that all MBSFN subframes configured by SIB are invalid for M-PDCCH/PDSCH transmission. It means that MBSFN subframes cannot be utilized for MTC UEs even if some MBSFN subframes are not used for PMCH transmission.
· Option 2: To utilize MBSFN subframes not carrying PMCH, the location of valid MBSFN subframe for M-PDCCH/PDSCH transmission can be signalled.
· Option 3: Rather than make a UE to determine invalid subframe location, location of valid subframe for M-PDCCH/PDSCH transmission can be indicated directly using bitmap. Then, a UE assumes that subframes indicated by eNodeB are valid for M-PDCCH/PDSCH transmission regardless of MBSFN subframe configuration and U/D configuration by SIB
· Subframe for frequency re-tuning

If re-tuning time to switch operating narrowband is about 1msec, a gap subframe which is used for frequency re-tuning which is known to the network is not used for M-PDCCH/PDSCH transmission.
· Subframe for measurement gap

UE does not expect M-PDCCH/PDSCH transmission in subframes for RRM/CSI.
These invalid subframes can be occurred during M-PDCCH repetition. Regarding on handling of invalid subframes during repetition, we can discuss two options. First option is that invalid subframes are skipped and not counted for M-PDCCH repetition. Then, when M-PDCCH repetition number is R, these R subframes consist of valid subframes only. Another option is counting invalid subframes for M-PDCCH repetition but not transmitting M-PDCCH in these invalid subframes. In this option, actual transmission of an M-PDCCH with repetition number R may take place in fewer subframes if there are some invalid subframes during the repetition. In order to avoid combining signals received in the invalid subframes, the UE needs to know where the actual M-PDCCH transmission occurs in either case. 

More specifically, depending on scenarios/design, there are many gap subframes which the network may not know whether the UE would perform retuning function. For example, if a UE is allowed to autonomously retune to center 6PRB to acquire PSS/SSS, autonomous frequency retuning gap may be necessary. Another example is that a UE may retune to different narrowband to read RAR which is expected by PRACH for SR transmission, the UE may also need retuning and RAR reception gap. In those cases would not be assumed as invalid subframes though a UE may not be able to monitor/aggregate M-PDCCH repetition over those. 

Proposal 2: Confirm the working assumption with the following changes. 
Working assumption
· The UE assumes that at least the following subframes would not be used for at least unicast M-PDCCH/PDSCH repetition
· FFS regarding MBSFN subframe(s) indicated by the network not to be used for unicast M-PDCCH/PDSCH repetition
· Special subframes when special subframe configuration 0 or 5 is used in normal CP (0 or 4 or 7 in extended CP)

· Special subframe configuration is signaled by MTC SIB-1

· FFS uplink subframes in TDD indicated by the network not to be used for unicast M-PDCCH/PDSCH repetition
· FFS on subframe(s) assumed to be used for frequency retuning when frequency hopping occurs in every Y subframes

· FFS on subframe(s) configured for a measurement gap

3 M-PDCCH decoding candidates composition
In RAN1#80bis, it was agreed that a set of possible combinations of {L, R} where L is ECCE aggregation level and R is number of repetition is defined in the spec, and a subset of these set can be semi-statically configured for M-PDCCH USS [3]. In the last meeting, it was also agreed that M-PDCCH candidates with different R can be configured for enhanced coverage and multiple M-PDCCH candidate with the same {L, R} can be configured [2]. In this section, we discuss remaining details on composition of M-PDCCH candidates within a USS.
To decide the composition of M-PDCCH decoding candidates within a search space, we need to discuss about whether M-PDCCH multiplexing is necessary or not.

· Multiple DCIs transmission for a UE: For FD-FDD case, a UE can transmit PUSCH bundle while receiving PDSCH bundle using different uplink/downlink frequency region. Regarding TDD case, transmitting PUSCH bundle while receiving PDSCH bundle is possible using separated uplink/downlink subframe location. To make a UE transmits PUSCH bundle while receiving PDSCH bundle, a UE needs to receive both downlink grant and uplink grant while M-PDCCH monitoring. Transmitting more than one DCI to a UE is also natural considering a UE can receive both downlink grant and uplink grant in USS in current specification.

· DCI multiplexing for multiple UEs: Especially for PUSCH transmission, PUSCH multiplexing in a subframe would be desirable considering a PUSCH bundle would be transmitted by no more than 1 PRB for PSD boosting. Then, multiplexing multiple DCIs for uplink scheduling should be considered. A possible mechanism of configuring multiple sub-bands for concurrent uplink grant scheduling can be considered, however, this may restrict the scheduling flexibility. 

Considering above aspects, the design should allow possible multiplexing of multiple DCIs in a narrowband in a subframe. For normal coverage UE scheduling, it is straightforward to assume that multiple DCIs can be multiplexed in the configured M-PDCCH monitoring PRBs

Proposal 3: It is assumed that multiple DCIs can be multiplexed in the configured M-PDCCH PRBs. 

Depending on the number of aggregation levels within search space and location of starting subframe of each candidate, there can be four cases to compose M-PDCCH candidates of M-PDCCH search space. Each of cases are described below and shown in Figure 2.
· Case 1: Single aggregation level, single starting subframe location
In Case 1, M-PDCCH candidates in a search space can have single aggregation level and have single starting subframe location. So, starting subframe locations for all candidates are aligned to the starting subframe location for M-PDCCH monitoring. Then, there is one candidate only per a combination of {L, R} as an example shown in Figure 2.(a). In this case, one DCI can be transmitted in an M-PDCCH search space. If the aggregation level of candidates is 24, multiple DCIs cannot be transmitted simultaneously within a narrowband.
· Case 2: Single aggregation level, multiple starting subframe locations
In this case, M-PDCCH candidates in a search space have single aggregation level. However, candidates of a combination of {L, R} can have different subframe location. Therefore, as shown in Figure 2.(b), there can be multiple candidates for some of combinations of {L, R}. Compared to Case 1, multiple DCIs can be transmitted with a search space, but the number of DCIs can be multiplexed could be not enough.
· Case 3: Multiple aggregation levels, single starting subframe location
Decoding candidates of Case 3 have multiple aggregation levels and have single starting subframe location as depicted in Figure 2.(c). For low aggregation levels, there can be multiple decoding candidates per a combination of {L, R}. In this case, multiple DCI can be transmitted by FDM even if starting subframe locations of all candidates are same. 
· Case 4: Multiple aggregation levels, multiple starting subframe locations
In Case 4, M-PDCCH candidates have multiple aggregation levels but have different subframe location as shown in Figure 2.(d). This case can have larger number of decoding candidates per {L, R} and blocking probability can be minimized compared to other cases. 
As discussed in Rel-12, the total aggregated resource (TAR) for one DCI can vary depending on the coverage enhancement (CE) level and link adaptation of a UE. Though it may depend on the accuracy of measurement, UE mobility, and others, it is generally considered that the gap between two CE levels is relatively large (e.g., 5 dB), i.e., finer granularity of semi-static CE level configuration can be challenging. Thus, generally, we think that some link adaptation to adjust the amount of TAR would be necessary. Furthermore, this flexibility for transmission M-PDCCH and DCI multiplexing could be necessary considering various applications of MTC UEs. In terms of link adaptation granularity and scheduling flexibility, having multiple aggregation levels like Case 3 and 4 are beneficial than Case 1 and 2.
In terms of power saving perspective, it could be possible to have short sleeping when M-PDCCH decoding is succeeded quickly if PDSCH/PUSCH is not transmitted immediately after M-PDCCH transmission. If PDSCH/PUSCH is assumed to be transmitted immediately after M-PDCCH transmission, there can be power saving effect by reducing IDLE time to complete reception of one unicast control/data transmission. To make it possible, a UE should know the decoding candidate index for M-PDCCH transmission, since the starting subframe of PDSCH depends on the last subframe of the decoding candidate. This power saving can be enjoyed only in limited circumstances and with some assumptions. For example, if a UE needs to monitor more than one candidate, it would be hard to obtain the power saving effect, since a UE should monitor another decoding candidate even if it succeeded decoding of one candidate. If a UE monitors both DCI for downlink schedule and uplink grant at the same time, a UE cannot stop receiving repetition until it finishes successful decoding on both. Therefore, we do not see a major benefit of aligning starting subframe location of all decoding candidates in Case 1 and 3 from the power consumption perspective. Instead, as shown in Case 2 and 4, having multiple starting subframe locations seems more appropriate to reduce resource waste.
As a result, based on above discussion, we propose that M-PDCCH candidates with different aggregation levels can be configured for UEs operating enhanced coverage, and starting subframe location of each of candidates for a combination of {L, R} can be different.

Proposal 4: For an M-PDCCH UE-specific search space, M-PDCCH candidates with different aggregation levels can be configured for UEs operating enhanced coverage.

Proposal 5: For M-PDCCH candidates for a combination of {L, R}, starting subframe location of each of candidates can be different.
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Figure 2. Examples of M-PDCCH decoding candidates
4 Conclusion 

In this contribution, remained details of M-PDCCH search space for Rel-13 low-complexity UEs are discussed. Based on the discussion, we obtained following proposals.

Proposal 1: For coverage enhancement MTC UEs, M-PDCCH monitoring subframes can be restricted to subset of subframes, and Period and Offset of starting subframe of M-PDCCH monitoring can be configured UE-specifically. 
Proposal 2: Confirm the working assumption with the following changes. 
Working assumption
· The UE assumes that at least the following subframes would not be used for at least unicast M-PDCCH/PDSCH repetition
· FFS regarding MBSFN subframe(s) indicated by the network not to be used for unicast M-PDCCH/PDSCH repetition
· Special subframes when special subframe configuration 0 or 5 is used in normal CP (0 or 4 or 7 in extended CP)

· Special subframe configuration is signaled by MTC SIB-1

· FFS uplink subframes in TDD indicated by the network not to be used for unicast M-PDCCH/PDSCH repetition
· FFS on subframe(s) assumed to be used for frequency retuning when frequency hopping occurs in every Y subframes

· FFS on subframe(s) configured for a measurement gap

Proposal 3: It is assumed that multiple DCIs can be multiplexed in the configured M-PDCCH PRBs. 

Proposal 4: For an M-PDCCH UE-specific search space, M-PDCCH candidates with different aggregation levels can be configured for UEs operating enhanced coverage.

Proposal 5: For M-PDCCH candidates for a combination of {L, R}, starting subframe location of each of candidates can be different.
5 Reference
[1] Ericsson, Nokia Networks, “Further LTE Physical Layer Enhancement for MTC,” RP-141660, Edinburgh, Scotland, 9th  – 12th September 2014

[2] RAN1 chairman’s notes, RAN1#81, Fukuoka, Japan, 25th – 29th May 2015
[3] RAN1 chairman’s notes, RAN1#80bis, Belgrade, Serbia, 20th – 24th April 2015

7/8


