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1 Introduction

In RAN1#75, repetition for (E)PDCCH coverage enhancement was agreed as follows [1],
Agreements:
· For UEs in enhanced coverage mode for MTC
· For UE-specific search space, 
· (E)PDCCH to schedule PDSCH is supported.
· Repetition of (E)PDCCH with multiple levels is supported. 
· From the UE perspective, the possible starting sub-frames of (E)PDCCH repetitions are limited to a subset of sub-frames. 
Following is email discussion until RAN1 #76 meeting
· Whether to use the same PDCCH candidate m (including same aggregation level) in each repetition, with similar principle for (E)PDCCH
In the last meeting, some structures of (E)PDCCH transmission for coverage limiting MTC UEs were agreed. Based on the agreements, we suggest some detailed structure of (E)PDCCH repetitions in this contribution.
2 PDCCH scheduling PDSCH for SIB/Paging/RAR
Applying subframe repetitions to both PDCCH and PDSCH causes data reception latency to coverage limiting MTC UEs. In particular, this latency would be large for cell-common PDSCH transmission such as SIB and paging signal if the maximum repetition level is applied for cell-common data transmission. So PDCCH-less transmission of PDSCH for these channels is under consideration. However, this benefit on spectral efficiency of PDCCH-less transmission of PDSCH seems not definite. In the case of SIB transmission, which is the main target of PDCCH-less scheduling, spectral efficiency can be improved by increasing of transmission period to reduce overhead. In addition, PDCCH-less scheduling of PDSCH can be helpful to reduce the overhead for the PDCSH, however it requires reservation of resources in advance (or predetermined) and thus it can have performance impact on other channels. Defining dedicated resources unnecessarily would reduce amount of resources for transmission of other channels. Thus, in terms of efficient resource utilization perspective, PDCCH-less approach may not be desirable. Moreover, PDCCH-less scheduling would also have specification impact to create new channels without PDCCH scheduling and impose additional new implementation to the MTC devices such as blind decoding on PDSCH without PDCCH over multiple dedicated resource candidates. Another issue of PDCCH-less scheduling of PDSCH is low scheduling flexibility, since PDSCH without PDCCH scheduling would only be transmitted via dedicated resources. So, PDSCH scheduling for SIB/Paging/RAR by PDCCH seems appropriate.
Proposal 1: It is preferred to schedule SIB/Paging/RAR by PDCCH.

3 Transmission structure of (E)PDCCH for CE MTC UEs
3.1 Repetition levels and aggregation levels
For coverage limiting MTC UEs, the required coverage enhancement level would be different according to the location and channel environments of the UE. An MTC UE with 15 dB coverage enhancement would require 18 repetitions of PDCCH whereas an MTC UE with 5dB coverage enhancement does not require PDCCH repetition [2]. Therefore, to transmit (E)PDCCH using different subframe repetitions number according to the required coverage enhancement level would be efficient for both eNodeB and UE. So, regarding to (E)PDCCH in UE-specific search space (USS), eNodeB should configure (E)PDCCH subframe repetition level considering required coverage enhancement level of each UE.
On the other hand, in the case of common search space (CSS), the number of repetition levels can be restricted. PDCCH configured by RA-RNTI can be transmitted using appropriate repetitions number considering required coverage enhancement of UEs where the number is to be configured tied with each PRACH repetition level. But, in the case of PDCCH scheduling cell-common PDSCH (i.e. PDCCH configured by SI-RNTI and P-RNTI), there would be only one subframe repetition level in order to cover all UEs. Then, we need to think about how to notify the subframe repetition level of PDCCH for SIB scheduling (which cannot be configured by RRC signaling). Some considerable solutions would be 1) specifying the PDCCH repetition level for SIB scheduling in specification, 2) blind decoding among candidates specified, and 3) configuration in MIB among candidates specified. Note that the repetition level for SIB1 and other cell-common channels can be different where repetition level for other cell-common channels can be signaled via SIB1.
Proposal 2: For USS, (E)PDCCH subframe repetition level of a coverage limiting MTC UE should be configurable per UE.

Proposal 3: PDCCH scheduling cell-common PDSCH supports cell-specific subframe repetition level(s).
Proposal 4: PDCCH scheduling RAR in a cell can have multiple subframe repetition levels to support different coverage enhancement levels.

Legacy (E)PDCCH can be transmitted via multiple aggregation levels, and this structure enables to adjust the aggregation level of (E)PDCCH considering channel status. For coverage limiting MTC UEs, multiple aggregation levels would assist the (E)PDCCH transmission in variable channel environments. Multiple aggregation levels in (E)PDCCH would also be useful to multiplex coverage limiting MTC UEs or a coverage limiting MTC UE and a legacy UE. For example, when the UE density of a cell is low, (E)PDCCH can occupy resources in a subframe and be transmitted quickly using high aggregation level. But when (E)CCE resource should be shared with other UEs, (E)PDCCH can be transmitted using low aggregation level. Therefore, multiple aggregation levels of (E)PDCCH would be beneficial for scheduling flexibility.
When multiple aggregation levels are used for coverage limiting UEs, two alternatives to utilize multiple aggregation levels can be considered. Coverage boundary or detection performance of (E)PDCCH transmission depends on the aggregation level. Then, for (E)PDCCH transmission of coverage limiting MTC UEs, equal subframe repetition level can be applied to each aggregation level, so (E)PDCCH can have different detection performance depends on its aggregation level. In other words, the same repetition number regardless of aggregation level can be applied. Another approach is to allow that each aggregation level can have different subframe repetition level. It enables (E)PDCCH with any aggregation level to achieve the same coverage enhancement. As spectral efficiency is important, it is our preference to allow different repetition number for each aggregation level to support the same coverage level for a UE. The mapping between repetition number and aggregation level for a given coverage level can be configured or predetermined.
Proposal 5: Multiple aggregation levels of (E)PDCCH is supported for a coverage limiting MTC UE.
Proposal 6: Repetition number (over subframes) can be different per (E)PDCCH aggregation level for an UE.
3.2 Starting subframes of (E)PDCCH repetitions
In the last meeting, it was agreed that the possible starting subframes of (E)PDCCH repetitions are limited to a subset of sub-frames from the UE perspective. In this section, we would like to discuss about more specific design of starting subframes of (E)PDCCH repetitions.
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Figure 1. An example of PDCCH starting subframes (a) shared among different repetition levels (b) configured separately per repetition level of UE
A point that requires discussion is whether the possible starting subframes of (E)PDCCH repetitions in USS is cell-specific or UE-specific. If (E)PDCCH repetitions can be started in UE-specific subframe location, rather than (E)PDCCH transmission can only be started in cell-specific location, eNodeB scheduling and UE behaviour would be more complicated. But, UE-specific location of (E)PDCCH repetition starting subframe enables to multiplex coverage limiting MTC UEs in time domain. The possible subframe location of (E)PDCCH repetition starting for each UE can be configured differently to adjust the amount of UEs in a subframe. UE-specific location of (E)PDCCH repetition starting subframe would also beneficial for efficient resource utilization and reducing data reception latency. It is also considerable to discuss whether to use one set of subframes shared among UEs with different repetition levels or different set of subframes can be configured per each repetition level of UE. We illustrate two options (one shared among different repetition levels and the other with separate configuration) in Figure 1. When the period of possible starting subframes of (E)PDCCH repetition can be different per repetition level of UE, eNodeB can schedule (E)PDCCH more compactly and immediately as shown in Figure 1 (b), whereas cell-common starting subframe location in Figure 1 (a) cannot perform flexible (E)PDCCH transmission with low (E)PDCCH subframe repetition levels. Thus, it is also worthwhile to consider a mechanism to have separate set of subframes for starting subframes of (E)PDCCH per repetition level of UE.
Proposal 7: The possible starting subframes of (E)PDCCH repetitions in USS would be UE-specific.

 Another consideration of starting subframe configuration is the duration or interval between two consecutive starting subframes. The interval between two (E)PDCCH repetition starting subframes in CSS or USS can be longer than the number of subframes for (E)PDCCH repetition. Then, two (E)PDCCHs for an coverage limiting MTC UE can be transmitted from these two starting subframes without overlapping each other as shown in Figure 2 (a). However, if the interval between two (E)PDCCH repetition starting subframes is shorter than the number of subframes for (E)PDCCH repetition, subframes for two (E)PDCCH repetitions would be overlapped as illustrated in Figure 2 (b). If overlapping of two PDCCH bundles is allowed, buffer size of UE would be doubled to receive two PDCCH bundles simultaneously in overlapped subframes. So, it would increase the cost of UE. Moreover, an UE may not be able to receive more than one unicast data or more than one SIB (or paging signal) at a given time. So, if overlapping is allowed, rather complicated situation can occur where an UE needs to monitor more than one unicast data or more than one SIB (or paging signal) at a time. This can be avoided by the network scheduling. However, for the simplicity, it is also considerable not to allow overlapping of PDCCH transmission between two unicast DL grants or cell-common data DL grants. The same thing can be applied to PUSCH scheduling as well, and thus PDCCH overlapping between two UL grants is not to be allowed.
Proposal 8: For simplicity, the interval between two consecutive PDCCH starting subframes can be larger than the required repetition number.
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Figure 2. An example of (a) non-overlapped and (b) overlapped case of two (E)PDCCHs
4 (E)PDCCH resource in each (E)PDCCH repetition
After the transmission subframe location and repetition number are determined for a (E)PDCCH repetition, we need to think about relation between repeated PDCCHs. So, it is necessary to discuss about (E)PDCCH transmission resources during a (E)PDCCH repetition. We can think about two options for resources in each subframe during a (E)PDCCH transmission
· Option 1: Same (E)PDCCH candidate index in each (E)PDCCH repetition

One simple option is to use same (E)PDCCH candidate index during a (E)PDCCH repetition. Then, an UE can assume that (E)PDCCH candidate index of repeated (E)PDCCHs are same with that of first (E)PDCCH in a bundle. It allows the same UE blind decoding complexity and makes simple UE behavior. However, in option 1, PDCCH resource used for USS (or CSS) PDCCH bundle could collide with CSS (or USS) in some subframes. However, this problem can be resolved by 1) dividing subframes for CSS and USS, 2) dropping CSS and/or USS in subframes with collision, or 3) handling by UE blind decoding (UE assumes both CSS and USS are present). Conflict issue between MTC UEs also can be happened in this option. This issue can be avoided by scheduling, or single UE can be scheduled to use all subframes for repetition to decode (E)PDCCH.

· Option 2: Same (E)CCE resource in each (E)PDCCH repetition

Another option is to use same (E)CCE resource during a (E)PDCCH repetition. In this option, (E)PDCCHs in the repeated subframes are transmitted through the same (E)CCE resource with the (E)CCE resource of first (E)PDCCH in a bundle. Since the (E)CCE resource for (E)PDCCH transmission is not changed during a (E)PDCCH repetitions, it would have low interference diversity. But, it is easy to multiplex coverage limiting MTC UEs with this option, because conflict issues happened in option 1 can be avoided.
Actually, the difference between above two options is whether the hashing unit of (E)PDCCH repetitions is a subframe or a (E)PDCCH bundle. (E)CCE location consisting of a (E)PDCCH repetition is changed every subframe in option 1, whereas the unit of (E)CCE location change in option 2 is a (E)PDCCH bundle. Both options have pros and cons, and proper option for resource allocation in each (E)PDCCH repetition would depends on the situations. In our view, same (E)PDCCH candidate can be used during a (E)PDCCH repetition. But to address multiplexing issue between coverage limiting UEs, hashing function (the unit of hashing) in a (E)PDCCH repetition can be modified (e.g., the same hashing value is used within a PDCCH bundle). In case of CSS, there would be no issue with any option because (E)CCE resource of a (E)PDCCH candidate is not changed over subframe in CSS.
Proposal 9: Same (E)PDCCH candidate is used in each (E)PDCCH repetition. Modification of hashing function in a (E)PDCCH repetition can be considered for further enhancement.
5 Conclusion
In this contribution, we discussed about the detailed structure of (E)PDCCH repetition for coverage limiting MTC UEs. Based on the discussion, we make proposals as follows,
Proposal 1: It is preferred to schedule SIB/Paging/RAR by PDCCH.

Proposal 2: For USS, (E)PDCCH subframe repetition level of a coverage limiting MTC UE should be configurable per UE.

Proposal 3: PDCCH scheduling cell-common PDSCH supports cell-specific subframe repetition level(s).

Proposal 4: PDCCH scheduling RAR in a cell can have multiple subframe repetition levels to support different coverage enhancement levels.

Proposal 5: Multiple aggregation levels of (E)PDCCH is supported for a coverage limiting MTC UE.
Proposal 6: Repetition number (over subframes) can be different per (E)PDCCH aggregation level for an UE.

Proposal 7: The possible starting subframes of (E)PDCCH repetitions in USS would be UE-specific.

Proposal 8: For simplicity, the interval between two consecutive PDCCH starting subframes can be larger than the required repetition number.
Proposal 9: Same (E)PDCCH candidate is used in each (E)PDCCH repetition. Modification of hashing function in a (E)PDCCH repetition can be considered for further enhancement.
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