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In RAN1 #75 meeting, way forward including PDCCH coverage improvement was discussed and the following agreement was achieved [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. 
The following is FFS:
· Whether to use the same PDCCH candidate m (including same aggregation level) in each repetition, with similar principle for (E)PDCCH
This contribution focuses on PDCCH, and EPDCCH is not excluded for UEs in enhanced coverage mode. 
Some remaining issues for PDCCH coverage improvement are discussed in this contribution, including possible starting sub-frames, number of repetitions for the multiple levels, the aggregation level and candidate of PDCCH repetition for UE-specific search space and the necessity of PDCCH scheduling PDSCH for SIB/Paging/RAR.
Discussion on issues for PDCCH UE-specific search space coverage improvement
Possible starting sub-frames of PDCCH repetitions
When the possible starting sub-frames of PDCCH repetitions are limited to a subset of sub-frames, there are two options of the starting sub-frames for multiple PDCCH repetition levels shown in Figure 1 as an example for FDD.


[bookmark: _Ref377740144]Figure 1. Options of the starting sub-frames for multiple PDCCH repetition levels
· Option A: All the levels share the same possible starting sub-frames for PDCCH repetitions
In this option, the possible starting sub-frames are determined to be used by all different repetition levels. However, some sub-frames could only be used for repeated PDCCH transmission with one or part of the multiple repetition levels. It is not efficient for resource utilization especially when there is a big difference among the repetition numbers of the multiple levels. For example, three repetition levels with the number of repetitions 2, 4, and 8, respectively, are shown in Figure 1. The possible starting sub-frame is sub-frame #0 for each repetition level. Sub-frame #4 to #7 could carry repeated PDCCH only with repetition number 8.
· Option B: The possible starting sub-frames are related to the levels for PDCCH repetitions
When the possible starting sub-frames are related to the levels for PDCCH repetitions, different PDCCH repetition levels could start at different sub-frames. The resources are utilized more flexibly and efficiently than option A.
Observation 1: It is beneficial to relate the possible starting sub-frames of PDCCH repetitions with the repetition levels.
Notifying the possible starting sub-frames of each PDCCH repetition level by RRC signaling is one method for UEs to know when to start combining repeated PDCCH. Two drawbacks are the increase in signaling overhead and limited benefit in allowing the possible sub-frames to change by signaling update. Alternatively, the possible starting sub-frames could be determined in a predefined manner. For example, the possible starting sub-frames can be set when the index fulfils the formula (N*SFN + k) mod v = 0, where N is available downlink sub-frame number in a frame, k is the downlink sub-frame index within a radio frame, and v is the number of repetitions. N and k could also take the special sub-frames into consideration for TDD system.
Number of repetitions per level
Repetition of PDCCH with multiple levels is supported considering that not all the UEs need the largest amount of coverage improvement. When the 15 dB relative LTE coverage improvement requirement is divided into 3 levels for different UEs, the limiting channel needs to be enhanced by 5 dB, 10 dB, 15 dB respectively. Regarding PDCCH, the required coverage improvement of each level is 3.6 dB, 8.6 dB, 13.6 dB for FDD when a single RF chain is applied (4 dB degradation is assumed for single RF chain).
The number of repetitions for each level is obtained based on the coverage improvement requirement for each level together with whether the techniques higher aggregation level (AL), PSD boosting, and compact DCI are used.
Using a higher AL than the current LTE system (i.e., AL 8) in a sub-frame could help to reduce the amount of repetition. However, the maximum AL within a sub-frame is constrained by the available CCEs in the control region. Considering the blocking rate and the work to define new search space with higher AL, it is not recommended for PDCCH. 
PSD boosting could be a complementary technique to improve the coverage for PDCCH. If there is extra power in PDCCH region, the eNB can using PSD boosting to reduce the amount of repetition. PSD boosting could be transparent to UEs in enhanced coverage mode.
Compact DCI could be investigated if time permits within Rel-12 timeline, although investigating reduction in the fields of the DCI to aid spectral efficiency is not currently supported by the WID.
Proposal 1: A higher AL than 8 is not recommended for PDCCH coverage improvement. 
Table 1 lists the number of repetitions with respect to different levels of coverage improvement requirement. Simulation assumptions are shown in Appendix and PSD boosting is not assumed in the simulation. Simulation results show that 75 repetitions of PDCCH can meet the largest 15dB improvement requirement.
[bookmark: _Ref362940444][bookmark: _Ref363579326]Table 1. Simulation results of PDCCH for FDD
	Required coverage improvement for the limiting channel (dB) / Required coverage improvement for PDCCH (dB)
	5/3.6
	10/8.6
	15/13.6

	The number of repetitions
	3
	17
	75



Observation 2: 75 repetitions of PDCCH can meet the coverage enhancement requirement of 15dB.
The number of repetitions for PDCCH a UE assumed could be implicitly indicated by other channels (e.g., the mapping table of the amount of repetitions for various channels), or configured by RRC signaling. Blindly decoding the number of repetition is also an option, but the decoding complexity should be considered. 
Whether to use the same AL in each repetition
In the discussion of repeated PDCCH decoding from the previous meeting, there was a big concern of the decoding complexity for UEs in the enhanced coverage mode. When each PDCCH repetition is transmitted using the same AL or according to a predefined AL pattern allowing some different ALs, UEs could have the knowledge of the ALs used in subsequent sub-frames with an assumption of the AL in the first sub-frame for PDCCH repetition. Accordingly, fewer blind decoding trials are performed by UEs. Using the same AL or different ALs in each repetition has the benefit of reducing UEs’ decoding complexity. 
To determine whether to use the same AL in each repetition, another big concern is the blocking of other UEs’ traffic by a long repeated PDCCH for a UE in enhanced coverage mode. The blocking issue is shown in Figure 2 by taking legacy UEs as an example.


(a) The same AL8 is used in each repetition


(b) Different ALs, e.g. AL2 and AL8 are used for PDCCH repetition
Figure 2. The blocking of legacy UEs’ traffic by a long repeated PDCCHs
Using the same AL in each repetition might cause substantial impact on legacy UEs. The PDCCH capacity in a sub-frame of repeated sub-frames remains the same so that less flexibility is provided for the scheduling of legacy UEs according to the traffic demand when legacy UEs are not configured to use EPDCCH. For example in Figure 2, the same AL 8 is used in a bunch of sub-frames by UEs in the enhanced coverage mode, during which time many legacy UEs could be blocked because AL 8 was taken. Legacy UEs may face the penalty to wait for the end of the bunch of PDCCH repetition to get chance for scheduling.
Using different ALs according to a known pattern is as a possible way to provide sub-frames with reduced blocking probability to other UEs’ traffic. If the UEs in coverage enhancement use e.g. AL 2 in some sub-frames during the bunch of time, then there are opportunities for legacy UEs in case needed by the traffic demand.
Proposal 2: Use different ALs in each repetition of PDCCH for coverage improvement.
It was raised in the last meeting that a UE assumes only one single AL in each sub-frame. It is a feasible method to further reduce UEs’ decoding complexity with some restrictions on the ALs used. The supportable AL in each sub-frame of the repeated sub-frames could be different. The different ALs in the repeated sub-frames could be determined and changed semi- statically by RRC signaling instead of blindly decoded by UEs, which is acceptable and with less decoding complexity for UEs in coverage enhancement mode.
Whether to use the same PDCCH candidate in each repetition
If UEs has the knowledge of the PDCCH candidate used in subsequent sub-frames with an assumption of the candidate in the first sub-frame for PDCCH repetition, it could reduce UEs’ combination and decoding complexity. It could be implemented by using the same PDCCH candidate index m or different PDCCH candidate indexes according to a predefined pattern in each repetition. 










When the same PDCCH candidate index m is used in each repetition, the CCEs corresponding to PDCCH candidate m are given by  in a sub-frame k according to current specification, where,   is the total number of CCEs in the control region, L is the AL monitored. For the UE-specific search space,  changes with the sub-frame as  where, , , , and  is the slot number within a radio frame. This enables the CCE position of the same PDCCH candidate index m to change with the sub-frame in the repeated sub-frames. Meanwhile, the same PDCCH candidate index m of PDCCH repetition for a UE in enhanced coverage mode will not always block a legacy UE in every sub-frame of the repeated sub-frames because the UE-specific search space of different UEs may not always overlap in multiple sub-frames. In a consequence, using different PDCCH candidates in each repetition seems not desirable.
Proposal 3: Use the same PDCCH candidate in each repetition of PDCCH for coverage improvement.
Discussion on the necessity of PDCCH scheduling PDSCH for SIB/Paging/RAR
PDSCH carrying common messages such as paging, SIBs and RAR, is scheduled by DCI in the PDCCH common search space. For UEs in enhanced coverage mode, more PDCCH resources (e.g., more CCEs) will be needed. Since the maximum number of CCEs allocated for the common search space is 16 in a sub-frame, CCE blockage could happen as long as common messages are still scheduled by DCI without defining a new common search space. Thus, UE’s access time, paging-to-awaking time will be prolonged and the UE’s power consumption will be increased. 
To reduce PDCCH blockage without more specification work on the new common search space, a scheduling restriction (e.g., use of fixed or pre-defined resources and fixed MCS) on common messages can be considered to make UEs in enhanced coverage mode skip decoding PDCCH for common messages. UEs in enhanced coverage mode only need try to decode PDSCH containing common messages on the fixed or pre-defined resources with fixed MCS. As for paging, skipping PDCCH will not cause more PDSCH decoding since a UE must process the paging message to determine whether the message is addressing it. UEs’ power could be saved by skipping PDCCH decoding for receiving common messages.
Proposal 4: PDCCH scheduling for common messages could be skipped for UEs in enhanced coverage mode, with a restricted scheduling (e.g., use of fixed or pre-defined resources and fixed MCS) on common messages taken into consideration. 
Conclusions
The discussion on issues for PDCCH coverage improvement is given in this contribution, and following proposals and observations are concluded accordingly: 
Proposal 1: A higher AL than 8 is not recommended for PDCCH coverage improvement. 
Proposal 2: Use different ALs in each repetition of PDCCH for coverage improvement.
Proposal 3: Use the same PDCCH candidate in each repetition of PDCCH for coverage improvement.
Proposal 4: PDCCH scheduling for common messages could be skipped for UEs in enhanced coverage mode, with a restricted scheduling (e.g., use of fixed or pre-defined resources and fixed MCS) on common messages taken into consideration. 
Observation 1: It is beneficial to relate the possible starting sub-frames of PDCCH repetitions with the repetition levels.
Observation 2: 75 repetitions of PDCCH can meet the coverage enhancement requirement of 15dB.
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Appendix
Simulation assumptions on PDCCH for repetition
	Parameter
	Value

	Frame structure
	FDD

	Carrier frequency
	2.0 GHz for FDD

	Antenna configuration
	2x1, low correlation for FDD

	Channel model
	EPA

	Doppler spread
	1Hz

	DCI format
	Format 1a

	Aggregation level 
	8 CCE

	Performance target
	1% BLER
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