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1 Introduction

In the work item description of ‘Low-cost & enhanced coverage MTC UE for LTE’, following techniques are specified for coverage enhancement of MTC UE [1].
Provide a relative LTE coverage improvement – corresponding to 15dB for FDD – for the UE category/type defined above and other UEs operating delay tolerant MTC applications with respect to their respective nominal coverage. 

· Specify the following techniques (which shall be applicable for both FDD and TDD) to achieve this:

· Simplification of PHICH and PCFICH functionality or alternative mechanism to PHICH and PCFICH functionality so that coverage limited UE is not constrained by PHICH and PCFICH physical channels

· A mechanism(s) to support scalability of spectral efficiency impact for coverage improvement by identifying UE requiring additional coverage improvement and informing eNB the amount of coverage the UE requires.

· Repetition/TTI bundling and extension to PSD boosting for applicable channels/signals identified during study phase.

· A relaxed requirement for “probability of missed detection” for PRACH.

· When defining the detailed solutions for the above coverage enhancement techniques, relative spectral efficiency impact and cost/power consumption impact should be taken into account, and divergence of solutions between the new UE category/type and other UEs (mentioned above) should be minimised where possible.

NOTE: 
Additional techniques primarily intended to mitigate spectrum efficiency impacts of enhanced coverage (evaluated in TR36.888) are not included in this work item. However, an exception may be considered for techniques where adding an enhancement later would not be feasible (e.g. those impacting common channels). 

In this contribution, we provide our views on PDCCH coverage enhancement for MTC UE. At first, we discuss about required information for PDCCH repetition. Then, we show evaluation results and observations on PDCCH repetition with higher aggregation level, PSD boosting, and reduced DCI size.
2 Required information for PDCCH repetition
When a coverage enhancement requiring UE receives a repeated PDCCH bundle, successful decoding of repeated PDCCH transmissions without incurring considerable UE complexity, a UE should be able to determine how many repetitions could be occurred, when repetition starts and ends, and, how repeated PDCCHs are co-related each other.
Starting subframe / Repetition number
To reduce the complexity of PDCCH decoding, starting subframe and the number of subframes (or the maximum number of subframes) of PDCCH bundle needs to be somehow determined. Otherwise, a coverage-limiting UE may perform useless decoding operation which may not allow successful PDCCH decoding. 

A simple mechanism to address the starting subframe index for a bundled PDCCH is to prefix or configure the location such as a transmission of PDCCH bundle can occur at the first subframe of radio frame n where n % M = k (e.g., M = 100, k = 0). Then, a PDCCH bundle can be transmitted as shown Figure 1, and an UE will attempt to start PDCCH decoding only on those subframes. The starting radio frame configuration and the number of repetitions can be configured for each UE depending on its coverage requirement. For CSS PDCCH, however, cell specific starting position and the number of repetitions may be necessary which can be either signalled by system information or pre-determined.
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Figure 1. Configuration of starting subframe for PDCCH repetition
Proposal 1: Starting subframe timing for PDCCH bundle is to be predefined or configured.

PDCCH candidate index
After the transmission subframe location and repetition number are determined for a PDCCH repetition, we need to think about relation between repeated PDCCHs. So, it is also necessary to discuss about PDCCH candidate index during a PDCCH bundle transmission. During a PDCCH bundle transmission, PDCCH candidate index of PDCCH can be changed or maintained. 
· Option 1: Same PDCCH candidate index for a PDCCH repetition
One simple option is to use same PDCCH candidate index during a PDCCH repetition. Then, an UE can assume that PDCCH candidate index of repeated PDCCHs are same with that of first PDCCH in a bundle. It allows the same UE blind decoding complexity and makes simple UE behavior, and additional signaling is not required. In option 1, PDCCH resource used for USS (or CSS) PDCCH bundle could be collide with cell (or UE)-specific search space in some subframes. However, this problem can be resolved by skipping subframes with collision if an UE knows the subframes where collision would occur.
· Option 2: Varying PDCCH candidate index for a PDCCH repetition

Another option is to permit the change of PDCCH candidate index. If changing PDCCH candidate index is accepted, a PDCCH bundle can operate PDCCH resource more flexibly. But it would cause signaling overhead. Also, this approach may not be easily applicable to CSS PDCCH.
We think an operation that can increase UE complexity should be avoided, especially for low-cost MTC UE with coverage enhancement. So option 1 looks be appropriate compared to option 2.
Proposal 2: Same PDCCH candidate index for a PDCCH repetition is preferable.
3 Evaluation on PDCCH coverage enhancement
The target of enhanced coverage MTC UE is providing 15dB coverage enhancement (in case of FDD) with respect to their respective nominal coverage. For coverage enhancement of low-cost MTC UEs with single Rx, additional enhancement of 4dB might be required. Therefore, PDCCH needs to enhance 9.6dB according to the coverage analysis in [2]. If additional 4dB gain is required to low-cost MTC UEs, coverage enhancement of 13.6dB would be necessary to low-cost MTC UEs.

Candidate solutions for PDCCH coverage enhancement
Considered solutions for PDCCH coverage enhancement in this contribution is as follows.
· Repetition

· Higher aggregation level

· PSD boosting

· Reduced DCI size

To achieve the enough coverage gain, above schemes except repetition seems not able to be used alone. On the other hand, these schemes can be used with repetition. The required number of repetitions to meet the target gain can be reduced, if repetition is applied with higher aggregation level, PSD boosting, and/or reduced DCI size. To verify the effect of these complementary schemes, we evaluate the performance of PDCCH repetition with higher aggregation level, PSD boosting, and/or reduced DCI size.
To evaluate repetition with additional solutions, we compared aggregation level 8 to aggregation level 16, and assumed PSD power boosting with 3dB. For reduced DCI size, we considered DCI size with 11 bits. The original DCI size with 10MHz downlink bandwidth is 26 bits. In this case, about 58% of DCI bits are reduced.
Evaluation results
From the evaluation of PDCCH repetition with 16 aggregation level, 3dB PSD boosting, and/or 11 bits DCI size, we obtained the required number of repetitions to achieve 9.6dB gain (for normal MTC UE) and 13.6dB gain (for low-cost MTC UE). When PDCCH bundle is transmitted without any complementary schemes, 8 aggregation level and 26 bits DCI size are used. The detailed simulation assumptions are specified in Table 2 in the Annex.
Evaluation results are shown in Table 1. In each row in the table, the applied complementary schemes are marked and the required number of repetitions is presented in that case. According to the result, without any complementary scheme, 9.6dB coverage gain can be obtained by roughly 18 repetitions. When one complementary scheme is applied, approximately the half number of repetitions is required to achieve 9.6dB gain. Furthermore, if one more complementary scheme is applied, additional 40~50% reduction of repetition number can be obtained. For low-cost MTC UE, 13.6dB coverage enhancement may be required. Table 1 shows that about four times of repetition number is required additionally for low-cost MTC UE.
Table 1. Required number of repetitions for PDCCH coverage enhancement 

	Higher aggregation level
	PSD boosting
	Reduced DCI size
	Number of repetitions for 9.6dB gain
	Number of repetitions for 13.6dB gain

	X
	X
	X
	18
	80

	O
	X
	X
	9
	40

	X
	O
	X
	10
	40

	X
	X
	O
	11
	50

	O
	O
	X
	5
	20

	X
	O
	O
	6
	25

	O
	X
	O
	6
	25


Observation 1: When only repetition is applied to PDCCH coverage enhancement for MTC UE, about 18 repetitions are required.
Observation 2: When only repetition is applied to PDCCH coverage enhancement for low-cost MTC UE, about 80 repetitions are required (four times compared to normal MTC UE).

Observation 3: Roughly, each complementary technique such as higher aggregation level, PSD boosting, or reduced DCI size can reduce 40~50% repetition numbers respectively. When schemes are used in a combined fashion, it further reduces the repetition requirements.

Observation 4: For coverage enhancement at least for low-cost MTC UE, complementary techniques should be considered.
4 Conclusion
In this contribution, we discuss about required information for PDCCH repetition and the coverage gain of PDCCH repetition with higher aggregation level, PSD boosting, and reduced DCI size. Based on the discussion, we obtained following proposal and observations,
Proposal 1: Starting subframe timing for PDCCH bundle is to be predefined or configured.

Proposal 2: Same PDCCH candidate index for a PDCCH repetition is preferable.

Observation 1: When only repetition is applied to PDCCH coverage enhancement for MTC UE, about 18 repetitions are required.

Observation 2: When only repetition is applied to PDCCH coverage enhancement for low-cost MTC UE, about 80 repetitions are required (four times compared to normal MTC UE).

Observation 3: Roughly, each complementary technique such as higher aggregation level, PSD boosting, or reduced DCI size can reduce 40~50% repetition numbers respectively. When schemes are used in a combined fashion, it further reduces the repetition requirements.

Observation 4: For coverage enhancement at least for low-cost MTC UE, complementary techniques should be considered.
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6 Annex

Table 2. Evaluation assumptions 
	Parameter
	Setting

	System bandwidth
	10MHz

	Frame structure
	FDD

	Carrier frequency
	2.0 GHz

	Antenna configuration
	2x2, low correlation

	Channel model
	EPA

	Doppler spread
	1Hz

	DCI format
	1A

	 Aggregation level
	8

	Frequency tracking error
	100Hz 

	Performance target
	1% BLER
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