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1 Introduction
Regarding the physical downlink control channel for MTC, the following agreements have been reached at the RAN1 #80 meeting [1]:

Agreements:

· For UEs in enhanced coverage:
· Repetition across multiple subframes is supported for the ‘Physical downlink control channel for MTC’

· Multiple repetition levels in time domain are supported

· For Rel-13 low complexity MTC UEs:
· At least for unicast PDSCH transmission scheduled by ‘Physical downlink control channel for MTC’, cross-subframe scheduling is supported for normal coverage

Agreements:

· For Rel-13 low complexity UEs in enhanced coverage at least for system BW>1.4MHz

· No multiplexing within a PRB pair of the physical downlink control channel for MTC UEs and PDSCH for MTC UEs 

· Working assumption: The demodulation of the physical downlink control channel for MTC is based on at least DMRS

· For Rel-13 low complexity UEs in enhanced coverage and at least unicast channel at least for system BW>1.4MHz

· Confirm the working assumption: For enhanced coverage UEs, one ‘Physical downlink control channel for MTC’ containing one DCI is allowed to be mapped to fully occupy available REs in 6 PRB pairs

Agreements:

· Confirm the following Rel-12 agreements for Rel-13 MTC UEs in enhanced coverage

· For UE-specific search space, from the UE perspective, the possible starting sub-frames of physical downlink control channel for MTC repetitions are limited to a subset of subframes.

· If/When PDSCH is indicated via physical downlink control channel for MTC:

· The relation of PDSCH timing to physical downlink control channel for MTC timing shall be known to UE.

· Assigned PDSCH is transmitted not before end of physical downlink control channel for MTC, i.e., if subframe n is the last physical downlink control channel for MTC repetition then PDSCH start n + k (k > 0pair).

· Working assumption: Rel-11 EPDCCH is a starting point for design of physical downlink control channel for MTC at least for MTC UEs in coverage enhancement.
In this contribution, we share our views along with simulation results on the design of ePDCCH especially for MTC UEs in enhanced coverage.
2 Configuration of UE-SS for EPDCCH

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. One option to address this issue by defining a non-UE-specific search space for EPDCCH, the configuration of which may be indicated via the Master Information Block (MIB) or one of the System Information Blocks (SIBs) specified for MTC ("MTC SIBs”). 
One of the considerations regarding the design of the non-UE-specific search space for EPDCCH concerns the subframes in which a UE is expected to monitor for EPDCCH transmissions in the non-UE-specific search space. In this regard, as part of the random access procedure, the UE can monitor the non-UE-specific search space for EPDCCH in subframes within the contention resolution timer. Information about the narrowband frequency band that the UE monitors for this non-UE-specific EPDCCH search space can be included in the configuration provided via an MTC SIB. 
Essentially, according to the proposed design, the EPDCCH in this non-UE-specific search space schedules the Contention Resolution (CR) message (Message 4), and the 16-bit CRC of this EPDCCH 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 EPDCCH 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 EPDCCH in the non-UE-specific 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 indicated in the MTC SIB or predefined for MTC UEs can be different for UEs with different coverage enhancement targets. Specifically, the CR timer value can be a function of the amount of coverage enhancement needed or the repetition level to satisfy the required amount of required coverage enhancement.
The configuration of the non-UE-specific search space for the EPDCCH for initial configuration of the EPDCCH 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, only Downlink Control Information (DCI) format 1A or a compact version of DCI format 1A for MTC can be carried by the EPDCCH in the non-UE-specific 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 EPDCCH transmission in the non-UE-specific search space to schedule the CR message can be to puncture EPDCCH transmission corresponding to the REs used for CSI-RS transmission in the particular subframe. Another option could be to rate-match the EPDCCH transmission around all possible CSI-RS configurations.
Regarding the physical transmission scheme for the EPDCCH transmission in the non-UE-specific search space, the currently defined distributed EPDCCH design that employs implementation-based pseudo-random beamforming with RE-based precoder cycling can be reused.
Proposal 1:
· Consider defining a non-UE-specific search space for EPDCCH that a UE monitors during initial access during the period indicated by the Contention Resolution Timer value after Msg 3 transmission. Remaining configuration parameters including frequency resources to monitor for the non-UE-specific search space for EPDCCH are indicated via the MTC SIB signaling.

· The UE-SS EPDCCH configuration is provided to the UE in the Contention Resolution message.

3 EPDCCH Design Aspects for Coverage Enhancement
In order to achieve the coverage enhancement target, repetition can be used on EPDCCH as an effective SNR increasing method. On the other hand, the design of EPDCCH should reduce the number of repetitions as much as possible due to the excessive latency, system resource consumption, and UE power consumption it may introduce. One way is to look into the channel estimation over multiple subframes in order to have a better demodulation performance, which in turn will reduce the required number of repetitions. Another way is to apply the frequency hopping on the frequency location of 6 PRB pairs allocated to Rel-13 low complexity UEs in enhanced coverage in order to benefit from frequency diversity gains.
In the meantime, a limited number of ECCE aggregation levels and repetition levels are preferred in order to alleviate the burden of blind decoding at the UEs. 
3.1 ECCE Aggregation Level and Repetition Level for Coverage Enhancement UEs
In order to achieve the coverage enhancement target, repetition can be used on EPDCCH as an effective SNR increasing method. On the other hand, the design of EPDCCH should reduce the number of repetitions as much as possible due to the excessive latency and power consumption it may introduce. In the meantime, a limited number of ECCE aggregation level and repetition level options are preferred in order to alleviate the burden of blind decoding at the UEs.
Link level simulation results are present in Figure 1, 2 and 3 to investigate the performance for various ECCE aggregation levels 4, 8 and 16 respectively. For each case, repetition level 1 is included as the baseline. Two fixed numbers of repetition, 4 and 32, are also simulated for possible coverage enhancement.   
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Figure 1. Performance of 4 ECCE aggregation with various fixed repetition levels
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Figure 2. Performance of 8 ECCE aggregation with various fixed repetition levels
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Figure 3. Performance of 16 ECCE aggregation with various fixed repetition levels
At the target SNR=-14.3dB, we obtain the required number of repetitions to achieve DCI error probability of 1%, as shown in Table 1. Note that even an aggregation level of 16 requires 250 repetitions for 1% BLER target. A larger aggregation level, if possible, is desired to reduce the excessive repetition numbers required.
Table 1: Required number of repetitions for target SNR -14.3 dB and DCI error probability of 1%
	Aggregation Level
	Required # of repetitions

	16
	250

	8
	356

	4
	460


At the RAN1 #80 meeting, the following was agreed [1]: 

"For enhanced coverage UEs, one ‘Physical downlink control channel for MTC’ containing one DCI is allowed to be mapped to fully occupy available REs in 6 PRB pairs.”

This implies that the maximum aggregation level of 24 ECCEs should be supported with EPDCCH PRB-set of 6 PRB pairs, in order to reduce the repetition level for an acceptable latency and power consumption performance. According to the current specifications, an EPDCCH PRB-set can only span 2, 4, or 8 PRB pairs in frequency domain.  A new method of ECCE to resource element mapping needs to be designed for both localized and distributed EPDCCH allocation with aggregation level of 24 ECCEs. 
Proposal 2:
· Higher aggregation level of 24 ECCE is supported for MTC UEs in enhanced coverage mode, in order to achieve an acceptable repetition level for very low SNR regimes.

3.2 Cross-subframe Channel Estimation

As the MTC devices have been assumed with zero or low mobility in most use cases, the channel variation over the time domain is expected to be very small. Without frequency hopping and with the repetition of EPDCCH transmission on the same frequency resource, cross subframe channel estimation could be applied and helps to achieve a better UE-specific RS based demodulation performance. Note that the same precoder should be used across the subframes within the repetition. Figure 4 shows the DCI error probability with repetition level of 32 and channel estimation over a sliding window of 1, 4, and 8 subframes, respectively. These simulations include a frequency tracking error of 100Hz with perfect correction at subframe boundary and an aggregation level of 16. The figure shows that with a channel estimation over 4 subframes, the performance improves more than 1dB over all SNRs. Channel estimation over a longer time of 8 subframes adds slightly more gain at lower SNR, but significant additional gain (close to 1dB) at higher SNR. 
Furthermore, in Table 2, we have shown that the required repetition level goes down considerably at the target SNR of -14.3dB, with a longer time window where the cross subframe channel estimation is based. For example, 35% lower repetition number is achieved with 8 subframe window regardless of aggregation level.

We have the following proposal based on the simulation observations.
Proposal 3: 
· MTC UEs in enhanced coverage mode need to support cross subframe channel estimation.
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Figure 4. Performance with cross subframe channel estimation
Table 2. Required repetition level to achieve 1% BLER at SNR=-14.3dB

	Aggregation Level
	No Multi-SF CE
	Multi-SF CE with  4 SFs
	Multi-SF CE with 8 SFs

	16
	250
	202
	164

	8
	356
	273
	233


· Frequency Tracking Error Modelling and Correction

While the frequency synchronization has been done by PSS and SSS, a frequency tracking error (100Hz in the simulations) may remain and it leads to a phase rotation at each sample in time domain. Furthermore, this phase rotation would increment over the samples. We assume a perfect frequency error correction at the subframe boundary in Figure 4 and Table 2. In other words, phase error resets at the beginning of a subframe but continues to ramp up with every sample until the end of a subframe. 
3.3 Frequency Hopping of 6 PRB pairs
Rel-13 low complexity UEs in enhanced coverage can benefit from frequency diversity gains by applying the frequency hopping on the frequency location of 6 PRB pairs allocated to them. In Figure 6, we showed the performance of EPDCCH error probability with both cross-subframe channel estimation and frequency hopping applied. In the simulations, the frequency hopping period is set to 2 subframes, i.e., 6 PRB pairs hop every 2 subframe, with the hopping frequency pattern is such that 6 PRB pairs hop from edge to edge of the system bandwidth. The maximum sliding window for cross-subframe is limited by the frequency hopping period, and thus, set to 2 subframes for the simulations. Also, we have included the results with aggregation level of 24.
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Figure 6. Performance with cross-subframe channel estimation and frequency hopping
In Table 3, we have summarized the required repetition level to achieve 1% DCI error probability at the target SNR of -14.3dB when both cross-subframe channel estimation and frequency hopping are used. The number is reduced compared to Table 2 even with the smaller sliding window of 2 subframes.
Table 3: Required number of repetitions for target SNR -14.3 dB and DCI Error Probability of 1%
	Aggregation Level
	Required # of repetitions with Multi-SF CE with  2 SFs and frequency hopping

	24
	64

	16
	< 128

	8
	200


Proposal 4:

· Frequency hopping is applied to the 6 PRB pairs for Rel-13 low complexity UEs with reduced bandwidth to reduce the required number of repetitions.
3.4 Distributed and Localized EPDCCH Allocation
Both distributed and localized EPDCCH allocation methods are supported in legacy EPDCCH. For the small MTC bandwidth of 1.4MHz, the frequency diversity gain for distributed method could be limited. On the other hand, when channel feedback is not available from UE, the localized allocation will not be very beneficial at least in FDD scenario. We have simulated both distributed and localized EPDCCH allocation and compared their performance in Figure 7, assuming that the CSI feedback is not available. These simulations are with an aggregation of 4 ECCEs and repetition of 4 and 32 subframes. While there is small performance difference between localized and distributed EPDCCH with 32 repetitions, the gain of distributed method under 4 repetitions are not negligible, especially in high SNR region by exploiting frequency diversity. 
Note that when CSI report is available from UE, localized allocation will likely outperform the distributed one depending on the channel model.  
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Figure 7. Performance comparison of localized and distributed EPDCCH allocation with aggregation of 4 ECCEs and repetition level of 4 and 32
Observation 1:
· Without CSI feedback, there is only small performance difference between localized and distributed EPDCCH for MTC at low SNR region.  Distributed method shows considerable gain in high SNR region by exploiting frequency and spatial diversity.
4 Conclusions 
We have the following observations and proposals from the analysis and simulation over EPDCCH.
Observation 1:

· Without CSI feedback, there is only small performance difference between localized and distributed EPDCCH for MTC at low SNR region.  Distributed method shows considerable gain in high SNR region by exploiting frequency and spatial diversity.
Proposal 1:
· Consider defining a non-UE-specific search space for EPDCCH that a UE monitors during initial access during the period indicated by the Contention Resolution Timer value after Msg 3 transmission. Remaining configuration parameters including frequency resources to monitor for the non-UE-specific search space for EPDCCH are indicated via the MTC SIB signaling.

· The UE-SS EPDCCH configuration is provided to the UE in the Contention Resolution message.
Proposal 2:
· Higher aggregation level of 24 ECCE is supported for MTC UEs in enhanced coverage mode, in order to achieve an acceptable repetition level for very low SNR regimes.

Proposal 3: 
· MTC UEs in enhanced coverage mode need to support cross subframe channel estimation.
Proposal 4:

· Frequency hopping is applied to the 6 PRB pairs for Rel-13 low complexity UEs with reduced bandwidth to reduce the required number of repetitions.
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Appendix
Link Level Simulation Assumptions

	Parameter
	Value for EPDCCH

	MTC bandwidth
	1.4MHz

	System bandwidth
	10MHz

	Control start symbol
	2

	ePDCCH type
	Distributed (also compared with localized)

	DCI payload size (including CRC)
	FDD: 37 bits

	MTC Control channel resource
	{4,6 PRBs}

	Number of transmit antennas
	2 (FDD) 

	Number of receive antennas
	1

	BLER operating point
	1%

	Antenna correlation
	low

	Channel model
	EPA

	Channel speed
	1Hz

	Carrier frequency
	2GHz (FDD)

	Frequency tracking error
	100Hz

	Symbol timing accuracy
	Perfect

	Inter-subframe frequency hopping
	Included

	Inter-subframe channel estimation
	Included

	Reference symbols
	DMRS

	Channel estimation
	Non-ideal

	CSI-RS
	Without CSI-RS

	MBSFN subframes
	Non-MBSFN subframes
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