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1 Introduction

According to LTE Rel-13 work item on further physical layer enhancements for MTC [1], the following scope has been defined for discussions and decisions:
· Specify a new Rel-13 low complexity UE category/type for MTC operation in any LTE duplex mode (full duplex FDD, half duplex FDD, TDD) based on the Rel-12 low complexity UE category/type;
· Target a relative LTE coverage improvement – corresponding to 15 dB for FDD – for the UE category/type defined above and other UEs operating delay tolerant MTC applications with respect to their respective nominal coverage.
· The agreements and working assumptions made during the initial work carried out during the corresponding Rel-12 work item should be used as a starting point when applicable.
With respect to the timing relationship between (E)PDCCH and PDSCH for coverage enhancement, the following agreements were made at the RAN1 ##75 meeting [2]:
· For UEs in enhanced coverage mode for MTC, if/when PDSCH is indicated via (E)PDCCH:
· The relation of PDSCH timing to (E)PDCCH timing shall be known to UE and shall not be configurable by higher layer parameter dedicated only for this purpose and shall not be indicated by (E)PDCCH. FFS on how to derive it or fixed by spec.
· Assigned PDSCH is transmitted not before end of (E)PDCCH, i.e., if subframe n is the last (E)PDCCH repetition then PDSCH start n + k (k > 0).
For PUCCH coverage enhancement, the following working assumptions were made at the RAN1 ##75 meeting [2]:
· For UEs in enhanced coverage mode for MTC, 

· No support of repetition of periodic CSI over PUCCH
· FFS: Periodic CSI over PUCCH without repetition

· ACK/NACK on PUCCH is supported. FFS on the configurability of ACK/NACK.
· Dedicated SR is supported but no further optimization beyond PUCCH repetition for SR (e.g. no new formats).

In addition, the following were agreed on PCFICH coverage enhancement [2]:

· No need for UE to decode PCFICH in coverage enhanced mode.  Not to specify PCFICH repetition:
· FFS on how UE derives CFI.
Further, the follwing agreements on the physical downlink control channel for MTC UEs with reduced bandwidth support were made at the RAN1 #78bis meeting [3]: 

· Regarding the physical downlink control channel for MTC:

· It is used to transmit DCI messages to Rel-13 low complexity UEs

· Its usage for other purposes than unicast transmission is FFS

· Its usage for other UEs in enhanced coverage is FFS

· It is a narrowband (within 6 PRBs) control channel

· Its demodulation is based on CRS and/or DMRS (FFS)

· It is not mapped to legacy control regions

· Its design is based on PDCCH or EPDCCH unless some aspects are agreed as not applicable

· This does not preclude the consideration of Rel-13 low complexity UE accessing 1.4 MHz system BW using legacy (E)PDCCH

In this contribution, we share our views on the control channel enhancements for unicast transmission for MTC devices with reduced bandwidth and enhanced coverage in LTE systems.  
2 Discussion on Enhancement for Reduced Bandwidth
At the RAN1 #78bis meeting [3], reduced UE bandwidth of 1.4 MHz in both downlink and uplink was agreed as the most important UE complexity reduction technique for Rel-13. Considering support of reduced UE bandwidth of 1.4MHz, certain design changes can be expected for physical DL control channels.

DL control channel enhancement for reduced bandwidth

According to the agreement in the RAN1 #78bis meeting [3], either narrowband PDCCH or EPDCCH can be considered for the DL control channel design for MTC UEs with reduced bandwidth support. In particular, the following three options can be further studied in light of implementation and specification efforts towards maximizing the achievable reduction of UE cost/complexity while minimizing the impact to system spectral efficiency and impact to non-MTC UEs:
· Option a): Narrowband PDCCH design to satisfy the core functionalities of the legacy DL control channels;
· Option b): Enhancements to the current EPDCCH design with possible addition of common search space (CSS) support;
· Option c): Support of EPDCCH-less operation for common control message scheduling and reusing the existing EPDCCH with UE-specific search space for unicast scheduling. 
For Option a), narrowband downlink control channel spans the first few symbols within allocated MTC resource for MTC UEs with reduced bandwidth, while MTC data channel occupies the remaining symbols. Note that in the case, the main design principle for the legacy control channel may be easily extended for the design of narrowband PDCCH channel. Further, configuration information for PHICH transmission within allocated MTC resource can reuse the existing bits in the MIB to minimize the overhead. 

For Option b), the existing EPDCCH with UE-specific search space can be reused for scheduling the unicast transmission. However, in order to support the scheduling of common control channel, i.e., SI/RAR/Paging messages, EPDCCH with common search space needs to be defined which would need certain specification efforts. Compared to the Option a) of utilizing narrowband PDCCH for PDSCH scheduling, EPDCCH based solution may achieve better scheduling flexibility and spectral efficiency, especially when considering lightly-loaded MTC traffic. This is primarily due to the fact that as EPDCCH and PDSCH are multiplexed in the frequency domain, eNB can schedule the PDSCH transmission for legacy UEs within allocated MTC regions when MTC traffic loading is low. 
It should be noted that relying on an EPDCCH-based design may run the risk of increasing the UE processing requirements in order to receive the subframe-based control channel. This may not be an issue, however, when taking into account the small packet sizes for data transmission for typical MTC applications. 
Similar to the Option b), the existing EPDCCH with UE-specific search space (USS) can be reused for scheduling the unicast transmission for Option c). In addition, EPDCCH-less operation on the common control messages can be employed with predefined or configured PDSCH locations as well as MCS of the common channels. In this regard, considerable reduction in the control overhead for scheduling of the transmission of common control channels can be achieved as mentioned in our companion contribution [4]. This would also help to reduce the power consumption for MTC UEs with reduced bandwidth by skipping the EPDCCH decoding. In addition, EPDCCH-less operation for the scheduling of SI/RAR/Paging messages may also be desirable for MTC UEs in enhanced coverage mode [4], which would enable the design solutions to have a high level of commonality between reduced bandwidth and enhanced coverage. 
Based on the analysis above, the impact on specification impact, spectral efficiency, UE power consumption and UE processing constraint for the above options of MTC DL control channel design is summarized in the Table 1. 
Table 1. Analysis on potential solutions for MTC DL control channel design

	
	Specification impact
	Scheduling flexibility and spectral efficiency
	UE power consumption
	UE processing constraint

	Option a)
	Medium
	Low
	Medium
	Low

	Option b)
	Medium
	Medium
	Medium
	Medium

	Option c)
	Low
	Medium
	Low
	Medium


As should be evident from the comparison in the Table 1, Option c) can achieve better scheduling flexibility, spectral efficiency and UE power consumption reduction with limited specification impact compared to Option a) and b). Given the fact that UE processing constraint may not be an issue for typical MTC application with small packet size, it may be desirable to consider option c), i.e., EPDCCH with USS for unicast transmission scheduling and EPDCCH-less operation for common control message scheduling, for the design of MTC DL control channel. 
Proposal 1

· It may be desirable to consider option c), i.e., EPDCCH with USS for unicast transmission scheduling and EPDCCH-less operation for common control message scheduling, for the design of MTC DL control channel. .

UL control channel enhancement for reduced bandwidth

Regarding the the uplink control and data channel design for MTC UEs with reduced bandwidth, MTC PUCCH can be located at the edge of allocated MTC uplink resource. It can be realized by either explicit resource allocation or by UE-specific N(1)PUCCH. Further, the existing designs for uplink data and control channels can be reused for MTC uplink control channel, which indicates that the specification impact is not expected. 
Observation 1

· Specification impact on uplink control channel design is not expected for MTC UEs with reduced bandwidth.
3 Discussion on Coverage Enhancement 

With respect to the coverage enhancement for MTC UEs, the agreements and working assumptions in Rel-12 can be applicable for the enhancement on control channel for unicast transmission. 
Coverage enhancement for (E)PDCCH 

According to the agreement in the RAN1 #75 meeting [2], “for MTC UEs in the enhanced coverage mode, the possible starting sub-frames of (E)PDCCH repetitions are limited to a subset of sub-frames from the UE perspective”. This is primarily aimed to reduce the blind decoding attempts for MTC UEs in enhanced coverage modes and consequently, the UE power consumption. Two potential options can be considered for the starting sub-frames of (E)PDCCH repetitions.

· Option 1: The starting subframe for (E)PDCCH USS transmission may be configured by higher layer signaling. Note that the starting subframe can be predetermined or broadcasted via SIB2 before RRC configuration. More specifically, the configuration index consisting of the subframe offset and the periodicity for the potential (E)PDCCH subframes can be signaled for coverage limited MTC UEs. 
· Option 2: The starting subframe for (E)PDCCH USS transmission may be predefined. In particular, the starting offset can be defined as the functions of repetition level. Similarly, to further improve the system level spectral efficiency, eNB may schedule the transmission of data and control channel according to UE specific coverage extension level.   
Proposal 2
· The starting subframe for (E)PDCCH USS transmission is configured by higher layer signaling or predefined. 
Coverage enhancement for PUCCH 

Based on the simulation results in [5], the number of PUCCH repetitions for HARQ ACK/NACK transmission can be reduced when cross-subframe channel estimation is applied. Note that in order to facilitate the cross-subframe channel estimation, the PUCCH resources during the repetitions need to be located in the same PRBs across the different subframes in order to allow inter-subframe interpolation for channel estimation improvement. This can be realized by utilizing the same PUCCH resources for ACK/NACK during the repetition. 

Further, PUCCH resource allocation for ACK/NACK can be performed either in an implicit or an explicit manner. Similar to the existing LTE specification, the allocated PUCCH resource for repetition can be determined by the lowest CCE index for scheduling PDCCH. Note that this may result in a collision on PUCCH transmissions in the same subframes between MTC UEs in normal and enhanced coverage modes. However, this may be solved by eNB implementation especially with the UE-specific PUCCH starting offset N(1) PUCCH for PDCCH-based PUCCH resource allocation, or with UE-specific PUCCH starting offset N(1) PUCCH and ARO for EPDCCH-based PUCCH resource allocation. An alternative solution is to configure independent set of PUCCH resources for MTC devices, which would lead to inefficient PUCCH resource utilization.

Proposal 3
· The same PUCCH resources for ACK/NACK are employed during the repetitions to allow cross-subframe channel estimation.

The existing UE-specific signalling for SR periodicity and subframe offset configuration can be reused for SR repetition. Note that the configured SR resource in the time domain can be interpreted as the potential starting subframe for SR repetition. In general, two options may be considered for the SR repetitions. In the first option, SR transmission is repeated at all available UL subframes starting from the configured SR resource. This would benefit from cross-subframe channel estimation to improve the detection while the corresponding PUCCH resource needs to be reserved for the UE in all UL subframes. An alternative option is to repeat the SR transmission only at the subframes configured for SR according to SR resource configuration. Considering delay tolerant MTC traffic, this option may be beneficial in terms of SR resource reservation as SR resources can be allocated for other UEs in different subframes and consequently, it is easier for a network to handle the multiple UE resources. Thus, it would be preferable that SR transmission is repeated only at the subframes configured for SR.

Proposal 4
· SR transmission is repeated only at the subframes configured for SR.
Coverage enhancement for PHICH 

For PUSCH transmission, HARQ procedure may be realized by either PDCCH or PHICH. While PDCCH-based HARQ procedure can be utilized to replace PHICH functionality by checking NDI toggling, it would result in substantial downlink resource consumption in retransmission, which would be accentuated when PDCCH is scheduled for retransmission purpose especially in heavily loaded systems. On the contrary, due to the simplicity of the physical layer structure, existing PHICH can be easily extended to meet the coverage enhancement target for low cost MTC with limited impact on the specification and UE implementation cost while saving the DL resource by allowing non-adaptive retransmission. 

Based on the analysis in [6], PHICH based mechanism can achieve substantially less resource overhead and consequently can help to reduce the blocking probability compared to PDCCH based solution. Hence, it is desirable to consider PHICH based uplink HARQ procedure for MTC UEs in enhanced coverage modes. Further, frequency domain repetition can be employed in conjunction with time domain repetition to achieve PHICH coverage enhancement target. In this case, the number of time domain repetitions would be reduced significantly for PHICH transmission, which would help to improve the ACK/NACK feedback latency for MTC UEs in enhanced coverage mode. 

Proposal 5
· PHICH-based uplink HARQ procedure is supported for MTC UEs in enhanced coverage modes, where repetition across multiple subframes is employed together with allocating multiple PHICH resources per subframe.
Coverage enhancement for PCFICH 

PCFICH is used to convey the information with respect to the size of control region. According to the agreement in the RAN1 #75 meeting [2], coverage limited MTC UEs do not need to decode PCFICH. To derive the CFI value for MTC UEs located in the coverage holes, three potential options can be considered as follows:

· Option 1: Coverage limited MTC UEs are allowed to blindly decode the PDCCH with different CFI values. Considering the PDCCH transmission with repetition across multiple subframes, this approach may not be feasible due to substantial blind decoding complexity.
· Option 2: CFI value can be predefined for MTC UEs in enhanced coverage mode. In particular, depending on the system bandwidth, the CFI values may be different in order to allow efficient PDCCH scheduling.
· Option 3: CFI value can be broadcast via SIB2 for MTC UEs in enhanced coverage mode. Compared to the Option 2, this mechanism may provide slightly better scheduling flexibility for PDCCH. 

Based on the analysis above, it would be desirable to predefine or broadcast CFI values for PDCCH region for MTC UEs in enhanced coverage mode. 

Proposal 6
· CFI values for PDCCH region are predetermined or broadcasted for MTC UEs in enhanced coverage mode (Option 2 or Option 3).

As agreed during the RAN1#75 meeting [2], cross-subframe scheduling in which the assigned PDSCH is transmitted not before the end of (E)PDCCH was introduced for MTC UEs in enhanced coverage mode. In the subframes when PDSCH is transmitted for coverage limited MTC UEs, it would be desirable for the eNB to configure different CFI values than the predetermined or broadcasted ones in order to allow more efficient network operation. In this case, the PDSCH starting symbol for MTC UEs in enhanced coverage mode can be configured by higher layer signaling.

Proposal 7
· The PDSCH starting symbol for MTC UEs in the enhanced coverage mode is configured by higher layer signaling.

4 Conclusions

In this contribution, we provided our views on the enhancement of control channel for MTC device with reduced bandwidth and enhanced coverage in LTE systems. Based on the discussion presented, we summarize our views through the following proposals and observations:
Observation 1

· Specification impact on uplink control channel design is not expected for MTC UEs with reduced bandwidth.
Proposal 1

· It may be desirable to consider option c), i.e., EPDCCH with USS for unicast transmission scheduling and EPDCCH-less operation for common control message scheduling, for the design of MTC DL control channel.
Proposal 2

· The starting subframe for (E)PDCCH USS transmission is configured by higher layer signaling or predefined. 
Proposal 3

· The same PUCCH resources for ACK/NACK are employed during the repetitions to allow cross-subframe channel estimation.

Proposal 4

· SR transmission is repeated only at the subframes configured for SR.
Proposal 5

· PHICH-based uplink HARQ procedure is supported for MTC UEs in enhanced coverage modes, where repetition across multiple subframes is employed together with allocating multiple PHICH resources per subframe.

Proposal 6

· CFI values for PDCCH region are predetermined or broadcasted for MTC UEs in enhanced coverage mode (Option 2 or Option 3).

Proposal 7

· The PDSCH starting symbol for MTC UEs in the enhanced coverage mode is configured by higher layer signaling.
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