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1. Introduction
In RAN #57, the study item description (SID) [1] has been updated which extends the scope to include study of coverage enhancements: 

A 20dB improvement in coverage in comparison to defined LTE cell coverage footprint engineered for “normal LTE UEs” should be targeted for low-cost MTC UEs, using very low rate traffic with relaxed latency (e.g. size of the order of 100 bytes/message in UL and 20 bytes/message in DL, and allowing latency of up to 10 seconds for DL and up to 1 hour in uplink, i.e. not voice). In identifying solutions, any other related work agreed for Release 12 should be taken into account.

In this paper, the coverage of downlink control channel is analyzed and coverage enhancement techniques for downlink control are proposed for low-cost MTC UEs.
2. Analysis on Coverage of Downlink Control Channel
In LTE system, uplink and downlink data channel resource allocation and some physical layer control information are transmitted in DCI over PDCCH/EPDCCH. In [2] we can see that for 20dB coverage improvement in comparison to “category 1 UEs”, PDCCH (format 1a) needs to be enhanced by about 15dB. Several potential solutions have been indentified in RAN #72 [3] as shown in table 1. 

Table 1 Possible link-level solutions for coverage enhancement for physical channels and signals

	Channels/Signals

Solutions 
	PSS/SSS
	PBCH
	PRACH
	(E)PDCCH
	PDSCH/

PUSCH
	PUCCH
	Reference Signals

	PSD boosting
	x
	x
	x
	x
	x
	x
	x

	Relaxed requirement
	x
	
	x
	
	
	
	

	Design new channels/ signals
	x
	x
	x
	x
	x
	
	x

	Repetitions/TTI bundling
	
	x
	x
	x
	x
	x
	

	Low rate coding
	
	x
	
	x
	x
	x
	

	Retransmission
	
	
	
	x
	x
	
	

	Spreading
	
	x
	
	x
	x
	x
	

	RLC segmentation
	
	
	
	
	x
	
	


Power boosting/PDS boosting may have no spec impact for EPDCCH with DMRS. But from a system impact perspective, a large variation of transmit power across subcarriers will cause difficulty in maintaining the EVM requirement. Moreover, the interference caused by the boosted PRBs can significantly impact the neighbor cell. 

Across multiple subframes transmission, including repetition, TTI bundling, spreading, low rate coding and HARQ retransmission, share the same idea that allows UE to accumulate more energy to improve coverage. This across multiple subframes transmission can be treated as “design new channels/signals”. Another potential solution belongs to the “design new channels/signals” is reducing DCI payload size (compact DCI). 
In the following, we analyze the performance gains by the following three methods:

· Increasing aggregation levels (within one subframe)
· Reducing DCI payload size (Compact DCI)
· Repetition in time domain (across multiple subframes)
Increasing aggregation levels
In order to improve coverage, increasing aggregation levels is the most straightforward method and has limited impact on specification. The performance improvement by increasing aggregation level (AL) for different DCI payload size is given in Table 2. Detail simulation results and simulation parameters can be found in Appendix in Figure 1 and Table 4 (PCFICH value is 3) respectively. With a performance target of 1% BLER, increasing PDCCH aggregation levels from 8CCE to 16CCE can bring in 2-2.8dB gain for different DCI payload sizes. More aggregation levels within one subframe can be considered. For both PDCCH and EPDCCH, in order to achieve 15dB control channel coverage gap, AL 256 needs to be used. But there is fewer than 256 CCEs in one subframe. Even if more resources can be used for MTC UEs control channels, fewer or no resources will be left for the eNB to support legacy UEs or transmit PDSCH. This might limit the flexibility of eNB. Therefore, increasing aggregation levels within one subframe is not enough for the coverage enhancement target.
Observations # 1: It is impossible to achieve the coverage enhancement target for downlink control channel by increasing aggregation level within one subframe. Coverage-enhanced PDCCH/EPDCCH can be introduced with retransmission across multiple subframes.  

Table 2 Performance improvement by increasing aggregation level for different DCI payload size

	DCI Payload Size
	8CCE ->16CCE

	27bit
	2dB

	10 bit
	2.8dB

	5 bit
	2.8dB


Reducing DCI payload size
Reducing DCI payload size also can increasing the energy per bit. The performance improvement by reducing DCI payload size is given in Table 3. Detail simulation results and simulation parameters can be found in Appendix in Figure 1 and Table 4 (PCFICH value is 3) respectively. From the table we can observe by reducing DCI payload size from 27bit to 10bit or 5bit can bring in 1.7-2dB gain for AL 8 and 2.5-2.8dB for AL16. Because information bit followed by a 16 bit CRC in one DCI, further reducing payload size from 10 bit to 5 bit brings in diminishing gain. One the other hand, in order to reduce DCI payload size, we need to review the downlink control information. This may have further impact on the specification, e.g., the resource allocation.
Moreover, transmitting smaller payload DCI means that more energy is used to transmit CRC bit, which is not efficient. Another solution to support downlink data channel without transmitting PDCCH/EPDCCH is introduced in [4].
Observations # 2: Reducing DCI payload size provides limited gain, e.g., 2-2.5dB gain by reduce DCI payload size from 27bit to 10bi and 0.3dB gain by further reducing DCI payload size from 10bit to 5bit. 

Table 3 Performance improvement by reducing DCI payload size for 8CCE and 16CCE

	DCI Payload Size
	8CCE
	16CCE

	27 bit->10 bit
	1.7dB
	2.5dB

	27 bit->5 bit
	2dB
	2.8dB


Repetition in time domain
In order to meet the coverage requirement, repetition in time domain is necessary [5]. Resources from different subframes are further aggregated to improve coverage. Repetition of the same DCI on the same control channel resources in each subframe is used so that MTC UE can simply combine the control channel resources directly without increasing the buffer size. 
Simulation results are shown in Figure 2 and Figure 3 with different coherent combining subframe number, where DCI payload size is 27 bits (PCFICH value is 1) and other simulation assumptions can be found in Table A1 in the appendix. The results are summarized in Table 4 as the repetition required to achieve 1% BLER at the required PDCCH SINR= -19.3dB, assuming different residual frequency offsets. Note that in the simulation, the coherent combination means simply accumulating receiving signals (both data and reference signals) across a block of 1/2/5 subframes. LLRs obtained from multiple such blocks will be further combined before decoding. From the results we can see that assuming 20Hz residual frequency offset, more coherent combining will help to reduce repetition from about 250 times (no coherent combining) to 80 times (5 subframes coherent combining). However, assuming 100Hz frequency offset, 2 subframes coherent combining can only reduce repetition times from 275 (no coherent combining) to 200 (2 subframes coherent combining). 5 subframes coherent combining requires more repetitions because the coherent window of 5 subframes is too big at 100Hz frequency error.
In the simulation, the same DCI is retransmitted on the same control channel resources in each subframe. MTC UE can simply combine the control channel resources directly without increasing the buffer size. For MTC UEs, same PDCCH/EPDCCH blindly decoding procedure can be implemented after combing certain repetitions. For example, UE may attempt to decode for PDCCH or EPDCCH after 2, 4, 8, 16, 32 repetitions targeting for different coverage requirements. No additional processing complexity is increased compared with LTE UEs. The retransmission of PDCCH or EPDCCH for MTC UEs is transparent to LTE UEs. The impact to the specification is limited.

Observations # 3: Depending on the residual frequency offset, coverage enhancement target can be achieved by PDCCH or EPDCCH repetition in time domain, via a combination of coherent combining and LLR combining. Repetition the same symbols in different subframes is a simple solution which has limited impact on the specification and no impact to normal LTE UEs.
Table 4 Required repetitions for PDCCH to achieve 1% BLER 
	Coherent Combing assumption
	20Hz Frequency Offset
	100Hz Frequency Offset

	1 subframe
	~250
	~275

	2 subframes
	~140
	~200

	5 subframes
	~80
	~280


Different MTC UEs may need different levels of coverage compensation. In order to improve spectrum efficiency, further optimization may be useful. Sending ACK signal to eNB to “terminate” unnecessary repetition is one such solution. One the other hand ACK signal may also need repetition, which means the ACK signal will not be received successfully until a large number of retransmissions had happened. 
In addition to the above hand-shaking based approach, extending PDCCH/EPDCCH search space to include time-domain repetition also allows eNB to use a variable set of numbers of retransmissions according to search space design. Compared to the former approach, the latter requires no UE ACK. Subsequent PUSCH transmission in response to a UL grant in PDCCH/EPDCCH is known unambiguously once the repeated PDCCH/EPDCCH is detected and the subframe aggregation level is also detected. For PDCCH/EPDCCH that indicates a PDSCH, the PDSCH may be sent together with PDCCH/EPDCCH with the same retransmission pattern. This will allow the UE to combine the received signal in the same way as PDCCH/EPDCCH processing, i.e., coherent combining and/or soft bits combining over all potential allocated REs. Actual PDSCH decoding using only the allocated REs will happen only after PDCCH/EPDCCH is decoded.
Observations # 4: Extending PDCCH/EPDCCH search space to include a variable set of time-domain retransmission for coverage-enhanced PDCCH/EPDCCH allows eNB to use a flexible number of retransmissions.
3. Conclusion
In this contribution, we analyzed the coverage for downlink control channel and proposed some enhancement techniques for MTC UEs. The essence of the methods to improve the coverage is increasing per bit power. The new coverage enhancement requirement for PDCCH and EPDCCH can be achieved by repetition. Extending PDCCH/EPDCCH search space to include time-domain retransmission repetition allows eNB to use a flexible number of retransmissions. Compact DCI may also be taken into account but the gain is limited. In addition, the method to decode PDSCH without decoding PDCCH or EPDCCH in [4] shall also be considered.


References
[1] RP-121441, “Updated SID on: Provision of low-cost MTC UEs based on LTE” , Vodafone
[2] R1-125375, “Summary of Low-cost MTC LTE UE Session”, Ad-hoc chairman (NTT DOCOMO)
[3] R1-130792, “Summary of Ad-hoc session on Low-cost MTC UEs based on LTE” Ad-Hoc Chairman (NTT DoCoMo)
[4] R1-131180, “Coverage Analysis of PDSCH and Enhancement Techniques for MTC UEs”, MediaTek Inc.

[5] R1-130221, “Coverage analysis of downlink control channel and enhancement techniques for MTC UEs”, MediaTek Inc.
Appendix

Table A1 Simulation assumption
	Parameter
	Value

	System bandwidth
	10 MHz

	Frame structure
	FDD

	Antenna configuration
	2x2

	Channel model
	EPA

	Doppler shift
	1Hz

	Frequency error
	0Hz, 20Hz, 100Hz

	Performance target
	1% BLER

	DCI payload
	27bit/10bit/5bit

	PCFICH
	1 or 3

	Aggregation level
	8CCE /16CCE (in one subframe)

	Channel estimation
	Channel estimation is implement with post-combining received reference signals for repetitions

	The minimum required SINR
	-19.3dB for FDD
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Figure 1 BLER vs SNR for different aggregation levels and DCI payload size
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Figure 2  BLER vs repetition for different coherent combining times with 20Hz residual frequency offset
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Figure 3  BLER vs repetition for different coherent combining times with 100Hz residual frequency offset
