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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 methods have been discussed previously in [3]:
· 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 1. Detail simulation results and simulation parameters can be found in Appendix in Figure 1 and Table 4 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 1 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 2. Detail simulation results and simulation parameters can be found in Appendix in Figure 1 and Table 4 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 2 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
Compared with around 15dB gap for PDCCH to the new coverage enhancement requirement, the gain provided by the above two methods, i.e., increasing aggregation level within one subframe and reducing DCI payload size, is not enough. By increasing aggregation level from 8CCE to 16CCE and reducing DCI payload size from 27 bit to 5 bit, totally we can obtain around 4.8dB gain as shown in Figure 1. There is still 10dB gap to the new coverage target.
A repetition in time domain method for downlink control is proposed in [3]. Resources from different subframes can be further aggregated to improve coverage. One simple way is retransmission the same symbols on the same control channel resources in each subframe. MTC UE can simply combine the control channel resources directly without increasing the buffer size. UE can attempt the same blindly decoding with PDCCH or EPDCCH after combing certain repetition time. 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 only limitation for eNB is that some flexibility may be lost in order to make sure the retransmissions of PDCCH are on the same resources in different subframes. The impact to the specification is limited.
 In the meanwhile, energy on reference signal can also be accumulated to improve channel estimation accuracy as long as the channel does not change too much over time. Considering the MTC devices in basement are stationary, the assumption is reasonable except for some residual LO frequency offset after frequency tracking. 
Simulation results are shown in Figure 2 for different repetition times and detail simulation parameters can be found in Table 4 in appendix. Without frequency offset and 1Hz Doppler shift, every doubling of resources can, as expected in theory, bring in around 3dB gain by performing the channel estimation with the post-combining received reference signals. With 40 repetitions, 15.7dB gain can be obtained under no frequency offset.
Considering different values of the frequency offset, simulations results are shown in Figure 3 and Figure 4. The performance gains under different conditions are summarized in Table 3. With 20Hz frequency offset, around 10dB gain can be obtained by 20 repetitions and with 100Hz frequency offset, 5 repetitions can provide 3dB gain. The channel estimations for both cases are performed with the post-combining received reference signals. The coherent combining window is up to UE implementation based on its estimation of the maximal frequency error. The UE may still obtain additional performance gain by combining soft bits derived in different coherent processing window, even though it will be as much as coherent combining.  
Observations # 3: Depending on the residual frequency offset, coverage enhancement target may be achieved by PDCCH or EPDCCH repetition in time domain, via a combination of coherent combining and soft bits combining. Retransmission 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 3 Performance gain by different repetition times under different frequency offsets.
	Repetition Times
	No Frequency Offset
	20Hz Frequency Offset
	100Hz Frequency Offset

	2
	3dB
	3dB
	2.4dB

	5
	6.8dB
	6.7dB
	3dB

	10
	9.5dB
	8.8dB
	-

	20
	12.8dB
	10dB
	-

	40
	15.7dB
	-
	-


Different MTC UEs may need different levels of coverage compensation. For example, 10 dB and 15 dB may need around 10 or 40 repetitions respectively. 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. 
Extending PDCCH/EPDCCH search space to include time-domain retransmission repetition allows eNB to use a flexible number of retransmissions. Subsequent PUSCH transmission in response to a UL grant in PDCCH/EPDCCH is known unambiguously once the repeated PDCCH/EPDCCH is detected. When PDCCH/EPDCCH 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 coherent combining and/or soft bits combining over all potential allocated REs. Actual decoding using 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. Proposed TP
-------------------------------------------------------Start of TP (Sec 9.5.4)--------------------------------------------
9.5.4. PDCCH/EPDCCH

PDCCH (format 1a) needs to be enhanced by about 15dB, similarly for EPDCCH under similar number of REs. 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.  Reducing DCI payload size provides limited gain, e.g., 2-2.5dB gain by reduce DCI payload size from 27bit to 10iti and 0.3dB gain by further reducing DCI payload size from 10bit to 5bit.

Depending on the residual frequency offset, coverage enhancement target may be achieved by PDCCH or EPDCCH repetition in time domain, via a combination of coherent combining and soft bits combining. Retransmission the same symbols in different subframes is a simple solution which has limited impact on the specification and no impact to normal LTE UEs.

Extending PDCCH/EPDCCH search space to include time-domain retransmission for coverage-enhanced PDCCH/EPDCCH allows eNB to use a flexible number of retransmissions.
-------------------------------------------------------end  of TP (Sec 9.5.4)---------------------------------------------

4. 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.
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Appendix

Table 4 Simulation Parameter

	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
	3

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

	Channel estimation
	Channel estimation is implement with post-combining received reference signals for repetitions
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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 SNR for different repetition times without frequency offset
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Figure 3 BLER vs SNR for different repetion times with 20Hz frequency offset
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Figure 4 BLER vs SNR for different repetion times with 100Hz frequency offset
