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1. Introduction
In the WID [1], 15dB coverage improvement target is required in FDD, for the new UE category/type (Single receive antenna, reduced bandwidth and limited TBS) and other UEs operating delay tolerant MTC applications, with respect to their respective nominal coverage. This paper provides some simulation results and discusses the coverage improvement techniques for PDCCH.  

2. Evaluation and Discussion on the Coverage Improvement Techniques
To meet the target of 15dB coverage improvement, PDCCH (format 1a with AL 8) needs to be improved by 9.6 dB for FDD and 14.6dB for TDD. Additional 2-4 dB loss is expected with single Rx for PDCCH. In TR 36.888 [2], repetition of (E)PDCCH across multiple subframes had been identified to be a candidate solution which can provide 20dB coverage improvement. Other techniques, such as PSD boosting, compact DCI, higher aggregation level, can help to reduce the required number of repetition.
Repetition across subframes

Repetition of (E)PDCCH across multiple subframes is a candidate solution for downlink control channel coverage improvement. With the assumptions in Table 2, our results (Figure 1 and Figure 2 in the appendix) show that around 20 repetitions at the aggregation level of 8 CCEs can provide 9.7dB gain, which can meet the requirement for FDD. But hundreds of repetitions are needed to obtain 14.6dB gain.
Observation #1: Assuming the current 27 bits payload (DCI 1A) and AL 8, 20 repetitions can provide 9.7dB gain which can meet the FDD requirement. 

Compact DCI
Reducing payload can help to reduce the required number of repetition. Table 1 show the information bit number for DCI format 1A for FDD. For MTC in coverage hole, the channel condition is poor so that some information field may be not necessary. For example, lowest modulation order may always be used. UE may use the maximum transmission power.  Dozens of repetitions may be needed for data channel so that different RV will not have much impact for the performance and 1 HARQ process may be enough for the new UE type. As a result, keeping the resource allocation field may be enough for coverage hole UE, for example, 11 bits for 10MHz bandwidth. Further reduction is also possible by using the resource allocation in DCI 1C, e.g., 6 bits for 10MHz bandwidth.  Before DCI payload can be finalized, we studied the gain from potential payload reduction.  
Table 1.  Information bit number for different information field for DCI format 1A(FDD)

	Information field
	Bit number

	0/1A indication
	1

	L or D flag
	1

	RA
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	MCS
	5

	NDI
	1

	RV
	2

	HARQ process number
	3

	TPC
	2


Simulation results in Table 1 (also see Figure 3 and Figure 5 in the appendix) show PDCCH performance with 10/5 bits payload. 2/2.6dB coverage gain may be obtained by reducing DCI payload to 10/5 bits respectively without repetition. More results with repetition can be found in Table 1, and we can see that reducing payload from 27s bit to 10/5 bits provides around 1.5~2 dB gain (2.18 dB gain in theory) or 1.6~2.6 dB gain (3.11dB gain in theory) under different repetitions. In general, reducing payload size from 27 bits to 10 or 5 bits payload, the required repetition number can be reduced to the half, i.e., 8~10 repetitions are needed to provide 9.6dB gain to bridge the gap for FDD system.  In addition, we observe that with the repetition number increasing which means a decreasing operational SNR, the gain by reducing payload become smaller. 
Observation #2: Reducing DCI payload from 27bits to 10 or 5 bits payload, the required repetition number can reduce to the half, i.e., 8~10 repetitions are needed for the same 9.6dB coverage improvement.

Observation #3: With the repetition number increasing which means a decreasing operational SNR, the gain by reducing payload become smaller.

Low cost MTC device may have only one Rx for which some simulation results are also provided in Figure 4 and Table 2. With single Rx, the coverage of PDCCH will lose 2.5dB coverage compared with 2Rx case (with 10 bits payload). By reducing payload from 27 bits to 10 bits and with single Rx, about 25 repetitions can maintain the same coverage with 2Rx (which needs 8~10 repetition). Without reducing payload, around 50 repetitions, compared to ~20, are expected to provide the same coverage.

Observation #4: With single Rx and reducing DCI payload from 27 bits to 10bits, about 25, as opposed to 8~10, repetitions can maintain the same coverage for FDD with 2 Rx. 50, as opposed to ~20, repetitions are expected in order to achieve the coverage improvement target. 
Even for a 5-bit payload, about 10 repetitions are needed. That is about 10*8= 80 CCEs are needed to achieve the coverage improvement target for PDCCH. Roughly, there are about 86 CCEs for 20MHz BW with PCFICH =3, fewer CCEs with a smaller bandwidth or smaller PDCCH region. Therefore, it is impossible to achieve the target by reducing payload and increasing aggregation level or PSD boosting (boosting some CCEs by muting other CCEs) within one subframe. 

Proposal #1: Repetition of PDCCH across multiple subframes is required to achieve the 15dB coverage improvement target.

Proposal #2: The PDCCH payload size reduction can be further studied in order to reduce the required repetitions of PDCCH, thus reducing the latency and improving the spectral efficiency.

PSD boosting

PSD boosting is another complementary technique indentified in SI phase [2]. Initial evaluation results shows that 9dB PSD boosting of PDCCH can provide up to 5.1 dB coverage extensions when channel estimation is based on non-power boosted CRS [3]. 9dB PSD boosting for PDCCH means the power originally for 8* 8 CCEs will now be allocated onto 8 CCEs. On the other hand, 8 repetitions across multiple subframes can provide 7.3dB gain. PSD boosting has smaller gain compared with repetition. In addition, as raised in the SI phase, PSD boosting on PDCCH/EPDCCH or on any RS will result in a larger variation in transmit power across subcarriers, whose effects on EVM requirements needs to be assessed in RAN4 [2]. Moreover, inter-cell interference will increase from PSD boosting for PDCCH.
Proposal #3: PSD boosting for PDCCH is not recommended. 

PSD boosting on reference signals can improve the performance of channel estimation. Theoretical gain is expected with PSD boosting on both reference signals and PDCCH channel. CRS boosting will have impact on normal coverage UE and RRM/RLM behavior. Another alternative is design a new RS. However, it is hard to insert new RS into control reign or convert data RE into RS. Channel estimation can be complicated if RS position/spacing is not well defined. 
Proposal #4: New reference signal design for PDCCH demodulation is not recommended. 

3. Conclusion
In this paper, we analyzed the techniques for PDCCH coverage improvement. From the simulation, we observed:
Observation #1: Assuming the current 27 bits payload (DCI 1A) and AL 8, 20 repetitions can provide 9.7dB gain which can meet the FDD requirement. 

Observation #2: Reducing DCI payload from 27bits to 10 or 5 bits payload, the required repetition number can reduce to the half, i.e., 8~10 repetitions are needed for the same 9.6dB coverage improvement.

Observation #3: With the repetition number increasing which means a decreasing operational SNR, the gain by reducing payload become smaller.

Observation #4: With single Rx and reducing DCI payload from 27 bits to 10bits, about 25, as opposed to 8~10, repetitions can maintain the same coverage for FDD with 2 Rx. 50, as opposed to ~20, repetitions are expected in order to achieve the coverage improvement target. 

Based on the observations and analysis, we proposed:

Proposal #1: Repetition of PDCCH across multiple subframes is required to achieve the 15dB coverage improvement target.

Proposal #2: The PDCCH payload size reduction can be further studied in order to reduce the required repetitions of PDCCH, thus reducing the latency and improving the spectral efficiency.

Proposal #3: PSD boosting for PDCCH is not recommended. 

Proposal #4: New reference signal design for PDCCH demodulation is not recommended. 
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Appendix
Table 2. Simulation result for PDCCH with different repetitions and payload sizes

	
	27 bit 
	10 bit 
	10 bit (1Rx)
	5 bit

	
	/every double resource

/to 27 bit no repetition
	/ every double resource

/to 27 bit same repetition

/ to 27bit no repetition(baseline)
	/ every double resource

/to 10 bit 2Rx

/ to 27bit no repetition(baseline)
	/ every double resource

/to 27 bit same repetition

/ to 27bit no repetition(baseline)

	1
	-4.8dB(baseline)

/ --

/ --
	-6.8 dB

/ --

/2dB gain

/2 dB gain
	-4.3dB

/--

/2.5dB loss

/-0.5dB gain
	-7.4 dB

/ --

/2.6dB gain

/2.6dB gain

	2
	-7.6 dB 

/2.8dB gain

/2.8dB gain
	-9.4 dB

/2.6dB gain

/1.8dB gain

/4.6dB gain
	-7dB

/2.7dB gain

/2.4dB loss

/2.2dB gain
	-10.1 dB

/2.5dB gain

/2.5dB gain

/5.3dB gain

	4
	-10 dB  

/2.4dB gain

/5.2dB gain
	-11.7 dB

/2.3dB gain

/1.7dB gain

/6.9dB gain
	-9.6dB

/2.5dB gain

/2.1dB loss

/4.8dB gain
	-12.4 dB

/2.3dB gain

/2.4dB gain

/7.6dB gain

	8
	-12.1 dB 

/2.1dB gain

/7.3dB gain
	-13.7 dB

/2 dB gain

/1.6dB gain

/8.9dB gain
	-11.5dB

/1.9dB gain

/2.2dB loss

/6.7dB gain
	-14.1dB

/1.7dB gain

/2.0dB gain

/9.3dB gain

	16
	-14 dB  

/1.9dB gain

/9.2dB gain
	-15.5 dB

/1.8dB gain

/1.5dB gain

/10.7dB gain
	-13.4dB

/1.9dB gain

/1.9dB loss

/8.6dB gain
	-15.8dB

/1.7dB gain

/1.8dB gain

/11 dB gain

	20
	-14.5 dB

/ --

/9.7dB gain
	--
	
	--

	32
	-16 dB

/2dB gain

/11.2dB gain
	-17.1dB

/1.6dB gain

/1.1dB gain

/12.3dB gain
	-15.3dB

/1.9dB gain

/1.8dB loss

/10.5dB gain
	-17.6dB

/1.8dB gain

/1.6dB gain

/12.8dB gain

	64
	-17.6dB

/1.6dB gain

/12.8dB gain
	-18.8dB

/1.7dB gain

/1.2dB gain

/14dB gain
	
	-19.3dB

/1.7dB gain

/1.7dB gain

/14.5dB gain

	128
	-19.1dB

/1.5dB gain

/14.3dB gain
	-20.4dB

/1.6dB gain

/1.3dB gain

/15.6dB gain
	
	-20.8dB

/1.5dB gain

/1.7dB gain

/16dB gain
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Figure 1 Gain for PDCCH with different repetitions (27 bit payload, 2Rx)
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Figure 2 PDCCH performance with repetitions (27 bit payload, 2Rx)
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Figure 3 PDCCH performance with repetitions (10 bit payload, 2Rx)
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Figure 4 PDCCH performance with repetitions (10 bit payload, 1Rx)
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Figure 5 PDCCH performance with repetitions (5 bit payload, 2Rx)
Table 3 Simulation Assumption

	Parameter
	Value

	System bandwidth
	10 MHz

	Frame structure
	FDD

	Antenna configuration
	2x2; 2x1

	Channel model
	EPA

	Doppler shift
	1Hz

	Frequency error
	100Hz

	Performance target
	1% BLER

	DCI payload
	27bit/10bit/5bit

	PCFICH
	1 

	Aggregation level
	8CCE 

	Channel estimation
	2 subframes
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