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1 Introduction
PBCH coverage enhancement was discussed in the last meeting, and the following agreements were achieved: 
· For the purpose of investigating the required coverage enhancements, coverage loss for PBCH by 1 Rx antenna is assumed to be 4 dB 
· Can also consider 4 dB loss for other downlink channels when needed 

· Intermittent repetition / PSD boosting of PBCH could be applied to minimize the spectral efficiency loss 
· UE behavior, impact on UE power consumption, and configurability are FFS 

· Introducing new PBCH is FFS
This contribution will further discuss PBCH coverage enhancement solutions in detail for both FDD and TDD systems, as well as the corresponding impact on UE power consumption. 
2 Coverage enhancement targets 
Maximum Coupling Loss (MCL) values summarized in Table 1 for both FDD and TDD systems represent the coverage footprint of uplink and downlink when assuming the coverage loss by 1 Rx antenna is 4 dB [1]. The cell coverage of FDD is limited by PUSCH with the MCL value of 140.7 dB, and of 155.7 dB for a 15 dB improvement. 
If the coverage of TDD after enhancement has the same value of 155.7 dB as FDD, the coverage compensation for PBCH for both FDD and TDD is 10.7 dB. 
Table 1: Analysis of coverage compensation for MTC UEs with 1 Rx antenna
	
	Physical channel
	PUCCH (1A)
	PRACH
	PUSCH
	PDSCH
	PBCH
	SCH
	PDCCH (1A)

	FDD
	MCL
	147.2
	141.7
	140.7
	141.4
	145
	145.3
	142.1

	
	MCL for coverage enhancement
	155.7
	155.7
	155.7
	155.7
	155.7
	155.7
	155.7

	
	Compensation (dB)
	8.5
	14
	15
	14.3
	10.7
	10.4
	13.6

	TDD
	MCL
	149.4
	146.7
	147.4
	144.1
	145
	145.3
	142.9

	
	MCL for coverage enhancement
	155.7
	155.7
	155.7
	155.7
	155.7
	155.7
	155.7

	
	Compensation (dB)
	6.3
	9
	8.3
	11.6
	10.7
	10.4
	12.8


Observation 1: PBCH needs 10.7 dB coverage compensation for MTC UEs with 1 Rx antenna in both FDD and TDD when requiring the same MCL after coverage enhancement. 
3 Coverage enhancement solutions
Techniques captured in WID are repetition and extension to PSD boosting [2]. Before discussing detailed solutions, it would be beneficial to first discuss intermittent transmission and PSD boosting, as well as UE’s behavior and the corresponding impact on UE power consumption. 

3.1 Intermittent transmission and PSD boosting

UE behavior for legacy PBCH decoding
For the legacy PBCH transmission mechanism and UEs initially accessing the network, after acquiring time and frequency synchronization, UEs know the boundary of each radio frame. It is up to UE’s implementation to decode the PBCH. It is assumed to use a simple implementation that does not care about delay so much with one decoding of four radio frames worth of PBCH data every radio frame, since MTC UEs are more delay tolerant and concerned with complexity and power consumption, where one blind trial decoding per antenna port configuration includes channel estimation, demodulation, descrambling, de-rate matching, convolutional decoding, and CRC verification. Hence, UEs would perform 4 trials per antenna port configuration in the worst case, as the legacy PBCH is transmitted consecutively over frames. 
Intermittent transmission
Intermittent transmission could be applied to minimize spectral efficiency loss. Assuming the spectral efficiency loss is caused by the enhanced PBCH burst occupying all the available resources (not assigned to PSS/SSS, control channels, reference signals) within 40ms that is supposed to be used for downlink data transmissions, the total number of the bursts should be no more than 5 during 10.24s if the loss is required to be less than 2% for instance as illustrated in Fig. 1 for FDD systems. Fig. 1 gives an example for 4 enhanced PBCH bursts within 1024 radio frames, and the region for PBCH repetition in subframe 0 is also shown. It can be seen there are 6 OFDM symbols can be used to extend PBCH transmission when normal CP is applied for FDD system.
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Fig. 1: Illustration of PBCH intermittent transmission
· UE behavior and impact on UE power consumption

Legacy UEs or UEs without the need of coverage enhancement could still follow the normal UE behavior to decode the legacy PBCH as mentioned above. When UEs need to decode the enhanced PBCH that is assumed to be repeated within 40 ms, UEs would obtain the PBCH transmissions by each radio frame and perform blind trials which would include extra channel estimation for each subframe in which PBCH is transmitted and combining the repetitions in each radio frame, relative to the normal UE behavior. 
It would take about 2 seconds for UEs to decode the enhanced PBCH as assumed above in the worst case initial access, during which period the number of blind trials per antenna port configuration would be 200. However, UEs could find the enhanced PBCH location according to SFN afterwards when needed. 

The parameter for the enhanced PBCH intermittent transmission should be tradeoff between the allowable spectral efficiency loss and UE power consumption, based on the observation that the higher spectral efficiency the higher UEs complexity for PBCH blind detection.
PSD boosting

PSD boosting is an efficient way to minimize the spectral efficiency loss, which could avoid many standardization efforts considering the “sweet spot” for coverage improvement [3]. Whether or how much PSD boosting can be attainable may depend on system bandwidth. 
The reference system bandwidth is 10MHz and the maximum eNB Tx power is 46 dBm for coverage analysis in the TR [1], based on which assumption PSD boosting for narrowband transmission for MTC UEs could be available. PBCH reception could attain about 9 dB gain theoretically from PSD boosting in 10 MHz carrier. However, the amount of gain will be determined by RAN4 (e.g., evaluation for PSD boosting and ICIC).
The “Keep Trying” method was proposed in the last meeting [4], by which the decoder simply keeps trying to decode the normally transmitted PBCH frames until the decoder eventually gets lucky and decodes it correctly. However, it will increase the acquisition time and power consumption. Hence, it will be beneficial to combine the “Keep Trying” with repetitions and/or PSD boosting. For example, we could find one acceptable amount of overhead and power consumption by intermittent repetitions, say corresponding to 10 dB coverage enhancement, and then “Keep Trying” could provide the extra (to 15 dB or even 20dB in future).
3.2 Evaluations for FDD

Specifically, solutions include:

· Repeating in 40 ms with one transmission per subframe with PSD boosting

· Repeating in 40 ms with multiple transmissions per subframe without PSD boosting

· Repeating within a longer periodicity with/without PSD boosting

It was proposed to specify repetitions of the current PBCH in the 40 ms period if all the available resources during the period are allowable for PBCH repetitions and consider extending the PBCH periodicity if repetitions of the current PBCH in 40 ms are not achievable [5]. 
Based on the available simulation results till the last meeting, it was concluded that the current PBCH repetitions in 40ms without PSD boosting (though it could be applied) could fulfill the coverage enhancement target of 10.7 dB for MTC UEs with 1 Rx antenna and proposed to focus on repeating the PBCH in 40 ms [6]. However, the evaluations targeted FDD and the solution could be applied to TDD but only in downlink subframes. 
Considering observation 1 as above, even for the UL-DL configuration 5 which has the most downlink subframes, the PBCH repetitions alone in 40ms may not meet the target and need to adopt other techniques. 
3.3 Evaluations for TDD

For TDD, solutions include:
a) Combining repetitions in all downlink subframes with PSD/CRS boosting for each UL-DL configuration
If PSD boosting is not used, different coverage footprints would be provided for TDD systems in different UL-DL configurations, depending on how many downlink subframes exist.

However, the eNB could decide and provide proper amount of PSD/CRS boosting according to the specific UL-DL configuration in use to help PBCH repetitions achieve the same coverage footprint as in other configurations. As summarized in Table 2, even for UL-DL configuration 0 which has fewest downlink subframes, if two OFDM symbols are assumed for PDCCH in downlink subframes and at least nine symbols in DwPTS of the special subframe are used for PBCH transmission (special subframe configurations 0, 5, and 9 are excluded), only about 4 dB gain is required from PSD/CRS boosting to achieve the coverage enhancement target of 10.7 dB.
Complexity analysis
Before acquiring system information, UEs have no knowledge of the UL-DL and special subframe configurations in use. Hence, UEs would have to attempt the enhanced PBCH decoding according to each specific resources mapping corresponding to each specific configuration. 
In the worst case, all possible UL-DL configurations are attempted before decoding correctly. Relative to UE behavior for legacy PBCH decoding, the number of blind trials is increased by 7 times. When the enhanced PBCH is transmitted intermittently and assuming 2% overhead for all UL-DL configurations, the number of blind trials would be roughly increased to 200×7=1400 per antenna port configuration for configuration 5 and a bit less for other configurations due to fewer downlink subframes. 
Table 2: The required PSD/CRS boosting gain on top of repetitions in different UL-DL configurations to achieve the coverage enhancement target 10.7 dB
	Uplink-downlink configuration
	Subframe number
	Number of PBCH transmissions
	Performance gain by PBCH repetitions (dB)
	Required PSD/CRS boosting gain (dB)

	
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	
	
	

	0
	D
	S
	U
	U
	U
	D
	S
	U
	U
	U
	32
	~6.7
	~4

	1
	D
	S
	U
	U
	D
	D
	S
	U
	U
	D
	56
	~8.5
	~2.2

	2
	D
	S
	U
	D
	D
	D
	S
	U
	D
	D
	80
	~ 9.5
	~1.2

	3
	D
	S
	U
	U
	U
	D
	D
	D
	D
	D
	76
	~9.5
	~1.2

	4
	D
	S
	U
	U
	D
	D
	D
	D
	D
	D
	88
	~ 10
	~0.7

	5
	D
	S
	U
	D
	D
	D
	D
	D
	D
	D
	100
	~10.2
	~0.5

	6
	D
	S
	U
	U
	U
	D
	S
	U
	U
	D
	44
	~8
	~2.7

	Note 1: Two OFDM symbols for PDCCH are assumed.

Note 2: At least nine OFDM symbols in DwPTS of the special subframe are assumed (special subframe configurations 0, 5 and 9 are excluded).
Note 3: PSS/SSS, control channels and reference signals are not assigned for PBCH transmission


b) Combining repetitions in a DL-heavy configuration with PSD/CRS boosting
A DL-heavy configuration, e.g., UL-DL configuration 5, could be used for the enhanced PBCH transmission and the UL-DL configuration could be changed adaptively [7] if necessary. 

PBCH repetitions in all available downlink subframes in configuration 5 combined with limited PSD/CRS boosting gain (i.e., 1 dB) as presented in Table 2 could meet the target. 
Complexity analysis

UEs would attempt the enhanced PBCH decoding according to the resources mapping for the DL-heavy configuration. Since only one configuration is assumed to transmit the enhanced PBCH, this solution will benefit UEs to decrease complexity or power consumption relative to Solution a. 
The number of blind trials would roughly be the same as FDD when assuming 2% overhead when the UL-DL configuration 5 is used, i.e., 200 per antenna port configuration. 
However, the configuration may not be appropriate for the timely traffic, and need changes when necessary. If a downlink subframe changes to uplink, normal UEs may be affected in terms of, e.g., measurement, when sharing the carrier with MTC UEs needing coverage enhancement. 
c) Combining repetitions in a subset of downlink subframes with PSD/CRS boosting
A conservative set could be constituted by subframes 0 and 5 and at least nine symbols in DwPTS of the special subframe from Table 2, considering if there is no restriction to UL-DL and limited restriction to special subframe configurations (special subframe configurations 0, 5 and 9 are excluded) in practical use. Accordingly, there are 32 PBCH transmissions within 40 ms assuming two OFDM symbols for PDCCH, and performance gain will roughly be 6.7 dB. About 4 dB gain from PSD/CRS boosting will be expected for MTC UEs with 1 Rx antenna as presented in Table 2. 
Complexity analysis

If only subframes 0 and 5 are used and when requiring 2% overhead (only considering the downlink subframes), the number of blind trials would still be 200 per antenna port configuration.
d) Repetitions in a longer period without PSD boosting 
If PBCH coverage enhancement for TDD only relies on repetitions and only subframes 0 and 5 as well as at least nine symbols of DwPTS in each radio frame are allowable for PBCH repetitions, more resources have to be explored for repetitions across 40 ms even though multiple transmission could occur in each subframe. In order to guarantee PBCH could repeat across 40 ms, one approach is new PBCH design with a longer period. Otherwise, under the intermittent transmission manner, resources in the following 40 ms periods could be used to repeat the PBCH in the previous 40ms. Whichever of the approaches is adopted, difference resource mapping patterns or scrambling sequences are expected in different radio frames to accurately identify SFN, and the number of blind trials would increase accordingly compared to the normal UE behavior. 
Complexity analysis

About four 40 ms periods with subframes 0 and 5 as well as at least nine symbols of DwPTS per radio frame are required for repetitions to meet the target. Considering the intermittent transmission with the 2% overhead requirement, there will be an enhanced PBCH transmission across 160 ms per 8 s, the number of blind trials would be 800 per antenna port configuration in the worst case. 
Based on the above analysis, PBCH enhancement solutions as well as the corresponding complexity in terms of the blind trials number are summarized in Table 3. 
Table 3: Summary of PBCH enhancement solutions and UE complexity for TDD

	
	Solution a
	Solution b
	Solution c
	Solution d

	Repetition pattern
	A specific pattern for each UL-DL configuration
	The specific pattern for UL-DL configuration 5
	The specific pattern for the subset 
	The specific pattern within a longer period

	Required PSD/CRS boosting gain
(Unit: dB)
	As in Table 2 for each UL-DL configuration
	1

(As in Table 2 for UL-DL configuration 5)
	4
	0

	UE complexity in the worst case for 2% overhead 
(Unit: number of blind trials per antenna port configuration)
	1400
	200
	200
	800


Observation 2: PSD boosting could efficiently help decrease the number of blind trials for the enhanced PBCH receptions. 
Observation 3: PBCH repetitions across a period longer than 40 ms would increase the number of blind trials. 
Overall, in order to control UE complexity or power consumption caused by blind trials under a reasonable value, the following proposal are promoted:
Proposal 1: Focus on specifying a subset of downlink subframes for PBCH repetitions in TDD. 
Proposal 2: Specifications on the enhanced PBCH in TDD could be applied to FDD. 
Proposal 3: Intermittent repetitions could be combined with PSD boosting and “Keep Trying” to make repetitions occur in 40 ms for fewer blind trials. 
4 Conclusions

This contribution discusses the PBCH enhancement requirement and solutions for FDD and TDD. Particularly, UE behavior as well as complexity or power consumption in terms of the number of blind trials is analyzed in details and comparison among different solutions is provided, which lead the following proposals: 
Proposal 1: Focus on specifying a subset of downlink subframes for PBCH repetitions in TDD. 

Proposal 2: Specifications on the enhanced PBCH in TDD could be applied to FDD. 
Proposal 3: Intermittent repetitions could be combined with PSD boosting and “Keep Trying” to make repetitions occur in 40 ms for fewer blind trials. 
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