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1. Introduction
In the last RAN1#74bis meeting, some agreements on PBCH coverage improvement were reached as follows. 
Agreements:
· Repetition should be specified as a method to improve coverage.

· FFS between continuous repetition and intermittent repetition. 

· The number of repetitions required is FFS subject to the agreed gain provided by other implementation means 

· Study the performance of repetition including potential decoding techniques till RAN1#75 

· Each company specify the assumption used for UE decoding to exploit intermittent repetition or decoding techniques

· PBCHs are transmitted only in center 6PRBs

· PBCH repetition occurs within 40msec
· In deciding OFDM symbols and subframes for repeated PBCHs, the following should be considered.
· More than 4 OFDM symbols at a subframe can be used for PBCH transmission

· Legacy PBCH is utilized by coverage enhancement (CE) UE (Working assumption)

· If the benefit with new PBCH is significant enough, it can be considered until RAN1 #75 meeting
· FFS: non-MBSFN configurable subframes should be used first. If needed, consider using MBSFN-configurable subframes

· FFS which TDD DL/UL configurations will be supported
· Supporting all TDD DL/UL configuration is considered
In this contribution, we provide our further evaluation results of PBCH with repetition and/or potential implementation techniques such as keep trying decoding method, PSD boosting and cross-subframe channel estimation. Based on these results, we present our considerations on open issues for PBCH coverage improvement.
2. Performance of legacy PBCH with implementation techniques
“Keep trying” method was introduced in [1] which requires the legacy PBCH decoder to simply increase the number of PBCH decoding attempts before considering failure. Table 1 shows the simulation results of legacy PBCH with “keep trying” method based on the assumptions listed in Table 5 in Appendix. 
Table 1: Coverage improvement gains achieved by “keep trying” method
	Keep trying decoding time (ms)
	80
	160
	320
	640
	1280
	2560

	Number of 40ms PBCH keep trying decoding attempts
	2
	4
	8
	16
	32
	64

	Coverage improvement gains (dB)
	0.7
	2.1
	3.7
	5.2
	6.9
	8.2


Based on the simulation results, we have the following observation.

Observation 1: “Keep trying” method provides notable PBCH coverage improvement gains. The coverage improvement gain increases along with increase of the number of decoding attempts.
In addition to “keep trying” method, other implementation techniques such as PSD boosting and cross-subframe channel estimation can be used to further improve PBCH coverage. Table 2 shows the coverage improvement gains obtained from “keep trying”, 4dB PSD boosting and cross-subframe channel estimation. 
Table 2: Coverage improvement gains from “keep trying”, PSD boosting and cross-subframe channel estimation

	Keep trying decoding time (ms)
	80
	160
	320
	640
	1280
	2560

	Number of 40ms PBCH keep trying decoding attempts
	2
	4
	8
	16
	32
	64

	Coverage improvement gains (dB)
	3.9
	5.3
	7.0
	8.2
	10.2
	12.0


It can be seen that PSD boosting and cross-subframe channel estimation can further improve the coverage of legacy PBCH. It is observed that PBCH coverage improvement target can be met with implementation techniques only.
Observation 2: With PSD boosting and cross-subframe channel estimation, the PBCH coverage improvement target can be met if UE keeps trying decoding legacy PBCH within about 2 seconds.

3. Performance of PBCH repetition with implementation techniques
PBCH repetition is expected to reduce the number of PBCH decoding attempts. Table 3 and Table 4 show the performance of PBCH with continuous repetition and intermittent repetition including implementation techniques, i.e. “keep trying”, PSD boosting and cross-subframe channel estimation. Table 3 assumes PBCH repetition in subframe #0 while Table 4 assumes PBCH repetition in subframe #0 and #5. Both assume all the REs in the centre 6 PRBs other than 3 control region OFDM symbols, synchronization signals, legacy PBCH and CRS are used for PBCH repetition.
Table 3: Coverage improvement gains of PBCH with repetition in Subframe #0 and implementation techniques

	Repetition mode
	Intermittent  repetition period (ms)
	Number of 40ms PBCH keep trying decoding attempts

	
	
	2
	4
	8
	16
	32
	64

	No repetition
	
	3.9
	5.3
	7.0
	8.2
	10.2
	12.0

	Continuous repetition
	
	6.3
	8.0
	9.9
	11.0
	
	

	Intermittent repetition
	80
	5.6
	6.9
	9.1
	10.3
	12.1
	

	
	160
	4.5
	6.5
	8.5
	9.8
	11.8
	

	
	320
	4.2
	5.7
	8.1
	9.5
	11.3
	

	
	640
	4.0
	5.4
	7.3
	9.2
	11.0
	

	
	1280
	3.9
	5.3
	7.1
	8.7
	11.0
	

	
	2560
	3.9
	5.3
	7.0
	8.6
	10.3
	12.0


Table 4: Coverage improvement gains of PBCH with repetition in Subframe #0&#5 and implementation techniques

	Repetition mode
	Intermittent  repetition period (ms)
	Number of 40ms PBCH keep trying decoding attempts

	
	
	2
	4
	8
	16
	32
	64

	No repetition
	
	3.9
	5.3
	7.0
	8.2
	10.2
	12.0

	Continuous repetition
	
	8.2
	9.5
	11.2
	
	
	

	Intermittent repetition
	80
	7.4
	8.4
	10.8
	
	
	

	
	160
	4.7
	7.6
	9.7
	11.6
	
	

	
	320
	4.2
	5.8
	9.0
	11.0
	
	

	
	640
	4.0
	5.4
	7.4
	10.0
	11.7
	

	
	1280
	3.9
	5.3
	7.1
	8.8
	11.0
	

	
	2560
	3.9
	5.3
	7.0
	8.6
	10.3
	12.2


It is observed that continuous repetition can reduce the PBCH decoding attempts significantly in order to achieve the PBCH coverage improvement target. With repetition in subframe #0, the PBCH decoding attempts can be reduced to 16. With repetition in subframe #0 and #5, the PBCH decoding attemps can be further reduced to 8.
Observation 3: With continuous PBCH repetition in subframe #0, PSD boosting and cross-subframe channel estimation, the PBCH coverage improvement target can be met if UE keeps trying decoding PBCH within about 640 ms. If PBCH is continuously repeated in subframe #0 and #5, the PBCH acquisition time can be further reduced to about 320ms.

Intermittent PBCH repetition can reduce the resource overhead while prolong the PBCH acquisition time. It is observed that repetition period longer than 2 seconds provides marginal coverage improvement gains on top of “keep trying” legacy PBCH. 
Observation 4: Intermittent PBCH repetition period should not be longer than 2 seconds.

4. PBCH coverage improvement techniques

Based on the simulation results and observations in the previous sections, the techniques adopted for PBCH coverage improvement are discussed. 
We understand that it was agreed in the last meeting that repetition should be specified as a method to improve coverage. However, based on our further evaluation, PBCH coverage improvement target can be achieved without PBCH repetition given that the PBCH acquisition time is acceptable. 

The advantages of not introducing PBCH repetition include no RAN1 spec impact and relatively low UE decoding complexity. If the PBCH repetition is introduced, the UE has to decode PBCH twice every radio frame/TTI assuming legacy PBCH and PBCH repetition respectively. The UE decoding complexity will be increased unless the UEs in coverage hole are only allowed to access a cell with continuous PBCH repetition. However, it is obvious that to force eNB to repeat PBCH continuously in order to support UEs in coverage hole does not make sense. 
Therefore, we propose to first discuss if the PBCH acquisition time with implementation techniques only is acceptable. If it is acceptable, introducing PBCH repetition may not be necessary. Otherwise if the acquisition time with implementation techniques only is not acceptable, repetition should be specified as a method to improve PBCH coverage.
Proposal 1: If the PBCH acquisition time with implementation techniques only is acceptable, it is proposed not to specify repetition as a method to improve PBCH coverage. Otherwise, PBCH repetition should be specified.
If PBCH repetition is specified, it should be balanced between PBCH decoding attempts and resource overhead. Based on the above observations, it is suggested that PBCH is repeated in subframe #0 only. Furthermore, all the REs in the center 6 PRBs other than 3 control region OFDM symbols, synchronization signals, legacy PBCH and CRS are used for PBCH repetition.
Proposal 2: If PBCH is repeated in a radio frame, PBCH is repeated in subframe #0 only. All the REs in the center 6 PRBs other than 3 control region OFDM symbols, synchronization signals, legacy PBCH and CRS are used for PBCH repetition.
Furthermore, intermittent repetition shall be supported to reduce the resource overhead. However, the intermittent repetition period can be transparent to UEs and decided by eNB implementation. Scalable PBCH coverage improvement can be achieved without introducing additional UE complexity.
Proposal 3: Whether PBCH is repeated or not and the intermittent PBCH repetition period when PBCH is repeated are decided by eNB implementation.
5. Conclusion
In this contribution, we provide our further evaluation results of PBCH with repetition and/or potential implementation techniques. We have the following observations: 
Observation 1: “Keep trying” method provides notable PBCH coverage improvement gains. The coverage improvement gain increases along with increase of the number of decoding attempts.

Observation 2: With PSD boosting and cross-subframe channel estimation, the PBCH coverage improvement target can be met if UE keeps trying decoding legacy PBCH within about 2 seconds.

Observation 3: With continuous PBCH repetition in subframe #0, PSD boosting and cross-subframe channel estimation, the PBCH coverage improvement target can be met if UE keeps trying decoding PBCH within about 640 ms. If PBCH is continuously repeated in subframe #0 and #5, the PBCH acquisition time can be further reduced to about 320ms.

Observation 4: Intermittent PBCH repetition period should not be longer than 2 seconds.

Based on the observations above, we analyze the open issues for PBCH coverage improvement and propose:
Proposal 1: If the PBCH acquisition time with implementation techniques only is acceptable, it is proposed not to specify repetition as a method to improve PBCH coverage. Otherwise, PBCH repetition should be specified.
Proposal 2: If PBCH is repeated in a radio frame, PBCH is repeated in subframe #0 only. All the REs in the center 6 PRBs other than 3 control region OFDM symbols, synchronization signals, legacy PBCH and CRS are used for PBCH repetition.
Proposal 3: Whether PBCH is repeated or not and the intermittent PBCH repetition period when PBCH is repeated are decided by eNB implementation.
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Appendix
Table 5: Simulation assumptions on PBCH
	Parameter
	Value

	System bandwidth
	10MHz

	Carrier frequency
	2.6GHz 

	Channel model
	EPA

	Doppler spread
	1Hz

	Performance target
	1% BLER
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