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1 Introduction

At the RAN1 #75 meeting, the following were agreed regarding PBCH coverage enhancement for low cost MTC [1]:

· Agree that we only select ONE of the following options that define the repetition burst within the 40ms PBCH cycle:
· Option 1: Repetition in SF#0.
· Option 2: Repetition in SF#0 + repetition in SF#5 in odd frames.
· Option 3: Repetition in SF#0 + repetition in 1 other sub-frame in all frames
· Option 4: Repetition in SF#0 + repetition in 3 other sub-frames in all frames
· FFS until the next meeting which REs should be excluded for PBCH repetition
· Agree that “user data and MIB repetition are assumed not to be sent in the same PRBs.”
· Agree that we shall only select ONE of the options below for configuration of transmission across 40ms cycles:
· Option A: Always send repetition in every 40ms cycle.
· Option B: Dynamic on/off of repetitions on a per 40x ms cycle basis.
· Option C: Repetition based on pattern(s) across a given number of cycles.
In this contribution, we share our views on PBCH coverage enhancement for low cost MTC in LTE systems.  
2 Discussion on PBCH Repetition 
PBCH repetition patterns

According to the reference Maximum Coupling Loss (MCL) table in [2] and assuming 4dB SNR loss when employing single receive RF chain as captured above, the required coverage enhancement target for PBCH is 10.7dB for FDD LTE system. 
Two potential repetition patterns can be considered for PBCH coverage enhancement: integer and non-integer number of repetitions. Figure 1 and Figure 2 illustrate the potential repetition patterns for PBCH with integer and non-integer number of repetitions for subframe #0, respectively. In particular for PBCH with non-integer number of repetitions, all available resource elements in central 6 PRBs can be utilized to provide additional coding gain compared to PBCH with integer number of repetitions. The non-integer number of repetitions by rate-matching approach can be viewed as the most straightforward and efficient way to facilitate the repetition while no issue is foreseen in the implementation. 
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Figure 1. PBCH with integer number of repetitions for subframe #0 
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Figure 2. PBCH with non-integer number of repetitions for subframe #0 
Handling collision of CSI-RS and PBCH repetition blocks

The collision between CSI-RS and PBCH repetition would occur in the case when CSI-RS is scheduled together with PBCH repetition blocks in the same subframe. To address this issue, the following options can be considered:

· Option P1: A UE may assume that there is no PBCH repetition blocks in the subframes configured for CSI-RS transmission.
· Alternatively, a UE may not expect there are CSI-RS transmission and repetition blocks for PBCH in the same subframe.
· Option P2: The RE mapping for PBCH repetition blocks is performed by rate-matching around the REs for all possible CSI-RS configurations.
The Option P1 would be feasible with the intermittent PBCH transmissions by an eNB not transmitting PBCH repetition blocks autonomously together with the proper CSI-RS configuration. However, it may not be feasible with the periodic transmission for PBCH repetition block such as Option A especially for TDD UL/DL configuration 0, without sacrificing the performance. On the contrary, for the Option P2, it would be appropriate to be applied for any options while keeping the opportunity for CSI-RS transmission as in Rel-11. 

In addition to PBCH repetition blocks, the aspect of CSI-RS transmission should also be considered for the cases of SIB-1 and paging repetitions (if introduced). According to the current specification, a UE shall assume that CSI-RS is not transmitted: 

· in subframes where transmission of a CSI-RS would collide with SystemInformationBlockType1 messages,

· in the primary cell in subframes configured for transmission of paging messages in the primary cell for any UE with the cell-specific paging configuration.
Similar to the PBCH repetitions, the following options can be also considered to handle the collision between CSI-RS and SIB-1 and paging repetitions:

· Option S1: A UE may assume that there is no repetition block for SystemInformationBlockType1 messages and for paging messages in the subframes configured for CSI-RS transmission.
· Alternatively, a UE may not expect there are CSI-RS transmission and repetition blocks for SIB-1 and for paging messages in the same subframe.
· Option S2: The RE mapping for the repetitions of SIB-1 and paging messages for any UE with the cell-specific paging configuration is performed by rate-matching around the REs which are for all possible CSI-RS configurations.
As for handling the collision for PBCH repetition blocks, Option S1 may not be feasible due to the fact that a large amount of repetitions would be applied for coverage limited MTC UEs to meet the coverage enhancement target unless Option B or C is considered. The Option S2, however, would be appropriate to be adopted while the opportunities of both CSI-RS and SIB-1/paging transmissions are maintained for any Option A, B, and C.

Proposal 1

· For the collision between CSI-RS and PBCH repetition blocks,

· With Option A, Option P2 is applied: the RE mapping for PBCH repetition blocks is performed by rate-matching around the REs for all possible CSI-RS configurations.

· With Option B or C, Option P1 is applied: a UE may assume that there is no PBCH repetition blocks in the subframes configured for CSI-RS transmission.

· Alternatively, a UE may not expect there are CSI-RS transmission and repetition blocks for PBCH in the same subframe.
· For the collision between CSI-RS and SIB-1/paging message repetitions, either Option S1 or S2 is applied:

· Option S1: A UE may assume that there is no repetition block for SystemInformationBlockType1 messages and for paging messages in the subframes configured for CSI-RS transmission.
· Alternatively, a UE may not expect there are CSI-RS transmission and repetition blocks for SIB-1 and for paging messages in the same subframe.
· Option S2: The RE mapping for the repetitions of SIB-1 and paging messages for any UE with the cell-specific paging configuration is performed by rate-matching around the REs for all possible CSI-RS configurations.
PBCH tranmission configuration
As mentioned in the Chairman’s notes, three options can be considered with regard to the PBCH repetition configuration. Figure 3 illustrates the enhanced (repetitive) PBCH (denoted as mPBCH) transmission configuration for Option A. In the figure, L is denoted as the number of PBCH repetitions within one radio frame. As discussed in sub-section 2.1, L may be a non-integer number. For Option A, relatively small number of repetitions, e.g., L = 2, would be desirable in terms of limited impact on the spectral efficiency. Note that with small number of repetitions, coverage limited MTC UEs need to employ keep-trying algorithm to meet the PBCH coverage enhancement target. In general, this scheme can reduce the access latency and lead to less UE power consumption for coverage limited MTC UEs compared to the Option B and C. 
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Figure 3. mPBCH transmission configuration: Option A
Figure 4 illustrates the mPBCH transmission configuration for Option B and C. In the figure, N is denoted as the mPBCH transmission period in the unit of 40ms. For either Option B or C, when acquiring MIB information during initial cell search, coverage limited MTC UEs would perform blind search for mPBCH decoding as mPBCH transmission position is not known a priori. In the worst case scenario, UE may search over the entire mPBCH transmission period range until it can successfully decode the mPBCH. While Option B with dynamic on/off repetitions would provide good flexibility for eNB on the scheduling of downlink traffic, it may not be desirable for coverage limited MTC UEs due to the fact that under certain scenarios, e.g., during handover procedure (if supported), cell selection, or cell redirection, the configuration information may be provided so as to facilitate the UEs to decode mPBCH quickly. In this case, Option C with certain repetition patterns may be beneficial in term of less UE power consumption after initial access.  
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Figure 4. mPBCH transmission configuration: Option B and C
Link level simulation results 

As proposed in [3], “keep-trying” algorithm may be employed for coverage limited MTC UE to improve the link level PBCH decoding performance by exploiting certain level of time diversity. The basic principle of this keep-trying algorithm is to allow UE to continue to decode PBCH until the CRC check is successful. This technique, however, is up to MTC UE's specific implementation and would lead to increased false alarm probability, which in turn may prolong the access latency.
Figure 5 illustrates the PBCH link level performance when keep-trying algorithm is employed together with various repetition options as indicated in the Chairman’s notes. The simulation model and parameters are summarized in the Appendix. Note that in the simulations, 4 and 8 PBCH repetitions are assumed for Option 3 and 4, respectively. Furthermore, the starting symbol for PBCH repetition block is assumed as 2 for PBCH with non-integer number of repetitions.  From the figures, it can be seen that with more number of repetitions, e.g. Option 4, the number of keep-trying attempts can be reduced accordingly. For instance, only 5 keep-trying attempts are needed to meet the target for Option 4. In addition, when PBCH with non-integer number of repetitions is applied, additional coding gain can be achieved as mentioned in sub-section 2.1. 
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Figure 5. PBCH link level performance for various repetition options
Table 1 summarizes the number of keep-trying attempts with various PBCH repetition options to achieve PBCH coverage enhancement target. 
Table 1. Number of keep-trying attempts to achieve PBCH coverage enhancement target
	
	Option 1
	Option 2
	Option 3
	Option 4

	PBCH with integer number of repetitions
	18
	13
	10
	5

	PBCH with non-integer number of repetitions
	14
	10
	8
	5


Observation 1

· With more number of repetitions, e.g. Option 4, the number of keep-trying attempts can be reduced accordingly. For instance, only 5 keep-trying attempts are needed to meet the target for Option 4.

· When PBCH with non-integer number of repetitions is applied, additional coding gain can be achieved.
With keep-trying algorithm and 16 bit CRC for PBCH transmission, the overall false alarm probability can be approximated as M×12×2-16, where M is the number of keep-trying attempts. According to the simulation results in the Table 1, 18 and 5 keep-trying attempts are required for Option 1 and 4 in order to achieve PBCH coverage enhancement target, respectively. Based on the above false alarm probability approximation, the overall false alarm probabilities would be 0.33% and 0.09%. Therefore, in order not to increase the overall false alarm probability, it would be desirable to keep the number of keep-trying attempts as small as possible. It is noted that the increase of false alarm probability would lead to additional power consumption and access latency.
Observation 2
· When keep-trying algorithm is employed, it would be desirable to keep the number of keep-trying attempts as small as possible in order not to increase the overall false alarm probability.
3 Detailed Analysis for PBCH Coverage Enhancement

When evaluating the potential solutions for PBCH coverage enhancement, the impact on the spectral efficiency, overall false alarm probability, UE power consumption and mPBCH decoding latency needs to be taken into account. In the following subsections, the detailed analysis on mPBCH resource overhead and UE power consumption for each configuration option is presented.
mPBCH resource overhead analysis
According to the agreement in the RAN1 #74bis meeting, PBCHs are transmitted only in center 6PRBs in order to support the smallest bandwidth of 1.4MHz system bandwidth. Moreover, PBCH repetition occurs within 40ms due to the SFN update in MIB. Assuming 1.4MHz bandwidth with 6 PRBs for FDD (note that the even more PBCH overhead would be expected in TDD depending on its UL/DL configuration), the mPBCH resource consumption can be calculated for each potential solution as follows:
· Option A: For continuous mPBCH transmission with keep-trying algorithm, the mPBCH resource overhead can be given as:

 
[image: image6.wmf]L

subframe

symbol

PRB

L

symbol

PRB

×

=

×

×

×

×

02857

.

0

)

(

10

)

(

14

)

(

6

)

(

4

)

(

6


For instance, for Option 1 with 2 PBCH repetitions, i.e., L = 2, the mPBCH resource overhead is 5.71%. The coverage limited MTC UEs may need 0.72s corresponding to M = 18 (see Table 1) until successfully decoding PBCH.
· Option B and C: For intermittent repetition with keep-trying algorithm, the mPBCH resource overhead can be given as:
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Based on the link level simulation results as illustrated in the Table 1, various combinations of the number of keep-trying attempts and PBCH repetition options can be used to meet the PBCH coverage extension target. For instance, M = 18 is needed for Option 1 with L = 2. If N = 64, the mPBCH transmission overhead is 1.61%. In the worst case scenario, the coverage limited MTC UEs may need 2.56s until successfully decoding PBCH.
UE power consumption analysis
When repetition is applied for mPBCH transmission, the UE power consumption within 40ms primarily comes from two processing units: 1) power consumption (denoted as P1) for waveform processing at baseband and RF levels in each repetition; and 2) processing power consumption (denoted as P2) for soft bit combining and blind decoding of 2-bit LSB of SFN and the number of CRS ports (i.e., 12 decoding attempts). In addition, when keep-trying algorithm is employed, M time power consumption needs to be taken into account. 
Under the assumption that coverage limited MTC UE combines 4 radio frames to derive the 2-bit LSB of SFN and the number of CRS ports, the overall UE power consumption in the worst case scenario can be calculated as follows for each design option:
· Option A: For continuous mPBCH transmission with keep-trying algorithm, assuming M keep-trying attempts for successful mPBCH decoding, then the overall UE power consumption in the worst case scenario is given as
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· Option B and C: For intermittent repetition with keep-trying algorithm, the overall UE power consumption in the worst case scenario is given as
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Note that UE power consumption is not a function of the number of PBCH repetitions in the unit of 40ms as the intermittent PBCH itself implicitly requires the keep-trying attempts.
Summary
Based on the analysis above, the impact on spectral efficiency, overall false alarm probability, UE power consumption and mPBCH decoding latency for various combinations of mPBCH repetition patterns and transmission configuration is summarized in Table 2 and Table 3 for PBCH with integer and non-integer number of repetitions, respectively. In the tables, it is assumed N = 64 for Option B and C and the starting symbol for PBCH repetition block is 2 for PBCH with non-integer number of repetitions.
Table 2. Analysis on potential solutions for PBCH with integer number of repetitions
	Transmission configuration
	Repetition pattern
	mPBCH resource overhead (1.4MHz bandwidth, FDD)
	False alarm probability (worst case scenario)
	UE power consumption

(worst case scenario)
	mPBCH decoding latency (worst case scenario)

	Option A
	Option 1
	5.71%
	0.33%
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	Option 2
	8.57%
	0.24%
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	Option 3
	11.43%
	0.18%
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	Option 4
	22.86%
	0.09%
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	Option B
and C
	Option 1
	1.61%
	1.17%
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	Option 2
	1.74%
	1.17%
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	Option 3
	1.79%
	1.17%
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	Option 4
	1.79%
	1.17%
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Table 3. Analysis on potential solutions for PBCH with non-integer number of repetitions
	Transmission configuration
	Repetition pattern
	mPBCH resource overhead (1.4MHz bandwidth, FDD)
	False alarm probability (worst case scenario)
	UE power consumption

(worst case scenario)
	mPBCH decoding latency (worst case scenario)

	Option A
	Option 1
	7.42%
	0.26%
	
[image: image18.wmf])

12

4

.

10

(

18

2

1

P

P

×

+

×

×


	0.56s

	
	Option 2
	11.14%
	0.18%
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	Option 3
	14.86%
	0.15%
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	Option 4
	33.146%
	0.09%
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	Option B 
and C
	Option 1
	1.62%
	1.17%
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	Option 2
	1.74%
	1.17%
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	Option 3
	1.86%
	1.17%
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	Option 4
	2.59%
	1.17%
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As should be evident from the comparison in the Table 2 and Table 3 above, these options have some desirable properties while suffering from certain significant limitations. For instance, while the Option A with Option 4 can achieve shorter mPBCH decoding latency and less UE power consumption, it would not be desirable for PBCH coverage enhancement due to the considerable loss in spectral efficiency, especially in the system with smaller bandwidth. On the contrary, the Option C with Option 1 can provide the best spectral efficiency at the expense of substantial UE power consumption and mPBCH decoding latency. Taking into account the fact that coverage limited MTC UEs are normally operating on battery, it would be beneficial to employ the Option C and Option 1 with non-integer number of repetitions for PBCH coverage enhancement so as to achieve appropriate tradeoff between spectral efficiency, false alarm probability and UE power consumption.
Proposal 2
· For PBCH coverage enhancement, Option C and Option 1 with non-integer number of repetitions are employed in order to achieve appropriate tradeoff between spectral efficiency, false alarm probability and UE power consumption. 
4 Conclusions

In this contribution, we provided our views on PBCH coverage enhancement. Based on the discussion presented, we summarize our views through the following proposals and observations:
Observation 1

· With more number of repetitions, e.g. Option 4, the number of keep-trying attempts can be reduced accordingly. For instance, only 5 keep-trying attempts are needed to meet the target for Option 4.

· When PBCH with non-integer number of repetitions is applied, additional coding gain can be achieved.

Observation 2

· When keep-trying algorithm is employed, it would be desirable to keep the number of keep-trying attempts as small as possible in order not to increase the overall false alarm probability.
Proposal 1

· For the collision between CSI-RS and PBCH repetition blocks,

· With Option A, Option P2 is applied: the RE mapping for PBCH repetition blocks is performed by rate-matching around the REs for all possible CSI-RS configurations.

· With Option B or C, Option P1 is applied: a UE may assume that there is no PBCH repetition blocks in the subframes configured for CSI-RS transmission.

· Alternatively, a UE may not expect there are CSI-RS transmission and repetition blocks for PBCH in the same subframe.
· For the collision between CSI-RS and SIB-1/paging message repetitions, either Option S1 or S2 is applied:

· Option S1: A UE may assume that there is no repetition block for SystemInformationBlockType1 messages and for paging messages in the subframes configured for CSI-RS transmission.
· Alternatively, a UE may not expect there are CSI-RS transmission and repetition blocks for SIB-1 and for paging messages in the same subframe.
· Option S2: The RE mapping for the repetitions of SIB-1 and paging messages for any UE with the cell-specific paging configuration is performed by rate-matching around the REs for all possible CSI-RS configurations.
Proposal 2
· For PBCH coverage enhancement, Option A and Option 1 with non-integer number of repetitions are employed in order to achieve appropriate tradeoff between spectral efficiency, false alarm probability and UE power consumption. 
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Appendix: Simulation Assumptions

	Parameter
	Value

	Bandwidth
	10MHz

	Carrier Frequency
	2GHz

	Frame Type
	FDD

	Antenna Configuration
	2x1 with low correlation

	Channel Model 
	EPA

	Doppler Shift
	1Hz

	Frequency Error
	100Hz

	Channel Estimation
	Cross-subframe channel estimation

	Target BLER
	1%
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