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1 Introduction

According to LTE Rel-13 work item on further physical layer enhancements for MTC [1], the following scope has been defined for discussions and decisions:
· Specify a new Rel-13 low complexity UE category/type for MTC operation in any LTE duplex mode (full duplex FDD, half duplex FDD, TDD) based on the Rel-12 low complexity UE category/type;
· Target a relative LTE coverage improvement – corresponding to 15 dB for FDD – for the UE category/type defined above and other UEs operating delay tolerant MTC applications with respect to their respective nominal coverage.
· The agreements and working assumptions made during the initial work carried out during the corresponding Rel-12 work item should be used as a starting point when applicable.
Regarding the coverage enhancement for PBCH, the following agreements were made at the RAN1 #75 meeting [2]:
· 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.
With respect to the coverage enhancement for PRACH, the following agreements were made at the RAN1 #75 meeting [2]:
· WA on usage of existing PRACH formats from RAN1#74bis is confirmed:
· Enhanced coverage UEs and legacy UE may share the same time/frequency resource. In this case, enhanced coverage UEs will use CDM to multiplex with legacy UEs.
· FFS for multiplexing repetition level(s) within shared time/freq. resources

· In addition define additional time/freq. resource region(s) separate for “enhanced coverage” UEs.
· Within new region, at least CDM is allowed.
· FFS for Frequency Hopping
· NOTE: RACH resource mapping for the “low complexity UE not requiring enhanced coverage” is FFS
· Specified maximum numbers of levels: Working assumption of 3 (this does not include “zero coverage extension”). More evidence needed if we were to extend this.
· eNB-configurable number of levels (1, 2, 3) up to specified max level.
· Number of repetitions per level:
· FFS for configurable value.
· FFS ranges of this value per level – come back later in week.
· 1 attempt = configured number of repetitions.
In this contribution, we share our views on the enhancement of PSS/SSS, PBCH and PRACH for MTC device with reduced bandwidth and enhanced coverage in LTE systems.  
2 Discussion on Enhancement for Reduced Bandwidth
According to the WID description in [1], one of the promising features for Rel-13 low complexity UE category/type is to allow the reduced bandwidth of 1.4 MHz in both downlink and uplink, which would further reduce the cost and complexity in relative to Cat.0 UE. When operating in the reduced bandwidth of 1.4MHz, certain design changes may be needed for various physical channels.

Given that PSS/SSS and PBCH are transmitted in the central 6 PRBs, which is less than 1.4MHz, the specification impact is not expected. However, in order to allow certain level of flexibility on scheduling the SIB/RAR/paging transmission, it may be desirable to indicate the resource allocation of the common control channel for MTC UEs with reduced bandwidth in the MIB. This can be realized by modifying the spare 10 bits to carry the configuration information, which can also ensure the backward compatibility for the legacy UE in the LTE systems. 
In the uplink, the existing PRACH signal design can be reused for MTC UEs with reduced bandwidth. Further, eNB may reuse the legacy PRACH resource or allocate independent resource for PRACH transmission for MTC UEs with reduced bandwidth. Note that the latter scheme may be beneficial on the support of massive number of MTC devices in the near future.
Observation 1

· Specification impact on PSS/SSS and PRACH is not expected for MTC UEs with reduced bandwidth.

Proposal 1

· It should be considered to indicate the resource allocation of common control channel for MTC UEs with reduced bandwidth in the MIB.

3 Discussion on Coverage Enhancement for PSS/SSS
With respect to the coverage enhancement for MTC UEs, the agreements and working assumptions in Rel-12 can be considered as a starting point, especially for the enhancement on PSS/SSS, PBCH and PRACH transmission.
As mentioned in [3], due to the fact that the existing PSS/SSS signals are already transmitted periodically (5ms/10ms for PSS/SSS), energy accumulation with non-coherent combining of each instance over longer time is a feasible solution to improve the coverage for PSS/SSS. The further improvement can be achieved by an implementation specific Tx diversity scheme (e.g. Precoding Vector Switching (PVS)). This indicates that the specification change is not needed for the PSS/SSS signals. However, RAN1/4 WGs need to further analyze the detection performance and the required reception time. In addition, certain assistant information including physical cell IDs, timing window, etc, may be provided to MTC UEs in enhanced coverage mode to further reduce the UE power consumption [3]. 
Proposal 2

· Consider non-coherent combining of existing PSS/SSS signals with a longer acquisition time as the baseline coverage enhancement solution for PSS/SSS signals.

· Assistant information can be provided to a UE in order to reduce the UE power consumption.  

4 Discussion on Coverage Enhancement for PBCH
PBCH repetition patterns
To improve the coverage for PBCH, “keep-trying” algorithm may be employed for MTC UEs in enhanced coverage mode to improve the link level PBCH decoding performance by exploiting certain level of time diversity [4]. Further, this “keep-trying” algorithm may be applied in conjunction with other techniques, e.g., PBCH repetition to meet the PBCH coverage enhancement target for MTC UEs in enhanced coverage mode. 
Note that two potential repetition patterns can be considered for PBCH coverage enhancement: integer and non-integer number of repetitions. 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. Figure 1 illustrates the potential repetition patterns for PBCH with non-integer number of repetitions for subframe #0, respectively.
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Figure 1. 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. 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 MTC UEs in enhanced coverage mode to meet the coverage enhancement target unless Option B or C is considered. The Option S2, however, would be appropriate to be adopted while maintaining the opportunities of both CSI-RS and SIB-1/paging transmissions.

Proposal 3
· 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, 
· Option S2 is applied: 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.

Detailed analysis for PBCH coverage enhancement
When repetition is applied for enhanced PBCH (denoted as 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).
Based on the analysis in [5], 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 the Table 1 for PBCH with non-integer number of repetitions. In the table, 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, where N is denoted as the mPBCH transmission period in the unit of 40ms.
Table 1. 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%
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	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%
	
[image: image5.wmf])

12

4

.

46

(

5

2

1

P

P

×

+

×

×


	0.20s

	

	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%
	
[image: image8.wmf])

12

8

.

20

(

64

2

1

P

P

×

+

×

×


	2.56s

	
	Option 4
	2.59%
	1.17%
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As should be evident from the comparison in the Table 1 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 MTC UEs in enhanced coverage mode are normally operating on battery, it would be beneficial to employ the Option A 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 4
· 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. 

5 Discussion on Coverage Enhancement for PRACH

Discussion on relaxing miss detection probability
As indicated in [1], relaxing the requirement of the miss detection probability may be considered as a complement approach for further coverage improvement. Based on our link level analysis in [6], the number of repetitions required to achieve 14dB PRACH coverage enhancement target can be reduced from ~250 to ~40, which would significantly reduce the repetition overhead. 
It should be noted that the higher miss detection probability would result in the higher retransmission rate, which may also lead to higher collision probability and longer access latency. In the lightly loaded systems with dedicated PRACH resources allocated for MTC UEs located in coverage holes, the collision probability among MTC UEs in enhanced coverage mode could be limited. In this case, the miss detection of PRACH preamble would primarily result in additional retrials of PRACH preamble transmission. This indicates that loosening miss detection probability from 1% to 10% would reduce the overall average resource consumption in a lightly loaded system. Given that only small portion of MTC UEs might need coverage enhancement, it is expected that relaxed miss detection probability may help to improve the spectral efficiency.
Note that in heavily loaded systems, the relaxed miss detection probability may also result in higher collision probability, which complicates the overall resource consumption analysis. To further understand the impact of the relaxed miss detection probability, RAN1 WG may consider sending a liaison statement (LS) to RAN4 WGs for inputs on the detailed analysis.

Proposal 5
· RAN1 sends RAN4 an LS to consult the relaxed requirement of miss detection probability. 

Discussion on frequency hopping
To further enhance the detection performance, frequency hopping may be applied in conjunction with the repetition of existing PRACH format. Considering the support for allocating additional frequency resource MTC UEs in enhanced coverage modes, it would be desirable to perform the frequency hopping between the frequency resource allocated for MTC UEs in normal and enhanced coverage mode in order to minimize the impact on the spectral efficiency. Figure 2 illustrates the potential frequency hopping mechanisms for PRACH repetition for FDM+TDM and FDM+CDM based multiplexing, respectively. 
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Figure 2. Frequency hopping mechanisms for PRACH repetition for TDM/CDM based multiplexing
Proposal 6
· Frequency hopping for PRACH transmission is applied on the frequency resources between MTC UEs in normal and enhanced coverage modes. 

Discussion on PRACH resource allocation
According to the agreement in the RAN1#75 meeting [2], PRACH resources for MTC UEs in normal and enhanced coverage mode can be multiplexed in the TDM and FDM manner by allocating different time/frequency resource region(s). For CDM based multiplexing scheme, different code indices need to be configured between MTC UEs in normal and enhanced coverage mode when the same time/frequency resources are configured. 
Regardless of the multiplexing schemes among FDM, TDM, and CDM, it would be essential to configure independent root indices/Ncs between MTC UEs in normal and enhanced coverage modes. For instance, the non-coverage limited UEs which need to support high speed or mobility may use the restricted set, while due to their low mobility characteristics, the MTC UEs in enhanced coverage mode are highly likely to use the unrestricted set. Towards this end, eNB may configure different high speed flags, i.e., High-speed-flag, for MTC and legacy UEs, or High-speed-flag can be disabled for MTC UEs in enhanced coverage mode (or assumed to be FALSE always). Furthermore, the root indices to be configured for MTC UEs in enhanced coverage mode can be limited to those with the CM less than 1.2dB which is corresponding to the CM value for QPSK in SC-FDMA waveform. More specifically, only the logical root indices from 0 to 455 with CM less than 1.2dB can be used for MTC UEs in enhanced coverage mode. This could also help to reduce the payload by 1 bit in signalling the additional root index configuration for MTC UEs in enhanced coverage mode. 
Proposal 7:

· Independent configurations for root indices and Ncs are supported for MTC UEs in normal and enhanced coverage mode.
· High-speed-flag for MTC UEs in enhanced coverage mode is always disabled.
· Root indices for MTC UEs in enhanced coverage mode are limited to those with 1.2dB CM or less (e.g. from logical root index 0 to 455). 
6 Conclusions

In this contribution, we provided our views on the enhancement of PSS/SSS, PBCH and PRACH for MTC UEs with reduced bandwidth and enhanced coverage in LTE systems. Based on the discussion presented, we summarize our views through the following proposals and observations:
Observation 1

· Specification impact on PSS/SSS and PRACH is not expected for MTC UEs with reduced bandwidth.
Proposal 1

· It should be considered to indicate the resource allocation of common control channel for MTC UEs with reduced bandwidth in the MIB.

Proposal 2

· Consider non-coherent combining of existing PSS/SSS signals with a longer acquisition time as the baseline coverage enhancement solution for PSS/SSS signals.

· Assistant information can be provided to a UE in order to reduce the UE power consumption.  

Proposal 3

· 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, 
· Option S2 is applied: 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 4
· 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. 

Proposal 5
· RAN1 sends RAN4 an LS to consult the relaxed requirement of miss detection probability. 

Proposal 6
· Frequency hopping for PRACH transmission is applied on the frequency resources between MTC UEs in normal and enhanced coverage modes. 

Proposal 7:

· Independent configurations for root indices and Ncs are supported for MTC UEs in normal and enhanced coverage mode.
· High-speed-flag for MTC UEs in enhanced coverage mode is always disabled.
· Root indices for MTC UEs in enhanced coverage mode are limited to those with 1.2dB CM or less (e.g. from logical root index 0 to 455). 
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