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1. Introduction
In RAN#72 a new work item (WI) named further enhancements for MTC [1] was introduced. The objectives of the WI include the support of positioning, multicast, mobility enhancements and higher data rates.

Larger data channel bandwidth is one of the approaches being used to achieve higher data rates. For the larger BW support, the following were agreed in RAN #86 and RAN #86bis in relation to the resource allocation. 
· The wider bandwidth operation is enabled by eNB.
· Wider bandwidth PDSCH/PUSCH is cross subframe scheduled by MPDCCH.
· MPDCCH follows Rel-13 design, which implies that it can be decoded by a UE operating in narrowband operation (6RB).
· If a new grant is introduced for wideband PDSCH/PUSCH, the number of blind decodings of MPDCCH does not increase with respect to Rel-13 eMTC.
· The larger maximum UE channel BW for PDSCH is supported for both CE mode A and CE mode B.
· The larger maximum UE channel BW for PUSCH is not supported for CE mode B.
· For Rel-14 BL UEs in CE mode A and CE mode B, the single larger maximum UE channel BW for PDSCH in RRC connected mode is 5 MHz.
· For Rel-14 BL UEs in CE mode A, the single larger maximum UE channel BW for PUSCH in RRC connected mode is 5 MHz.
· For the 5-MHz BL UE,
· The maximum reception bandwidth is 25 PRBs.
· The maximum allocatable PDSCH channel bandwidth is [FFS between 24 or 25] PRBs.
· The maximum transmission bandwidth is 25 PRBs.
· The maximum allocatable PUSCH channel bandwidth is [FFS between 24 or 25] PRBs.
· For Rel-14 non-BL UEs in CE mode A and CE mode B, the larger maximum UE channel BW for PDSCH in RRC connected mode is 5 or 20MHz.
· For Rel-14 non-BL UEs in CE mode A, the larger maximum UE channel BW for PUSCH in RRC connected mode is 5 or 20 MHz.
· Rel-14 non-BL UE can support CE mode A in connected mode with a maximum PDSCH/PUSCH channel bandwidth of either 5 or 20 MHz.
· Rel-14 capability signaling is introduced to differentiate non-BL UEs with respect to maximum UE channel BW support in CE.
· Rel-14 non-BL UE may also support Rel-13 CE mode A and CE mode B.
· A Rel-14 non-BL UE supporting CE mode A operation with 20-MHz maximum PDSCH/PUSCH channel bandwidth also supports CE mode A operation with 5-MHz maximum channel bandwidth.
· Strive for commonality in the DCI design for the 5-MHz and 20-MHz cases without introducing unnecessary overhead for the 5-MHz case.
· FFS whether to support frequency hopping for PDSCH/PUSCH channel bandwidths >5 MHz

The following were agreed in RAN #87. 
· The PDSCH Allocation for FeMTC UEs supporting larger BW is limited to resource blocks that are part of narrow bands defined in LTE Release 13 for UEs configured with 5 MHz max PDSCH channel bandwidth
· 24 PRBs is the maximum number of PRBs that can be allocated
· The PDSCH Allocation for FeMTC UEs supporting larger BW is limited to resource blocks that are part of narrow bands defined in LTE Release 13 for UEs configured with 20MHz max PDSCH channel bandwidth
· 96 PRBs is the maximum number of PRBs that can be allocated
· The PUSCH allocation for FeMTC UEs with larger BW can include at least certain PRBs that are not part of narrow bands defined in LTE Release 13
· This includes at least the central PRB in case of odd system bandwidth
· FFS: PRBs at the band edges that do not belong to any narrowband
· For Rel-14 BL/CE UE configured with max 5 MHz PDSCH channel bandwidth, contiguous and non-contiguous resource allocation is supported
· For Rel-14 non-BL UEs configured with max 20 MHz PDSCH channel bandwidth, contiguous and non-contiguous resource allocation is supported  
· PDSCH/PUSCH frequency hopping is supported for BL/CE UE operating 5 MHz maximum PDSCH/PUSCH channel bandwidth.
· Reuse Rel-13 frequency hopping RRC parameters.
· FFS how to handle center PRB in odd system bandwidths
· FFS whether wrap-around can occur
· It is up to eNB implementation to ensure that frequency hopping error cases with wrap-around (e.g. for PUSCH or for PDSCH with UE bandwidth smaller than system bandwidth) do not occur.
· This does not preclude specifying a UE behavior for these cases.
· PDSCH/PUSCH frequency hopping can be dynamically enabled and disabled via DCI in CE Mode A.

In this document we provide our views on the DCI signalling of PDSCH/PUSCH resource allocations for the support of larger data channel bandwidth in FeMTC.
2. Resource Allocation for Uplink
As discussed in companion contribution, to simplify frequency hopping support, we propose that the uplink resources be specified by a start RB and a num RB parameter where the start RB is limited to resource blocks that are part of narrow bands defined in LTE Release 13.
For PUSCH resource allocation we consider two options: 
1. Option 1: Communicate start RB and num RB independently with no restrictions. Due to the constraint that the num RB has be of the form 2ax3bx5c where a, b, c are non-negative integers, we have only 16 possible allocation sizes for a UE BW of 5MHz. Assuming the allocation can start on any RB, in 20 MHz system BW case, we need 11 bits to signal the allocation (4 bits for the allocation size num RB, and 7 bits for the start RB). Note that for 5MHz system BW, the above mechanism would require 9 bits but by jointly coding num RB and start RB we can reduce the number of bits to 8, however, this would make the resource allocation mapping more involved. For other BWs the number bits required with joint coding is same as that of communicating start RB and number RB independently.
2. Option 2: Restrict allocation to 5MHz subbands and specify the resource allocation by specifying the subband and the allocation within the subband. Specifically, define two/three/four non-overlapping 5MHz subbands for 10/15/20MHz system BW respectively and restrict the PUSCH allocations to fall within one of these 5MHz subbands.  The allocation within the 5MHz subband is fully flexible and is communicated by jointly coding the num RB and start RB parameters so that the size is 8 bits.
3. Option 3: Variation of option 1 (full flexibility) with the additional constraint that the number of NBs used for the allocation has to be minimized. 6RB allocations limited to 1NB, 7-12 RB allocation restricted to 2 consecutive NBs, 13-18 RBs to 3 consecutive NBs, and 19-25RBs to 4 consecutive NBs + 1 spill over RB.
4. Option 4: We restrict allocations less than or equal to 6RBs to existing NBs, for allocations between 6RB to 12 RB, we restrict allocation to start at an even numbered NB (this will ensure that the allocation lies within 12RB subbands) and for allocation larger than 12 RB, we restrict allocations to like within 5 MHz subbands (25 RB subbands). Figure below shows the proposed subband mapping. The 25RB subbands have a 1RB overlap.



In the table below we compare the number of bits required for resource allocation for Release 13 eMTC which supports a maximum of 6RB allocation, the optimal size for full flexibility in choosing start RB and num RB for 5MHz capable UE by jointly coding them, the option 1 above which also provides full flexibility, option 2 which reduces the flexibility in start RB and also uses joint coding of start RB and num RB, and the RIV mapping in release 8 of LTE which allows all RBs in the system BW to be allocated to the UE. For options 3 and 4 we assume an LUT based approach for resource allocation is used to get to the optimal number of bits. 

Table 1 : Number of bits for PUSCH resource allocation for UE with max PUSCH BW of 5MHz
	Proposal/System Bandwidth
	Max Allocation (RBs)
	1.4 
MHz
	3 
MHz
	5 
MHz
	10 
MHz
	15 
MHz
	20 
MHz

	Release 13 eMTC 
	6
	5
	6
	7
	8
	9
	9

	Full Flexibility optimal size
	25
	5
	7
	8
	10
	11
	11

	Proposed Option 1: Full flexibility, No joint coding of start RB, num RB
	25
	NA
	NA
	9
	10
	11
	11

	Proposed Option 2: Allocation Restricted to 5Mhz subbands + joint coding of start RB, num RB
	25
	NA
	NA
	8
	9
	10
	10

	Proposed option 3 : full flexibility + allocation minimizes #NBs used
	25
	5
	6
	8
	9
	10
	10

	Proposed Option 4 : Allocation restricted to 6RB,12RB or 25RB subbands
	
	5
	6
	8
	9
	9
	10

	LTE Release 8 RIV 
	100
	5
	7
	9
	11
	12
	13



From the table we see that Option 1 adds 2 bits over Release 13 eMTC resource allocation but is easy to implement and provides full flexibility. In addition, for eMTC CE Mode A, since the UL grant size without padding is smaller than DL grant size, the additional 2 bits may not be noticeable in most cases. We hence propose to use option 1 for PUSCH resource allocation. This can be combined with Release 8 RIV mapping for system BW < 5MHz.
Proposal 1: For system BW >= 5Mhz, for UEs supporting maximum PUSCH BW of 5MHz, PUSCH resource allocation is signalled using a start RB given by ceil(log2(NUM_RB_SYSTEM)) bits and number of allocated RBs signalled using 4 bits that maps to one of the 16 valid number of RBs = {1, 2, 3, 4, 5, 6, 8, 9, 12, 15, 16, 18, 20, 24, 25}.
Proposal 2: For system BW < 5Mhz, for UEs supporting maximum PUSCH BW of 5MHz, the LTE Release 8 RIV mapping is used for the PUSCH resource allocation.

3. Resource Allocation for Downlink
For the DL resource allocation, we propose that allocation be done in units of NBs and a common set of RBs within each narrow band. 
For the NB allocation, full flexibility in allocating any combination of up to  NBs is desired, where  denotes the maximum number of contiguous NB regions the UE can support monitoring simultaneously. However, to reduce the payload size, for the 20 MHz case, we could also consider indicating the subset of NBs allocated using combination of one or more of type 0, type 1, or type 2 resource allocation types. 
To indicate which RBs of the selected NB regions are to be used, the following two options can be considered
· Option 1: Reuse existing RIV based type2 resource allocation indication for the RBs within a NB, with the same RIV being assumed for all the NB regions that are allocated. This uses 5 bits for CE Mode A and 1 bit for CE Mode B.
· Option 2: Remove some of the combinations supported in Release 13 eMTC to reduce RIV payload. For example for CE Mode A could allow the following combinations for num RB, start RB {{1,0},{1,1},{1,2},{1,3},{1,4},{1,5},{2,0},{2,2},{2,4},{3,0},{3,3},{4,0},{4,2},{5,0},{5,1},{6,1}} and reduce RIV payload by 1 bit compared to Release 13 eMTC. Similarly for CE Mode B we could always allocate all 6 RBs in the NB and not have any bit for RIV.
Option 2 saves one bit in the DCI but may be suitable only for larger system BW as loss in flexibility in RIV may have more impact for small system BW cases.
Note that such an allocation (NB allocation + RIV for allocation within a NB) allows for distributed allocation even for small allocations which will allow network to exploit frequency diversity related performance gains.
3.1. 5 MHz UE
In the table below we summarize the total number of possible allocations for the NBs and a mapping from the NB allocation bitmap (bi is 1 is NB i is allocated). The mapping takes into account that the allocation has to be restricted to 4 contiguous NBs, has to have at least 1 NB allocated, and cannot wrap around in the edges.

Table 2 : Possible NB Allocation Configurations
	BW
(MHz)
	#NB (NNB)
	# Possible NB Allocations (MNB) 
	NB_ALLOCATION_STATE mapping

	1.4
	1
	1
	Always 0

	3
	2
	3
	BIN2DEC(b0b1)-1

	5
	4
	1*8+7
	k = min(start NB index, NNB-3)
if(k< NNB-3) 
NB_ALLOCATION_STATE = 8k +BIN2DEC (bk+1bk+2bk+3)
else 
NB_ALLOCATION_STATE = 8k + BIN2DEC (bkbk+1bk+2)-1

	10
	8
	5*8+7
	

	15
	12
	9*8+7
	

	20
	16
	13*8+7
	



We could reduce the number of states for NB allocation by defining 5Mhz non-overlapping subbands and restricting allocation to within those. # possible NB allocations would be {1,3,15,30,45,50} respectively for LTE bandwidth of {1.4,3,5,10,15,20} respectively.
We propose that the resource allocation be specified using the formula NB_ALLOCATION_STATE * NUM_VALID_RIV + RIV. This would require log2(NUM_VALID_RIV x MNB) bits.
· NB_ALLOCATION_STATE takes the value specified in the Table 2 above. 
· For CE Mode A, NUM_VALID_RIV is 21 if reusing existing Release 13 eMTC RIV and 16 if using the reduced RIV proposed in option 2.
· For CE Mode B, NUM_VALID_RIV is 2 if reusing existing Release 13 eMTC RIV and 1 if using the reduced RIV proposed in option 2.

Table 3: PDSCH Resource Allocation options for 5MHz UE in CE Mode A
	Proposal/System Bandwidth
	Max Allocation (RBs)
	1.4 
MHz
	3 
MHz
	5 
MHz
	10 
MHz
	15 
MHz
	20 
MHz

	Release 13 eMTC 
	6
	5
	6
	7
	8
	9
	9

	Full Flexibility in NB allocation + Release 13 eMTC RIV
	24
	5
	6
	9
	10
	11
	12

	Full Flexibility in NB allocation + Reduced RIV
	24
	4
	6
	8
	10
	11
	11

	Restricted to 5Mhz subband + Release 13 RIV
	24
	5
	6
	9
	10
	10
	11

	Restricted to 5Mhz subband + Reduced RIV
	24
	4
	6
	8
	9
	10
	10

	Proposal : Reduced RIV for BW of 20 Mhz. R13 eMTC RIV for BW < 20Mhz
	24
	5
	6
	9
	10
	11
	11



Table 4: PDSCH Resource Allocation options for 5MHz UE in CE Mode B
	Proposal/System Bandwidth
	Max Allocation (RBs)
	1.4 
MHz
	3 
MHz
	5 
MHz
	10 
MHz
	15 
MHz
	20 
MHz

	Release 13 eMTC 
	6
	1
	2
	3
	4
	5
	5

	Full Flexibility in NB allocation + Release 13 eMTC RIV
	24
	1
	3
	5
	7
	8
	8

	Full Flexibility in NB allocation + Reduced RIV
	24
	0
	2
	4
	6
	7
	7

	Restricted to 5Mhz subband + Release 13 RIV
	24
	1
	3
	5
	6
	7
	7

	Restricted to 5Mhz subband + Reduced RIV
	24
	0
	2
	4
	5
	6
	6

	Proposal : Reduced RIV for BW > 5Mhz. R13 eMTC RIV for BW <= 5Mhz
	24
	1
	3
	5
	6
	7
	7



Proposal 3: For UE with max PDSCH BW of 5MHz, PDSCH allocation should be done in units of NBs and a common set of RBs within each narrow band. 
· Full flexibility is desirable to allocate the NBs. 
· Release 13 eMTC RIV is reused to indicate the allocated RBs within a NB region for system BW <= B Mhz. For larger system BW reduced RIV proposed in option 2 is used. 
· B = 20 MHz for CE Mode A  and 5 MHz for CE Mode B for 5 MHz UE case
· Resource allocation mapping is given by the formula NB_ALLOCATION_STATE * NUM_VALID_RIV + RIV
· NB_ALLOCATION_STATE takes the value specified in the Table 2. 
· For CE Mode A, NUM_VALID_RIV is 21 if reusing existing Release 13 eMTC RIV and 16 if using the reduced RIV proposed in option 2.
· For CE Mode B, NUM_VALID_RIV is 2 if reusing existing Release 13 eMTC RIV and 1 if using the reduced RIV proposed in option 2.

3.2. 20 MHz UE
For 20 MHz UE in system BW <= 5MHz the resource allocation mapping for 5MHz should be reused.
Full flexibility in NB allocation for 20MHz UE in 10/15/20MHz system BW would require many bits to be added in the DCI and hence other approaches that reduce the flexibility can be considered for them. In the table below we consider reusing the LTE Release 8 type 0 allocation applied to the NBs while allocation within a NB is specified using the Release 13 eMTC RIV/reduced RIV proposed in this contribution. In other words, the NB allocation is done in terms of Narrow Band Groups (NBG) where each NBG constitutes P consecutive NBs.

Table 5: PDSCH Resource Allocation options for 20MHz UE in CE Mode A
	Proposal/System Bandwidth
	10 
MHz
	15 
MHz
	20 
MHz

	Release 13 eMTC 
	8
	9
	9

	eMTC RIV + bitmap for each NB
	13
	17
	21

	eMTC RIV + bitmap for NBG, with NBG size P=2 
	9
	11
	13

	Reduced RIV + bitmap for NBG, with NBG size P=2
	8
	10
	12

	For Reference : LTE Release 8 Type 0 allocation : RBG size 3 for 10Mhz, 4 for 15,20 MHz 
	17
	19
	25



Table 5: PDSCH Resource Allocation options for 20MHz UE in CE Mode B
	Proposal/System Bandwidth
	10 
MHz
	15 
MHz
	20 
MHz

	Release 13 eMTC 
	4
	5
	5

	eMTC RIV + bitmap for each NB
	9
	13
	17

	eMTC RIV + bitmap for NBG, with NBG size of 2 
	5
	7
	9

	Reduced RIV + bitmap for NBG, with NBG size of 2
	4
	6
	8



Proposal 4: For UE with max PDSCH BW of 20MHz, for system BW <= 5MHz, PDSCH allocation mapping reuses the mapping defined for UE with max PDSCH BW of 5MHz,
Proposal 5: For UE with max PDSCH BW of 20MHz, for system BW > 5MHz, PDSCH allocation should be done in units of narrow band groups (NBGs) and a common set of RBs within each narrow band in the narrow band group. The resource allocation mapping in DCI comprises
· A NBG bitmap which contains one bit for each NBG, a NBG comprising 2 contiguous NBs.
· An RIV. Release 13 eMTC RIV is used to indicate the allocated RBs within a NB region for system BW <= B MHz and reduced RIV proposed in option 2 is used for larger BW. 
· B = 15 MHz for both CE Mode A and CE Mode B
If more flexibility for resource allocation <= 6RB is needed (especially for CE Mode B), we could also consider adding one more bit. When the bit is 0 the remaining resource allocation bits correspond to the new mapping. When the bit is 1 the remaining resource allocation bits use the R13 eMTC mapping (with zero padding if necessary, for e.g. when we have more bits than that required for R13 eMTC resource allocation).

4. PDSCH repetition in frequency domain
In applications like VoLTE, the coverage enhancement that can be achieved using CE modes is limited as the rate of arrival of the VoLTE packets limits the PDSCH repetition to up to 16 (assuming one packet every 40ms) in Half Duplex FDD. With increased BW support from the UE, the coverage can be improved by introducing new MCS levels with reliability better than the existing lowest MCS level (MCS 0). Alternately or in addition, a new repetition value field can be introduced which indicates repetition in frequency domain. Repetition could be in units of RBs. To account for deep fades over multiple RBs, the entire PDSCH should be repeated as one entity instead of each part repeating separately. That is, if PDSCH without repetition requires N0 RBs, then perform the rate matching and allocation of the PDSCH over the first N0 RBs of the allocation, and then repeat the same for the next N0 RBs and so on until all the RBs in the allocation are used.
Such an approach could also help UE save power for small data transfers. For example,f a UE SNR conditions are such that it can support MCS 0 with repetition of 16 and it has 256 bits of data to send in the physical layer, based on the current MCS table, it can send it as 256 bits of data by scheduling MCS0 with 10 PRBs and with repetition over 16SFs. Repetition in frequency option would allow it to send 256 bits in 40 PRBs and 4 SFs hence reducing the number of SFs that the UE monitors significantly.
The functionality of repetition in frequency domain can also be achieved by just changing the TB size formula to use a reduced number of RBs but performing rate matching using the original number of RBs. Specifically, The TBS is currently a function of NUM_RB and MCS. With repetition in frequency domain, the TBS could be made a function of the repetition in frequency domain as well. For example, TBS is obtained using the same MCS and NUM_RB to TBS loop up table but by replacing the NUM_RB by NUM_RBs/R_freq i.e., TBS=LUT(MCS, NUM_RB/R_freq) instead of just LUT (MCS, NUM_RB).

Proposal 6: Add support for repetition in the frequency domain by introducing a repetition factor in frequency domain (R_freq) inferred through the DCI
· The TB size is determined by reusing the MCS and num RB to TBS loop up table but using NUM_RB / R_freq in place of num RB which yields a smaller TB size
· The rate matching is done by using the smaller TB size for the whole subframe (NUM_RB RBs) 

[bookmark: _GoBack]The repetition factor in frequency domain may be a function of one or more of the coverage mode (for example a fixed repetition of 2 in frequency domain assumed for CE Mode B), the MCS (for example repetition in frequency domain only supported for MCS < x), the resource allocation (repetition assumed if number of RBs > x and configured time domain repetition factor !=1), the existing time domain repetition factor indication (for example, if time domain repetition factor is > 4,  R_freq = 2, and  number of subframes for time domain repetition = repetition factor/ R_freq). It could also be explicitly signalled in the DCI.


5. Summary
In this contribution we present our views on the support of larger data channel bandwidth for eMTC. The proposals to support larger data channel bandwidth for eMTC devices are summarized below.
Proposal 1: For system BW >= 5Mhz, for UEs supporting maximum PUSCH BW of 5MHz, PUSCH resource allocation is signalled using a start RB given by ceil(log2(NUM_RB_SYSTEM)) bits and number of allocated RBs signalled using 4 bits that maps to one of the 16 valid number of RBs = {1, 2, 3, 4, 5, 6, 8, 9, 12, 15, 16, 18, 20, 24, 25}.
Proposal 2: For system BW < 5Mhz, for UEs supporting maximum PUSCH BW of 5MHz, the LTE Release 8 RIV mapping is used for the PUSCH resource allocation.
Proposal 3: For UE with max PDSCH BW of 5MHz, PDSCH allocation should be done in units of NBs and a common set of RBs within each narrow band. 
· Full flexibility is desirable to allocate the NBs. 
· Release 13 eMTC RIV is reused to indicate the allocated RBs within a NB region for system BW <= B Mhz. For larger system BW reduced RIV proposed in option 2 is used. 
· B = 20 MHz for CE Mode A  and 5 MHz for CE Mode B for 5 MHz UE case
· Resource allocation mapping is given by the formula NB_ALLOCATION_STATE * NUM_VALID_RIV + RIV
· NB_ALLOCATION_STATE takes the value specified in the Table 2. 
· For CE Mode A, NUM_VALID_RIV is 21 if reusing existing Release 13 eMTC RIV and 16 if using the reduced RIV proposed in option 2.
· For CE Mode B, NUM_VALID_RIV is 2 if reusing existing Release 13 eMTC RIV and 1 if using the reduced RIV proposed in option 2.
Proposal 4: For UE with max PDSCH BW of 20MHz, for system BW <= 5MHz, PDSCH allocation mapping reuses the mapping defined for UE with max PDSCH BW of 5MHz,
Proposal 5: For UE with max PDSCH BW of 20MHz, for system BW > 5MHz, PDSCH allocation should be done in units of narrow band groups (NBGs) and a common set of RBs within each narrow band in the narrow band group. The resource allocation mapping in DCI comprises
· A NBG bitmap which contains one bit for each NBG, a NBG comprising 2 contiguous NBs.
· An RIV. Release 13 eMTC RIV is used to indicate the allocated RBs within a NB region for system BW <= B MHz and reduced RIV proposed in option 2 is used for larger BW. 
· B = 15 MHz for both CE Mode A and CE Mode B
Proposal 6: Add support for repetition in the frequency domain by introducing a repetition factor in frequency domain (R_freq) inferred through the DCI
· The TB size is determined by reusing the MCS and num RB to TBS loop up table but using NUM_RB / R_freq in place of num RB which yields a smaller TB size
· The rate matching is done by using the smaller TB size for the whole subframe (NUM_RB RBs) 
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