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1. Introduction
In RAN1#92 meeting, we have the following agreements [1]:
Agreement
For a BL/CE UE, higher layer signaling enable/disable
· the more flexible starting PDSCH PRB
· the more flexible starting PUSCH PRB
This makes no assumption about signaling details

Agreement
· For a BL/CE UE configured with flexible starting PDSCH PRB and max 1.4 MHz PDSCH channel bandwidth,
· PDSCH frequency hopping is supported.
· Details of frequency hopping is FFS
· For a BL/CE UE configured with flexible starting PUSCH PRB and max 1.4 MHz PUSCH channel bandwidth,
· PUSCH frequency hopping is supported.
· Details of frequency hopping is FFS

In RAN1#92bis meeting, we have the following agreements [2]:
Agreement
At least for BL/CE UE configured without other Rel-14/15 features, DCI size after padding is not increased in order to support flexible starting PRB. 
Note: For PUSCH and PDSCH, the solution may or may not be the same
Note: The solution may or may not be the same for FDD and TDD

For DL, the LTE non-BL UEs are scheduled based the pre-defined RB groups (RBG) for the given system bandwidth. Meanwhile, the narrowbands (NBs) with 6PRBs are defined for BL UEs for resource allocation. If there are BL UEs sharing the spectrum with a non-BL UE, the allocation of a narrowband results in the spectrum utilization loss due to the misalignment between the narrowbands and RBG boundaries in the same system bandwidth. For UL, the narrowband allocation may introduce additional spectrum segmentation. In this paper, we analysed the misalignment and segmentation issues for different bandwidth. Based on the observations, we propose the possible methods to improve the efficiency by using flexible resource allocation for efeMTC, taking into account the impact on the efeMTC UE complexity and backward compatibility to the NB hopping.
2. Misalignment between Narrowbands and RBGs for DL
For DL, LTE defines the bitmap-based resource assignment information indicating the RGB(s) that is(are) scheduled to a non-BL UE. The RBG size is different and predefined for each system bandwidth, as summarized in Table 2.1. Meanwhile, the narrowband locations are defined in TS36.211 as 6 non-overlapping consecutive PRBs in frequency domain. The narrowband index location is shown in Figure 1 for BW= 3MHz/5MHz/10MHz/15MHz/ 20MHz respectively. If the total number of RBs in BW is an odd number, the centre RB does not belong to any narrowbands (NBs), resulting in different misalignment with RBGs in the 1st half and 2nd half BW. The even/odd NB location may also have different RB offset relative to the neighbour RBG boundary. It is more complicated that the different RBG size makes the different RB offset between NBs and RBG boundary in case of variant system BWs. The PRB utilization loss is dependent on the allocated narrowband and the total system BW, where we assume the loss is the wasted RBs normalized by the remaining RBs for non-BL UEs when a 6-PRB NB is allocated to a BL UE. Table 2.1 also summarized the misalignment offset in each case. The offsets with same colour share same misalignment situation.

[image: ]
Figure 1 Misalignment between NBs and RBGs

Table 2.1 Summary of Misalignment for different NB index and bandwidth 
	BW
	Num of RBs
	RBG size
	Num of NBs
	nNB =0,…, (NNB/2-1) 
in 1st half BW
	nNB = (NNB/2), … (NNB-1)
in 2nd half BW

	1.4MHz
	6
	1
	1
	[0, 5]

	3MHz
	15
	2
	2
	[-1+0, 5+1]
	[0, 5]

	5MHz
	25
	2
	4
	[0, 5]
	[-1+0, 5+1]

	10MHz
	50
	3
	8
	[-1+0, 5+2]

	15MHz
	75
	4
	12
	[-1+0, 5+1] for nNB mod 2 = 0; 
[-3+0, 5+3] for nNB mod 2 = 1;
	[-2+0, 5] for nNB mod 2 = 0; 
[0, 5+2] for nNB mod 2 = 1;

	20MHz
	100
	4
	16
	[-2+0, 5] for nNB mod 2 = 0; 
[0, 5+2] for nNB mod 2 = 1;



Observation 1: For DL resource allocation,
· There are different misalignment offsets between NBs and RBG in each half of the bandwidth in case of BW=3MHz, 5MHz and 15MHz.
· The NBs in 1st half of BW=3MHz, 2nd half of BW=5MHz share similar situation.
· The NBs with even/odd NB index have different misalignment relative to the RBG boundary in case of BW=15MHz and BW=20MHz
· But the case of BW=20MHz share same situation as that of 2nd half BW=15MHz. 

3. Segmentation between Narrowbands and Consecutive RBs for UL
For PUSCH resource allocation, the resource allocation type 0 is used to indicate a scheduled UE a set of contiguously allocated resource block. The resource indication value (RIV) corresponding to a starting resource block ([image: ]) and a length in terms of contiguously allocated resource blocks ([image: ] 1) is defined by 
if [image: ] then
[image: ]
else 
[image: ]
where [image: ] as the UL system bandwidth. The [image: ]could be any RB within the UL bandwidth. 
PUCCH with 2 or 4 PRBs (with slot-based hopping) is located around the extreme end of the system bandwidth in frequency domain. While, PRACH with bandwidth of 6PRBs is scheduled with frequency offset of the flexible starting RB by higher layer signaling. PUCCH and PRACH may be allocated near the edges of the LTE system bandwidth, so as to allow large number of consecutive groups of PRBs to be allocated in the uplink. However, the allocation for the BL/CE UE in a narrowband may introduce more fragmentations of the spectrum. A more flexible uplink resource allocation, e.g., the starting/ending RB for the BL/CE UE is next to other PUCCH/PRACH/PUSCH resources allocations, may avoid or reduce the spectrum fragmentation.
Observation2: For UL resource allocation,
· The allocation for the BL/CE UE in a narrowband may introduce more fragmentations of the spectrum.
· A more flexible uplink resource allocation, e.g., the starting/ending RB for the BL/CE UE is next to other PUCCH/PRACH/PUSCH resources allocations, may avoid or reduce spectrum fragmentation.
4. Flexible Resource Allocation for CE mode A
4.1 Legacy RA Indication for CE mode A




[bookmark: _Hlk505860131][bookmark: MTBlankEqn]For MTC UEs with DCI format 6-0A and 6-1A, the resource assignment is indicated by narrowband index defined as ,  where  and  is the total number of RBs in the given BW. On top of it, there are 5-bit RIV based on resource allocation Type 2 to indicate the scheduled resources within the allocated narrowband of total RB number as.

[bookmark: _Hlk505861201]if   then


else 




The length of each allocation for BL-UE could be  with . Based on the equation, the RIV of 0~21 are valid and RIV of 21~31 are reserved values.

4.2 Flexible RA Indication for CE mode A
4.2.1 For PDSCH in CE mode A
In the legacy allocation indication based on the NB index, there are 11 reserved entries in the 5-bit RIV for the indicated narrowband. We keep the legacy RIV entries of 0~20 and use the reserved entries to support the flexible allocation for each narrowband. The eNB could dynamically change between the legacy allocation and enhanced flexible resource allocation by DCI. Also, it would be preferred to be backward compatible with legacy NB hopping indication and UL tuning based on the legacy NB index and NB index offset, which is useful for BL/CE UEs to achieve frequency diversity. 

For DL PUSCH in CE mode A, the new 11 entries should be defined for different indicated NB index  in the given bandwidth based on the different RB offset observed in Sect. 2. The key thing for the design of the 11 entries are: 1) try to align the RBG boundary; 2) maintain the gain of NB hopping based on legacy NB offset. If only consider 2), single table for all the BW is straightforward to keep the similar distances of the allocated RBs with hopping [4]. But obviously the entries in the single table cannot satisfy the requirement of 1) in different BW case. If only for 1), we may define the RBstart or the RBend of the allocated RB to be aligned with the RBG boundary [3] but unfortunately it cannot work well for 2) when the BW have different RB offset relative to RBG. An example is illustrated in Figure 2 for the allocation in BW=15MHz, where we refer to the Table 9 in [3] to set the starting RB and end RB based on the RB offset relative to the RBG boundary in Table 2.1 as
· starting from s=-1 and end at t=(5+1) for nNB = {0, 2, 4}
· starting from s=-3 and end at t=(5+3) for nNB = {1, 3, 5}
· starting from s=-2 and end at t=(5+0) for nNB = {6, 8, 10}
· starting from s=-2 and end at t=(5+0) for nNB = {7, 9, 11}.
[image: ]
(a) state 1 with 2RBs [3]
[image: ]
(b) state 9 with 2RBs [3]
Figure 2 Resource allocation with NB hopping for BW=15MHz [3]
In Figure 2 (a), the 2RBs are allocated based on state 1 in Table 9 [3] in BW=15MHz. After hopping, most of the 2RB-allocation will be squeezed into one NB, which will degrade the frequency diversity gain. Also, similar problem is observed in Figure 2 (b), where the 2RBs are allocated based on state 9 in Table 9 [3] in BW=15MHz.
After hopping, the allocated RBs after hopping should be sparsely distributed in the system BW as much as possible, which is especially important for the allocation with small size LCRB. In order to solve the problem, we propose Table 2~5 for BW=15MHz. Also, 11 entries instead of 9 entries are used for BW=15MHz and BW=20MHz to increase the flexibility. Similar to the allocation in LTE, the RB index has to be in the range of 0~(RBtotal-1) and the length of the allocated RB is automatically reduced if the ending of the allocated RBs is outside the range.
· For BW=3MHz: Table 2 for nNB = {0} and Table 1 for nNB = {1}
· For BW=5MHz: Table 1 for nNB = {0, 1} and Table 2 for nNB = {2, 3}
[image: ]
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(a) RIV=21 for BW=3MHz
[image: ]
(b) RIV=28 for BW=3MHz
Figure 3 Resource allocation with NB hopping for BW=3MHz
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(a) RIV=21 for BW=5MHz
[image: ]
(b) RIV=28 for BW=5MHz
Figure 4 Resource allocation with NB hopping for BW=5MHz

· For BW=15MHz: Table 2 for nNB = {0, 2, 4}, Table 3 for nNB = {1, 3, 5}, Table 4 for nNB = {6, 8, 10} and Table 5 for nNB = {7, 9, 11}.
[image: ]
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(a) RIV=21 in BW=15MHz 
[image: ]
(b) RIV=23 in BW=15MHz 
[image: ]
(b) RIV=28 in BW=15MHz
Figure 5 Resource allocation with NB hopping for BW=15MHz

· For BW=10MHz: Table 6 for nNB = {0, 1, …7}. The hopping is straightforward based on single Table 6.
[image: ]
· For BW=20MHz: Table 7 for even nNB = {0, 2, …16} and Table 8 for odd nNB = {1, 3, …15}
[image: ]
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(a) RIV=21 for BW=20MHz
[image: ]
(b) RIV=30 for BW=20MHz
[image: ]
(c) RIV=31 for BW=20MHz
[image: ]
(d) RIV=23 for BW=20MHz
[image: ]
(e) RIV=23 for BW=20MHz
Figure 6 Resource allocation with NB hopping for BW=20MHz

Observation 3: 
· We reuse the legacy NB index indication and define the reserved RIVs of 21~31 to support flexible RA considering RGB boundary alignment as well as NB hopping.
· UE refers to different RIV tables of 21~31 based on the indicated NB index and bandwidth.
· It can dynamically switch between the legacy RIVs (0~20) and newly defined RIV (21~31).
· [bookmark: _Hlk513467407]If 1-bit RRC signaling is off, only the RIVs of 0~20 are valid; otherwise, the RIVs of 0~31 are used in DCI 6-1A.
· It is compatible with legacy NB hopping.

Proposal 1: 
For PDSCH CE mode A, propose to reuse the legacy NB index indication and define the reserved RIVs of 21~31 in Table 1~8 for different BW to support flexible RA and backward compatible with NB hopping.
· For BW=3MHz: Table 2 for nNB = {0} and Table 1 for nNB = {1}.
· For BW=5MHz: Table 1 for nNB = {0, 1} and Table 2 for nNB = {2, 3}
· For BW=15MHz: Table 2 for nNB = {0, 2, 4}, Table 3 for nNB = {1, 3, 5}, Table 4 for nNB = {6, 8, 10} and Table 5 for nNB = {7, 9, 11}.
· For BW=10MHz: Table 6 for nNB = {0, 1, …7}. 
· For BW=20MHz: Table 7 for even nNB = {0, 2, …16} and Table 8 for odd nNB = {1, 3, …15}
4.2.2  For PUSCH in CE mode A
For UL PUSCH, we don’t need to consider RBG boundary as in DL. Instead, we consider to use wideband RIVs without using legacy NB index indication. The starting RB could by any RB in the total BW and reuse the equation of Type 2 allocation as  

, 





[bookmark: _Hlk505861180]with  and . Here,  is the total number of RBs in the given BW. The RIV with  requires one more bit than the legacy method of . 


For FDD, there is 1 reserved bit if the system bandwidth is same for DL and UL and we can use it to support the above wideband type 2 allocation. But for TDD, the DCI bits of DL and UL are same. We may have to sacrifice the length options of the resource allocation, such as ; or limit the options of . 
The legacy UE is not aware of the newly defined RIV. For backward compatibility, the ‘new’ BL-UE could support both legacy RIV within the NB and the newly defined wideband RIV without NB index. The new UEs will switch between the legacy narrowband RIV and wideband RIV semi-statically based on UE-specific RRC on/off. 
For CE UEs, the wideband RIV is not linked with the legacy NB index. This allocation cannot flexibly support legacy NB hopping based on the signalling of the NB index offset. For hopping, we could define RB offset, such as RB offset={0, 6RBs, 12RBs, …} to achieve the NB hopping gain. For legacy PUSCH transmission, the UL tuning is defined based on the predefined NBs. If wideband RIV is used without NB index, we may need further consideration on UL tuning based on the UE capability. 

Observation 4: 
· For PUSCH in CE mode A, we define wideband RIVs without using legacy NB index indication
· For FDD, it can use the 1 spare bit to keep the same DCI size to support flexible RA.
· For TDD, there is no spare bit and we could set the limitation on the length of staring RB for the wideband RIV.
· The 1-bit RRC on/off is used to semi-statically switch between the wideband and legacy narrowband RIVs. 
· The wideband RIV is not compatible with legacy NB hopping and the RB offset could be defined to support hopping. 
· Further consideration on UL tuning.

Proposal 2: 
For PUSCH CE mode A, propose to use type2 wideband RIV to support flexible resource allocation.
· Define the hopping based on RB offset.
· FFS UL tuning


5. Flexible Resource Allocation for CE mode B
5 
5.1 Legacy RA Indication for CE mode B
Similar to CE mode A, the MTC UEs in CE mode B also use the resource assignment indicated by using narrowband index nNB in the given BW. For the allocation within the narrowband, we use a 3-bit RIV table for DCI format 6-0B and a 1-bit RIV table for DCI format 6-1B, respectively. As shown in Figure 7, very limited cases are selected for uplink and downlink, respectively. There are no spare bits in DCI format 6-0B and 6-1B for the more flexible resource allocation, without considering a new size of DCI for mode B.
[image: ]
Figure 7 Legacy resource allocation in a narrowband for Mode B
5.2 Flexible RA Indication for CE mode B
5.2.1 For PDSCH in CE mode B
To introduce additional DCI bit(s) will increase the overhead and the corresponding detection performance requires evaluation, especially for the CE UE in low SINR. As a tradeoff between the flexible resource allocation and performance impact, we would consider the RRC signalling as the starting point for CE mode B. For example, the RRS signalling is used to indicate the narrowband offset to shift the narrowband location within the system bandwidth. The legacy RIV for DCI format 6-0B and 6-1B is reused with no impact on the DCI overhead.
For DL PDSCH 6-1B, the possible allocation size is 4RBs and 6RBs. In order to align with the RBG boundary, we use the 1-bit RRC on/off signaling to indicate the NB offset based on the RB location in different NB relative to the RBG boundary, as summarized in Table 2.1. Based on 1-bit RRC signaling, the NB is shifted by the NB offset, as defined in Table 9. Notice that in case of BW=15MHz and 20MHz, the RBG size is 4RBs. If the allocated RB for CE UE is 4RBs, it can be fitted into one RBG by switching on the NB offset; while if the allocated RB for CE UE is 6RBs, we could simply switch off the NB offset.
Table 9 NB offset in different BW for PDSCH CE mode B
	BW
	nNB =0,…, (NNB/2-1) in 1st half BW
	nNB = (NNB/2), … (NNB-1) in 2nd half BW

	3MHz
	NBoffset= {-1RB, 0}
	NBoffset= 0

	5MHz
	NBoffset= 0
	NBoffset= {-1RB, 0}

	10MHz
	NBoffset={-1RB, 0}

	15MHz
	NBoffset={-1RB, 0}
	NBoffset= {-2RBs, 0} for nNB mod 2 = 0; 
NBoffset= 0 for nNB mod 2 = 1;

	20MHz
	NBoffset= {-2RBs, 0} for nNB mod 2 = 0; 
NBoffset=0 for nNB mod 2 = 1;



Proposal 3: 
For PDSCH in CE mode B
· Support 1-bit RRC on/off to indicate the narrowband offset by using Table 9.

5.2.2 For PUSCH in CE mode B
For UL PUSCH 6-0B, the possible allocation size is limited to 1RB and 2RBs. By using 1-bit RRC on/off signaling only, we could shift the allocation align with the NB boundary. If the NB is next to the PUCCH or PRACH, it can reduce the spectrum segmentation. The possible way is to shift the 2-RB start from the 4th RB in the NB for RIV=7 as shown in Table 10 when flexible RA is switched on. 
Table 10 RIV table for PUSCH CE mode B
[image: ]
Proposal 4: 
For PUSCH in CE mode B, support 1-bit RRC on/off to indicate the allocation offset by using the RIV in Table 10.

6. Conclusion
In this paper, we analyse the misalignment issues for different bandwidth. Based on the analysis, we propose to consider the flexible resource allocation for efeMTC with less impact on UE and good backward compatibility.
For CE mode A,
Proposal 1: 
For PDSCH CE mode A, propose to reuse the legacy NB index indication and define the reserved RIVs of 21~31 in Table 1~8 for different BW to support flexible RA and backward compatible with NB hopping.
· For BW=3MHz: Table 2 for nNB = {0} and Table 1 for nNB = {1}.
· For BW=5MHz: Table 1 for nNB = {0, 1} and Table 2 for nNB = {2, 3}
· For BW=15MHz: Table 2 for nNB = {0, 2, 4}, Table 3 for nNB = {1, 3, 5}, Table 4 for nNB = {6, 8, 10} and Table 5 for nNB = {7, 9, 11}.
· For BW=10MHz: Table 6 for nNB = {0, 1, …7}. 
· For BW=20MHz: Table 7 for even nNB = {0, 2, …16} and Table 8 for odd nNB = {1, 3, …15}
[bookmark: _GoBack]
Proposal 2: 
For PUSCH CE mode A, propose to use type2 wideband RIV to support flexible resource allocation.
· Define the hopping based on RB offset.
· FFS UL tuning
For CE mode B,
Proposal 3: 
For PDSCH in CE mode B, support 1-bit RRC on/off to indicate the narrowband offset by using Table 9.

Proposal 4: 
For PUSCH in CE mode B, support 1-bit RRC on/off to indicate the allocation offset by using the RIV in Table 10.
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