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Background
In RAN#77 the WID on Even further enhanced MTC for LTE was revised to include objectives on “support for more flexible starting PRB for PDSCH/PUSCH resource allocation in connected mode at least for UE operating in CE mode A/B configured with 1.4 MHz max PDSCH channel bandwidth” [1].
In RAN1#92 the following was agreed [2]:
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 this contribution we share our views on the support for more flexible PDSCH/PUSCH resource allocation.
[bookmark: _Ref509836828]Motivation for more flexible PDSCH/PUSCH resource allocation
As indicated in e.g. [3], the misalignment between narrowband (NB) and resource block group (RBG) may cause inefficient resource utilization when multiplexing BL/CE UEs and non-BL/CE UEs in a cell. For example, allocation of a full NB to a BL/CE UE may cause PRB(s) that belongs to the partially overlapping RBG(s) but is not covered by that NB “wasted” as they cannot be allocated to non-BL/CE UEs (with a RBG-based resource allocation).
It should be noted though that the above problem only occurs when multiplexing BL/CE UEs and non-BL/CE UEs, and whatever solution is adopted to solve the problem, the resulting resource allocation may cause “NB fragmentation” which may in return cause a problem for legacy BL/CE UEs. For a given BL/CE UE, resource allocation may, for some PDSCHs/PUSCHs, be required to avoid “RBG fragmentation”, and for some other PDSCHs/PUSCHs, be required to avoid “NB fragmentation”, depending on the mix of UEs in the cell at a given time. Hence it is highly desirable that resource allocation can be switched dynamically (i.e. via DCI) between the “more flexible” schemes and the legacy schemes fog a given BL/CE UE.
Proposal 1: For a BL/CE UE configured with more flexible starting PDSCH/PUSCH PRB, resource allocation in DCI supports all legacy resource allocation instances as well as newly defined resource allocation instances.
It should also be noted that the problem is more visible (or, only visible) for larger numbers of allocated resource blocks. For small numbers of allocated resource blocks for PDSCH/PUSCH in CE mode A and for PUSCH in CE mode B, the problem can be largely avoided by the already flexible legacy resource allocation within a NB. Taking Figure 1 as an example, although NB0 overlaps with 3 RBGs, the problem may only occur when the full NB is allocated to BL/CE UEs. For resource allocation of 2, 3, 4, and 5 PRBs, the overlap with RBGs can be minimized already by legacy resource allocations (see RA1 to RA4 in Figure 1).
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[bookmark: _Ref510526230]Figure 1: Legacy resource allocation minimizing overlaps with RBGs (10 MHz LTE system bandwidth)
Observation 1: The problem of inefficient resource utilization is only visible when multiplexing BL/CE UEs and non-BL/CE UEs, and when allocating larger numbers of resource blocks to the BL/CE UEs.

[bookmark: _Ref509831100]Summary of proposals for more flexible PDSCH/PUSCH resource allocation
A number of contributions were seen in RAN1#92 on more flexible PDSCH/PUSCH resource allocation. Detailed proposals were only provided for 1.4 MHz max PDSCH/PUSCH channel bandwidth. The proposals can be roughly categorized as follows:
· Alt-1 ([3]): the starting PRB of the resource allocation can be any PRB within the LTE system bandwidth. The candidate lengths of a set of consecutively allocated PRBs reuse the values in legacy eMTC, i.e.,
· {1, 2, 3, 4, 5, 6} for PDSCH/PUSCH in CE mode A;
· {4, 6} for PDSCH in CE mode B (in this case the starting PRB can only be a starting PRB of a NB or a starting PRB of a RBG);
· {1, 2} for PUSCH in CE mode B.
· Alt-2 ([5], [6], [7]): a reference “NB” where PDSCH/PUSCH resources are allocated is defined by “shifting” the NB as defined in legacy eMTC to align with a (closest) RBG boundary.
· Resource allocation is restricted within the reference “NB”, wherever it is located.
· Resource allocation within the reference “NB” is kept the same as in legacy eMTC.
· Various ways exist in defining how to shift the NB. For simplicity, in this contribution it is assumed that the reference “NB” is aligned with the lowest numbered RBG that overlaps with the indicated NB, i.e. the first PRB of the reference “NB” is  where  is the first PRB of a NB (as defined in legacy eMTC and indicated in DCI) and  is RBG size.
· Alt-3 ([4], [8]): new resource allocation cases are defined such that either the left or right edge of the set of consecutively allocated PRBs goes beyond the NB as defined and indicated in legacy eMTC.
· Resource allocation within the indicated NB is kept the same as in legacy eMTC.
· This was only proposed for PDSCH/PUSCH in CE mode A where the 11 reserved RIVs were reused for definition of additional combinations of  and .
It seems that at least for CE mode A and 1.4 MHz max PDSCH/PUSCH channel bandwidth, all of the above alternatives have the following common grounds:
· Resource allocation is based on “starting PRB” () plus “a set of consecutively allocated PRBs” ().
· Once  is located, the set of values for  defined in Rel-13 is supported (wherever permitted by the LTE system bandwidth, i.e. ).
We propose to take the above principles as a starting point for the design of more flexible PDSCH/PUSCH resource allocation.
Proposal 2: For a BL/CE UE configured with more flexible starting PDSCH PRB, CE mode A and 1.4 MHz max PDSCH/PUSCH channel bandwidth,
· Resource allocation indication includes at least a starting PRB () and a set of consecutively allocated PRBs ().
· For a given , at least the set of values of  defined in Rel-13 is supported (wherever permitted by the LTE system bandwidth).
Analysis of resource allocation alternatives
Besides some signaling details (e.g. mapping of (, ) to RIV, partial indication in RRC vs. DCI, etc.), the essential difference between the alternatives summarized in section 3 is the supported set of values for (, ) combinations. The resource allocation in legacy eMTC (taking 10 MHz LTE system bandwidth as an example) is shown in Figure 2. So the question is which set of (, ) combinations (i.e. those marked with ‘-’ in Figure 2) should be additionally supported.
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[bookmark: _Ref477278869]Figure 2: Resource allocation in legacy eMTC (10 MHz LTE system bandwidth)
[bookmark: _Ref509843743]CE mode A
Alt-1 supports all possible (, ) combinations permitted by the LTE system bandwidth, see Figure 3 for 10 MHz LTE system bandwidth. It was claimed that such “full” flexibility was necessary at least for PUSCH where there may be natural NB and RBG fragmentation near the edge of the LTE system bandwidth due to resource allocation for PRACH and PUCCH. This sounds reasonable, but the actual gains need to be quantified, especially when this results in larger DCI size. For the problem of inefficient resource utilization due to misalignment between NB and PRB, as observed in section 2, support for the following in Alt-1 brings no or very little benefit:
· (, ) combinations with small  values (e.g. 1 or 2);
· (, ) combinations where  and the set of allocated PRBs span two RBGs. ( is RBG size.)
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[bookmark: _Ref510524646]Figure 3: Resource allocation in Alt-1 (10 MHz LTE system bandwidth)
For Alt-2, as can be seen in Figure 4 for 10 MHz LTE system bandwidth, most of the (, ) combinations are already supported in legacy eMTC (see the points with both a circle and a plus sign). Therefore, it would be a big waste of RIV states if the legacy independent coding of NB and  in DCI is reused and one additional bit is introduced in DCI to indicate whether the indicated NB is shifted or not. Furthermore, the newly introduced (, ) combinations are evenly distributed for different  values, which is not very helpful in improving resource utilization efficiency as the problem mainly occur at larger  (see section 2).
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[bookmark: _Ref510584294]Figure 4: Resource allocation in Alt-2 (10 MHz LTE system bandwidth)
Alt-3 covers the larger  very well for 10 MHz LTE system bandwidth, see Figure 5 where all (, ) combinations with  aligning with RBG boundaries are well covered. However, this is not the case for other LTE system bandwidths, e.g. 15 MHz LTE system bandwidth as shown in Figure 6.
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[bookmark: _Ref510608065]Figure 5: Resource allocation in Alt-3 (10 MHz LTE system bandwidth)
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[bookmark: _Ref510609059]Figure 6: Resource allocation in Alt-3 (15 MHz LTE system bandwidth)
Alt-3 is also restrictive in the number of supported (, ) combinations due to reuse of the 11 reserved RIVs. For example, for 15 MHz LTE system bandwidth, NB 1 overlaps with the last PRB of RBG 1, all PRBs of RBG 2, and the first PRB of RBG 3 (i.e. [-3+0, 5+3] as described in [8]). However, Alt-3 does not allow e.g. ,  which can be very useful in terms of aligning RBG boundaries and preserving consecutive blocks of PRBs for the impacted NBs. This is illustrated in Figure 7.
[image: ]
[bookmark: _Ref510809228]Figure 7: Example of resource allocation not allowed in Alt-3 (15 MHz LTE system bandwidth)
Table 1 shows the number of required bits for legacy eMTC, Alt-1, Alt-2 and Alt-3, where we assume that in Alt-2 one additional bit is introduced in DCI to indicate whether the indicated NB is shifted or not (otherwise there would be in our view a big disadvantage of Alt-2 that the multiplexing flexibility with legacy BL/CE UEs is lost).
[bookmark: _Ref509905098]Table 1 Number of required bits for resource allocation in CE mode A
	System bandwidth
	Total number of PRBs
	Number of required bits for PDSCH/PUSCH resource allocation

	
	
	legacy
	Alt-1
	Alt-2
	Alt-3

	1.4 MHz
	6
	5
	5 (+0)
	6 (+1)
	5 (+0)

	3 MHz
	15
	6
	7 (+1)
	7 (+1)
	6 (+0)

	5 MHz
	25
	7
	8 (+1)
	8 (+1)
	7 (+0)

	10 MHz
	50
	8
	9 (+1)
	9 (+1)
	8 (+0)

	15 MHz
	75
	9
	9 (+0)
	10 (+1)
	9 (+0)

	20 MHz
	100
	9
	10 (+1)
	10 (+1)
	9 (+0)



In our view the maximum resource allocation flexibility should be pursued (i.e. in the direction of Alt-1) as long as no additional DCI overhead is introduced (i.e. in the direction of Alt-3). This may be achieved by removing the (, ) combinations in Alt-1 that bring no or very small gains in terms of multiplexing with non-BL/CE UEs.
Looking at the resource block assignment field in DCI format 6-1A, there are actually  unused states in legacy eMTC for 1.4 MHz max PDSCH channel bandwidth (and similarly for PUSCH) which should be sufficient to cover all (, ) combinations relevant in improving resource utilizations.
Proposal 3: For a BL/CE UE configured with more flexible starting PDSCH PRB, CE mode A and 1.4 MHz max PDSCH/PUSCH channel bandwidth, resource allocation is indicated by a subset of the total number of  unused states in the resource block assignment field in DCI format 6-1A/6-0A.

CE mode B
Table 2 summarizes the number of required bits for Alt-1 and Alt-2 in CE mode B.
Alt-1 introduces two additional bits in DCI for PDSCH in CE mode B in most LTE system bandwidths. For PUSCH in CE mode B, the additional DCI overhead for each LTE system bandwidth is one bit.
Just like in CE mode A, Alt-2 introduces a constant one-bit DCI overhead (again, assuming one additional bit is introduced in DCI to indicate whether the indicated NB is shifted or not).
Alt-3 was not proposed to be applied to CE mode B as no reserved state is available in the resource block assignment field in DCI.
Our view is that RAN1 should first make a decision on the acceptable DCI overhead. If it is agreed that one more bit in DCI is acceptable, then again, the resource block assignment field has sufficient states to accommodate all (, ) combinations relevant in improving resource utilizations. We slightly prefer to support the “more flexible starting PRB” feature also in CE mode B.
[bookmark: _Ref510809388]Table 2 Number of required bits for resource allocation in CE mode B
	System bandwidth
	Total number of PRBs
	Number of required bits for PDSCH resource allocation
	Number of required bits for PUSCH resource allocation

	
	
	Legacy
	Alt-1
	Alt-2
	Legacy
	Alt-1
	Alt-2

	1.4 MHz
	6
	1
	2 (+1)
	2 (+1)
	3
	4 (+1)
	4 (+1)

	3 MHz
	15
	2
	4 (+2)
	3 (+1)
	4
	5 (+1)
	5 (+1)

	5 MHz
	25
	3
	5 (+2)
	4 (+1)
	5
	6 (+1)
	6 (+1)

	10 MHz
	50
	4
	6 (+2)
	5 (+1)
	6
	7 (+1)
	7 (+1)

	15 MHz
	75
	5
	6 (+1)
	6 (+1)
	7
	8 (+1)
	8 (+1)

	20 MHz
	100
	5
	7 (+2)
	6 (+1)
	7
	8 (+1)
	8 (+1)



Observation 2: Support for the “more flexible starting PRB” feature in CE mode B depends on the whether one more bit is agreed to be introduced in DCI.

1. Conclusion
In this contribution, we discuss the support for more flexible PDSCH/PUSCH resource allocation in efeMTC and make the following observations/proposals:
Observation 1: The problem of inefficient resource utilization is only visible when multiplexing BL/CE UEs and non-BL/CE UEs, and when allocating larger numbers of resource blocks to the BL/CE UEs.
Observation 2: Support for the “more flexible starting PRB” feature in CE mode B depends on the whether one more bit is agreed to be introduced in DCI.

Proposal 1: For a BL/CE UE configured with more flexible starting PDSCH/PUSCH PRB, resource allocation in DCI supports all legacy resource allocation instances as well as newly defined resource allocation instances.
Proposal 2: For a BL/CE UE configured with more flexible starting PDSCH PRB, CE mode A and 1.4 MHz max PDSCH/PUSCH channel bandwidth,
· Resource allocation indication includes at least a starting PRB () and a set of consecutively allocated PRBs ().
· For a given , at least the set of values of  defined in Rel-13 is supported (wherever permitted by the LTE system bandwidth).
Proposal 3: For a BL/CE UE configured with more flexible starting PDSCH PRB, CE mode A and 1.4 MHz max PDSCH/PUSCH channel bandwidth, resource allocation is indicated by a subset of the total number of  unused states in the resource block assignment field in DCI format 6-1A/6-0A.
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