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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
RAN#77 agreed a revised WID on eFeMTC with the following new objectives for improving the PDSCH/PUSCH spectral efficiency [1]:
· Introduce support for more flexible starting PRB for PDSCH resource allocation in connected mode at least for UE operating in CE mode A/B configured with 1.4 MHz max PDSCH channel bandwidth.
· Introduce support for more flexible starting PRB for PUSCH resource allocation in connected mode at least for UE operating in CE mode A/B configured with 1.4 MHz max PUSCH channel bandwidth.
In RAN1#92, the following agreements were reached [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 further discuss the solutions regarding more flexible starting PRB for PDSCH/PUSCH resource allocation. 
Motivation
PDSCH resource allocation
Since mobile broadband traffic often has a bursty nature, there are several subframes where only a single higher category (>= Cat 0) UE user is being active. For the downlink resource allocation of a single UE with higher category, resource allocation type 0 is the allocation strategy that provides the most efficient spectrum utilization and highest user throughput. Thus, there is an interest in optimizing the spectrum utilization for scheduling of a single higher category UE with resource allocation type 0 alongside one or several BL/CE UEs in the same subframe.
The misalignment between narrowbands (NBs) and RBGs may cause inefficient utilization of the downlink PRBs. An example is shown in Figure 1 for 10 MHz system bandwidth. A BL/CE UE utilizing NB1 blocks three RBGs due to the misalignment between NB1 and RBGs. The PRBs marked with red cannot be used by a higher category UE. As a result of using 41 of 50 instead of 44 of 50 PRBs for a higher category UE, the UE’s throughput is not maximized.

[bookmark: _Ref505242491]Figure 1 Illustration of the inefficient DL PRB utilization caused by the misalignment between NB and RBG
Observation 1: Inefficient utilization of the downlink PRBs can be caused by the misalignment between NBs and RBGs for PDSCH resource allocation. 
PUSCH resource allocation
For uplink resource allocation, consecutive PRBs are required. In order to allow a large number of consecutive PRBs to be allocated in the uplink for a higher category UE, PUCCH and PRACH may be allocated near the edges of the system bandwidth. For a BL/CE UE’s resource allocation, it might be difficult to allocate in a NB the resource which is directly adjacent to the resources used for PUCCH/PRACH, which will lead to a fragmentation of the uplink resource. This fragmentation of the uplink resource is expected to be avoided by more flexible starting PRB for PUSCH resource allocation.
Observation 2: The fragmentation of the uplink resource should be avoided by more flexible starting PRB for PUSCH resource allocation. 
Discussion on solutions
The solutions proposed in RAN1#92 on more flexible starting PRB for PDSCH/PUSCH resource allocation of 1.4 MHz BL/CE UE can be categorized into two types.
· Solution 1: Allocating consecutive PRBs in any position of the system bandwidth [3]
For CE mode A, the allocation of all possible consecutive {1, 2, 3, 4, 5, or 6} PRBs within the system bandwidth has different ways, which requires  bits to indicate.  represents the number of PRBs within the system bandwidth. These bits indicate a RIV which maps to a starting PRB index and a number of consecutive PRBs {1, 2, 3, 4, 5, 6}. The number of bits required for the resource block assignment field of this solution is compared with the current resource block assignment field in DCI format 6-0A and 6-1A in Table 1.
[bookmark: _Ref505248422]Table 1 Comparison of the number of bits required for the resource block assignment field for 1.4 MHz BL/CE UE in CE mode A
	System bandwidth
	PRBs in the system bandwidth
	Number of bits required for resource block assignment in DCI format 6-0A and 6-1A
	Number of bits required for allocating all possible consecutive up to 6 PRBs 

	1.4 MHz
	6
	5
	5

	3 MHz
	15
	6
	7

	5 MHz
	25
	7
	8

	10 MHz
	50
	8
	9

	15 MHz
	75
	9
	9

	20 MHz
	100
	9
	10



For PDSCH resource allocation in CE mode B, consecutive 4 or 6 PRBs need to be supported to be allocated in any position of the system bandwidth. There are   different ways to allocate, which requires  bits to indicate.
For PUSCH resource allocation in CE mode B, there are  different ways to allocate 1 or 2 PRBs in any position of the system bandwidth. The number of bits needed for the resource block assignment field is .
Table 2 compares the number of bits required for the resource block assignment field for this CE mode B solution and in DCI format 6-0B and 6-1B.
[bookmark: _Ref505258281]Table 2 Comparison of the number of bits required for the resource block assignment field for 1.4 MHz BL/CE UE in CE mode B
	System bandwidth
	PRBs in the system bandwidth
	Number of bits required for resource block assignment in current DCI
	Number of bits required for allocating all possible consecutive PRBs in system bandwidth

	
	
	Format 6-0B
	Format 6-1B
	PUSCH
	PDSCH

	1.4 MHz
	6
	3
	1
	4
	2

	3 MHz
	15
	4
	2
	5
	5

	5 MHz
	25
	5
	3
	6
	6

	10 MHz
	50
	6
	4
	7
	7

	15 MHz
	75
	7
	5
	8
	8

	20 MHz
	100
	7
	5
	8
	8








[bookmark: _Hlk505861158][bookmark: _Hlk505861180]The RIV equation in legacy UL resource allocation type 0 or DL resource allocation type 2 can be reused by 1.4 MHz BL/CE UE in CE mode A and PUSCH in CE mode B when flexible starting PRB is enabled for this solution. That is, , with  , ,  for CE mode A and  for PUSCH in CE mode B. Here,  is the total number of RBs in the system bandwidth.
As observed from Table 1 and Table 2, the allocation of all possible consecutive PRBs in any position of the system bandwidth requires an extra bit for CE mode A and CE mode B PUSCH allocation. However, for PDSCH in CE mode B, one extra bit is not adequate for system bandwidth larger than 1.4 MHz, where as many as 3 additional bits are required. Due to the 3 bits payload increase in CE mode B, the number of MPDCCH repetitions will be even larger. It replaces one inefficient DL resource utilization with another. The allocation with the starting PRB restricted to the first PRB of the RBG or NB was proposed in [3] for CE mode B PDSCH, which still needs 2 additional bits with such restriction.
Allocating consecutive PRBs in any position of the system bandwidth is not compatible with the current resource allocation for BL/CE UEs which is based on NB. The current frequency hopping scheme based on NB hopping cannot be applicable and either has to be re-designed or the benefits of frequency diversity lost. 
Observation 3: Allocating consecutive PRBs in any position of the system bandwidth for 1.4 MHz max PDSCH/PUSCH channel bandwidth requires 1~3 additional DCI bits and requires re-design or loss of frequency hopping.
· Solution 2: Indicating resource shift for the PRBs within the indicated NB [4][5][6][7]
For each system bandwidth configurations, the NB and RBG division is illustrated in Figure 2. 
[image: ]
[bookmark: _Ref505262471]Figure 2 NB and RBG division for all the system bandwidths
It can be observed for the NB which boundary is not aligned with the RBG boundary, if it is shifted by 1 or 2 PRBs toward the low or high PRB index direction, then alignment is achieved. Thus to solve the inefficient utilization of the downlink PRBs caused by the misalignment between NB and RBG, the allocation with full flexibility is unnecessary. The flexibility provided by the 1 or 2 PRBs resource shift can also avoid the fragmentation of the uplink resource. As the indicated NB is also used in this solution, the frequency hopping can still be based on the indicated NB and NB offset. There can be no DCI bits increase or 1 bit additional bit needed for the following solutions. 
Observation 4: Indicating resource shift for the PRBs within the indicated NB with no or 1 bit DCI bit increasing can also achieve the alignment between NB and RBG, provide the flexibility to avoid the fragmentation of the uplink resource.
· Solution 2.1: Using unused 11 states in 5 LSB bits of ‘Resource block assignment’ field to indicate resource which can include the PRB(s) outside the indicated NB [4][5] 
In CE mode A, there are 11 unused states in 5 LSB bits of ‘Resource block assignment’ field of the DL DCI. If only 1.4 MHz max PUSCH channel bandwidth is supported by the BL/CE UE when more flexible starting PRB is enabled by higher layer signalling, the 11 unused states also exist in the UL DCI. In [4][5], all the 11 unused states are used to indicate the resource which can include the PRB(s) outside the indicated NB. There are no unused states left to indicate early termination purpose, which is not consistent with the following agreement [8]:
Agreement
· For the explicit HARQ-ACK feedback signaling,
· For CE mode A, unused state(s) in the “resource assignment” field in DCI format 6-0A is used to indicate explicit HARQ-ACK feedback for a single UE.
· FFS: If other fields are set to predetermined values
Working assumption
· One unused DCI state in each CE mode is used for indicating:
· Early termination of MPDCCH monitoring and early termination of any ongoing PUSCH transmission
· Another unused DCI state in each CE mode is used for indicating:
· Early termination of any ongoing PUSCH transmission (without early termination of MPDCCH monitoring)
The solution in [4], which is shown in Table 3 as below, puts some limitation on the allocated number of PRBs. For example, allocating 5 PRBs is not supported. Although 5 PRB is not a RBG size, there is still be some benefit to support it. When the RBG size is 4, if two UEs with 5 and 3 PRBs allocated respectively can be paired by the flexible starting PRB allocation, they can occupy exactly 2 RBGs maximizing the available RBGs for legacy UEs. As another example, for NB 1 or 3 or 5 in 15MHz bandwidth, only the red rows can have one boundary of the allocated resource aligned to the boundary of a RBG, which is also a limitation on the allocated number of PRBs.
Table 3 Using the unused states to indicate the shift of the assigned PRBs within NB in [4]
	Assigned PRBs within NB
	Shifting offset

	0 and 1
	move forward by 1 PRB

	4 and 5
	move backward by 1 PRB

	0, 1 and 2
	move forward by 1 PRB 

	3, 4 and 5
	move backward by 2 PRB 

	0, 1, 2 and 3
	move forward by 1 PRB

	0, 1, 2 and 3
	move forward by 2 PRB

	2, 3, 4 and 5
	move backward by 1 PRB

	2, 3, 4 and 5
	move backward by 2 PRB

	0, 1, 2, 3, 4 and 5
	move forward by 1 PRB

	0, 1, 2, 3, 4 and 5
	move backward by 1 PRB

	0, 1, 2, 3, 4 and 5
	move backward by 2 PRB



Solution in [5] uses 5 tables for different bandwidth and NBs shown in Figure 3 for the resource allocation indicated by the 11 unused states as:
· For BW=3MHz: Table 4 for nNB = {1} and Table 5 for nNB = {0}
· For BW=5MHz: Table 4 for nNB = {0, 1} and Table 5 for nNB = {2, 3}
· For BW=10MHz: Table 6 for nNB = {0, 1, …7}
· For BW=15MHz: Table 5 for nNB = {0, 2, 4}, Table 6 for nNB = {1, 3, 5}, Table 7 for nNB = {6, 8, 10} and Table 8 for nNB = {7, 9, 11}
· For BW=20MHz: Table 7 for even nNB = {0, 2, …16} and Table 8 for odd nNB = {1, 3, …15}
However, Table 6 is not suitable for NB 1 or 3 or 5 in 15 MHz bandwidth, as the PRBs starting from -1, or ending at 5+1 or ending at 5+2 are still not aligned with a RBG boundary. Moreover, the allocated number of PRBs is also limited. For example, 2 PRBs ending at 5+1 cannot be allocated in Table 5. The tables are not optimized for every NB. For example, for NB 3 in 5 MHz bandwidth, PRBs ending at 5+1 will get outside of the system bandwidth. 
[image: ]
Figure 3 Tables for resource allocation indicated by the 11 unused states [5]
· Solution 2.2: Introduce 1-bit on-off signal(either RRC or DCI signalling) for the PRB shift, and UE shifts the allocated PRB based on the system bandwidth and the allocated NB [6][7]
The current resource block assignment field can be retained to indicate the PRB. The relative position of RBG and NB depends on the system bandwidth and the NB. Hence when the PRB shift is enabled, the direction/number of PRBs for the shift of the indicated PRB can depend on the system bandwidth and the allocated NB. 
The proposed solution
· CE mode A
To minimize the DCI size, the unused 11 states in 5 LSB bits of ‘Resource block assignment’ field in the DCI can be utilized to indicate resource which can include the PRB(s) outside the indicated NB. Taking into consideration that the current resource allocation can allocate one PRB for a BL/CE UE in any position among the PRBs within NBs, and the necessity for allocation of one PRB for a BL/CE UE in a PRB not belonging to any NB would be a corner case, the number of PRBs indicated by the unused states can be 2, 3, 4, 5, or 6. To get the allocated resource aligned with a RBG, the starting PRB of the allocated resource should be the starting PRB of a RBG, or the ending PRB of the allocated resource should be the ending PRB of a RBG. The RBG can be nearest to the indicated NB. We use 9 states out of the 11 states for the resource allocation, with the indicated PRBs shown in Table 9 as below. The PRB with index s is the starting PRB of a RBG, the PRB with index t is the ending PRB of a RBG. If the indices of PRBs within the indicated NB are denoted as n, n+1, n+2, n+3, n+4, n+5, s is the largest value smaller than n, and t is the smallest value larger than n+5. Then the remaining 2 states can be used for early termination. 






Table 9 Using 9 states to indicate the allocated PRBs
	9 states
	Index of the staring PRB of the allocated resource
	Number of PRBs allocated 

	State 1
	s
	2

	State 2
	s
	3

	State 3
	s
	4

	State 4
	s
	5

	State 5
	s
	6

	State 6
	t-4
	5

	State 7
	t-3
	4

	State 8
	t-2
	3

	State 9
	t-1
	2



Proposal 1: When the more flexible starting PRB feature is enabled by higher layer signaling in CE mode A, 9 states out of the 11 states in 5 LSB bits of ‘Resource assignment’ field are used to indicate the resource with starting PRB or ending PRB aligned to a boundary of a RBG as shown in Table 9, and the remaining 2 states are used for early termination.
· CE mode B
In CE mode B, there are no spare bits in DCI format 6-0B and 6-1B for the more flexible resource allocation. So solution 2.2 can be considered. When the more flexible starting PRB feature is enabled by higher layer signaling, whether the indicated PRB is shifted or not should be configured in DCI. 
Take 20 MHz bandwidth for an example to explain. If NB0 is allocated to UE1 and NB1 is allocated to UE2, it is better to shift the resource of both the UEs to occupy 3 RBGs (e.g. RBG0,1,2) to reduce the blocked RBGs. If NB1 is allocated to UE3 and NB2 is allocated to UE4, the resource of both the UEs does not need to be shifted. So it is observed whether NB1 needs to be shifted or not depends on eNB scheduling of other UEs. Thus the on-off for the PRB shift is better to be indicated in DCI.
The resource assignment field indicates the allocated PRB. When DCI indicates on for the PRB shift, the PRB shift rule of the indicated PRB can be designed as shown in Table 10.
Table 10 PRB shift rule for CE mode B
	Bandwidth
	PRB shift rule

	3MHz
	Shift 1PRB down for NB 0;
Shift 2PRB down for NB 1.

	5MHz
	No shift for NB {0, 1};
Shift 1PRB down for NB {2,3}.

	10MHz
	Shift 1PRB down for all NBs.

	15MHz
	[bookmark: OLE_LINK16][bookmark: OLE_LINK17]Shift 1PRB down for NB{0,1,2,3,4,5};
Shift 2PRB down for NB {6,7,8,9,10,11}.

	20MHz
	Shift 2PRB down for every NB.



Proposal 2: When the more flexible starting PRB feature is enabled by higher layer signaling in CE mode B, introduce 1 bit on-off in DCI for the PRB shift. When DCI indicates on for the PRB shift, the indicated PRB will be shifted depending on the system bandwidth and the indicated NB as shown in Table 10.
Conclusion
This contribution discusses more flexible starting PRB for PDSCH/PUSCH resource allocation, the observations and proposals are as below:
Observation 1: Inefficient utilization of the downlink PRBs can be caused by the misalignment between NBs and RBGs for PDSCH resource allocation. 
Observation 2: The fragmentation of the uplink resource should be avoided by more flexible starting PRB for PUSCH resource allocation.
Observation 3: Allocating consecutive PRBs in any position of the system bandwidth for 1.4 MHz max PDSCH/PUSCH channel bandwidth requires 1~3 additional DCI bits and requires re-design or loss of frequency hopping.
Observation 4: Indicating resource shift for the PRBs within the indicated NB with no or 1 bit DCI bit increasing can also achieve the alignment between NB and RBG, provide the flexibility to avoid the fragmentation of the uplink resource.
Proposal 1: When the more flexible starting PRB feature is enabled by higher layer signaling in CE mode A, 9 states out of the 11 states in 5 LSB bits of ‘Resource assignment’ field are used to indicate the resource with starting PRB or ending PRB aligned to a boundary of a RBG as shown in Table 9, and the remaining 2 states are used for early termination.
Proposal 2: When the more flexible starting PRB feature is enabled by higher layer signaling in CE mode B, introduce 1 bit on-off in DCI for the PRB shift. When DCI indicates on for the PRB shift, the indicated PRB will be shifted depending on the system bandwidth and the indicated NB as shown in Table 10.
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