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Introduction
In [1], some operators described an issue related to the co-deployment of LTE and eMTC in a cell. Given that there is misalignment between LTE resource block groups (RBG) and eMTC narrowbands, eNB resource allocations may be inefficient. This can reduce the cell spectral efficiency.
In RAN plenary #78, the on-going efeMTC rel.15 WI has been updated to address the aforementioned issue [2]:
· Increased PDSCH spectral efficiency [RAN1 lead, RAN2, RAN4]
· Specify optional support for 64QAM for unicast PDSCH (no UE peak rate increase is intended).
· 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.
· Increased PUSCH spectral efficiency [RAN1 lead, RAN2, RAN4]
· E.g. sub-PRB resource allocation, with no less than 3 subcarriers within a sub-PRB allocation.
· 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 addition, we also observe that a similar potential issue already exists in the current LTE / NB-IoT deployment case when NB-IoT collides on top of an eMTC narrowband. A technical solution to resolve this problem should be studied. It would be beneficial if a similar technical solution for the RBG / narrowband misalignment issue also can be applied for this issue. 
In this contribution, we discuss some potential solutions on flexible resource allocation for efeMTC with the objective to maintain high cell spectral efficiency.   
Discussion
In [1], it is observed that the RBG in LTE and the narrowbands in eMTC are not aligned. An example is shown in Figure 1 for a 10 MHz system bandwidth. Here, 8 eMTC narrowbands are arranged in the 50 PRB system bandwidth such that they are centred with the 2 unused PRBs placed at both edges of the system bandwidth. It can be observed that the RBGs and narrowbands are not PRB aligned, i.e. they do not start from the same PRB.
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[bookmark: _Ref505851508]Figure 1: RBG and narrowband misalignment in a 10 MHz system bandwidth

A consequence of this misalignment between RBG and eMTC narrowband is that in a system that supports both LTE and eMTC, RBGs that overlap with a used narrowband cannot be scheduled to a legacy LTE UE. An example for an LTE 10 MHz system bandwidth is shown in Figure 2.  Here, narrowband#03 is scheduled which uses {PRB#19, PRB#20, PRB#21, PRB#22, PRB#23, PRB#24}. As described previously, an RBG is the smallest granularity for PDSCH resource allocation and it can be observed that since PRB#19 & PRB#20 are used, RBG#06 cannot be used, which causes PRB#18 to be blocked from usage by LTE UEs. Similarly, PRB#24 is occupied which blocks the usage of RBG#08, despite the majority of RBG#8’s PRBs {PRB#25 & PRB#26} being free. This leads to degradation in the cell throughput/spectral efficiency for the LTE system.

[image: ]

[bookmark: _Ref505851989]Figure 2: Blocked resources due to RBG & narrowband misalignment

Observation 1: PRBs in a RBG that overlap with a MTC narrowband cannot be used by LTE UE. This leads to degradation in the cell throughput/spectral efficiency for the LTE system. 
We have identified some potential solutions as described in the following sections. The objective is to keep high cell throughput/spectral efficiency for the LTE system. In addition, the potential solutions are not at the expense of significant increase of UE complexity or energy consumption.

[bookmark: _Ref506569747]Technical Solutions
[bookmark: _Ref506548681]Narrowband Shifting Operation
Here, we introduce RRC signalling in the SIBs or UE specific signalling to indicate a shift pattern in the eMTC narrowbands. This shift pattern would tell the eMTC UE the number of PRBs that need to be shifted to form the shifted narrowbands.
The RRC signals the number of PRBs that should be shifted either to the right or the left for all the eMTC narrowbands. For example, in the 10 MHz system bandwidth case, the RRC can signal a shift of 1 PRB to the left as shown in Figure 3, which would align the narrowbands with the RBG (aligned narrowbands are highlighted in blue). Other LTE system bandwidth could have different PRB shift values.
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[bookmark: _Ref505853654]Figure 3: Shift narrowbands by 1 PRB to the left in LTE 10 MHz

In another approach, the RRC configured shift is performed on a group of narrowbands. This could be useful for a system bandwidth that has narrowbands that misalign with RBGs differently in the upper and lower portions of the system bandwidth. An example is shown in Figure 4, where the lower narrowband needs to be shifted to the left by one PRB to achieve alignment, but the upper narrowband does not need shifting since it is already aligned.  
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[bookmark: _Ref506499426]Figure 4 - shifting a group of narrowbands to achieve RBG alignment

Considering that there could still be some other possible shifting methods that could depend on the selected LTE bandwidth, the details on shift pattern operation should be for further study. If there is one shift pattern per system bandwidth then dedicated signalling of the shift pattern may not be required and it may suffice to simply toggle shifting on and off, where the shift pattern to apply for each system bandwidth is specified. This shift toggle can be indicated in the DCI carrying the downlink grant.

Proposal 1: Introduce RRC signalling in the SIBs or UE specific signalling to indicate application of a shift pattern in the eMTC narrowbands. The detailed shift pattern and any other potential signalling mechanisms are for further studies (FFS). 

[bookmark: _Ref506548463]Invalid Resource Block (RB) Indication
In this section, we describe the case when an MTC UE is allowed to use less PRB than its default configuration (e.g. full PRB allocation in a narrowband). Assuming the MTC UE is allocated by the eNB to use narrowband #3 as shown in Figure 2, RBG #6, #7, and #8 are overlapped with narrowband #3, in which RBG #6 and #8 are partially overlapped. The eNB can decide whether one or more PRBs in those partially overlapped RBGs are to be marked as unused (i.e. invalid PRBs) for MTC UE and instead use those PRBs for LTE UEs with a full RBG allocation. The eNB would indicate invalid RB(s) information to the MTC UE where the MTC UE should not receive in those particular RB(s). 
The “invalid RB” information can be implicitly informed to the MTC UE. For example, the UE is informed that “invalid RB” functionality is applied and the UE then understands that any PRBs within a narrowband that is part of an RBG that partially overlaps the narrowband are invalid. E.g. the MTC UE is allocated NB#3 and then understands that PRBs #19,#20, and #24 are invalid.
Instead of the above “partial overlapping” rule as described above, PRBs within an RBG are considered to be invalid if the narrowband overlaps more than a proportion of the RBG. For example, if the “proportion” is 50%, then when the UE is allocated NB#3, it understands that PRB #24 is invalid (but that PRBs #19 and #20 are valid since NB#3 overlaps more than 50% of RBG #6). This operation is illustrated in Figure 5. In this case, RBG #8 can be fully allocated for LTE UEs and the MTC UE is now only assigned 5 PRBs (instead of the full 6 PRBs).
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[bookmark: _Ref506491568]Figure 5: Invalid RB operation

Proposal 2: Introduce invalid RB(s) indication to the MTC-UE so that at least an RBG can be allocated to the LTE UE. 
The usage of less resources due to invalid PRB operation is expected to reduce MTC UE performance. This can be compensated by allowing additional repetitions for MTC UE as illustrated in Figure 6. Here, the eNB can also implicitly indicate additional allocations or “additional repetitions” information to compensate for the number of invalid RB(s). 
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[bookmark: _Ref506492581]Figure 6: MTC UE continuously repeat additional M repetitions

Proposal 3: Introduce additional repetitions operation for MTC UE to compensate the invalid RB resource(s).

[bookmark: _Ref506569901]On UE Implementation Aspect
In this section, we describe the case when at least a PRB within eMTC narrowband is used by the LTE UE. The MTC UE is assumed to operate with the full 6 PRBs in a narrowband. Thus, at least a PRB is corrupted and can potentially affect the UE soft buffer operation.
Here, we could consider to introduce some efforts related to UE implementation aspect. For example, a method to avoid/minimize the impact due to the corrupted soft-buffer. One possible approach to do this is by providing an assistance from eNB to MTC UE in a form of signaling information related to the affected PRB(s). This information is expected to assist the UE to smartly use/configure the soft-buffer or any other possible UE implementation specific operation. The objective of this operation is to maintain the UE performance.
Proposal 4: Support RRC signalling from eNB to MTC UE to assist UE implementation specific operation in order to maintain UE performance in the presence of invalid RB(s).
To summarize this section 2.1, we have discussed three possible technical solutions that can be applied to support the operation of flexible PDSCH/PUSCH resource allocation for efeMTC. A combination any of those solutions could also be possible. For example, in case after shifting the narrowband operation and there are still remaining PRB in a narrowband that is used by LTE UE, the MTC UE can still perform the modified soft-buffer as described in 2.1.3. Among the solutions we prefer the narrowband shifting operation as described in 2.1.1. This solution has a minimal impact to the specifications and to the UE baseband processing.

Co-located MTC and NB-IoT Carrier
In this section, we describe the case where an NB-IoT carrier occupies a PRB in an eMTC narrowband. An LTE system is designed to support legacy LTE operation, MTC, and NB-IoT with inband deployment. The resource allocation for LTE 10 MHz system is shown in Figure 8. The PRBs for NB-IoT anchor carriers that are aligned with a 100 kHz frequency raster are also indicated. 8 PRBs can be used for NB-IoT anchor carriers in an LTE 10 MHz system bandwidth.
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[bookmark: _Ref506499069]Figure 8: MTC narrowband and possible NB-IoT anchor carrier location in LTE 10 MHz system bandwidth.

A shown in Figure 8, The NB-IoT anchor carrier is always located in an MTC narrowband. Thus, full resource allocation in the affected narrowband cannot be arranged. One possible straightforward solution would be for the eNB scheduler to avoid the affected narrowband. However, this would reduce the possible narrowband options for the MTC UE.
It is also known that MTC supports frequency hopping operation. The frequency hopping pattern for at least PDSCH and PUSCH is given by a fixed pattern
· For 2 narrowbands: cycle through {1st NB, 2nd NB} 
· For 4 narrowbands (also applicable to PDSCH): cycle through {1st NB, 2nd NB, 3rd NB, 4th NB}
If one of the above narrowbands is the affected narrowband (due to inband NB-IoT) then the eNB scheduler could not avoid use of that affected narrowband.
It would be beneficial if the MTC UE knows the existence of the NB-IoT anchor carrier in specific narrowband(s). At least the MTC UE can puncture the particular PRBs that are used for the NB-IoT anchor carrier. Moreover, the NB-IoT anchor carrier location is considered static. Thus, the eNB can inform the UE of the NB-IoT anchor carrier with minimal signaling. For example, the signaling could consist of a few bits in a system information (e.g. an 8 bit bitmap could indicate which of the Nb-IoT anchor carriers in Figure 8 are active or inactive). This solution is related to the solution described in 2.1.2
Proposal 5: Support indication to MTC UEs of NB-IoT carriers that are active in MTC narrowbands. The detailed operation is for further study (FFS).

Conclusion
In this contribution, we discuss some potential solutions on flexible resource allocation for efeMTC. We have the following observations and proposals：
Observation 1: PRBs in a RBG that overlap with a MTC narrowband cannot be used by LTE UE. This leads to degradation in the cell throughput/spectral efficiency for the LTE system. 
[bookmark: _GoBack]Proposal 1: Introduce RRC signalling in the SIBs or UE specific signalling to indicate application of a shift pattern in the eMTC narrowbands. The detailed shift pattern and any other potential signalling mechanisms are for further studies (FFS). 
Proposal 2: Introduce invalid RB(s) indication to the MTC-UE so that at least an RBG can be allocated to the LTE UE. 
Proposal 3: Introduce additional repetitions operation for MTC UE to compensate the invalid RB resource(s).
Proposal 4: Support RRC signalling from eNB to MTC UE to assist UE implementation specific operation in order to maintain UE performance in the presence of invalid RB(s).
Proposal 5: Support indication to MTC UEs of NB-IoT carriers that are active in MTC narrowbands. The detailed operation is for further study (FFS).
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