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PUCCH transmission for MTC UEs and coverage enhancement (CE) had been discussed several meetings and the following agreements proceeding to the previous discussion were achieved in RAN1 #82bis [1]:
Agreement in RAN1 #82bis:
· PUCCH resource determination for PUCCH under repetitions 
· The same PUCCH resources are used within each subframe of a PUCCH repetition within a narrowband
· In case of hopping, FFS how to determine the subsequent narrowband and the resource index for the subsequent narrowband
· For LC UEs and UEs operating CE, PUCCH formats 1/1a/2/2a are supported, and the PUCCH resource is derived the same way as in LTE Rel-12, except the following:
· The detailed implicit resource derivation for PUCCH format 1a is FFS
· FFS ARO for large CE
· FFS PUCCH format 1a under large CE
· FFS the association of the PUCCH formats with the CE mode
Some previous agreements related to PUCCH resource determination in RAN1 #82 [2] and RAN1 #81 [3] are also listed here for reference: 
Agreements in RAN1 #82:
· Starting offsets of the PUCCH resource(s) indicated by MTC SIB can be configured separately per PUCCH repetition level
· Detailed signaling is left to RAN2 by further considering the previous agreement regarding PUCCH narrowband region(s)
· FFS whether or not to have default value(s) for some repetition level(s)
· FFS how to determine a PUCCH repetition level for a UE
· At least for Rel-13 low complexity MTC UEs with no repetition, implicit PUCCH resource determination is used and it uses the mechanism for Rel-12 EPDCCH as a starting point. 
· FFS the details
· For UEs operating coverage enhancement for PUCCH
· Slot-level hopping across narrowbands is not supported.
Agreements in RAN1 #81:
· For Rel-13 low complexity MTC UEs and UEs operating coverage enhancement for PUCCH
· Both slots in a subframe are used for transmission of a PUCCH.
· At least for system BW>6RBs, slot-based hopping {within a narrowband and within a subframe} is not supported.
· MTC SIB indicates at least two PUCCH narrowband regions for MTC 
· FFS whether or not the indication is per CE level or the same for all CE levels
· The PRBs for the PUCCH resources for Rel-13 low complexity UEs are configured separately from legacy PUCCH
· The multiplexing between PUCCH resources in the same PRB for Rel-13 low complexity UEs and legacy UEs is not prohibited
· For UEs operating coverage enhancement for PUCCH
· PUCCH frequency hopping is always used
· Hopping is between at least two PUCCH narrowband regions.
· PUCCH frequency location for Rel-13 low complexity UEs in enhanced coverage stays the same for at least X subframes
· FFS: How to determine PUCCH repetition resources for Msg4 feedback.
In this contribution, we discuss remaining details of PUCCH resource determination, including PUCCH resource determination and PUCCH mapping to PRBs, for Rel-13 low complexity MTC UEs with no repetition and operating CE.
For MTC UEs with no repetition
PUCCH resource determination
PUCCH formats 1/1a/2/2a should be supported for MTC UEs with no repetition. The PUCCH resources for formats 1/2/2a are derived the same way as in LTE Rel-12, i.e., the PUCCH resource within PUCCH narrowband regions is configured by explicit high layer signaling. This section discusses the implicit resource derivation for PUCCH format 1a.
For Rel-13 low complexity MTC UEs, the PUCCH resource represents both the sequence dimension and the PRB dimension which is confined to the common PUCCH narrowband regions. As a starting point, the PUCCH format 1a resource for PDSCH scheduled by Rel-12 EPDCCH is determined by the lowest ECCE index of the EPDCCH in an EPDCCH PRB set, ARO in DCI and dedicatedly configured pucch-ResourceStartOffset. If reuse this mechanism for MTC UEs, when an M-PDCCH candidate is constructed by 24ECCEs mapped to two M-PDCCH PRB sets, the lowest ECCE index of this candidate can be regarded as 0. For PUCCH format 1a, the possibility of reusing this mechanism based on lowest ECCE index for MTC UE with no repetition needs to consider whether PUCCH resource collision can be avoided by this mechanism.
Due to the starting offsets of the PUCCH resource(s) indicated by MTC SIB can be configured separately per PUCCH repetition level for MTC UEs, there can be no resource collision between MTC UEs with no repetition and MTC UEs operating CE. For MTC UEs with no repetition reusing the mechanism, the cases of PUCCH resource collision which are referred to [4] include:
1) PUCCH resource collision between the resources derived from the same lowest ECCE index in different M-PDCCH PRB sets for different UEs
2) PUCCH resource collision between legacy UEs and MTC UEs, resulting from that PDSCH in the same subframe for MTC UEs and legacy UEs are scheduled by DCI in different subframes
3) PUCCH resource collision between MTC UEs with different DL scheduling delays, because PDSCH starts from the second valid downlink subframe after the end of the corresponding transmitted M-PDCCH  for case 1 and k = 1 for the possible case 2 [3]
For Rel-12 EPDCCH based resource determination, pucch-ResourceStartOffset is usually the same for a group of legacy UEs. The PUCCH resource collision between the resources derived from the same lowest ECCE index in different EPDCCH PRB sets, or between the resources derived from the same PDCCH lowest CCE index and EPDCCH lowest ECCE index in a subframe can already been avoided by ARO in Rel-12. So reusing the mechanism for MTC UE with no repetition, ARO can also be used to avoid PUCCH resource collision of case 1 and case 2. If the starting offset of the PUCCH resource indicated by MTC SIB for MTC UEs with no repetition can be different from legacy UEs, PUCCH resource collision of case 2 is also possible to be avoided in this way. Different ARO can also be configured for the avoidance of PUCCH resource collision of case 3. However, the range of legacy ARO may not be large enough to eliminate PUCCH resource collisions considering the above cases for MTC UEs, if the starting offsets of the PUCCH resources are common for all MTC UEs with no repetition. The starting offset of the PUCCH resource may need to be dedicatedly configured as in R12 for EPDCCH besides the SIB configured separate values per PUCCH repetition level.
Observation 1: The PUCCH resource collision can be avoided by the PUCCH resource determination mechanism based on Rel-12 EPDCCH for MTC UEs with no repetition.
For the implicit resource determination for PUCCH formal 1a, some new parameters were proposedwhich are analyzed for MTC UEs with no repetition in the following.
· Narrow band index of M-PDCCH or narrow band index of PDSCH
Because the narrow band index of M-PDCCH could be the same with the lowest CCE/ECCE index to construct legacy PDCCH/EPDCCH, and the narrow band indices of M-PDCCH in different subframes scheduling PDSCH in the same subframe could be the same, the PUCCH resource collisions described as case 2) and 3) above cannot be avoided without the assistance of higher layer or physical layer parameters. If PUCCH resource for MTC is calculated based on narrow band index of PDSCH, the PUCCH resource collision between MTC UEs and legacy UEs may also happen without other adjustment. 
Furthermore, dedicated parameter(s) are also needed to separate the PUCCH resources derived based on M-PDCCH/PDSCH in the same narrow band for MTC UEs with no repetition. 
· The lowest PRB index of PDSCH
The PUCCH resource collision between MTC UEs and legacy UEs exists without different parameter(s) in higher layer or physical layer, as the lowest PRB index of PDSCH could be the same as the lowest CCE/ECCE index to construct legacy PDCCH/EPDCCH.
The lowest PRB index of PDSCH can be the numbering of PRBs within the narrowband ranging 0~5. Only 6 PUCCH resources can be differentiated by this parameter and dedicated parameter(s) are also required to differentiate PUCCH resources for PDSCH in different narrowbands.
Alternatively, the lowest PRB index of PDSCH can be the numbering of PRBs within system bandwidth. Although there is benefit of differentiating all the PUCCH resources in a subframe for MTC UEs, it imposes high restriction on PUCCH resource utilization without other adjustment. For example, if only two PDSCH are correctly decoded by two UEs in a subframe, the lowest PRB indices may correspond to PUCCH resources in the HARQ-ACK feedback subframe which are located at the two edges of a narrowband region and cause PUSCH resource segmentation.
Observation 2: Introducing the new parameter such as narrowband index or lowest PRB index to determine PUCCH resources for MTC UEs with no repetition does not save the signaling overhead to eliminate PUCCH resource collisions and brings more specification impact.
Based on the discussion and observations, we propose:
Proposal 1: For Rel-13 low complexity MTC UEs with no repetition, reuse the current mechanism for Rel-12 EPDCCH based on lowest ECCE index for PUCCH format 1a resource determination within the PUCCH narrowband regions.
PUCCH mapping to PRBs
The PUCCH resource determined in the above section is an index of PUCCH resource within the at least two narrowband regions. To save the signaling overhead for the configuration of starting offset of the PUCCH resource, PUCCH resources can be numbered together within all the PUCCH narrowband regions or numbered separately per narrowband region instead of the current numbering within the system bandwidth. If PUCCH resources are numbered separately per narrowband region, which narrowband region is used for PUCCH transmission should be configured or predefined. Comparing the two alternatives, the former one is preferred as it is more flexible to adjust the PUCCH resource across different narrowband regions by ARO or lowest M-PDCCH ECCE index.
Proposal 2: PUCCH resources within all the PUCCH narrowband regions should be numbered together. 



To derive the PUCCH PRB index within the narrowband regions from the PUCCH resource index, we can take the PRBs within only the PUCCH narrowband regions and renumber them together. Assume there are PRBs in frequency within all the PUCCH narrowband regions numbered from 0 to with the ascending frequency. The PUCCH PRB index within the PUCCH narrowband regions for MTC UEs with no repetition can be calculated by:

                      (1), 
Where for PUCCH format 1a as an example,

(2),

Wherein is the index of the PUCCH format 1a resource within the narrowband regions derived based on the previous section and other parameters can be configured for MTC UEs with similar meaning to legacy parameters. An example of PUCCH mapping to PRBs for MTC UEs with no repetition is shown in Figure 1 when there are two narrowband regions configured by MTC SIB.


[bookmark: _Ref425874797]Figure 1 PUCCH mapping to PRBs for MTC UE with no repetition
Proposal 3: Renumber the PRBs within all the narrowband regions together for PUCCH PRB index calculation.
For MTC UEs operating CE
As periodic CSI measurement and feedback for UEs in need of large coverage enhancement is not supported, PUCCH formats 2/2a are not necessary for CE mode B. So for the association of the PUCCH formats with the CE mode, we propose:
Proposal 4: PUCCH formats 1/1a are supported in CE Mode A and B. PUCCH formats 2/2a are supported only in CE Mode A.
PUCCH resource determination within the initial narrowband
Frequency hopping between at least two PUCCH narrowband regions is always used for UEs operating CE. Within the initial narrowband, for the PUCCH format 1/2/2a resource determination, explicit high layer signaling can be used. For PUCCH format 1a, resource determination within the initial narrowband for MTC UEs operating CE should also consider the cases of PUCCH resource collision.
For MTC UEs operating in different CE levels, PUCCH resource collision can be avoided by the starting offsets of the PUCCH resource(s) separately indicated by MTC SIB per PUCCH repetition level. PUCCH resource collision between MTC UEs operating CE and legacy UEs is also avoided if the values of starting offsets indicated by MTC SIB for MTC UEs operating CE are different from the value for legacy UEs. However even for MTC UEs operating CE in the same CE level, other cases besides case 2 of PUCCH resource collisions discussed in previous section may also happen. Due to repetition, additional cases of PUCCH resource collision exist which make it more complex for UEs operating CE. Examples are shown in Figure 2 and Figure 3.


[bookmark: _Ref430700468]Figure 2 PUCCH resource collision for UEs operating CE due to different TBS


[bookmark: _Ref434245522]Figure 3 PUCCH resource collision for UEs operating CE due to invalid UL subframes
In Figure 2, the TBS of PDSCH for MTC UE1 is larger than the TBS for MTC UE2, so that more repetitions of PDSCH are needed for UE1 than UE2 even they are operating the same CE level. In Figure 3, PUCCH for MTC UE1 should be postponed due to the invalid UL subframes. The lowest ECCE index, narrowband index of M-PDCCH, narrowband index of PDSCH or PRB index of PDSCH can be the same for UE1 and UE2 in their corresponding ending subframe in the two examples. Whichever of these parameters are used for implicit PUCCH resource determination for CE, additional dedicated parameter(s) are required to eliminate PUCCH collision. 
The resource of PUCCH repetition for MTC UEs operating CE does not need to be changed dynamically which is the same as PUCCH resource determination in the repeated subframes for legacy UEs. Within the initial narrowband, PUCCH resource for repetition can use the PUCCH resource explicitly configured by higher layers also for format 1a, i.e. the start offset configured by SIB plus dedicated configured value to eliminate the resource collision. Thus, ARO can be not required to reduce the DCI size especially for CE mode B.
Proposal 5: The PUCCH resource within the initial narrowband for MTC UEs operating CE is derived by higher layer signaling.
For PUCCH resource of Msg4 feedback, the narrowband regions as well as start offsets configured by SIB are known when the UE sends Msg4 feedback. If M-PDCCH initialization configuration can be known prior to Msg4 and contains the dedicated PUCCH resource configuration, the PUCCH resource within the initial narrowband for CE then can be derived for Msg4 feedback.
PUCCH frequency hopping pattern
Legacy PUCCH hops between both sides of the system bandwidth with the frequency locations of PUCCH PRBs symmetrical to the center of the system bandwidth. The frequency hopping pattern for UE operating CE should inherit the symmetry property of legacy PUCCH, i.e. the frequency locations of different PUCCH hops are symmetrical to the center of the system bandwidth. Although the PRBs for the PUCCH resources for MTC UEs are configured separately from legacy PUCCH, the at least two PUCCH narrowband regions for MTC are better to be indicated beside and are not prohibited to be overlap with the frequency location of legacy PUCCH resources. Such a frequency hopping pattern has the benefits of reducing the segmentation on PUSCH resources and maximizing the frequency hopping distance, i.e. obtaining the maximum frequency diversity gain for PUCCH.
Proposal 6: PUCCH transmission for MTC UEs operating CE should hop the frequency between the frequency resources symmetrical to the center of the system bandwidth.
For all the PUCCH resources in a narrowband region to hop to the resources with the frequency location symmetrical to the center of the system bandwidth, the PUCCH narrowband regions configured by SIB used for PUCCH hopping between should be symmetrical to the center of the system bandwidth. There is a benefit of saving MTC SIB signaling overhead. MTC SIB can indicate a PUCCH narrowband region, and the other narrowband region for PUCCH to hop into can be determined implicitly from the indicated region according to the symmetry property. 
Proposal 7: When a PUCCH narrowband region is indicated explicitly by MTC SIB, the other narrowband region for PUCCH to hop into can be determined implicitly from the indicated region at the symmetrical location to the center of the system bandwidth.
PUCCH resource determination within the subsequent narrowband and mapping to PRBs 

Numbering the PUCCH resources and the PRBs within all the PUCCH narrowband regions together should also be used for MTC UEs operating CE. When PUCCH hops the frequency in CE, the changing of PUCCH frequency location includes changing the narrowband region to the one at the symmetrical location to the center of the system bandwidth and changing the PRB location within the narrowband region. The calculation of PUCCH PRB index  within the narrowband regions for MTC UEs operating CE can be represented as:

     (3), 

where k is the current subframe index, k0 is the first subframe index used for PUCCH repetitions, is the PUCCH frequency hopping interval, and other parameters have similar meaning as discussed previously. An example of deriving the PUCCH PRB index for MTC UEs operating CE is shown in Figure 4 when there are two narrowband regions configured by MTC SIB and no guard subframe for retuning.


[bookmark: _Ref430015598]Figure 4 PUCCH PRB index determination for MTC UE operating CE
In the above method for determining the PUCCH frequency location for frequency hopping, the PUCCH resource is the same but PUCCH is mapped to a different PRB location in the subsequent narrowband. This method is similar as the legacy PUCCH slot hopping using the same PUCCH resource in both slots. Comparing with the method of changing PUCCH resource to determine the frequency location in the subsequent narrowband, this method does not need to consider whether to increase or decrease the PUCCH resource index based on the previous PUCCH narrowband location.
Proposal 8: In case of hopping, the PUCCH resource is the same in the subsequent narrowband and consider formula (3) as the mapping of PUCCH resource to physical resource.

Conclusions
This contribution discusses remaining details of PUCCH resource determination for MTC UEs with no repetition and operating CE. The following observations and proposals are presented:
Observation 1: The PUCCH resource collision can be avoided by the PUCCH resource determination mechanism based on Rel-12 EPDCCH for MTC UEs with no repetition.
Observation 2: Introducing the new parameter such as narrowband index or lowest PRB index to determine PUCCH resources for MTC UEs with no repetition does not save the signaling overhead to eliminate PUCCH resource collisions and brings more specification impact.
Proposal 1: For Rel-13 low complexity MTC UEs with no repetition, reuse the current mechanism for Rel-12 EPDCCH based on lowest ECCE index for PUCCH format 1a resource determination within the PUCCH narrowband regions.
Proposal 2: PUCCH resources within all the PUCCH narrowband regions should be numbered together. 
Proposal 3: Renumber the PRBs within all the narrowband regions together for PUCCH PRB index calculation.
Proposal 4: PUCCH formats 1/1a are supported in CE Mode A and B. PUCCH formats 2/2a are supported only in CE Mode A
Proposal 5: The PUCCH resource within the initial narrowband for MTC UEs operating CE is derived by higher layer signaling.
Proposal 6: PUCCH transmission for MTC UEs operating CE should hop the frequency between the frequency resources symmetrical to the center of the system bandwidth.
Proposal 7: When a PUCCH narrowband region is indicated explicitly by MTC SIB, the other narrowband region for PUCCH to hop into can be determined implicitly from the indicated region at the symmetrical location to the center of the system bandwidth.
Proposal 8: In case of hopping, the PUCCH resource is the same in the subsequent narrowband and consider formula (3) as the mapping of PUCCH resource to physical resource.
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