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1 Introduction
As listed in [1], the following aspects have no conclusion yet for PUCCH transmission:

· For UEs operating in enhanced coverage, at least when PUCCH resource is configured, 

· HARQ-ACK and SR over PUCCH is supported

· FFS: Whether ACK only is transmitted or NACK only is transmitted or both ACK/NACK are transmitted
· 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

· Frequency hopping is supported for PUCCH repetition

· FFS on specific hopping pattern
· In case of hopping, FFS how to determine the subsequent narrowband and the resource index for the subsequent narrowband
· FFS: How to determine PUCCH repetition resources for Msg4 feedback
· FFS how to determine a PUCCH repetition level for a UE
· 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

· For the subframes where PUSCH repetition and PUCCH repetition overlaps, one option is selected:

· If full overlap:

· Option 1: ACK is multiplexed with PUSCH 

· Option 2: Drop PUSCH

· If partial overlap:

· Option 1: Drop PUSCH during overlap portion

· Option 2: Drop the later channel

· Option 3: ACK is multiplexed with PUSCH on overlapped subframes

In this contribution, we discuss the remaining issues on PUCCH for Rel-13 low complexity MTC UEs.
2 Discussion

2.1 PUCCH format

It has been agreed that PUCCH formats 1/1a/2/2a are supported for LC UEs and UEs operating CE. Here we discuss the support of other PUCCH formats.

Since only one DL TB is expected in one subframe for LC UEs and UEs operating CE, PUCCH formats 1b/2b are not needed for LC UEs and UEs operating CE. 

For FD-FDD, since only one ACK/NAK is feedback in one UL subframe following the existing HARQ timing, PUCCH format 1a is enough to support the ACK/NAK feedback on PUCCH.

For TDD, ACK/NAK bundling and multiplexing were introduced since Rel-8 to handle the case when M>1. The existing ACK/NAK transmission schemes should be reused for TDD Rel-13 LC UEs at least in normal coverage, including ACK/NAK bundling and multiplexing. Correspondingly, PUCCH format 1b with channel selection and PUCCH format 3 should be supported.
For TDD UEs operating with large CE, since the repetition time of DL transmission is large, there is generally only one ending of PDSCH repetition among M DL subframes associated with one UL subframe, which means at most one ACK/NAK is required in one UL subframe. Under such assumption, PUCCH format 1a is enough to support the ACK/NAK feedback on PUCCH.
For TDD UEs operating with small CE, there may be more than one ending of PDSCH repetition among M DL subframes associated with one UL subframe, which means that 1 to M bits ACK/NAK are required in one UL subframe depending on the starting subframe and repetition time of M-PDCCH and PDSCH. Under such assumption, ACK/NAK bundling or multiplexing is needed to support the ACK/NAK feedback on PUCCH. For simplify, either the method defined for TDD normal coverage or the method defined for TDD large CE can be reused for this case, which means that the definition of PUCCH format for Rel-13 low complexity MTC UEs can be associated with CE mode or associated with whether enhanced coverage is used. If following the same mechanism as large CE, there should be scheduling restriction to avoid more than one ending of PDSCH repetition among M DL subframes.
Hence, we have the following proposals:
Proposal 1: PUCCH format 1b and 2b are not supported for LC UEs and UEs operating CE.
Proposal 2: For Rel-13 low complexity MTC UEs in TDD in normal coverage, the existing ACK/NAK transmission scheme should be support including ACK/NAK bundling with PUCCH format 1a and ACK/NAK multiplexing with PUCCH format 1b with channel selection and PUCCH format 3.
Proposal 3: PUCCH format 1a is used for Rel-13 low complexity MTC UEs in FD-FDD system and in TDD with large CE.

2.2 PUCCH resource allocation
Since signaling in MTC SIB can support to configure the starting offsets of the PUCCH resource(s) separately per PUCCH repetition level, PUCCH narrowband regions for Rel-13 low complexity MTC UEs can be configured at any location in the system bandwidth from the perspective of signaling. However, locating PUCCH narrowband regions at the edges of system bandwidth has less resource segmentations as analyzed in [2]. Furthermore, PUCCH narrowband regions shall be allocated symmetrically to the center of the system bandwidth, which may reduce the signaling overhead by configuring only one PUCCH narrowband region at one side of the system bandwidth and calculating the other PUCCH narrowband region at the other side of the system bandwidth. PUCCH frequency hopping can be easier between symmetrical PUCCH narrowband regions by determining a symmetrical PRB in another PUCCH narrowband region implicitly based on an initial PUCCH resource index. Hence, we have the following observation:
Observation: There is benefit on reducing resource segmentation and signaling overhead and supporting frequency hopping by locating PUCCH narrowband regions at each edge of the system bandwidth symmetrically to the center of the system bandwidth.
Since slot-level hopping across narrowbands is not supported for PUCCH, method for supporting PUCCH transmission with two slots in one subframe located in the same RB shall be specified. There are two methods proposed in the last meeting as follows:
· Option 1: Reuse the existing formula of PUCCH PRB index calculation, and change the formula of m calculation for the second slot to support transmission in the same PRB as the first slot [3].
· Option 2: Reuse the existing formula of m calculation, and change the formula of PUCCH PRB index calculation for the second slot to support transmission in the same PRB as the first slot [4].
For option 1, the rule of PUCCH resources mapping to PRB is the same as legacy system, as shown in Figure 1 (a). For option 2, the rule of PUCCH resources mapping to PRB is different from legacy system, as shown in Figure 1 (b), which means the Figure 5.4.3-1 in TS36.211 shall be redefined as well. To reduce the specification complexity, we slightly prefer option 1.
Proposal 4: PUCCH transmission with two slots in one subframe located in the same RB can be supported by reusing the existing formula of PUCCH PRB index calculation and changing the formula of m calculation for the second slot to support transmission in the same PRB as the first slot.
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Figure 1: PUCCH resource allocation
For Rel-13 low complexity UEs in normal coverage, there are generally two methods to obtain PUCCH format 1a resource implicitly.
· Alt 1: PUCCH format 1a resource can be obtained implicitly based on PRB index of PDSCH 

· Alt 2: PUCCH format 1a resource can be obtained implicitly based on ECCE index of M-PDCCH

Assuming M-PDCCH can be transmitted with aggregation level 1, and the narrowband index and RB allocation for PDSCH in normal coverage can be indicated in the M-PDCCH, each ECCE in one M-PDCCH set can be used to carrier one M-PDCCH and schedule one MTC UE separately. Therefore, there shall be one to one mapping between PUCCH resource and ECCE in one M-PDCCH set to support ACK/NAK feedback of multiple MTC UEs in one UL subframe concurrently. In addition, Alt 1 may require 16*6=96 resources reserved for each PRB in totally 16 narrowbands for one subframe in a feedback window, since the resources are continuous while the narrowbands used for PDSCH transmission may be only part of the 16 narrowbands, there will be PUCCH resource segmentation which cannot be used for PUSCH transmission, which reduce the UL resource utilization. For Alt 2, the number of PUCCH reservation depends on the number of M-PDCCH sets, and each M-PDCCH set corresponds to one PUCCH resource offset which can compress the PUCCH resource reservation. Furthermore, the specification complexity of Alt 2 is less than that of Alt 1 by only change the M-PDCCH subframe based on the new cross-subframe scheduling timing. For simplicity, we support Alt 2.
For Rel-13 low complexity UEs in small CE, the number of ACK/NAK fed back in one UL subframe depends on the starting subframe and repetition time of M-PDCCH and PDSCH. For simplicity, Rel-13 low complexity UEs in small CE can use the same mechanism as Rel-13 low complexity UEs in normal coverage without distinguishing the actual number of ACK/NAK fed back in one UL subframe since mode A UE have the same M-PDCCH search space definition.

Proposal 5: PUCCH format 1a resource shall be derived following the same mechanism as EPDCCH in legacy system based on the lowest ECCE index of M-PDCCH for Rel-13 low complexity UEs in mode A with ARO to avoid PUCCH resource collision in small CE.
For Rel-13 low complexity UEs in large CE, since only one ACK/NAK is required among M DL subframes associated with one UL subframe following the existing HARQ timing, only one PUCCH format 1a resource is required. However, when current implicit PUCCH resource is used, PUCCH resource for an M-PDCCH set will be reserved corresponding to 24 ECCE and M DL subframes while only the PUCCH resource  corresponding the ECCE index 0 is used actually. If only one PUCCH resource is reserved for each DL subframe corresponding to the ECCE index 0 assuming M-PDCCH with 24 ECCEs transmission, the PUCCH resource reservation is changed from the existing one to compress the PUCCH resource reservation. In addition, there will be PUCCH resource collision among multiple MTC UEs since multiple MTC UEs with the same lowest ECCE index and different repetitions times may end the PDSCH transmission in the same DL subframe among M DL subframes while PUCCH transmissions of multiple MTC UEs overlap with each other, which means ARO is further required to indicate a PUCCH resource offset for each colliding MTC UE and the current ARO indication values may be redefined as well if it cannot well support to distinguish multiple MTC UEs with PUCCH resource collision. 
Another way to allocate PUCCH resource of ACK/NAK in large CE is using the semi-static configuration based method, such as to configure semi-static PUCCH resource per-UE, or to use the similar mechanism as PUCCH format 3 with ARO to avoid collision. 
Both implicit and explicitly PUCCH resource allocation method require smart scheduling at the eNB side to avoid PUCCH resource collision and increase the PUCCH resource utilization. However, taken PUCCH resource for Msg4 into consider, implicit method is more suitable for enhanced coverage since new HARQ timing definition between Msg4 and its ACK/NAK may be required if RRC configuration in explicit method should be included in Msg4 as listed in [5]. To avoid multiple PUCCH resource methods specification, we slightly prefer using a modified implicit PUCCH resource for both unicast and Msg4 ACK/NAK transmission in large CE.
Proposal 6: PUCCH format 1a resource shall be derived with a modified implicit method with a compact reservation for ECCE and with ARO to avoid PUCCH resource collision for Rel-13 low complexity UEs in mode B.
Proposal 7: PUCCH resource for Msg4 can be derived following the same mechanism for unicast transmission of Rel-13 low complexity UEs in corresponding coverage, except that PUCCH resource offset of the corresponding M-PDCCH set is indicated in SIB.
2.3 PUCCH frequency hopping

Since starting offsets of the PUCCH resource(s) indicated by MTC SIB can be configured separately per PUCCH repetition level, and PUCCH frequency hopping is always used, there shall be at least two PUCCH regions for each PUCCH repetition level. Hence, frequency hopping pattern for PUCCH can be defined simply with a hopping periodic of X subframes between the two PUCCH narrowband regions of each PUCCH repetition level. The X value shall be defined as a multiple of the number of cross subframe channel estimation if supported for PUCCH. For simplicity, the X value can be defined follow the same mechanism as the PUSCH/PDSCH. 
Hence, we have the following proposal:

Proposal 8: PUCCH frequency hopping shall be defined with a hopping periodic of X subframes between the two PUCCH narrowband regions of each PUCCH repetition level.
2.4 UCI transmission on PUCCH
It should be noticed that the HARQ-ACK codebook size will change during the overlapped portion, as shown in Figure 2, which may affect the HARQ-ACK combination since different codebook may have different transmission performance. Hence, network shall make sure that the transmission of HARQ-ACK repetition corresponding to one DL-SCH will not start before the ongoing transmission of HARQ-ACK repetition corresponding to another DL-SCH; or if such scheduling occurs, UE shall not feed back HARQ-ACK corresponding to second DL-SCH until the ongoing HARQ-ACK repetition corresponding to the first DL-SCH is finished; or UE treats this as an error case and does not anymore feed back HARQ-ACK corresponding to second DL-SCH. 
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Figure 2: Overlapping of repetition times of the HARQ-ACK corresponding to different DL-SCHs
Proposal 9: ACK/NAK codebook size cannot be changed during repetition.
Since SR transmission instances are configured with SR periodicity and subframe offset and a UE is triggered by UE MAC to transmit SR in a certain SR transmission instance in previous release, the eNB cannot know in which SR instances SR is transmitted. Hence, starting subframe for SR repetition shall be pre-defined to avoid ambiguity of the subframe set for SR repetition between UE and eNB, as shown in Figure 3. One simple way to define the starting subframe is to use the function of periodicity, subframe offset and the repetition time pre-configured for SR. In addition, there are three methods for define the subframe set for SR repetition as follows:
· Option 1: SR repetition is only transmitted in the SR transmission instances

· Option 2: SR repetition is transmitted in continuous UL subframes from the starting subframe

· Option 3: SR repetition is transmitted in a pre-defined subframe set

Compared these three methods, option 1 is simplest without additional specification complexity while the SR repetition may require a long period; option 2 can reduce the SR repetition period while requires additional specification definition for continuous transmission; option 3 likes a trade-off between option 1 and 2, however, it requires more specification complexity. Considering that there are varying SR periodicity from 1ms to 80ms can be configured in current specification, both option 2 and option 3 can be achieved to some extent by configuring a proper SR periodicity and subframe offset. Thus, we prefer option 1 for SR repetition.
Proposal 10: SR repetition shall only occur in SR transmission instances according to the SR periodicity and SR subframe offset configured by higher layer in current specification, and the starting subframe of SR repetition shall be defined according to the SR periodicity, SR subframe offset and SR repetition times.
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Figure 3: Repetition window for SR transmission
For Rel-13 low complexity UEs in enhanced coverage, both ACK/NAK repetition and SR repetition on PUCCH are required to achieve the target coverage. Taken ACK/NAK using PUCCH format 1a as example, if follow the existing ACK/NAK and SR concurrent transmission mechanism, the transmission of ongoing ACK/NAK repetition may be shifted from ACK/NAK PUCCH resource to SR PUCCH resource when there is SR repetition during the ACK/NAK repetition period, and SR repetition may be divided into two periods with implicit SR transmission together with ACK/NAK and explicit single SR transmission, as shown in Figure 4. It should be noted that both the combination of ACK/NAK and SR within the respective repetition period will be affected in the case in Figure 4. 
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Figure 4：Collision of ACK/NAK repetition and SR repetition
Therefore, concurrent transmission of ACK/NAK and SR shall not be supported in enhanced coverage, and the following rules can be considered to define the operation when ACK/NAK and SR happen to occur in the same subframe.

· Rule 1: ACK/NAK is selected to be transmitted and SR is dropped

· Rule 2: SR is selected to be transmitted and ACK/NAK is dropped

· Rule 3: ACK is selected to be transmitted if exists, otherwise, SR is selected to be transmitted
· Rule 4: ACK is selected to be transmitted if exists, otherwise, the ongoing signal is selected to be transmitted

· Rule 5: The ongoing signal is selected to be transmitted 
For Rule 1, when DTX is caused by DL-SCH repetition missing at UE side while ACK or NACK is detected at eNB side, both ACK and NACK false alarm will affect SR detection. However, considering that the probability of DTX caused by DL-SCH missing is very small and the collision between ACK/NAK repetition and SR repetition may be not very often, the impact of ACK/NAK false alarm on SR is negligible. 

For Rule 2, when SR is not triggered in the SR repetition instances at UE side while SR is detected at eNB side, SR false alarm will affect ACK/NAK detection. Considering that positive SR may be triggered not often since UL traffic is not often, SR DTX may happen frequently at UE side, hence, the impact on ACK/NAK may be not neglected. In addition, impact on ACK/NAK will also bring impact on DL grant and DL-SCH repetition associated with the ACK/NAK, which will reduce the system efficiency and vast much power.

For Rule 3, when DTX is caused by DL-SCH repetition missing at UE side while ACK is detected at eNB side, ACK false alarm will affect SR detection. Similar as Rule1, the probability of such case is very small and the impact of ACK false alarm on SR is negligible. In addition, when SR is not triggered in the SR repetition instances at UE side while SR is detected at eNB side, SR false alarm will affect NACK detection, since NACK has the lowest priority and NACK detection depends on the detection result of SR. However, the impact on NACK may be not a problem since DL grant and DL-SCH shall be retransmitted without ACK.

For Rule 4, when ACK/NAK is the ongoing signal, it equals to Rule 1, while when SR it the ongoing signal, it equals to Rule 3. 

For Rule 5, if ACK/NAK is the ongoing repetition, the impact is similar as Rule1, and if SR is the ongoing repetition, the impact is similar as Rule. In addition, when the starting subframes of ACK/NAK repetition and SR repetition are the same, complementary method shall be defined to select signal further.
Based on the analysis above, both Rule 2 and Rule 5 will bring in non-negligible impact on ACK/NAK detection, which is not preferred considering system efficiency and power consumption. Although Rule 3 causes less impact on SR compared with Rule 1 since only ACK false alarm will affect SR detection, considering the low probability, the difference is negligible.  In addition, Rule 3 may require DTX detection both for ACK/NAK and SR at eNB side, which may increase the probability of wrong detection especially when DTX detection has low accuracy in low SINR region. Rule 4 has the same demerit as Rule 3 and is more complex than other Rules. Hence, we slightly prefer Rule 1 for simplicity. It should be noticed that when the repetition transmissions of ACK/NAK and SR share the same subframe set, concurrent transmission of ACK/NAK and SR can be supported. 
Proposal 11: Concurrent transmission of ACK/NAK and SR shall not be supported in enhanced coverage when the repetition of ACK/NAK is not aligned with the repetition of SR, and ACK/NAK has higher priority.
2.5 PUCCH and PUSCH overlapping
For Rel-13 low complexity UEs in enhanced coverage, it was agreed that concurrent transmission of PUCCH and PUSCH is not supported and there were several options for PUCCH and PUSCH overlapping transmission.

For partial overlapping between PUCCH and PUSCH, if ACK/NAK is allowed to be transmitted on PUSCH, the transmission of ongoing ACK/NAK repetition may be shifted from PUCCH to PUSCH when there is PUSCH scheduled during the ACK/NAK repetition period, as shown in Figure 5, or, when there is ACK/NAK to be fed back during the ongoing PUSCH repetition, part of PUSCH transmissions will be punctured by ACK/NAK on PUSCH since the repetition of DL ACK/NAK and PUSCH are not aligned in time, as shown in Figure 6. It should be noticed that both the combination of ACK/NAK and PUSCH will be affected. Since ACK/NAK is more important than PUSCH, we prefer to drop PUSCH during overlap portion.
For full overlapping between PUCCH and PUSCH, ACK/NAK can be multiplexed with PUSCH so as to avoid PUSCH dropping. Alternatively, it can follow the same rule as partial overlapping to drop PUSCH, this may remove the ACK/NAK DTX detection operation on PUSCH which is considered to be more difficult in enhanced coverage with low SINR. 
For Rel-13 low complexity UEs in normal coverage, design for ACK/NAK on PUSCH can reuse the existing design in previous release.

Hence, we have the following proposal:

Proposal 12: PUSCH shall be dropped at least when PUCCH and PUSCH is partially overlapped for Rel-13 low complexity UEs in enhanced coverage.
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Figure 5: Ongoing HARQ-ACK repetition collision with PUSCH repetition


[image: image7.emf]DL grant repetition PDSCH Repetition

PUSCH Repetition

n2+

N

Rep2

n2

...

n4+

N

Rep4

n4

...

n3

...

DL

UL

UL grant repetition

n1+

N

Rep1

n1 ...

PUSCH w/o HARQ-ACK

n3+

N

Rep3

n5 ...

n5+

N

Rep5

PUSCH with HARQ-ACK 

HARQ-ACK Repetition

HARQ-ACK on PUCCH

...


Figure 6: Ongoing PUSCH repetition collision with HARQ-ACK repetition

3 Conclusions

Based on the discussion on PUCCH resource allocation and frequency hopping for Rel-13 low complexity UEs, we have the following proposals:
Observation: There is benefit on reducing resource segmentation and signaling overhead by locating PUCCH narrowband regions at each edge of the system bandwidth symmetrically to the center of the system bandwidth.
Proposal 1: PUCCH format 1b and 2b shall be not supported for Rel-13 low complexity MTC UEs.
Proposal 2: For Rel-13 low complexity MTC UEs in TDD system with M>1 and normal coverage, the existing ACK/NAK transmission scheme should be support including ACK/NAK bundling with PUCCH format 1a and ACK/NAK multiplexing with PUCCH format 1b with channel selection and PUCCH format 3.
Proposal 3: PUCCH format 1a is used for Rel-13 low complexity MTC UEs in FDD system or in TDD system with M=1 or in TDD system with M>1 and large CE.

Proposal 4: PUCCH transmission with two slots in one subframe located in the same RB can be supported by reusing the existing formula of PUCCH PRB index calculation and changing the formula of m calculation for the second slot to support transmission in the same PRB as the first slot.
Proposal 5: PUCCH format 1a resource shall be derived following the same mechanism as EPDCCH in legacy system based on the lowest ECCE index of M-PDCCH for Rel-13 low complexity UEs in mode A with ARO to avoid PUCCH resource collision in small CE.
Proposal 6: PUCCH format 1a resource shall be derived with a modified implicit method with a compact reservation for ECCE and with ARO to avoid PUCCH resource collision for Rel-13 low complexity UEs in mode B.

Proposal 7: PUCCH resource for Msg4 can be derived following the same mechanism for unicast transmission of Rel-13 low complexity UEs in corresponding coverage, except that PUCCH resource offset of the corresponding M-PDCCH set is indicated in SIB.

Proposal 8: PUCCH frequency hopping shall be defined with a hopping periodic of X subframes between the two PUCCH narrowband regions of each PUCCH repetition level.
Proposal 9: ACK/NAK codebook size cannot be changed during repetition.
Proposal 10: SR repetition shall only occur in SR transmission instances according to the SR periodicity and SR subframe offset configured by higher layer in current specification, and the starting subframe of SR repetition shall be defined according to the SR periodicity, SR subframe offset and SR repetition times.
Proposal 11: Concurrent transmission of ACK/NAK and SR shall not be supported in enhanced coverage when the repetition of ACK/NAK is not aligned with the repetition of SR, and ACK/NAK has higher priority.
Proposal 12: PUSCH shall be dropped at least when PUCCH and PUSCH is partially overlapped for Rel-13 low complexity UEs in enhanced coverage.
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