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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In RAN1#81 [1], following agreements were made on PUCCH for Rel.13 MTC.
Agreements
· 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 the value of X
· FFS whether or not slot-level hopping across narrowbands is supported
· If slot-level hopping is supported, the PUCCH frequency location refers to that of a given slot
· FFS: How to determine PUCCH repetition resources for Msg4 feedback.
In this contribution, we discuss further details related to PUCCH enhancement for Rel. 13 MTC. In addition, we provide link level evaluation results on PUCCH coverage enhancement.
Discussion on remaining issues on PUCCH
PUCCH resource indication
[bookmark: _GoBack]According to RAN1 agreements, PUCCH resource region of Rel.13 MTC UEs can be configured by MTC SIB separately from legacy PUCCH. To multiplex PUCCH resources in the same PRB for MTC UEs and legacy UEs is not prohibited. For MTC UEs in normal or small repetition case, resource utilization is more important and therefore it is desirable to share the PUCCH region with legacy UEs at PRB level. Such approach could be realized by common signalling like PUCCH-ConfigCommon indicated in MTC SIB. The amount of overlap of MTC PUCCH resource with legacy UEs (full overlap, partial or no overlap) could be controllable by PUCCH A/N resource offset. In the case of overlap, if MTC UEs and legacy UEs share the cyclic shift/OCC codes, one PUCCH resource used for MTC UEs may block two PUCCH resources for legacy UEs due to the legacy slot-hopping. On the other hand, cyclic shift/OCC codes for MTC UEs could be orthogonal with that for legacy UEs even in the case of overlap.
For MTC UEs operating in large repetition case, to share PUCCH resources with legacy UEs with the same PRB could be difficult as there is near-far problem. In addition, it is difficult to guarantee cyclic shift/OCC of MTC PUCCH resource is always orthogonal with all multiplexed legacy ones. Therefore, it is reasonable to use separate PRB compared with legacy PUCCH. 
MTC PUCCH can be located in same narrowband as PUSCH. In this case, PUCCH transmission follows the common hopping pattern as PUSCH and then, there would be no need to indicate PUCCH narrowband region by MTC SIB or only indicating PRB index within 6PRB would be sufficient. This allows all operations of the certain UE located within one narrowband.
In order to differentiate PUCCH resource configuration between no/small coverage repetition and large repetition, the indication of PUCCH region should be per CE level, where “level” means up to 4 PRACH repetition levels i.e. no, small, medium and large [2]. Even when PUCCH region is located in each band edge for large repetition, to indicate different PUCCH resource offset to each CE level would be needed.
Proposal 1: The indication of PUCCH region is per CE level.

PUCCH resource determination
It has been agreed that Rel-11 EPDCCH is a starting point for the design of M-PDCCH. In current specification, PUCCH resource for HARQ-ACK feedback is implicitly determined based on ECCE index of corresponding EPDCCH transmission with semi-static PUCCH resource starting offset and ARO. However, to reuse the same PUCCH resource determination as current specification to Rel.13 MTC would cause large blocking probability issue. The reasons are:
· Timing gap between PUCCH and corresponding M-PDCCH is different with legacy one
The PUCCH resource determination with ECCE linkage assumes the fixed timing gap between PUCCH and corresponding M-PDCCH. However, in Rel.13 MTC, the timing gap between PUCCH and corresponding M-PDCCH could be different as different UEs could have different number of repetitions. The support of both same subframe scheduling and cross-subframe scheduling could also differentiate the timing gap between PUCCH and corresponding M-PDCCH among different UEs. This causes the collision of PUCCH resources, as shown in Fig.1.
· Duplications of indices among ECCEs located in the different narrowband
If there are multiple narrowbands in downlink and ECCE is indexed independently per narrowband, there are duplications of indices among ECCEs located in the different narrowband. It could also cause the collision of PUCCH resources. Although current PUCCH determination mechanism based on ECCE has ARO, blocking probability would increase.

[image: ] 
Fig.1	PUCCH resource collision issue.

There are several options on PUCCH resource determination but it can be divided into two categories: explicit and implicit signalling.
Explicit PUCCH resource determination is used for SPS data and PUCCH format 2 (and 3) in the current specification. In Rel.13 MTC, explicit PUCCH resource determination is also supported for SPS data and PUCCH format 2/format 3 (if have) in a similar way. However, as the number of UEs is expected to be large in MTC scenarios, complete explicit signalling for HACK-ACK feedback (PUCCH format 1) would cause inefficient resource utilization or restriction of DL allocation. In addition, explicit PUCCH resource is indicated by UE dedicated RRC signalling. Then, for HARQ-ACK feedback of Msg4, explicit signalling could not be used and it means implicit signalling is needed. To differentiate PUCCH resource determination mechanism between Msg4 and unicast traffic would make the specification complex.
Implicit signalling is used for PUCCH resource determination for HARQ-ACK in the other cases in the current specification. If implicit signalling is used for unicast traffic, it could be reused for Msg4. However, as mentioned above, the PUCCH resource determination based on ECCE in M-PDCCH would not be suitable for Rel.13 MTC because of the timing variations between M-PDCCH and PUCCH. One of possible solutions is to determine PUCCH resource based on the last PDSCH regardless of the repetition is applied or not and scheduling is the same or cross subframe. If the timing gap between the end of PDSCH transmission and start of PUCCH transmission is fixed, PUCCH collision between UEs with different number of repetition can be avoided. In addition, PUCCH resource collision between UEs scheduled by same subframe scheduling and cross subframe scheduling can also be avoided.
Proposal 2: Implicit PUCCH resource determination based on the last PDSCH is considered.

We further discuss PUCCH resource determination mechanism separately between no/small repetition case and large repetition case.  
For large repetition case, we propose only one DL transmission occupied 6 PRBs to reduce the total number of repetitions for PDSCH transmission [3]. Then PUCCH resource determination based on narrowband index of the last PDSCH would be suitable. Taking the indication of PUCCH region into account, PUCCH resource for MTC UEs in large coverage would be determined by (narrowband index + semi-static A/N resource offset) as an example.
Proposal 3: For large repetition case, PUCCH resource is implicitly determined based on narrowband index of the last PDSCH.

For no/small repetition case, both narrowband index and PRB index should be considered because if PRB is indexed per narrowband, there are duplications of indices among PRBs in the different narrowband and it causes PUCCH resource collision. In order to avoid such collision, semi-static offset for each narrowband could be used. More, specifically, PRBs which have the same indices can correspond to PUCCH resource in the different regions. However, this increases uplink resource usage significantly. Therefore, it would be desirable that the amount of overlap among PUCCH resource regions corresponding to different narrowbands could be controllable. It can be realized to have semi-static A/N resource offset for different narrowbands. When full or partial overlap among PUCCH resource regions corresponding to different narrowbands is applied, PUCCH resources might collide. To avoid such collision, ARO could be introduced in a similar way to the current specification. For example, PUCCH resource for MTC UEs in no/small coverage would be determined by (PRB index + semi-static A/N resource offset (per narrowband) + ARO) as an example.
Proposal 4: For no/small repetition case, PUCCH resource is implicitly determined based on PRB index of the last PDSCH. To have semi-static offset per narrowband and ARO could be considered.

Regarding whether or not slot-level hopping across narrowbands is supported, based on our previous evaluations [4], we didn’t see any benefit to support this feature. So we propose:
Proposal 5: Slot-level hopping is not supported for Rel.13 MTC.

Evaluation result on PUCCH coverage enhancement
In this section, the link level evaluation result on PUCCH coverage enhancement is shown. The detailed parameters are listed in the Appendix A. Fig. 2 plots the ACK detection error probability (ACK to NACK or DTX) of PUCCH format 1a with number NRep of repetition as a parameter. Plain repetition (i.e., without cross-subframe channel estimation and frequency hopping), the use of cross-subframe channel estimation and frequency hopping are compared. Cross-subframe channel estimation is realized by symbol level combining with 4 subframes and hopping period is 4 subframes. Table 1 summarizes the required SINR for achieving ACK error probability.
It can be seen from Fig.2 and Table 1 that the use of symbol level combining and frequency hopping can significantly reduce the required SINR (about 6 dB gain can be achieved compared to plain repetition). The maximum coverage enhancement target of PUCCH is 11.5 dB for 20 dBm UE Tx power. From Table 1, plain repetition requires more than 32 repetitions to obtain required coverage gain of 11.5 dB while 8 repetitions are sufficient when symbol level combining with 4 subframes and frequency hopping are used. Thus, at least for large repetition, symbol level combining and frequency hopping are always used and X = 4 is appropriate value considering the use of both frequency hopping and symbol level combining.
Observation 1: Symbol level combining and frequency hopping can reduce the required SINR in large repetition case by approximately 6 dB.
Proposal 6: For large repetition case, symbol level combining with X = 4 and frequency hopping are supported.

For no/small repetition case, plain repetition can be sufficient. This can reduce the delay as it can decode subframe by subframe and realize early stopping.

[image: ]
Fig.2	ACK detection probability.

Table 1	Required SINR for achieving ACK detection probability = 102
	Number of repetitions
	1
	4
	8
	16
	32

	Plain repetition
	-2.9 dB
	-6.7 dB
	-8.5 dB
	-9.7 dB
	-12.0 dB

	Symbol level combining (4 subframes) 
and frequency hopping
	-
	-
	-14.6 dB
	-16.0 dB
	-18.2 dB



Conclusion
In this contribution, we discussed further details related to PUCCH enhancement for Rel. 13 MTC and showed link level evaluation results on PUCCH coverage enhancement. Based on the discussion presented, we summarize our views through the following observations and proposal:
Proposal 1: The indication of PUCCH region is per CE level.
Proposal 2: Implicit PUCCH resource determination based on the last PDSCH is considered.
Proposal 3: For large repetition case, PUCCH resource is implicitly determined based on narrowband index of the last PDSCH.
Proposal 4: For no/small repetition case, PUCCH resource is implicitly determined based on PRB index of the last PDSCH. To have semi-static offset per narrowband and ARO could be considered.
Proposal 5: Slot-level hopping is not supported for Rel.13 MTC

Observation 1: Symbol level combining and frequency hopping can reduce the required SINR in large repetition case by approximately 6dB.
Proposal 6: For large repetition case, symbol level combining with X = 4 and frequency hopping are supported.
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Appendix A: Simulation parameters
	Parameters
	Value

	Number of antennas
	1 × 2 with low correlation

	Number of UEs (signals)
	1

	Number of repetition
	NRep = 1, 4, 8, 16, 32

	Channel model
	EPA (Doppler frequency, fD = 1 Hz)

	Frame format
	PUCCH format 1a

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	Residual frequency offset
	20 Hz

	Channel estimation
	Realistic single-subframe channel estimation, 
cross-subframe channel estimation

	Equalization
	MMSE-FDE

	DTX mis-detection ratio (DTX -> ACK)	
	1 %
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