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1 Introduction

Agreements from RAN1#82 for UCI transmission on PUCCH for enhanced CA include the following:
Agreements:
· New PUCCH format(s) for HARQ-ACK feedback should be introduced in Rel-13 CA
· Specify at least one new PUCCH format:
· PUSCH-like PUCCH structure (without CDM for data/control symbols)
· Working assumption: One DMRS per slot
· FFS: Two DMRS per slot (normal CP)
· Frequency hopping between slots
· FFS: Whether /when FH is applicable
· With at least one PRB per slot
· FFS: Coded bits-to-RE mapping 
· FFS: A new PUCCH format including CDM
· FFS:PUSCH-like or PUCCH format 3(PF3) based structure

· FFS

· Multi-PRB PF3 using a single DFT-precoder

· Other format is not excluded
· Spreading factor 
· Spreading within or between SC-FDMA symbols
· Number of DMRS symbols
Agreements:
· The PUCCH format with PUSCH-like structure can be used to carry
· P-CSIs for multiple serving cells
· FFS: P-CSIs for multiple serving cells and HARQ-ACK for at least  one serving cell
·  FFS: PUCCH format 3 can be used to carry multiple P-CSIs for multiple serving cells for payload size less than 23 bits
This contribution considers possible additional new PUCCH format structures.

2 Additional PUCCH Formats
Additional PUCCH formats for HARQ-ACK transmission primarily intend to provide an intermediate multiplexing capacity between the one of 4 UEs/PRB for PUCCH Format 3 (assuming existence of SRS transmission) and 1 UE/PRB for the PUSCH-based PUCCH format. The motivation is to decrease the overhead required for transmission of relatively small eCA-type UCI payloads. Additional PUCCH formats include:
a) Modified PUCCH Format 3 with transmission in multiple PRB pairs [1]
b) Modified PUCCH Format 3 with spreading within or between SC-FDMA symbols [2, 3]
Modified PUCCH Format 3 with transmission in multiple PRB pairs

A modified PUCCH format 3 with transmission in multiple PRB pairs offers, for the same UCI payload and code rate, somewhat worse BLER (depending on the number of multi-PRBs and the channel) than a PUSCH transmission in one PRB pair (e.g. [1, 4]). This is due to worse channel estimation and due to increased interference in case of UE multiplexing and use of same PRBs among at least some interfering cells. Moreover, in order to achieve multiplexing over the same PRB between the modified multi-PRB PUCCH Format 3 and the Rel-12 PUCCH Format 3, the single-carrier property of DMRS transmission cannot be maintained for the multi-PRB PUCCH Format 3 and multiple DMRS over respective multiple PRBs need to be concurrently transmitted leading to increased CM (Table 1). Several techniques were considered in Rel-10 to reduce the CM increase (which also exists for simultaneous PUCCH transmission on PCell and PSCell for 2 CGs) including using different CS, different sequences, or applying a random (but predetermined) phase to the DMRS in different PRBs. Although these techniques can reduce the CM (the exact reduction value also depends on the sequence and the number of PRBs), the resulting CM remains considerably larger (~1.0 dB for 2 PRBs, >1.0 dB for >2 PRBs) for non-SC-FDMA transmission in multiple PRBs than for SC-FDMA transmission in a single PRB. Nevertheless, for non-power limited UEs, the CM increase can be tolerated.   

Table 1: Mean CM for N simultaneous DMRS in N consecutive PRBs
	N= 1
	N =2
	N = 3
	N=4
	N=5

	0.71
	2.35
	2.92
	3.18
	3.32


Observation 1: A modified multi-PRB PUCCH Format 3 that enables multiplexing with legacy PUCCH Format 3 requires non-SC transmissions and ~1 dB or more CM increase relative to single PRB transmission. For non-power limited UEs the CM increase is tolerable particularly for small PRB allocations.
Although a motivation for using a modified multi-PRB PUCCH Format 3 is to avoid an overhead increase by multiplexing transmissions in the same PRBs with the Rel-12 PUCCH Format 3, this is unlikely to be the case in practice as not many UEs configured for DL CA (whether Rel-12 CA or eCA) are expected to have UCI transmissions on a PUCCH (and also not have data transmission) in a same subframe. For example, if modified PUCCH Format 3 transmission over 2 PRB pairs is needed for a corresponding UCI payload from an eCA UE then, assuming SRS transmission and multiplexing of 4 UEs per PRB pair, it is not typical that another 2x3=6 UEs will be transmitting UCI using PUCCH Format 3 (and also not have data transmission) in the same subframe. Then, there is no overhead reduction (while the BLER is degraded relative to using the PUSCH-based PUCCH format). For more than 2 PRB pairs for the modified PUCCH Format 3, there can actually be both overhead increase and BLER degradation.  
For PUCCH transmission on a macro-cell where PUCCH resource overhead can be a consideration and for ‘small’ eCA-type UCI payloads where transmission of a modified PUCCH Format 3 can suffice, a multi-PRB modified PUCCH format 3 can be considered. However, as analyzed above, this is an optimization as it is not typical that many UEs transmit eCA-type UCI payloads on PUCCH and may not justify the introduction of an additional PUCCH format and another level of complexity. Moreover, albeit small, some modifications to the UE transmitter and the eNB receiver are needed.

Observation 2: Multi-PRB modified PUCCH Format 3 may not typically offer any overhead savings relative to the PUSCH-based PUCCH format and requires modification to the UE transmitter and eNB receiver. 
Modified PUCCH Format 3 with spreading within or between SC-FDMA symbols
A modified PUCCH format 3 with reduced OCC length can only be applicable for ‘small’ UCI payloads and even then it performs worse than PUSCH [4]. Considering the inclusion of an 8 bit CRC and that a new PUCCH format will be used only for UCI payloads of 23 bits or more, the range of such a PUCCH format is limited to about between 31 bits and [44] bits (with CRC) or to about 23 bits and [36] bits (without CRC). Moreover, to account for SRS multiplexing while enabling support of higher payloads than the Rel-12 PUCCH Format 3, the multiplexing capacity can be 2 UEs per PRB. 

Regarding potential overhead savings, similar considerations as for a modified multi-PRB PUCCH Format 3 apply but are not even more stringent as multiplexing with Rel-12 PUCCH Format 3 is not possible. For example, if only 1 eCA UE transmits HARQ-ACK with payload between 23 and [36] bits on a PUCCH in a subframe, there is no overhead reduction while there is a BLER loss relative to the PUSCH-based PUCCH. If 2 eCA UEs transmit HARQ-ACK with payload between 23 and [36] bits on a PUCCH in a subframe (and none has PUSCH transmission), the overhead reduction is 1 PRB pair (while there is again a BLER loss relative to the PUSCH-based PUCCH). If 3 eCA UEs transmit HARQ-ACK with payload between 23 and [36] bits on a PUCCH in a subframe (and none has PUSCH transmission), the overhead reduction is again 1 PRB pair. Also, although small, some modifications to the UE transmitter and the eNB receiver are needed to support a PUCCH Format with reduced OCC length. 

Observation 3: A modified PUCCH Format 3 with reduced OCC length does not offer meaningful overhead reduction relative to PUSCH-only PUCCH, can support a very limited range of HARQ-ACK payloads, while having worse BLER and introducing an additional level of implementation, PUCCH resource management, and specification complexity. 

PUCCH Format 3 for Multiple P-CSIs 

Use of PUCCH Format 3 for multiple P-CSIs was discussed in Rel-11 but there was no sufficient justification for its introduction as the maximum number of DL cells for a UE was limited to 5. This is no longer the case with eCA and the use of PUCCH Format 3 for multiple P-CSI can be re-examined.
Considering that a maximum supportable payload for PUCCH Format 3 is 22 bits (PUCCH Format3 with dual RM code), the multiplexing capacity is typically 2 P-CSIs and at most 3 P-CSIs although several RIs/PTIs can be multiplexed. CRC should not be included because otherwise it is not possible to multiplex more than 1 UE.   

The tradeoff relative to using the PUSCH-based PUCCH format is in terms of required power, reliability, and overhead to transmit a given P-CSI payload. For example, a UE can transmit a P-CSI payload of 80 bits either with 4 PUCCH Format 3 transmissions of 20 bits each for a total resource consumption of 1 PRB pair and an average SINR per transmission of ~0 dB (1 in linear domain) for EPA3 and ~2 dB (1.6 linear) for ETU3, or with a single PUSCH-based PUCCH transmission, including CRC, for a total resource consumption of 1 PRB pair and an average SINR per transmission of ~3.5 dB (2.2 linear) for EPA3 and ~5 dB (3.2 linear) for ETU3. Therefore, for a non-power limited UE, the use of the PUSCH-based PUCCH format is preferable in terms of total power consumption (~50% less power). This is expected due to the larger coding gains associated with a larger payload.  Moreover, the PUSCH-based PUCCH is also preferred in terms of reliability as a CRC is also included and in terms of supporting short P-CSI reporting periods without collisions especially for TDD and with consideration to LAA. 
Although the PUSCH-based PUCCH format provides a more efficient solution than PUCCH Format 3 for P-CSI reporting in eCA, motivation for using PUCCH Format 3 can exist for potentially sharing PUCCH Format 3 resources among HARQ-ACK transmissions for Rel-12 CA and P-CSI transmissions for eCA as the number of CA UEs with HARQ-ACK transmission on the PUCCH per subframe can be expected to be less than 4. Nevertheless, such optimization is minor.

In conclusion, although the use of PUCCH Format 3 for multiple P-CSI transmissions does not seem to offer sufficient benefits for the specification of an additional P-CSI reporting structure, the required modifications in the UE transmitter and the eNB receiver are trivial. It is preferable to conclude whether or not to introduce PUCCH Format 3 for multiple P-CSI reports after other functionalities related to eCA are specified in order to better assess the overall implications. 

Observation 4: The introduction of PUCCH Format 3 for multiple P-CSI reports does not appear to offer meaningful benefits over the use of the PUSCH-based PUCCH format but the associated UE transmitter and eNB receiver functionalities are trivial. 
Proposal: Consider the introduction of PUCCH Format 3 for multiple P-CSI reports after the remaining functionalities for eCA are specified in order to better assess the potential benefits and specification impacts.

3 Conclusions

This contribution considered possible additional PUCCH formats for eCA. In particular, the following observations are made.

Observation 1: A modified multi-PRB PUCCH Format 3 that enables multiplexing with legacy PUCCH Format 3 requires non-SC transmissions and ~1 dB or more CM increase relative to single PRB transmission. For non-power limited UEs the CM increase is tolerable particularly for small PRB allocations.

Observation 2: Multi-PRB modified PUCCH Format 3 may not typically offer any overhead savings relative to the PUSCH-based PUCCH format and requires modification to the UE transmitter and eNB receiver. 
Observation 3: A modified PUCCH Format 3 with reduced OCC length does not offer meaningful overhead reduction relative to PUSCH-only PUCCH, can support a very limited range of HARQ-ACK payloads, while having worse BLER and introducing an additional level of implementation, PUCCH resource management, and specification complexity. 

Observation 4: The introduction of PUCCH Format 3 for multiple P-CSI reports does not appear to offer meaningful benefits over the use of the PUSCH-based PUCCH format but the associated UE transmitter and eNB receiver functionalities are trivial. 

In addition, the following is proposed.

Proposal: Consider the introduction of PUCCH Format 3 for multiple P-CSI reports after the remaining functionalities for eCA are specified in order to better assess the potential benefits and specification impacts.
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