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Introduction
In the RAN1#84 meeting, the following was agreed regarding UCI transmission:
· Transmission of HARQ ACK for serving cells at licensed carriers on an LAA SCell is not supported
· Transmission of HARQ ACK and CSI for serving cells at unlicensed carriers on an LAA SCell is supported
· FFS on new or existing waveform of channel for UCI transmission on unlicensed carrier
· FFS on the LBT scheme for UCI transmission
· FFS on position of UCI in a subframe
Note that UCI on PUSCH can be supported on LAA SCell, and then a further possibility is to specify and use a PUCCH on LAA SCell. Here, we elaborate on issues related to PUCCH format(s) that would need to be addressed if PUCCH on LAA SCells is supported. Other issues such as HARQ-ACK timing, codebook determination, etc. are discussed in the companion contribution [1]. 
[bookmark: _Ref129681832]PUCCH on unlicensed carrier
1.1 Motives related to PUCCH for eLAA
Arguments for specifying PUCCH for eLAA have been given according to the following points:
· Large number of aggregated LAA SCells results in large PUCCH load on the PCell [1][2][3][4][7][9][11][12].
· Future support of dual connectivity with Secondary Cell Group having LAA PSCell requires PUCCH [2][4][9][10][12]. 
· UCI transmission over PUSCH is worse than for PUCCH from multiplexing efficiency and reliability perspective [1][11]. 
· Rel-13 PUCCH is not suitable for carrying CQI for a large number of carriers [10] 

For the first point, undoubtedly eLAA would work without a PUCCH for LAA SCell and existing mechanisms (e.g., PUCCH format 4, PUCCH on SCell) could suffice. Hence, this motive is merely an optimization. For the second point, given that a PUCCH for LAA SCell could utilize the same resource allocation scheme as the PUSCH (i.e., multi-cluster), it would be possible to specify the PUCCH in a later release without encountering issues for PUSCH and PUCCH multiplexing. For the third point, it is unclear whether having very large UE multiplexing capability is crucial for LAA UL transmissions and in terms of reliability, the LBT procedure is presumably going to result in good link quality. For the fourth point, PUCCH format 4 and 5 were designed for large number of carriers. 
On the other hand several other companies did not see a strict need for a PUCCH and it was suggested to not support PUCCH on LAA SCells in Rel-14 [5][6][7][8][14]. It is not desirable (and probably infeasible in the eLAA WI time frame) to develop fundamentally new PUCCH formats for eLAA, notwithstanding that some modifications on existing PUCCH formats might be needed, if they are reused. For example, in [10], it was proposed to allow PUCCH transmission at the beginning of the UL burst, in the UpPTS region. This could require designing a whole new PUCCH format fitting in just a few SC-FDMA symbols, which is a major effort. Thus, if transmission of UCI on PUSCH is to be complemented by specifying PUCCH for LAA, no major new PUCCH designs should be developed in Rel-14 and maximum reuse of existing formats should apply. Otherwise, the specification of PUCCH for LAA should be done in a later release.  
1.2 UCI types for PUCCH on LAA SCells
The payload capacity requirement for PUCCH on LAA SCell would be similar to that considered in eCA. That is, the PUCCH should target a maximum channel occupancy time (MCOT) of 10 ms and up to 32 serving cells, resulting in a HARQ-ACK/SR payload capacity as that of PUCCH format 4 being needed, i.e., around 320 HARQ-ACK/SR bits (assuming spatial bundling) and, possibly, around 352 periodic CSI bits. However, support of very few HARQ-ACK bits, e.g., 1 or 2 bits related to one subframe as FDD, may not be precluded. 
Further consideration is needed on whether to support periodic CSI on PUCCH on LAA SCell. Periodic CSI could only be transmitted subject to a listen before talk (LBT) procedure. A similar discussion took place for the SRS, where it has been agreed to support aperiodic SRS but not periodic SRS. If PUCCH format 4 is used and there is simultaneous HARQ-ACK feedback, it would be straightforward to include the periodic CSI reports, without any additional LBT procedure. Notably PUCCH format 4 would be particularly applicable as it supports multiple periodic CSI reports per subframe, which reduces the number of LBT procedures. On the other hand, if it would only be supported to transmit periodic CSI for LAA SCells on a licensed serving cell, the offloading argument for introducing PUCCH on the LAA SCell does not hold.  
1.3 Aspects for PUCCH formats
There are a large number of PUCCH formats which could be applicable to Frame Structure 3. The main differing features among the formats are the UE multiplexing capability and the payload capacity. Compared to LTE, the number of UEs simultaneously transmitting the PUCCH may be lower since UE multiplexing in LAA requires additional successful LBT outcomes. Therefore, it would be reasonable to consider at least one CDM-based format and one high-payload based format, i.e., LAA PUCCH based on PUCCH format 3 and 4. In addition, considering that support of very few HARQ-ACK bits may not be precluded, LAA PUCCH based on PUCCH format 1a/1b could also be considered for eLAA. For RB-interleaved PUCCH waveform, the HARQ-ACK transmission mode based on any form of channel selection should not be supported, since each PUCCH channel may occupy at least ten RB pairs which leads to large PUCCH overhead. There may be no need to support HARQ-ACK bundling, considering the complexity to deal with DTX-to-ACK issue. Specifically, unlike the legacy bundling with pre-configured size of bundling window, it could be not trivial to avoid DTX-to-ACK considering eLAA supports flexible frame structure.
Proposal 1: If PUCCH on LAA SCell is specified:
· No completely new PUCCH formats are designed for PUCCH on LAA SCell.
· PUCCH is based on PUCCH format 3 and 4.   
· PUCCH based on PUCCH format 1a/1b is not precluded. 
· Any form of channel selection is not supported. 
· HARQ-ACK bundling is not supported. 
· FFS: Whether/how periodic CSI only can be transmitted on PUCCH.
In RAN1#84 it was agreed that at least RB-level multi-cluster transmission (>2) is supported for eLAA PUSCH. It has been suggested to define resource allocations (interlaces) consisting of 10 PRB pairs, uniformly distributed with a spacing of 10 PRBs [11][13]. Such a transmission assures that, at any instance of time, the requirement on 80%-100% occupied channel bandwidth is fulfilled. The same design principle should apply to the PUCCH. The current PUCCH formats would not fulfill the bandwidth requirement over one slot due to the slot-based frequency hopping. A multi-cluster allocation is also beneficial for meeting the maximum power constraint per 1 MHz. Using the same type of multi-cluster allocation makes it further straightforward to multiplex the PUCCH and the PUSCH in a subframe. 
A 10 PRB transmission bandwidth of the PUCCH may not result in an excessive overhead, since an argument for introducing PUCCH on LAA SCells is that there are very many such serving cells (otherwise no need to offload). Given that serving cells are UE-specifically configured, the eNodeB  would configure the UEs to distribute their PUCCHs over different SCells and load balancing could be maintained. Moreover, PUCCH overhead would be less of an issue if the eNodeB is not frequently simultaneously scheduling multiple UEs in the downlink.  UE multiplexing (e.g., among PUCCHs and/or PUSCHs) is contingent on that multiple UEs perform a successful LBT procedure and claim the channel simultaneously. Such multiplexing is, due to the LBT procedure, likely to occur less frequently than on a licensed carrier. 




Figure 1. Example where a 1 PRB PUCCH format is mapped (repeated) to 10 PRBs (left) and where a 3 PRB PUCCH format is mapped (repeated) to 30 PRBs (right).

However, no PUCCH format is defined for a transmission bandwidth of 10 PRBs. The minimum specification impact would be to utilize legacy PUCCH formats defined for 1 PRB pair and repeat it over 10 PRB pairs. Such repetition would minimize the impact of the transmitter and receiver processing. The slot-based PUCCH frequency hopping would not be needed since frequency diversity is provided by the multi-cluster allocation and the repetition. For a multiple-PRB format, e.g., PUCCH format 4, repetition of multiple contiguous PRBs is the most straightforward way, which is shown in Fig .1.
To extend PUCCH format 1a/1b to be compatible with the new RB-interleaved waveform, one option is also to repeat legacy PUCCH format 1a/1b to 10 PRBs, see Fig. 1. The other option is to enhance PUCCH format 1a/1b and use a long ZC sequence (e.g., spanning 10 PRBs) scrambled by short orthogonal sequences per RB, which is similar as UL DMRS. 
If the LAA PUCCH is based on frequency repetition of an LTE PUCCH format, some enhancements should be considered to reduce the CM/PAPR increase due to the repetitions. For example, PRB-specific bit scrambling could be utilized for PUCCH format 3 and 4, which has no major impact on specification or receiver. Table 1 shows that pure repetition is not favorable and the CM can be reduced significantly with PRB specific bit scrambling for a PUCCH format 4 transmission (over 10 PRBs). For PUCCH format 1a/1b, different sequences, cyclic shifts, etc., could be utilized in different PRBs to lower the CM if repetitions are used.
Table 1. Cubic metric in dB for a 1-PRB PUCCH format 4 being repeated over 10 PRBs, with and without PRB-specific scrambling, respectively.
	
	Repetition without PRB-specific scrambling
	Repetition with PRB-specific scrambling

	Cubic metric (dB)
	12.4
	3.7



Proposal 2: The PUCCH on LAA SCell is transmitted on a set of (at least) 10 PRB pairs, uniformly distributed with a spacing of 10 PRBs over the carrier bandwidth.
· For PUCCH format 3 and 4, the PUCCH is repeated 10x on the (at least) 10 PRB pairs.
· PRB-specific bit scrambling is used to reduce PAPR/CM.
· For PUCCH format 1a/1b, both PRB based repetition and long ZC sequence as UL DMRS can be considered. 
· Slot-based frequency hopping is not used. 
Conclusions
There is no strict need for supporting a PUCCH on LAA SCell. However, if such a PUCCH still would be specified in Rel-14, it should be based on (with minor modifications to) existing PUCCH formats. 

Proposal 1: If PUCCH on LAA SCell is specified:
· No new completely new PUCCH formats are designed for PUCCH on LAA SCell.
· PUCCH is based on PUCCH format 3 and 4.   
· PUCCH based on PUCCH format 1a/1b is not precluded. 
· Any form of channel selection is not supported. 
· HARQ-ACK bundling is not supported. 
· FFS: Whether/how periodic CSI only can be transmitted on PUCCH.

Proposal 2: The PUCCH on LAA SCell is transmitted on a set of (at least) 10 PRB pairs, uniformly distributed with a spacing of 10 PRBs over the carrier bandwidth.
· For PUCCH format 3 and 4, the PUCCH is repeated 10x on the (at least) 10 PRB pairs.
· PRB-specific bit scrambling is used to reduce PAPR/CM.
· For PUCCH format 1a/1b, both PRB based repetition and long ZC sequence as UL DMRS can be considered. 
· Slot-based frequency hopping is not used. 
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