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1. Introduction
From the regulatory requirement in [1], there are requirements on the occupied channel bandwidth for unlicensed carrier. For convenience, the requirements are shown below
· The occupied channel bandwidth shall be between 80 % and 100 % of the declared nominal channel bandwidth. 
· During an established communication, a device is allowed to operate temporarily in a mode where its occupied channel bandwidth may be reduced to as low as 40 % of its nominal channel bandwidth with a minimum of 4 MHz. 
The occupied channel bandwidth is the bandwidth containing 99 % of the power of the signal. The nominal channel bandwidth is the widest band of frequencies inclusive of guard bands assigned to a single channel (at least 5MHz). In this paper, first we consider the design of PUCCH to satisfy the requirements on the occupied channel bandwidth. Second we discuss the multiplexing capacity of PUCCH. Finally we discuss the PUCCH content and channel access scheme.
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For PUCCH which occupies one PRB, e.g., PUCCH format 1/1a/1a, 2/2a/2b, 3, and 5, spreading the PUCCH resource in the frequency domain can be considered to satisfy the requirements on the occupied channel bandwidth. For example, the PUCCH resources can be repeated every M RBs. As shown in Figure 1, suppose M = 5 and the index of occupied PUCCH RBs is {1, 6, 11, …, 96}.



[bookmark: _Ref441585589]Figure 1 Spreading for PUCCH with one PRB on unlicensed carrier

For PUCCH which occupies multiple PRB, e.g., PUCCH format 4, two alternatives can be considered to satisfy the requirements on the occupied channel bandwidth. 

1. Block spreading of PUCCH resources
The PUCCH resources can be block-spread in frequency domain. For example, the PUCCH resources are repeated every M RBs. As shown in Figure 2, suppose = 3 and M = 5. The index of occupied RBs is {1, 2, 3, 6, 7, 8, 11, 12, 13,  …, 96, 97, 98}.




[bookmark: _Ref441585662]Figure 2 Block-repeating for PUCCH format 4 on unlicensed carrier


2. Distributed mapping of PUCCH resources + self spreading of PUCCH resources
First, the resource of PUCCH is uniformly allocated in the whole bandwidth. Then each PUCCH RB is spread in the corresponding sub-block. For example, as shown in Figure 3 suppose = 3. First the three PUCCH RBs are uniformly allocated in the whole bandwidth. Then the 0th PUCCH RB is repeated every M RBs in the region [0, 32], 2nd PUCCH RB is repeated every M RBs in the region [33, 35], and 3rd PUCCH RB is repeated every M RBs in the region [66, 99], 





[bookmark: _Ref441682297]Figure 3 Distributed mapping + self-repeating for PUCCH format 4 on unlicensed carrier
	


3. Multiplexing capacity
Table 2 shows the multiplexing capacity of PUCCH formats 1/1a/1b/2/2a/2b/3/4/5. Since PUCCH format 1/1a/1b contains at most 12 cyclic shifts and 3 orthogonal covering codes, the maximal multiplexing capacity is 36. Since PUCCH format 2/2a/2b contains 12 cyclic shifts, the multiplexing capacity is 12. PUCCH format 3 contains 5 orthogonal covering codes, and thus the multiplexing capacity is 5. The multiplexing capacity of PUCCH format 4 is one because it contains neither cyclic shift nor orthogonal covering code. For PUCCH format 5, two orthogonal covering codes are used and thus the capacity is 2.
	
	Functionality
	Maximal multiplexing capacity 
(# of UE per RB)

	PUCCH formal 1/1a/1b
	SR, HARQ-ACK, or HARQ-ACK+SR 
	36

	PUCCH formal 2/2a/2b
	CSI, or CSI+HARQ-ACK
	12

	PUCCH formal 3
	HARQ-ACK or HARQ-ACK+SR
	5

	PUCCH format 4
	HARQ and/or CSI and/or SR
	1

	PUCCH format 5
	HARQ and/or CSI and/or SR
	2



Table 1 Multiplexing capacity of PUCCH formats
Now assume PUCCH format 4 is used and it is repeated every M RBs. There are at most M PUCCHs from different UEs can be multiplexed in a subframe when the size of PUCCH is one PRB. The larger the PUCCH size is, the smaller the capacity is (see Table 2). For example, suppose M=5 and n=1 for all UEs. Then only 5 PUCCHs form different UEs can be multiplexed in a subframe. 
	PUCCH size (PRBs) 
	capacity

	1
	M

	n
	



[bookmark: _Ref446404601]Table 2 Multiplexing capacity of PUCCH format 4 when PUCCH is repeated every M RBs.

To increase the multiplexing capacity, we proposed that the REs of a single PUCCH RB are partially spread into the M RBs. Each RB contains only N of the 12 REs of the original PUCCH. N is chosen from {1, 2, 3, 4, 6 12}. For example, M = 10 and N=3 as shown in Figure 4. Table 3 shows the multiplexing capacity of PUCCH format 4 when PUCCH is spread using proposed Method. From Table 3 we can see that the capacity of the proposed method is 12/N times larger than the repetition solution.



[bookmark: _Ref446675863]Figure 4 spreading REs into the 10 RBs in the occupied bandwidth

	PUCCH size (PRBs) 
	capacity

	n
	



[bookmark: _Ref446679043]Table 3 Multiplexing capacity of PUCCH format 4 when PUCCH is spread using proposed Method.

When the PUCCH resource is spread in the frequency domain, PAPR becomes larger than the case without spreading. For example, Figure 5 shows the CDF of cubic metric (CM) of PUCCH. “Legacy (10 PRBs)” denotes that the 10 PUCCH PRBs are contiguous. “Repetition” denotes that the 10 PUCCH PRBs are uniformly distributed in the whole bandwidth. “Proposed (N=3)” denotes that PUCCH resources are allocated using the proposed method with N=3. We can see that the PAPR of “Repetition” is about 1.5 dB larger than that of “Legacy (10 PRBs)”. The PAPR of “Proposed (N=3)” is about 0.17 dB smaller than “Repetition”.
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[bookmark: _Ref446401880]Figure 5 CDF of cubic metric


Therefore, we have

Proposal 1. To satisfy the requirements on the occupied channel bandwidth, we propose
· Spreading in frequency domain
· For PUCCH which occupies only one PRB, e.g., PUCCH format 1/1a/1b, 2/2a/2b, 3, and 5, spreading the PUCCH resource in the frequency domain can be considered.
· For PUCCH which occupies multiple PRBs, e.g., PUCCH format 4, two alternatives can be considered
· Block spreading of PUCCH resources in frequency domain
· Distributed mapping of PUCCH resources + self spreading of PUCCH resources in frequency domain
· For spreading in frequency domain, the REs of a single PUCCH RB are spread into M RBs. Each RB contains N of the 12 REs of the original RB, where N is chosen from {1, 2, 3, 4, 6 12}



4. PUCCH content  
In LTE, PUCCH is used for periodic CSI (including CQI PMI and RI), SR and HARQ acknowledgements. In LAA, due to LBT UE may not be able to transmit PUCCH and thus the transmission of CSI, SR, and HARQ ACK/NACK may be delayed. To make the delay as short as possible, PUCCH shall be able to support one shot feedback of CSI (RI/CQI/PMI), SR, and HARQ ACK/NACK. That is, PUCCH format 4/5 shall be supported in eLAA.

Proposal 2. PUCCH shall support one shot feedback of CSI (RI/CQI/PMI), SR, and HARQ ACK/NACK.
· PUCCH format 4/5 should be supported in eLAA.

5. Channel access scheme
In 3GPP RAN1#84 meeting, following has been agreed for UL LBT.
Agreements:
· Support UL LBT based on a Cat-4 channel access procedure.
· Support UL LBT based on a CCA of at least 25 µs before the UL transmission burst.
· FFS: Condition and restriction on when these options are used

In LAA, PUCCH may contain periodic CSI (RI/CQI/PMI), SR, and HARQ ACK/NACK in one short feedback. Since these signals are very frequent, one shot CCA may be too aggressive to achieve a fair coexistence to WiFi. Thus, cat.4 channel access procedure is preferred. For PUCCH transmission in LAA, we propose

· For aligning the subframe boundary, eNB can configure a set of candidate PUCCH subframes to UE. Then, UE can perform cat.4 LBT with self-deferral. 
· For increasing the probability of grabbing the channel, UE can perform cat.4 LBT from the end of the DL TXOP.
· The ACK/NACKs of all DL subframes in a TXOP, SR, and CSI are transmitted in a UL PUCCH subframe.
· The ACK/NACKs of all DL subframes in a TXOP can be bundled together.

As shown in Figure 6, the ACK/NACKs of subframe n to subframe n+3, SR, and CSI are supposed to be fed back at one of the candidate subframes. In this example, the candidate subframes are subframe n+7, n+8, and n+9. In Figure 6(a), since the channel is idle before subframe n+7, then PUCCH is transmitted in subframe n+7. In Figure 6(b), since the channel is busy before subframe n+7, LBT would deferred to the next candidate position.



(a)


(b)
[bookmark: _Ref446429478]Figure 6 LBT for PUCCH
Resource allocation in frequency domain

1. PUCCH format 1/1a/1b: On licensed carrier, the resource allocation of PUCCH format 1/1a/1b depends on the number of the first CCE used for transmission of the corresponding DCI assignment. When PUCCH format 1/1a/1b is applied in unlicensed carrier, the resource of PUCCH can be indicated in same way. Then the PUCCH resource can be spread based on the indicated resource.

2. PUCCH format 2/2a/2b: On licensed carrier, the resource allocation of PUCCH format 2/2a/2b depends on RRC connection reconfiguration message. When PUCCH format 22a/2b is applied in unlicensed carrier, the resource of PUCCH can be indicated in same way and then the PUCCH resource can be spread based on the indicated resource.

3. PUCCH format 3: For PUCCH format 3, four possible values of the resource allocations are semi-statically configured using RRC signaling and then “TPC command for PUCCH” bits are used to specify which one to apply. When PUCCH format 3 is applied in unlicensed carrier, the resource of PUCCH can be indicated in same way and then the PUCCH resource can be spread based on the indicated resource.

4. PUCCH format 4/5: For PUCCH format 4/5, the resource allocation is signaled by RRC layer. When PUCCH format 4/5 is applied in unlicensed carrier, the resource of PUCCH can be indicated in same way and then the PUCCH resource can be spread based on the indicated resource.

Proposal 3. For PUCCH channel access scheme 
· For aligning the subframe boundary, eNB can configure a set of candidate PUCCH subframes to UE. Then, UE can perform cat.4 LBT with self-deferral. 
· For increasing the probability of grabbing the channel, UE can perform cat.4 LBT from the end of the DL TXOP.
· The ACK/NACKs of all DL subframes in a TXOP, SR, and CSI are transmitted in a UL PUCCH subframe.
· The ACK/NACKs of all DL subframes in a TXOP can be bundled together.
· The resource allocation can be signaled as legacy PUCCH and the same resource allocation could be used for all the candidate PUCCH subframes.
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6. [bookmark: _Ref129681832]Conclusion
From above discussion, we have
Proposal 1. To satisfy the requirements on the occupied channel bandwidth, we propose
· Spreading in frequency domain
· For PUCCH which occupies only one PRB, e.g., PUCCH format 1/1a/1b, 2/2a/2b, 3, and 5, spreading the PUCCH resource in the frequency domain can be considered.
· For PUCCH which occupies multiple PRBs, e.g., PUCCH format 4, two alternatives can be considered
· Block spreading of PUCCH resources in frequency domain
· Distributed mapping of PUCCH resources + self spreading of PUCCH resources in frequency domain
· For spreading in frequency domain, the REs of a single PUCCH RB are spread into M RBs. Each RB contains N of the 12 REs of the original RB, where N is chosen from {1, 2, 3, 4, 6 12}


Proposal 2. PUCCH shall support one shot feedback of CSI (RI/CQI/PMI), SR, and HARQ ACK/NACK.
· PUCCH format 4/5 should be supported in eLAA.


Proposal 3. For PUCCH channel access scheme 
· For aligning the subframe boundary, eNB can configure a set of candidate PUCCH subframes to UE. Then, UE can perform cat.4 LBT with self-deferral. 
· For increasing the probability of grabbing the channel, UE can perform cat.4 LBT from the end of the DL TXOP.
· The ACK/NACKs of all DL subframes in a TXOP, SR, and CSI are transmitted in a UL PUCCH subframe.
· The ACK/NACKs of all DL subframes in a TXOP can be bundled together.
· The resource allocation can be signaled as legacy PUCCH and the same resource allocation could be used for all the candidate PUCCH subframes.
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