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Uplink control information (UCI) includes HARQ-ACK, SR and CSI. It could be transmitted via PUCCH or multiplexed with data via PUSCH. Unlike eLAA, wherein UCI is reported via the primary cell in the licensed band, UCI may be transmitted in unlicensed bands in the CA/DC and standalone deployment scenarios targeted in Rel-15 SI [1] and agreed in previous RAN1 meeting #92 [2]. In addition, UCI transmission, either multiplexed with data via PUSCH or solely via PUCCH, needs to fulfill the occupied channel bandwidth (OCB) regulatory requirement. 
In this paper, we discuss the adoptability of NR PUCCH formats and resource configuration, PUCCH design enhancements and PUCCH resource allocation subject to LBT in both frequency and time domain for NR operations in the unlicensed spectrum.
[bookmark: _Ref129681832]Adoptability of NR PUCCH Resource Configuration and Formats 
In NR, gNB pre-configures the UE with multiple PUCCH Resource Sets per BWP through higher layer signaling such as RRC or RMSI (if before UE is RRC-connected). Five formats of PUCCH are defined in NR which can be classified depending on the duration of PUCCH, the UCI payload size, and the number of PRBs as shown in the following table:
Table 1. Classification of NR PUCCH Formats
	
	PUCCH Duration
	

	
	Short (1-2 Symbols)
	  Long ( 4-14 Symbols )
	

	UCI Payload Size
	≤ 2 bits
	Format 0
	
	1
	Number of PRBs

	
	
	
	Format 1
	1
	

	
	> 2 bits
	Format 2
(small payload)
	
	1-16
	

	
	
	
	Format 3
(large payload)
	
	

	
	
	
	Format 4
(moderate payload/OCC)
	1
	


 
A PUCCH Resource Set contains a number of resources each is identified by a PUCCH Resource Index. If a UE has dedicated PUCCH resource configuration, the UE is provided by higher layers with one or more PUCCH resources each corresponding to one of the PUCCH resource formats 0/1/2/3/4. The gNB can either configure the UE through higher layer signaling with the PUCCH resource index to use or dynamically indicate the allocated PUCCH Resource to the UE, i.e., via the PUCCH Resource Indicator field in the DCI scheduling the PDSCH. The indicator filed value is mapped directly to the allocated PUCCH Resource within the Resource Set which the UE has identified based on the UCI size and the number of symbols to be transmitted.
As can be seen from Table 1, the NR PUCCH formats have been designed to provide flexibility in allocation of the time and frequency resources as well as various capacities to report all possible combinations of UCI in a licensed cell. However, whether such PUCCH format designs can be adopted for PUCCH transmission in NR-U or not can be decided based on the following analysis:
· UCI payload size: The size of 1-2 UCI bits is typically used for transmission of SR only, HARQ-ACK only, or a combination thereof. Given that transmissions occur on the unlicensed channel in an opportunistic manner based on the sensing results, and the transmitter is allowed to occupy the channel for a regulated maximum amount of time, the NR-U gNB would often multiplex multiple PDSCHs into the DL burst. Also, LBT failure at the UE would cause it to combine delayed HARQ-ACK bits with current ones. As such, NR-U UEs would be often reporting HARQ-ACK using codebooks larger than 2 bits as shown in Fig. 1. The codebook size is even larger if CBG-based and/or cross-carrier HARQ feedback is used. Also, with the increasing interest in grant-free autonomous UL and the drawbacks of scheduled UL in the unlicensed spectrum, specifying a dedicated PUCCH format for SR transmission might be less motivated. Therefore, as shown in Table 1, PUCCH format designs similar to Formats 2, 3, and 4 are more suitable for NR-U from a payload size perspective.
· PUCCH Duration: A short PUCCH duration of 1-2 symbols enables NR-U to exploit NR’s bi-directional slot formats or the regulatory bi-directional transmit opportunities for timely feedback with increased channel access opportunities. A long PUCCH duration, on the other hand, has the advantage of better coverage, especially that NR supports repetition of UCI over multiple slots for long formats. It also provides larger capacity for larger UCI payload. Therefore, both short and long PUCCH format designs are suitable for NR-U.
· Number of PRBs:  NR-U PUCCH formats should be able to independently fulfil the minimum OCB requirements when transmitted on the unlicensed channel, unless the UE is allowed to frequency-multiplex the PUCCH with PUSCH when they do not have the same starting time. Therefore, a PUCCH format design that is limited to a single PRB such as Format 4 can be adopted in the latter case of multiplexing or otherwise frequency repetition can be applied. Although up to 16 PRBs can be configured in PUCCH Formats 2 and 3, a contiguous bandwidth of such PRBs is assumed which will not satisfy the OCB requirement using a SCS less than 120 KHz (assuming a 20MHz channel and all 16 PRBs are used). Therefore, a physical mapping rule could be introduced to satisfy the OCB requirements with PUCCH formats similar to NR Format 2 and Format 3.  
      
[image: ]
Figure 1. Selected NR-like PUCCH formats employed for NR operations in the unlicensed spectrum
From the above analysis, we observe that the design of NR-U PUCCH formats can adopt the design of selected NR PUCCH formats such as Format 2, 3, and 4, while some specification effort is needed to introduce necessary enhancements to the mapping of such formats to physical resources to comply with the unlicensed spectrum regulations. Resource configuration parameters should also be revised accordingly.
Proposal 1: NR-U PUCCH should at least support the formats of both 1~2 symbols and 4~14 symbols carrying more than 2bits.
[bookmark: _Ref509399590]PUCCH Design Enhancements for NR-Unlicensed
Interlace-based design
Considering the regulations of unlicensed spectrum, one main restriction that impacts the design of PUCCH in NR-U is the minimum OCB. According to the ETSI regulations [3], the occupied bandwidth which contains 95% of the transmitted signal power must be at least 80% of the Nominal Channel Bandwidth in the 5GHz band. In a more recent update, an equipment may operate temporarily with a smaller OCB within a Channel Occupancy Time (COT) with a minimum of 2 MHz in Europe [4]. 
As such, when the PUCCH is not frequency multiplexed with PUSCH, it needs to independently fulfil the OCB requirement at least on per-slot/subframe basis. Although the nominal bandwidth can be flexibly declared, e.g., 20/40/80 MHz, the OCB requirements would be typically defined over the bandwidth of the unit unlicensed channel, i.e., 20MHz in the 5GHz band.  Put together with the fact that the regulatory CCA procedure is meant to check the availability of individual unlicensed channels, it is intuitive for each PUCCH resource to be confined within a unit channel bandwidth. Given the relatively small size of UCI bits with respect to the unlicensed channel bandwidth, it is imperative to distribute some or all of the physical resources of the PUCCH across the bandwidth of the channel. 
One possible design is to satisfy the minimum OCB requirement by allocating only a pair of PRBs spanning more than 80% of the channel bandwidth at the edges of the channel for each UE with flexible PRB allocation in between. Although this design provides more flexibility in resource allocation, the total transmit power would be capped due to the maximum power spectral density regulations; this in fact would result in a limited coverage of the PUCCH signal, especially for the short PUCCH spanning only 1 or 2 symbols. Another possible design is to distribute all the PRBs across the channel bandwidth by following an interlace-based design approach which also allows for simple frequency multiplexing of concurrent PUCCH transmissions from multiple UEs. For instance, eLAA has specified a basic interlace design for a 20 MHz channel using 10 PRBs which can be used as a baseline. Further enhancements can be applied though to a basic interlace design such as employing FH to meet OCB requirement per slot/subframe, or PRB-specific processing to reduce the resultant PAPR/CM as discussed in the following section.
Since there are multiple interlace-based design options that can fulfil the OCB requirements, a prudent choice of an interlace-based design needs to consider other factors such as the scalability over various transmission bandwidths, flexibility in resource allocation/user multiplexing capacity, in addition to the potential increase in PAPR/CM, especially when repetition of a small sized UCI is needed. Nevertheless, it is important to note that the interlace design adopted for PUCCH should be the same as that adopted for PUSCH transmission.  
Proposal 2: NR-U PUCCH should be confined within the minimum nominal channel bandwidth, e.g. 20MHz in 5GHz. 
Proposal 3: NR-U should adopt an interlace-based design for PUCCH. 
PUCCH design for PAPR/CM reduction 
As discussed in Sec. 1, interlaced PUCCH could be one way to fulfil constraints on occupied channel bandwidth. While simply repeating an existing PUCCH format in each RB of an interlace incurs small specification impact, it causes unacceptably high power dynamics of the signal. This could be understood from the following example. Define the transmitted signal by

for  where  is a Fourier coefficient at frequency . If the modulation symbol is repeated, , for , then it follows that:
Since , it follows that repetition produces large power variations. This also translates to a large cubic metric (CM) as shown in Figure 2. Here we compare eLAA PUCCH format 3 (i.e., DFT precoded QPSK over 1 PRB) without interlacing and with interlacing (using repetition to 10 PRBs equidistantly located every 10th PRB, or without using repetition). As shown in Figure 2, this reduces the CM about 10 dB. Therefore, the signal needs to be processed differently in the PRBs of an interlace, i.e., either on bit level (e.g., scrambling) or on modulation symbol level (e.g., interleaving, sequence modulation etc.). 

Proposal 4: PRB-specific processing, either on bit level or modulation symbol level, should be applied to interlaced PUCCH when repetition in frequency domain is introduced. 
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[bookmark: _Ref509395102]Figure 2. CCDF of the CM for PUCCH format 3 without interlace (1 PRB), with interlace (10 PRBs and 1 PRB every 10th PRB) and repetition on each PRB, and with interlace (10 PRBs and 1 PRB every 10th PRB) without repetition.
PUCCH Resource Allocation Subject to LBT
Following both the LBT and MCOT regulatory requirements, the UE is required to perform a CAT4 LBT if the PUCCH transmission is outside the gNB-acquired MCOT and a CAT2 LBT if the PUCCH transmission is within the gNB-acquired MCOT. LBT failure however renders the UE unable to report the required UCI in a timely manner. 
Therefore, reliable LBT-resilient mechanisms are required for the resource allocation of PUCCH and the transmission of UCI in the unlicensed spectrum. This can be achieved through the gNB scheduling multiple resources for the required PUCCH transmission in either the time domain or the frequency domain. The HARQ feedback timing is discussed in [5]. 
In some cases the UCI transmission may be delayed due to a busy channel or lost due to persistent collisions with the transmissions of hidden nodes on that channel despite the LBT success. Exploiting the frequency domain diversity in this mechanism potentially avoids the latency/loss of UCI.
As discussed in details in our companion contribution [6], for the wideband operation of NR-U, the UE can be configured to operate on one or more wideband carriers each, for instance, comprising multiple 20 MHz unlicensed channels in the 5GHz band. Since the LBT procedure is meant to check the availability of individual unlicensed channels, it is intuitive for each PUCCH resource to be confined within the unlicensed channel bandwidth, i.e., 20 MHz in such case. If the gNB configures the UE with PUCCH Resource Sets that are distributed across the bandwidth of the wideband carrier, a frequency-domain LBT-resilient mechanism can be devised such that the gNB allocates to the UE multiple PUCCH resources each on a different subband of the wideband carrier. 
As shown in the example in Fig. 3, on the 80 MHz active BWP that might span the whole bandwidth of a wideband carrier or a part thereof, the gNB indicated to the UE in PDCCH multiple PUCCH resources each on a different 20 MHz subband. If subbands coincide with the unlicensed channels in the 5GHz band, each potentially observes a different coexistence activity and interference level. 

[image: ]
Figure 3. Multiple PUCCH resources indicated on multiple subbands of an active BWP
Since all PUCCH resources belong to the same PUCCH Resource Sets configured for the wideband BWP, it is sufficient to for the gNB to indicate multiple unique resource indexes within the appropriate PUCCH Resource Set the UE will identify.
The UE can perform either independent subband LBTs or a hierarchal LBT (as in LAA type B), and based on the LBT results, the UE can select among the PUCCH resources for which the LBT results were successful to transmit the PUCCH. Whereas, the gNB blindly detects the PUCCH on the multiple allocated resources.
Proposal 5: PUCCH resource allocation in NR-U can provide a set of frequency-domain resources in which the PUCCH can be transmitted based on LBT results. 
 
Conclusions
We discussed the adoptability of NR PUCCH formats and resource configuration, PUCCH design enhancements and PUCCH resource allocation subject to LBT in both frequency and time domain for NR operations in the unlicensed spectrum. The following observations and proposals were made:

Proposal 1: NR-U PUCCH should at least support the formats of both 1~2 symbols and 4~14 symbols carrying more than 2bits.

Proposal 2: NR-U PUCCH should be confined within the minimum nominal channel bandwidth, e.g. 20MHz in 5GHz. 
Proposal 3: NR-U should adopt an interlace-based design for PUCCH. 

Proposal 4: PRB-specific processing, either on bit level or modulation symbol level, should be applied to interlaced PUCCH when repetition in frequency domain is introduced. 
[bookmark: _GoBack]
Proposal 5: PUCCH resource allocation in NR-U can provide a set of frequency-domain resources in which the PUCCH can be transmitted based on LBT results. 
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