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1	Introduction
In order to efficiently utilize the large amounts of unlicensed spectrum available worldwide, both licensed operation and unlicensed operation are considered for NR. At RAN-75, a study item on NR-based Access to Unlicensed Spectrum was approved [1]. One objective is to:
· Study NR-based operation in unlicensed spectrum (RAN1, RAN2, RAN4) including 
· Physical channels inheriting the choices of duplex mode, waveform, carrier bandwidth, subcarrier spacing, frame structure, and physical layer design made as part of the NR study and avoiding unnecessary divergence with decisions made in the NR WI
· Consider unlicensed bands both below and above 6GHz, up to 52.6GHz
· Consider unlicensed bands above 52.6GHz to the extent that waveform design principles remain unchanged with respect to below 52.6GHz bands
· Consider similar forward compatibility principles made in the NR WI 
· Initial access, channel access. Scheduling/HARQ, and mobility including connected/inactive/idle mode operation and radio-link monitoring/failure
In this contribution we discuss Physical Uplink Control Channel (PUCCH) design for NR-U.
[bookmark: _Ref178064866]2	Discussion
2.1	PUCCH format candidates
Expanding the current NR PUCCH formats to cover more PRBs [1] will, unless compensated for, have an impact on user multiplexing. For example, considering a SCS of 15kHz and an interlace design utilizing 10 PRBs per interlace, an NR-U format derived by simply mapping an NR format originally using only one PRB to multiple PRBs will have a multiplexing capacity of only 1/10 of the NR format. Maintaining a reasonable multiplexing capacity when designing NR-U PUCCH is important for the overall system capacity of NR-U.
Depending on the coherence bandwidth of the channel, the interlaced design, which spreads the signal in frequency, will give frequency diversity gains without the need for frequency hopping. Hence, we propose
[bookmark: _Toc513626200]NR-U PUCCH does not support frequency hopping
All PUCCH transmissions in NR-U will be subject to a Listen Before Talk (LBT) procedure, which will avoid transmitting PUCCH when the air interface is already occupied. Because of this it is common that a PUCCH transmission carrying HARQ feedback can be delayed because of LBT. These delayed HARQ bits will have to be transmitted in a subsequent PUCCH opportunity causing the payload on the subsequent PUCCH to increase. This increase in payload size will mean that low payload formats of PUCCH, such as sequence-based PUCCH like NR PUCCH format 0 and 1, will not be suitable for NR-U.
[bookmark: _Toc513626278]NR PUCCH formats 0 and 1 (1-2 bit payload) are not suitable for NR-U
For this reason, we focus on extensions to PUCCH formats 2 and 3 (suitable for a wider range of payloads) in the following two sections. To achieve user-multiplexing, the extensions to PF2 and 3 consider the application of cyclic shifts and OCC’s applied to the reference and data (control) symbols, respectively. Such approaches may be applied in either the frequency domain, time domain, or both. The desired level of multiplexing depends on the frequency and time span of the orthogonal sequences. The intention of the examples provided here is to illustrate the “toolbox” of approaches that may be used, and the impact on performance. Further discussion is needed to finalize the design based on target levels of user-multiplexing.
2.1.1	FDM multiplexing of data/control with intra-data symbol OCC
Here we investigate a PUCCH format using Frequency Division Multiplexing (FDM) between data subcarriers and DMRS subcarriers within one OFDM symbol. The format is based on modifications to NR PUCCH format 2 but mapped over a PRB interlace and includes user multiplexing. The user-multiplexing is achieved by an intra OFDM symbol OCC on the data subcarriers and cyclic shifts on the DMRS subcarriers according to Figure 2. Figure 2 illustrate the format using 2 OFDM symbols with an inter OFDM symbol OCC between them, on both data and DMRS. PUCCH format 2 allows for 1 or 2 symbols, however for the evaluation, 2 symbols are used as shown in Figure 2. The intra OFDM symbol OCC allows multiplexing of up to 4 UEs and the inter OFDM symbol OCC in this case doubles that multiplexing capacity to 8 UEs. Because of the loss in multiplexing capacity due to PRB interlacing, it makes sense to utilize all possible code division multiplexing options to recover as much of the interlacing loss as possible. However, this needs to be balanced with performance considerations where it is required to maintain a sufficient level of orthogonality in a dispersive channel environment.
The PUCCH format considered here can carry payloads 1-11 bits using the NR PUCCH format 2 Reed Muller block code and payloads above 11 bits using the NR PUCCH format 2 Polar code. The data/DMRS FDM mapping is repeated over all PRBs in the interlace. The data bits are coded over all available unique data QPSK symbols, i.e. no repetition in the frequency domain is needed. The OCC codes used here are DFT-matrix based. The DMRS sequence used when evaluating this format is a Zadoff-Chu sequence covering all available DMRS subcarriers in the interlace, however the choice of DMRS sequence is left for further study.
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[bookmark: _Ref512600567]Figure 2: PUCCH format based on modifications to PF2. FDM multiplexing of data and control with both intra data symbol OCC within a PRB and inter-symbol OCC for both data/reference symbols. Within each OFDM symbol, cyclic shifts of the reference signal sequence are used. Each PRB carries two data symbols (D0 and D1) per user.

2.1.2	TDM multiplexing of data/control with intra-data symbol OCC
Here we investigate a PUCCH format using Time Division Multiplexing (TDM) between data OFDM symbols and DMRS OFDM symbols. The format is based on modifications to NR PUCCH format 3 but mapped over a PRB interlace and with user-multiplexing. The user-multiplexing is achieved by an intra OFDM symbol OCC on the subcarriers of the data OFDM symbols combined with cyclic shifts on the DMRS OFDM symbols according to Figure 3. Figure 3 illustrate the format using 2 OFDM symbols: one DMRS symbols and one data symbol. The number of symbols used in the format is not specified yet, obviously at least 2 OFDM symbols are required. For the evaluation, 2 symbols were used as shown in Figure 3. The intra OFDM symbol OCC allows multiplexing of up to 12 UEs. Because of the loss in multiplexing capacity due to PRB interlacing, it makes sense to utilize all possible multiplexing options to recover as much as possible. However, as mentioned above, this needs to be balanced with performance considerations where it is required to maintain a sufficient level of orthogonality in a dispersive channel environment.
The PUCCH format considered here can carry payloads 1-11 bits using the NR PUCCH format 3 Reed Muller block code and payloads above 11 bits using the NR PUCCH format 3 Polar code. The data bits are coded over all available unique data QPSK symbols, i.e. no repetition is needed in the frequency domain. If 4 or more OFDM symbols are used (at least 2 data symbols and 2 DMRS symbols) it is also possible to use inter OFDM symbol OCC on both data and DMRS. The OCC codes used are DFT-matrix based. The DMRS sequence used when evaluating this format is a Zadoff-Chu sequence covering all available DMRS subcarriers in the interlace, however the choice of DMRS sequence is left for further study. 
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[bookmark: _Ref512600849]Figure 3: PUCCH format based on modifications to PF3. TDM multiplexing of data and control with intra data symbol OCC within a PRB. Within each OFDM symbol, cyclic shifts of the reference signal sequence are used. Each PRB carriers only a single data symbol per user (D0)
2.3	Candidate evaluation
The candidates have been evaluated by means of simulation for various payloads at their maximum multiplexing capacity. Performance is measured in terms of the operating point, defined as the required SNR to ensure all of the following: P(ACK to Error) <= 0.01, P(NACK to ACK) <= 0.001 and P(DTX to ACK) <= 0.01.
The simulation assumptions are summarized in Table 2. The formats are in this evaluation mapped to the interlace structure described in Table 2 which consists of 10 PRBs spread in frequency such that every 10th PRB is used. This interlace structure has 10 interlaces. The use of an interlaced structure covering 10 PRBs is an example for NR-U representing a subcarrier spacing of 15 kHz with bandwidth 20 MHz. In this comparison the NR-U PUCCH candidates use 2 OFDM symbols; however, other symbol lengths can also be considered, where multiplexing capacity can be obtained by application of inter-symbols OCC.  
[bookmark: _Ref513044017]Table 2: Simulation assumptions
	Property
	Value

	Carrier frequency
	5 GHz

	Bandwidth
	20 MHz

	Subcarrier spacing
	15 kHz

	Propagation channel
	TDL-A 3km/h, delay spread 30ns/300ns

	Number of PRBs
	10

	PRB interlacing
	1:10:100

	Number of receive antennas
	2

	Number of OFDM symbols
	2



Besides the NR-U candidate formats shown here, various formats based on NR PUCCH format 0 have also been evaluated, even though they do not offer large enough payload. These simulations showed that the format 0 based formats were inferior either in multiplexing or in performance. The simulation results are shown in Figure 4 and Figure 5. The TDM (PF3-based) format can multiplex 50% more users than the FDM (PF2-based) format without sacrificing performance to a large extent. Note that the performance difference for the larger payloads is due in large part to the fact that the TDM approach uses twice as high a coding rate compared to the FDM approach since it carriers only 1 data symbol per PRB instead of 2.
[bookmark: _Toc513626201]For NR-U, support a PUCCH format design based on modifications to PF3 where interlacing and user-multiplexing based on OCCs and cyclic shifts is introduced.
[bookmark: _Toc513626202][bookmark: _Toc513563778][bookmark: _Toc513563805][bookmark: _Toc513563857][bookmark: _Toc513563862][bookmark: _Toc513212405][bookmark: _Toc513212539]For NR-U, support a PUCCH format design using the Reed Muller block code used in NR for payloads 1-11 bits and the Polar coder used in NR for payloads above 11 bits.
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[bookmark: _Ref513044183]Figure 4: NR-U PUCCH candidate performance, TDL-A 3km/h Delay spread 30ns. Note: the TDM (blue) curve uses twice as high coding rate as the FDM (red) curve.
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[bookmark: _Ref513044190]Figure 5: NR-U PUCCH candidate performance, TDL-A 3km/h Delay spread 300ns. Note: the TDM (blue) curve uses twice as high coding rate as the FDM (red) curve. 

Conclusion
In the previous sections we made the following observations: 
Observation 1	NR PUCCH formats 0 and 1 (1-2 bit payload) are not suitable for NR-U


Based on the discussion in the previous sections we propose the following:
Proposal 1	NR-U PUCCH does not support frequency hopping
Proposal 2	For NR-U, support a PUCCH format design based on modifications to PF3 where interlacing and user-multiplexing based on OCCs and cyclic shifts is introduced.
Proposal 3	For NR-U, support a PUCCH format design using the Reed Muller block code used in NR for payloads 1-11 bits and the Polar coder used in NR for payloads above 11 bits.
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