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1. Introduction
In 3GPP RAN1 #95 meeting [2], it was agree that:
Agreement:
· Adopt the following text proposal for the TR:
------------------------------------------ Start of Text Proposal ----------------------------------------------
It has been identified to be beneficial for the NR-U design to not require the UE to change a granted TBS for a PUSCH transmission depending on the LBT outcome.
The following options have been identified as possible candidate at least for the first PUSCH(s) transmitted in the UL transmission burst.
· Option 1: PUSCH(s) as in Rel-15 NR
· Option 2: Multiple starting positions in one or multiple slot(s) are allowed for PUSCH(s) scheduled by a single UL grant (i.e., not a configured grant) and one of the multiple PUSCH starting positions can be decided depending on LBT outcome. 
It is noted that for above options, the ending position of the PUSCH is fixed as indicated by the UL grant.
It is noted that above options are not mutually exclusive.
-------------------------------------------- End of Text Proposal ---------------------------------------------
· FFS: TBS determination for the transmission and how to capture the options in the TP.
· FFS for signaling details, specification impact, implementation complexity
In 3GPP RAN1 AH1901 meeting [3], it was agree that:
Agreement:
For interlace transmission of at least PUSCH and PUCCH, the following PRB-based interlace design is supported for the case of 20 MHz carrier bandwidth:
a. 15 kHz SCS: M = 10 interlaces with N = 10 or 11 PRBs / interlace
b. 30 kHz SCS: M = 5 interlaces with N = 10 or 11 PRBs / interlace
Note: PRACH design to be considered separately, including multiplexing aspects with PUSCH and PUCCH
In this contribution, we will discuss the PUCCH design and PUSCH design for NR-U.

2. [bookmark: _Ref494794648]PUCCH Design Consideration
In section 2.1, we consider PUCCH design for NR-U operations. 
2.1. [bookmark: _Ref528581501] Enhanced PUCCH formats 
In this section, we discuss the PUCCH design consideration for NR-U. In Rel. 15, five PUCCH formats are designed for NR in licensed band. Table 1 shows the brief summary of the PUCCH formats. PUCCH format 0 and 2 are short PUCCH formats which occupies at most 2 OFDM symbols. PUCCH format 1, 3, and 4 are long PUCCH formats which occupies 4-14 OFDM symbols. For PUCCH format 0 and 1, the number of UCI bits are 1 or 2. For PUCCH format 2, 3, and 4, the UCI bit can be moderate (tens of bits) or large (hundreds of bits). For PUCCH format 2 and 3, the maximal number of occupied PRBs are 16. For PUCCH format 0, 1, and 4, only one PRB is used. 
[bookmark: _Ref534894570][bookmark: _Ref534894563]Table 1: PUCCH formats for NR in licensed band
	
	PUCCH format 0
	PUCCH format 1
	PUCCH format 2
	PUCCH format 3
	PUCCH format 4

	Length (# of OFDM symbols)
	1-2
	4-14
	1-2
	4-14
	4-14

	UCI bits
	1 or 2
	1 or 2
	Moderate
	Large
	Moderate

	Maximal number of PRBs
	1
	1
	16
	16
	1

	Maximal UE multiplexing capacity 
	12
	84
	1
	1
	4


In [6], it is agreed that enhancement of Rel-15 PUCCH format 0 and 1 will be supported in NR-U. It is further agreed in [8] that:
Agreement:
Alt-1a (Cycling of cyclic shifts across PRBs of the interlace) is selected from the four alternatives in the RAN1#97 agreement on enhanced Rel-15 PUCCH formats PF0 and PF1 
FFS: Cyclic shift ordering
Note that in Rel-15, for each base sequence, 12 cyclically shifted (time domain), mutually orthogonal sequences (indexed from 0 to 11) are used to carry information bits for PF0 and PF1. A single PRB is used to carry one of these length-12 sequences. For NR-U, since an interlace consists of either 10 or 11 PRBs, we need to figure out a better way to utilize these additional resources. Below are some possible PF0 and PF1 enhancement options (not mutually exclusive) we could consider:
1. Given the same symbol length, UCI size, and maximum UE multiplexing capability as in Rel-15, the additional resources (PRBs) could be used to improve the receiving performance and reduce the PAPR of the signal.
2. The additional resources (PRBs) could be used to increase the size of supported UCI payloads and the maximum UE multiplexing capacity.
The agreement above is meant to tackle the first improvement option, i.e., to reduce the PAPR of the transmitted signal. A specific (incremental) cycling of cyclic shifts could be defined by the initial sequence index and the cycling interval. For example, consider mapping the 10 cyclically shifted sequences [1,6,11,4,9,2,7,0,5,10] onto an interlace of 10 PRBs, where each sequence is represented by its index. This concatenated sequence could be specified by the initial sequence index 1, and a cycling interval of 5. Note that the indexes of the sequences is obtained based on mod 12 operation. If we pick a specific cycling interval, and allow the initial sequence index to vary from 0 to 11, we have a set of 12 mutually orthogonal concatenated sequences, as shown in Table 2. 
With the definition above, Table 2 shows the PAPR of the signal sets corresponding to various cycling intervals. From the table, we can see that when the cycling interval belongs to the set of {1,5,7,11}, the corresponding signal has the lowest PAPR around 5.0dB. Note that pure repetition corresponds to a cycling interval of 0, and the resulting signal has the highest PAPR at 12.5dB.
[bookmark: _Ref16854117]Proposal 1: For PUCCH format 0 and format 1 enhancements, support incremental cycling of cyclically shifted base sequence, where the cycling interval is selected from the set of {1,5,7,11}.

[bookmark: _Ref16776698]Table 2: PUCCH Sequence to Interlace Mapping for ePF0 and ePF1
	Codeword index
	Cycling Interval = 1
	Cycling Interval = 5

	0
	[0,1,2,3,4,5,6,7,8,9]
	[0,5,10,3,8,1,6,11,4,9]

	1
	[1,2,3,4,5,6,7,8,9,10]
	[1,6,11,4,9,2,7,0,5,10]

	2
	[2,3,4,5,6,7,8,9,10,11]
	[2,7,0,5,10,3,8,1,6,11]

	3
	[3,4,5,6,7,8,9,10,11,0]
	[3,8,1,6,11,4,9,2,7,0]

	4
	[4,5,6,7,8,9,10,11,0,1]
	[4,9,2,7,0,5,10,3,8,1]

	5
	[5,6,7,8,9,10,11,0,1,2]
	[5,10,3,8,1,6,11,4,9,2]

	6
	[6,7,8,9,10,11,0,1,2,3]
	[6,11,4,9,2,7,0,5,10,3]

	7
	[7,8,9,10,11,0,1,2,3,4]
	[7,0,5,10,3,8,1,6,11,4]

	8
	[8,9,10,11,0,1,2,3,4,5]
	[8,1,6,11,4,9,2,7,0,5]

	9
	[9,10,11,0,1,2,3,4,5,6]
	[9,2,7,0,5,10,3,8,1,6]

	10
	[10,11,0,1,2,3,4,5,6,7]
	[10,3,8,1,6,11,4,9,2,7]

	11
	[11,0,1,2,3,4,5,6,7,8]
	[11,4,9,2,7,0,5,10,3,8]


 
Table 3: PAPR for concatenated sequences with different cycling intervals
	Cycling Interval
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11

	PAPR (dB)
	12.4
	4.9
	8.3
	7.0
	10.5
	5.2
	12.0
	5.2
	10.5
	7.1
	8.3
	5.1


We could also use the additional resources (PRBs) to increase the size of supported UCI payloads and the maximum UE multiplexing capacity. In fact, it is well known that repetition code (and equivalently, the cycling code described above) does not provide coding gain in the Euclidian domain. This means that we should be able to find codes that communicate information more efficiently. To achieve this, we need to increase the number of sequences (codewords in Table 2) within the supported sequence set. Ideally, we would like to do so without sacrificing the PAPR improvements described above. Assume the original sequence set is the incremental cycling of cyclically shifted base sequence with cycling interval of 1 (this code is denoted as 1-Cycling Code in Table 4). The sequence set has a total of 12 sequences, as shown in Table 2. A simple way to increase the number of sequences within the set without sacrificing PAPR is to include other incremental cycling sequences corresponding to cycling interval of {5,7,11}. The resulting codes are denoted as 2-Cycling Code and 4-Cycling Code in Table 4.
Even though the exact trade-off between performance and overall spectral efficiency depends on the number of UEs supported and how the codewords are distributed among the UEs, the minimum distance  between any codeword pairs within the whole codeword set still serve as a very good metric for such evaluation. Assume each code symbol has energy , the full codeword transmitted on an interlace will have energy of  (or ). For the 1-Cycling code shown in Table 4, it is straightforward to show that . For 2-Cycling code and 4-Cycling code,  equals  and , respectively. Note that if we choose the 2-Cycling code with cycling intervals of {1,7} instead of {1,11}, the corresponding  would become  instead of , leading to a worse trade-off between performance and overall spectral efficiency. 
[bookmark: _Ref16854124][bookmark: _Ref21353099]Proposal 2: Support larger UCI payload size and/or larger UE multiplexing capability by expanding the sequence pool size from 12 to 24 or 48. The sequences are incremental cycling of cyclically shifted base sequence with cycling interval(s) selected from {1,5,7,11}.

[bookmark: _Ref16849960]Table 4: Possible Code Designs for ePF0 and ePF1
	
	1-Cycling Code
	2-Cycling Code
	4-Cycling Code

	Codeword Set 
	Incremental cycling of cyclically shifted base sequence, where cycling interval = 1 or 5 or 7 or 11
	Incremental cycling of cyclically shifted base sequence, where cycling interval = {1, 11} or {5,7}
	Incremental cycling of cyclically shifted base sequence, where cycling interval = {1, 5,7,11}

	UCI payload size (bit)
	1
	2 
	2

	
	
	
	

	Multiplexing Capacity
	6
	6
	12


For NR PUCCH format 2 and 3, UE multiplexing is not supported. Assume an UCI payload size of 20 bits. With QPSK modulation, mapping the coded UCI onto an interlace of 10PRBs would imply an effective code rate of 0.08, which is highly redundant. To solve this issue, PUCCH format 2 and 3 should support UE multiplexing for NR-U operation. Figure 1 shows an example of how UE multiplexing could be achieved by enhancing PUCCH format 2 using orthogonal covering code (OCC) of length 2 and 4. For PUCCH format 3, similar multiplexing technique could be applied. Specifically, we could reuse the multiplexing design for NR PUCCH format 4, which is applying pre-DFT OCC to the coded UCI.
[bookmark: _Ref4774520]Proposal 3: For NR-U operation, PUCCH format 2 and 3 is enhanced to support UE multiplexing.
[image: ]
[bookmark: _Ref7793328]Figure 1: UE multiplexing: PUCCH Format 2 Enhancement
2.2. [bookmark: _Ref528581561] Support of frequency hopping for PUCCH formats
Frequency hopping is generally supported for all PUCCH formats in NR in order to obtain frequency diversity. In NR-U operation, since frequency diversity is naturally provided by the underlying interlaced waveform design, it may be tempting to claim that frequency hopping of PUCCH formats are not needed for NR-U operation. However, we would like to point out here that frequency hopping will be able to provide the following benefits, specifically for NR-U:
· For PUCCH formats where DMRS and data are FDM’ed, frequency hopping allows the gNB to obtain better channel estimation if the hopping pattern is chosen properly, as shown in Figure 2.
· It allows the transmitting to achieve maximum power boosting gain under the ETSI PSD requirement. As an example, if frequency hopping pattern as shown in Figure 2 is used, an UE could transmit at a power level that is 3dB higher compared to a non-frequency-hopping allocation.
[bookmark: _Ref534896739][bookmark: _Ref7797562]Proposal 4: Frequency hopping is supported as part of PUCCH format 2 and 3 enhancements.

[image: ]
[bookmark: _Ref7794864]Figure 2: Frequency hopping pattern for PUCCH format 2 enhancement for NR-U operation



2.3.  Frequency domain resource allocation for interlaced PUCCH
In RAN1#98 meeting, the following agreements were made for NR-U PUCCH:
Agreement:
A bandwidth occupied by a PUCCH resource does not exceed the bandwidth corresponding to a 20 MHz carrier/LBT bandwidth
Agreement:
A PUCCH resource configured with interleaved mapping occupies consecutive PRBs within at least one interlace within a BWP. The PUCCH resource configuration includes the following:
· An indication of the allocated interlace
· An indication of the location of the PUCCH resource within the allocated interlace
· Note: This may not be needed for a bandwidth part of 20 MHz or less
· The number of PRBs NPUCCH within the allocated interlace given by the following:
· For Interlaced PF0/1/2:
· NPUCCH = 10 or 11 depending on the allocated interlace
· For Interlaced PF3:
· NPUCCH = 10
· FFS: Whether/how an interlaced PF2/3 resource can be configured on 2 interlaces to increase the number of allocated PRBs to 20, 21, or 22 depending on the allocated interlaces
· FFS: Whether or not the BWP can be configured such that NPUCCH is less than 10 or 11
· FFS: Potential impact due to in-carrier guard bands
· Note: The UE is not expected to be configured with PUCCH transmissions spanning multiple LBT bandwidths

In NR-U, for a 20 MHz carrier bandwidth, it was agreed that NR Rel-15 PUCCH PF0, PF1, PF2, and PF3 are enhanced to support mapping to physical resources of at least one interlace. In NR Rel-15, the maximum number of allocated PRBs for PF2 or PF3 is 16. If only one interlace can be configured for a PUCCH resource, the number of allocated PRBs for EPF2 and EPF3 would be 10 or 11, which leads to less flexibility on resource allocation compared with NR Rel-15. Moreover, more PRBs can provide more robustness for large size UCI (e.g., group-based HARQ-ACK feedback for one or more PDSCH groups or one-shot HARQ-ACK feedback for all conjured HARQ processes) as it will subject to more interference in unlicensed band. Therefore, for EPF2 and EPF3, we see that supporting a PUCCH resource configured on two interlaces to increase the number of allocated PRBs is beneficial.

[bookmark: _Ref16854587]Proposal 5: An interlaced PF2/3 PUCCH resource can be configured on up to two interlaces

To allocate interlaced resources for a PUCCH, NR PUCCH resource and format configurations could be reused as follows:
· Re-interpreting the parameter startingPRB configured in a PUCCH resource configuration as starting interlace index when EPF0/1/2/3 is configured for the PUCCH resource 
· Introducing a parameter nrofInterlace in an enhanced PUCCH format configuration (EPF2/EPF3) for indicating number of allocated interlaces 
For a BWP configured with more than one LBT subbands, since a PUCCH resource should be confined within one of the LBT subbands, a new parameter should be included in a PUCCH resource configuration for indicating a location of the PUCCH resource within the allocated interlace(s) in the BWP. The location can be indicated by informing UE which LBT subband the PUCCH resource is configured on. Then, the UE can determine actual accolated PRBs for the PUCCH resource as an intersection of the allocated interlace(s) and the indicated LBT subband (e.g., via subbandLocation in the PUCCH resource configuration), as shown in the example in Figure 3.



Figure 3: Example of frequency domain resource allocation for a PUCCH transmission
Proposal 6: Frequency domain resource allocation for a PUCCH transmission can be configured/ determined as an intersection of the two following parts:
· Allocation of interlace(s) by re-interpreting parameter startingPRB in PUCCH resource configuration as starting interlace index and introducing a parameter nrofInterlace to indicate number of allocated interlaces (1 or 2) in PUCCH format configuration (only for EPF2 and EPF3)
· Allocation of a LBT subband by introducing a new parameter (e.g., subbandLocation) in a PUCCH resource configuration 

In order to increase the probability for a UCI report as it will be subject to LBT before transmission, we see that providing a set of frequency domain candidate resources distributed in different LBT subbands for some critical UCI reports, e.g., HARQ-ACK feedback, would be beneficial. The UE can perform LBT for each frequency domain candidate resource in each LBT subband, and selects one available candidate resource to report UCI. To achieve that, as the example shown in Figure 4, the new parameter (e.g., subbandLocation) included in a PUCCH resource configuration for LBT subband allocation can be directly adopted to allocate multiple LBT subbands for the PUCCH resource, where each allocated LBT subband has a corresponding frequency domain candidate resource. Since these candidate resources are configured with the same PUCCH format, it can avoid efforts that the different PUCCH formats for a UCI report shall be prepared by the UE or detected by the gNB.
Proposal 7: Configuration of more than one frequency domain candidate resources distributed in different LBT subbands for a PUCCH transmission should be supported in NR-U.



Figure 4: Example of frequency domain resource allocation for a PUCCH transmission

3. PUSCH Design Consideration
3.1. Frequency domain resource allocation for 20 MHz bandwidth
For interlace transmission of a PUSCH on 20 MHz BWP or carrier bandwidth, NR-U supports the following PRB-based interlace design:
· 15 kHz SCS: M = 10 interlaces with N = 10 or 11 PRBs per interlace
· 30 kHz SCS: M = 5 interlaces with N = 10 or 11 PRBs per interlace

In RAN1#98 meeting, it was agreed that using 5-bit bitmap to indicate all possible interlace combinations for interlaced PUSCH transmission with SCS 30 kHz. For interlaced PUSCH transmission with 15 kHz SCS, two alternatives are to be down-selected:
· Alt-1: Support X = 10 (10-bit bitmap to indicate all possible interlace combinations)
· Alt-2: Support X = 6 bits to indicate start interlace index and number of contiguous interlace indices (RIV) and using remaining up to 9 RIV values to indicate specific pre-defined interlace combinations

We see that Alt-2 (RIV-based interlace allocation mechanism) to indicate a starting interlace index and a length in terms of contiguously allocated interlaces, as the example shown in Figure 5, can provide sufficient scheduling flexibility and low DCI overhead. Moreover, the saved bits in time domain resource assignment (TDRA) field can be adopted for other purpose, e.g., partial interlace allocation. If Alt-2 is supported, the remaining 9 RIV values larger than 54 are used to indicate pre-defined interlace combinations. In LTE-LAA uplink resource allocation type 3, 8 RIV values (55~62) are used to indicate 8 carefully selected interlace combinations for maximizing the transmit power, as shown in Table 4, which could be the baseline for NR-U.

[bookmark: _Ref16854712]Proposal 8: For 15 kHz SCS with M = 10 interlaces, support Alt-2 (RIV-based interlace allocation mechanism) for indicating interlace allocation for a PUSCH transmission.




Figure 5: RIV-based interlace allocation for PUSCH transmission with 15 kHz SCS (M = 10)


Table 4. Interlace combinations used in LTE-LAA uplink resource allocation type 3
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3.2. Frequency domain resource allocation for bandwidth larger than 20 MHz
During the meeting of RAN1#96, a working assumption was made a least for PUSCH on bandwidth greater than 20 MHz. In RAN1#98 meeting, the working assumption was agreed as follows:

Agreement:
The working assumption from RAN1 AH1901 is converted to an agreement with the following modifications:
· For a given SCS, the following PRB-based interlace design is supported at least for PUSCH and PUCCH:
· Same spacing (M) between consecutive PRBs in an interlace for all interlaces regardless of carrier BW, i.e., the number of PRBs per interlace is dependent on the carrier bandwidth
· Point A is the reference for the interlace definition
· For 15 kHz SCS, M = 10 interlaces and for 30 kHz SCS, M = 5 interlaces for all bandwidths
· FFS: Whether and how partial interlace allocation is supported considering mechanisms specific to PUSCH and PUCCH
· FFS: PUCCH bandwidth
· FFS: Whether or how an interlace design for PUSCH and/or PUCCH is supported on 10 MHz according to the revised WID objective 

In this agreement, for a given SCS, the interlace spacing (M) is the same regardless of bandwidth. For 15 kHz SCS and 30 kHz SCS, M = 10 interlaces and M = 5 interlaces are adopted for all bandwidth, respectively. Based on this interlace design, if full interlace allocation is adopted, the number of PRBs per interlace (N) would be scaled with bandwidth. Although full interlace allocation is a straightforward way to extend the interlace allocation mechanisms used in 20 MHz to a larger bandwidth without additional signaling overhead, there are several drawbacks of full interlace allocation:
1. Full interlace allocation means that rather large number of PRBs would be allocated per interlace for a larger bandwidth. For example, N = 43 or 44 PRBs would be allocated per interlace for 30 kHz SCS with 80 MHz bandwidth (217 PRBs). When a UE has only a small TB to transmit, allocation of one full interlace to the UE on a wideband BWP (or carrier) may not be efficient from resource utilization perspective.
2. If all PRBs allocated for one interlace can only be assigned to one UE, UE multiplexing capacity cannot be increased even operating on a larger bandwidth since the number of interlaces is kept the same regardless of bandwidth.
3. Scheduling PUSCH transmissions in a gNB-initiated COT can increase channel access possibility by using a shorter LBT procedure (or no LBT). However, the gNB cannot always acquire all the LBT subbands within a wideband BWP. Full interlace allocation has not flexibility to schedule a PUSCH only on the LBT subband(s) acquired by the gNB.
4. If NR-U only allows a PUSCH transmission only if LBT is successful at the UE in all LBT subband of the scheduled PUSCH, then a PUSCH with full interlace allocation on a wideband BWP would suffer larger LBT blocking possibility.
Thus, we see that allowing the scheduling flexibility for partial interlace allocation would be beneficial to address these issues caused by full interlace allocation for wideband operation. To achieve that, on top of the interlace allocation mechanisms described in Section 3.1, a partial interlace indicator can be introduced in DCI scheduling a PUSCH to indicate a portion of a BWP bandwidth that is allocated for the PUSCH transmission. Then, the UE can determine actual accolated PRBs for the PUSCH transmission as an intersection of the allocated interlaces and the allocated portion of the BWP bandwidth given by the partial interlace indicator, as the example shown in Figure 6. The partial interlace indicator can be also designed as a bitmap or an RIV. To support sufficient flexibility with reasonable signalling overhead, the granularity of partial interlace allocation can be defined in unit of LBT subband. 

[image: ]
Figure 6: Example of partial interlace allocation 

[bookmark: _Ref16854721]Proposal 9: Support partial interlace allocation for NR-U PUSCH, and frequency domain resource allocation can be indicate/determined as an intersection of the two parts:
· Allocation of interlaces(s)
· Allocation of LBT subband(s)


4. Conclusion
In summary, we have the following observations:
Observation 1: In a PUSCH transmission with multiple candidate starting positions, if the number of remaining symbols is sufficient, rate-matching the TB on the remaining symbols could avoid unnecessary retransmission.
Observation 2: In a PUSCH transmission with multiple candidate starting positions, if only a few symbols are available, puncturing the TB could avoid retransmitting the entire TB by exploiting CBG-level retransmission.
Based on these observations, we propose that
Proposal 1: For PUCCH format 0 and format 1 enhancements, support incremental cycling of cyclically shifted base sequence, where the cycling interval is selected from the set of {1,5,7,11}.
Proposal 2: Support larger UCI payload size and/or larger UE multiplexing capability by expanding the sequence pool size from 12 to 24 or 48. The sequences are incremental cycling of cyclically shifted base sequence with cycling interval(s) selected from {1,5,7,11}.
Proposal 3: For NR-U operation, PUCCH format 2 and 3 is enhanced to support UE multiplexing.
Proposal 4: Frequency hopping is supported as part of PUCCH format 2 and 3 enhancements.
Proposal 5: An interlaced PF2/3 PUCCH resource can be configured on up to two interlaces
Proposal 6: Frequency domain resource allocation for a PUCCH transmission can be configured/ determined as an intersection of the two following parts:
· Allocation of interlace(s) by re-interpreting parameter startingPRB in PUCCH resource configuration as starting interlace index and introducing a parameter nrofInterlace to indicate number of allocated interlaces (1 or 2) in PUCCH format configuration (only for EPF2 and EPF3)
· Allocation of a LBT subband by introducing a new parameter (e.g., subbandLocation) in a PUCCH resource configuration 
Proposal 7: Configuration of more than one frequency domain candidate resources distributed in different LBT subbands for a PUCCH transmission should be supported in NR-U.
Proposal 8: For 15 kHz SCS with M = 10 interlaces, support Alt-2 (RIV-based interlace allocation mechanism) for indicating interlace allocation for a PUSCH transmission.
Proposal 9: Support partial interlace allocation for NR-U PUSCH, and frequency domain resource allocation can be indicate/determined as an intersection of the two parts:
· Allocation of interlaces(s)
· Allocation of LBT subband(s)
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