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 Introduction
In RAN#82 a new WI [1] was approved for NR based access to unlicensed spectrum following the closure of corresponding SI [2, 3]. The objectives of the WI include specifying the following for UL signals and channels for NR-U:
· UL control including extension of PUCCH format(s) to support PRB-based frequency block-interlaced transmission and use of Rel-15 NR PUCCH formats 2 and 3 for NR-U operation. Applicability of sub-PRB frequency block-interlaced transmission for 60kHz to be decided by RAN1.
· UL data channel including extension of PUSCH to support PRB-based frequency block-interlaced transmission; support of multiple PUSCH(s) starting positions in one or multiple slot(s) depending on the LBT outcome with the understanding that the ending position is indicated by the UL grant; design not requiring the UE to change a granted TBS for a PUSCH transmission depending on the LBT outcome. The necessary PUSCH enhancements based on CP-OFDM. Applicability of sub-PRB frequency block-interlaced transmission for 60kHz to be decided by RAN1. 
· SRS including the introduction of additional flexibility in configuring/triggering SRS in line with agreements during the study phase.
The agreements and conclusions from the SI phase are captured in [4]. In this contribution, we present our views on some of the remaining aspects of UL signals and channels.
1.1 Previous Agreements 
In RAN1#93 the following was agreed upon [5]:
Agreement:
· It is beneficial to use the same interlace structure for PUCCH and PUSCH. 
· The following aspects can be considered for interlace waveform based PUCCH design:
· Flexible number of OFDM symbols
· Flexible payload size
· User multiplexing
· Number of formats
The following agreements were made in RAN1#94
Agreement:
· For scenarios in which a block-interlaced waveform is used for PUCCH/PUSCH, it has been identified that from FDM-based user-multiplexing standpoint it can be beneficial to have UL channels on a common interlace structure, at least for PUSCH, PUCCH, associated DMRS, and potentially PRACH
· Note: This is only from a user-multiplexing perspective. Other aspects of PRACH design need to be considered, i.e., timing estimation accuracy, miss detection rate, PAPR, RACH capacity, transmission power
· For scenarios in which a contiguous allocation for PUSCH and PUCCH is used, it is beneficial to use contiguous resource allocation for PRACH
· FFS: Potential LBT blocking due to TA difference between FDM’d PUSCH, PUCCH, and PRACH

Agreement:
· For scenarios in which a block-interlaced waveform is used for UL transmission, a PRB-based block-interlace design has been identified as beneficial at least for 15 and 30 kHz SCS, and potentially for 60 kHz SCS
· Link budget limited cases with given PSD constraint
· It is observed that power boosting gains decrease with increasing SCS
· As one option to efficiently meet the occupied channel bandwidth requirement
· Comparatively less specification impact than Sub-PRB interlace design 
· Design for 60 kHz requires further discussion, e.g., sub-PRB vs. PRB-based block interlace designs
· The following has been observed for sub-PRB block interlace designs
· In some scenarios sub-PRB interlacing can be beneficial in terms of power boosting
· FFS: scenario details, e.g., small resource allocations
· Sub-PRB interlace design has at least the following specification impact:
· Reference signal design (e.g., DMRS)
· Channel estimation aspects
· Resource allocation

Agreement:
· It has been identified as beneficial to support a block-interlaced structure in which the number of interlaces (M) decreases with increasing SCS, and the nominal number of PRBs per interlace (N) is similar for each SCS (in a given bandwidth) at least for 15 and 30 kHz SCS, and potentially 60 kHz depending on supported interlace design
· FFS: M and N for each supported SCS
· FFS: 60 kHz in case a sub-PRB interlace is introduced

Agreement:
· From a RAN1 perspective it has been identified that supporting a non-uniform interlace structure in which the number of PRBs per interlace is allowed to be different for different interlaces is beneficial from a spectrum utilization point of view
· FFS: Exact number of PRBs per interlace for supported value(s) of M and N
· Note: M is the number of interlaces and N is the nominal number of PRBs per interlace in a given bandwidth
· FFS: Whether or not there are issues in the interlace design in the resource allocation to 2^n1*3^n2*5^n3 in the case of DFT-s-OFDM

The following agreements were made in RAN1#94 bis [6]
Agreement:
· Within a 20 MHz bandwidth, the following candidate PRB-based interlace designs have been identified where M is the number of interlaces and N is the number of PRBs per interlace in a 20 MHz bandwidth. Where two values are listed for N, it means that some interlaces have one more PRB than others (non-uniform interlace design):
· 15 kHz:
· M = 12, N = 8 or 9
· M = 10, N = 10 or 11
· M = 8, N = 13 or 14
· 30 kHz:
· M = 6, N = 8 or 9
· M = 5, N = 10 or 11
· M = 4, N = 12 or 13
· 60 kHz:
· M = 4, N = 6
· M = 3, N = 8
· M = 2, N = 12
· 60 kHz (assuming 26 PRBs is agreed by RAN4 in a 20 MHz bandwidth):
· M = 4, N = 6 or 7
· M = 2, N = 13
· M = 3, N = 8 or 9
· It is up to RAN4 to investigate whether or not the non-uniform interlace structure has an impact on MPR/A-MPR requirements for PUSCH

Both PRB and sub-PRB interlacing for 60 kHz have been studied. For sub-PRB interlacing the following aspects have been considered:
· Power boosting potential depending on resource allocation size
· PUSCH DMRS configuration aspects
· Channel estimation performance
· Number of REs per interlace unit

The following agreements have been reached in RAN1#95 [7].
The text proposals in Sections 7.1 and 7.2 of [8] are endorsed for the TR.
Agreement:
· 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.
· It has been identified that legacy PUCCH formats PF2 and PF3 are beneficial for NR-U for the scenario of contiguous allocations due to the fact that they may be configured with bandwidth that meets the minimum temporal allowance of 2 MHz (12/6/3 PRBs for 15/30/60 kHz SCS).
· It has been identified that legacy PUCCH formats PF0/1/4 are not well-suited for NR-U for the scenario of contiguous allocations since they support only single PRB.
· It may be beneficial to apply restrictions on the use of DFT-s-OFDM in NR-U to avoid significant design efforts specific to operation in unlicensed spectrum.
· It has been identified as beneficial for NR-U to introduce additional flexibility in configuring/triggering SRS compared to NR Rel-15. The following candidate enhancements have been discussed; design details can be further discussed when specifications are developed:
· Additional OFDM symbol locations for an SRS resource within a slot other than the last 6 symbols
· Interlaced waveform
· Additional flexibility in frequency domain configuration
For carriers with bandwidth larger than 20 MHz, two candidate interlace designs have been identified:
· Alt-1: Same interlace spacing for all interlaces regardless of carrier BW. This alternative uses Point A as a reference for the interlace definition
· Alt-2: Interlacing defined on a sub-band (20 MHz) basis. (Note: Possible interlace spacing discontinuity at   edges of sub-band).
· Additional candidates have been identified, but consensus has not been achieved, e.g., (1) for carriers with bandwidth larger than 20 MHz, retain the same number of PRBs per interlace (N) for all interlaces regardless of carrier BW; (2) Partial interlace allocation. Detailed design can be further discussed when specifications are developed taking RF aspects into account.
The following agreements were made in RAN1 AH 1901 [9, 10].
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

Working assumption:
· For a given SCS, the following interlace design is supported at least for PUSCH:
· 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: Interlace design for PUCCH for bandwidths greater than 20 MHz
· FFS: Whether and how partial interlace allocation is supported
The following agreements were reached in RAN1 #96 [11].
Agreement:
· Support short and long PUCCH durations based on enhancements of at least Rel-15 PUCCH formats PF2 and PF3. The enhancements include at least the following aspects:
· For a 20 MHz carrier bandwidth, support mapping to physical resources of at least one full interlace
· Mechanism to support user multiplexing for both data and reference symbols of PUCCH
· The following aspects are FFS:
· Support for small payloads (1 and 2 bits)
· Alt-1: Support both small payloads and larger payloads (> 2 bits) for enhanced PF2 and enhanced PF3
· Alt-2: Small payloads are supported by enhanced PF0 and/or enhanced PF1
· Whether or not to replace DFT-s-OFDM with CP-OFDM for the enhanced PF3

Agreement:
Support configuration of an SRS resource in additional OFDM symbol locations other than the last 6 symbols of a slot with PUSCH and SRS time division multiplexed as in Rel-15.
· FFS: which symbols locations.

Agreement:
Sub-PRB interlace design for PUSCH and PUCCH is not supported.
The following agreements were reached in RAN1 #96 Bis [12-13].
Agreement:
For a 20 MHz carrier bandwidth, if enhancements to PF0 and PF1 are supported, a mapping to physical resources of at least one full interlace is supported
· FFS: Whether or not to support enhancements to PF0/1.
· Companies are encouraged to provide user multiplexing capacity and UCI payload analysis for enabling the decision for relevant use cases

Agreement:
Support RRC configuration of an SRS resource to start at any OFDM symbol within a slot by extending the RRC parameter startPosition of resourceMapping of SRS-Config for Rel-16 to have a value range 0..13.

Agreement:
Decisions on which additional PUCCH formats (enhanced or combination of legacy and enhanced) are supported should be at least based on the following.
· Which PUCCH format(s) are to be used at least for the following use cases:
· HARQ ACK prior to dedicated PUCCH resource configuration
· HARQ ACK, SR, CSI and combinations thereof after dedicated PUCCH resource configuration
· Specification impact, e.g., UE procedures in 38.213 and 38.212, for all proposed PUCCH formats to be supported
· User multiplexing capacity and UCI payload analysis for all proposed PUCCH formats to be supported
· In-band and out-of-band emissions

Agreement:
The following common set of evaluation assumptions and reporting metrics are used for enhanced PUCCH design
[bookmark: _Hlk5850751]
Evaluation assumptions
	Property
	Value

	Carrier frequency
	5 GHz

	Channel bandwidth
	20 MHz

	Channel model
	TDL-C

	Delay scaling
	At least 10ns, 100ns with 300 ns optional

	Antenna configuration at BS*
	(M,N,P) = (1,1,2) with omni-directional antenna element

	Antenna configuration at UE
	Single omni-directional antenna element

	Antenna port virtualization
	No beamforming and no beam selection

	Frequency offset
	0 ppm

	UE speed
	3 km/h

	Subcarrier spacing
	15/30 kHz (with other SCS optional)

	Number of code-division multiplexed users if applicable
	1 user, with other cases optional

	Interference assumption
	No inter-cell interference

	* See Table 7-1 of R1-1704144



Reporting metrics
	Parameter
	Value
	Notes

	Enhanced PUCCH Format
	
	e.g., E-PF0, E-PF1, E-PF2, E-PF3

	Number of OFDM symbols used for PUCCH resource
	
	e.g., 1, 2, 4, 14

	Number of RBs used for PUCCH resource (N_RB)
	
	At least 1 full interlace assumed
(Assume interlace design for 20 MHz carrier bandwidth as agreed in RAN1AH#1901 for 15kH and 30 kHz is used)


	Frequency domain OCC configuration details (if applicable)
	
	Include length and type of OCC, mapping of OCCs to control symbols and reference (DMRS) symbols, OCC cycling (if applicable)

	Time domain OCC configuration details (if applicable)
	
	Include length and type of OCC, mapping of OCCs to control symbols and reference (DMRS) symbols

	Number of multiplexed users, e.g., by code division if applicable
	
	1 user is assumed as baseline
Companies are to report other cases if evaluated

	Waveform
	
	e.g., CP-OFDM or DFT-s-OFDM

	PUCCH encoder type
	
	e.g., Reed Muller or Polar

	SCS
	
	15KHz, 30KHz

	Noise level, Np (dBm)
	
	Np = -174 + 10*log10(SCS*12*N_RB) + NF
NF = 5dB

	[bookmark: _Hlk5184969]Required SNR (dB)
	
	Required SNR needed to fulfil detection criterion(1)(2), read from simulation curve

	Cubic Metric
	
	Note: Single value reported in dB

	P_max (dBm)
	
	Maximum allowed transmit power under PSD limit of 10dBm/MHz measured in any 1MHz chunk and considers the RBs used for the PUCCH resource

	Backoff (dB)
	
	Backoff is computed as the cubic metric.
Note: If cubic metric is not used, information on the backoff metric used should be provided.

	P_TX (dBm)
	
	P_TX = min(P_max, 23- Backoff) is maximum allowed transmit power for the waveform considering backoff

	MCL (dB)
	
	MCL = P_TX – SNR – Np

	PUCCH payload size(s) (bits)
	
	If multiple payload sizes evaluated, then MCL to be plotted vs. PUCCH payload size

	PUCCH encoding rate(s)
	
	If multiple payload sizes evaluated, then multiple encoding rates to be reported (if applicable)

	(1) [bookmark: _Hlk5184979][bookmark: _Hlk5108029]For PUCCH payloads of 1 or 2 bits, detection criterion assumes that the PUCCH payload consists of randomly drawn HARQ ACK/NACK bits and is defined as P(ACK to Error) ≤ 1% and P(NACK to ACK) ≤ 0.1%. Error is defined as NACK or DTX where the decision region for DTX is determined to ensure that the maximum P(DTX to ACK) ≤ 1% for the case when the input to the receiver is noise only.
(2) For PUCCH payloads greater than 2 bits follow the requirements in TS38.104 Section 8.3

Note:
· Companies should provide details of RE mapping in frequency and time of enhanced PUCCH formats that are evaluated
· Companies should provide details about channel estimation assumptions, e.g. practical, ideal
· Definition of SNR to be reported with evaluation metrics



In this contribution, we discuss these design aspects and provide corresponding analyses and proposals.
General Interlace Design Aspects
With 60 kHz SCS, each RB spans 720 kHz. The benefit of introducing PRB block interlaced waveform is very limited. Some companies have proposed (M=3, N=8) interlace for 20 MHz BW. But this interlace does not meet the 80% bandwidth occupancy criteria. Other possibility is to use (M=2, N=12) interlace. But for this structure, only two UEs can be multiplexed. Hence PRB based block interlacing does not provide attractive gains for 60 kHz SCS.
For better power utilization under PSD limit, the sub-RB based interlace design can be applied. However, it is understood that the specification impact and gNB receiver impact will be more. On the other hand, the legacy NR Rel.15 60 kHz SCS UL waveform is to be supported in Rel.16 NR-U. Therefore, we propose to focus on the block interlace design for 15 kHz and 30 kHz SCS only in this release.
[bookmark: b1]Proposal : Rel.16 NR-U does not support block interlace waveform for 60 kHz SCS.
PUCCH format design
The following were agreed in RAN1#95:
· It has been identified that legacy PUCCH formats PF2 and PF3 are beneficial for NR-U for the scenario of contiguous allocations due to the fact that they may be configured with bandwidth that meets the minimum temporal allowance of 2 MHz (12/6/3 PRBs for 15/30/60 kHz SCS).
· It has been identified that legacy PUCCH formats PF0/1/4 are not well-suited for NR-U for the scenario of contiguous allocations since they support only single PRB.

[bookmark: _Hlk1149420]To meet minimum bandwidth requirement of 2 MHz, some companies have proposed PUCCH formats 2/3 must have 12/6/3 PRBs for SCS 15/30/60 kHz [10]. But since NR already supports different sizes and can be configured flexibly and some regions may not have the 2MHz minimum OCB requirement, we do not see any need of introducing any restriction on number of PRBs for PUCCH. 
[bookmark: o1]Observation 1: There is no need to introduce any restriction on the minimum number of PRBs for PUCCH to handle scenarios with and without OCB constraints. 
SC-FDM waveform provides significant PAPR gains over OFDM which helps it achieve larger coverage than OFDM in power limited scenarios. There was some discussion on need to support block interlaced structure with SC-FDM as the PAPR gains are reduced due to the interlace structure. However, we show below that the gains are still very substantial and since the specification impact is very minor, NR-U should continue to support SC-FDM waveform even with the interlaced structure. 
In Figure 1 and Table 1, we show the PAPR gains of interlaced SC-FDM waveform over OFDM waveform. We see nearly 1.5-2dB PAPR gain for QPSK and pi/2-BPSK modulation respectively. 
 [image: ]
[bookmark: _Ref1130896]Figure 1: PAPR CDF for SC-FDM, interlaced SC-FDM, and OFDM waveforms

[bookmark: _Ref1130911][bookmark: _Ref1130904]Table 1: PAPR CDF 0.1% point for different waveforms
	Waveform/ Modulation Format
	PAPR CDF 0.1% point (dB)

	OFDM
	8.35

	Interlaced SC-FDM QPSK
	6.8

	Interlaced SC-FDM pi/2 BPSK
	6.35

	SC-FDM QPSK
	5.8

	SC-FDM pi/2 BPSK
	4.55
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[bookmark: _Ref7562558]Figure 2 PUCCH BLER comparison between CP-OFDM and DFT-s-OFDM
In Figure 2, we compare the PUCCH BLER performance with SC-FDM and OFDM waveforms with enhanced PUCCH format 3, for SCS = 30 kHz and number of PRBs =10 occupying one interlace for TDL-C channel with 10 ns and 100 ns delay spreads. 6 ODFM symbols have been used for data and 4 symbols have been used for DMRS. Pre-DFT OCC scheme 2 given in Figure 9 has been used. Although SC-FDM performs 0.3 dB worse than OFDM at 1% BLER, but it has 1.5-2 dB PAPR gain. Hence enhanced PUCCH format 3 with SC-FDM is a very useful option for NR-U.  
[bookmark: b2]Proposal : Enhanced PUCCH Format 3 (E-PF3) should continue to use SC-FDM waveform
For the interlace mapping, the design with minimum spec impact is to start from legacy PUCCH format 2 and 3 and just rate match the coded bits into one or more interlaces.
[bookmark: b3]Proposal : For E-PF2 and E-PF3, can start from legacy PUCCH format 2 and 3 design with coded bits rate matched to one or more interlace.
In the remaining part of this section, we discuss further enhancements for the enhanced PUCCH formats 2 and 3.
3.1	Enhanced PUCCH format 2 (E-PF2)
NR Rel. 15 PUCCH Format 2 can be enhanced with flexible payload size and user multiplexing. User multiplexing can be increased by frequency domain CDM on both DMRS and UCI REs as shown in Figure 3. In addition, we can further use symbol level OCC. Hence the following options are possible for user multiplexing:
1. No Multiplexing. 1 user is supported.
2. 2 UE multiplexing using frequency domain CDM
3. 2 UE multiplexing using symbol level OCC (applicable when 2 symbol PUCCH is used)
4. 4 UE multiplexing using combination of both frequency domain CDM and symbol level OCC (applicable when 2 symbol PUCCH is used)


[bookmark: _Ref4787750]Figure 3 PUCCH format 2 user multiplexing with frequency domain CDM
[bookmark: b4]Proposal : 1, 2, and 4 user multiplexing is supported in E-PF2 using frequency domain CDM and/or symbol level OCC.
For the coded bits can map across all RBs on a given interlace. To avoid identical coded bits across multiple RBs, additional scrambling can be considered on top. OCC cycling may be considered for enhanced format 2 which uses CP-OFDM to reduce PAPR.
[bookmark: b5]Proposal : For enhanced PUCCH format 2, OCC cycling can be considered to reduce PAPR for CP-OFDM waveform.
3.2 Enhanced PUCCH format 3 (E-PF3)
Interlace waveform has been proposed in NR-U to improve the link budget for better coverage under PSD limit. However, with interlace waveform, one PUCCH channel in NR-U occupies a greater number of RBs than that in NR due to the interlace structure. In this case, there is a motivation to further improve the user multiplexing capability compared to NR.
In NR-U PUCCH format 3, pre-DFT-OCC can be introduced where different UEs are assigned different spreading sequences, like NR PUCCH format 3. The modulation symbols go through the DFT precoder after the time domain spreading. This is shown in Figure 4.

[image: ][image: ]
[bookmark: _Ref534980523]Figure 4 Pre-DFT-OCC for NR PUCCH format 4 with 2 UE multiplexing       
For two UEs multiplexing, in the pre-DFT-OCC approach, the modulated symbols before DFT for UE 0 and UE 1 are 

and 
.
Based on the FFT property, it is straightforward to see that DFT() is non zero on even tones only, while  is non zero on odd tones only. The detailed derivation is given below:  
Given a discrete time signal  where , the FFT of  is given by
.
Now, if , as in the signal from UE 0,

              .
Obviously, when k is odd,  . 
Similarly, if , as in the signal from UE 1,

Therefore, in this case, when k is even, .
Based on the above analysis, we can conclude that the pre-DFT-OCC user multiplexing is equivalent to the comb-based user multiplexing.
To multiplex 4 UEs, the Fourier basis can be used for the OCC spreading code: [1,1,1,1], [1, j,-1,-j], [1,-1,1,-1], [1,-j,-1,j]. Then, following the same proof as above, it can be shown that UEs are FDM-ed on every 4th REs and therefore the orthogonality between UEs still holds regardless of the delay spread of the channel. Thus for OCC, pre-DFT OCC as in NR PUCCH Format 4 can be used. Comparison with other OCC approaches is in appendix A.1. Hence, we propose the following:
[bookmark: b6]Proposal : Enhance PUCCH format 3 with DFT-s-OFDM with flexible payload, increased number of PRBs, and user multiplexing. User multiplexing can be achieved by pre-DFT OCC similar to NR format 4. 
[bookmark: b7]Proposal : For interlace PUCCH with pre-DFT-OCC multiplexing:
· The pre-DFT-OCC needs to be done via block repetition over the entire interlace, instead of per cluster
When SC-FDM time domain OCC is not configured, different Pre-DFT-OCC can be used on different symbol for the same UE for better interference randomization.
[bookmark: b8]Proposal :  For interlace PUCCH with pre-DFT-OCC multiplexing consider different pre-DFT-OCC hopping across multiple SC-FDM symbols when SC-FDM time domain OCC is not configured 
3.3 Small payload encoding for NR-U
In NR, 1 and 2 bit payloads are handled by PUCCH format 0 and 1. However, there is a desire to enhance PUCCH formats 2 and 3 to handle these small payload cases. NR PUCCH format 2/3 uses (11, 32) Reed-Muller encoder which is used for 3-11 bits of payload. For 3-10 bits of payload zero padding is used to generate 11 input bits which are fed to the RM encoder that gives a 32 bit codeword as output. 
Hence for 1 and 2 bits of payload, one obvious encoding option is to perform zero padding upto 11 bits, which would serve as input to RM encoder. However, a careful observation of the RM encoder reveals that zero padding upto 11 bits is not always the optimum option in terms of maximizing the minimum distance () among the RM encoded 32 bit codewords. For 1 bit payload, zero padding upto 11 bits yields of 32, which is the optimal solution. For 2 bit payload, zero padding upto 11 bits yields of 16. It can also be observed that Simplex code (optimum 2 to 3 bits mapping in terms of Hamming distance among 3 bit codewords) followed by zero padding upto 11 bits only yields of 16. Moreover, considering the distribution of minimum distances among codewords, Simplex code performs slightly worse than simple zero-padding. However, multiple non-trivial 2 to 11 bit mappings are possible which produce codewords with  of 20. One such example is given below:
· 00: 0000,0000,000
· 01: 1010,0111,100
· 10: 0110,1011,110
· 11: 1100,1100,010
The PUCCH BLER comparing 1-2 bit payload encoding schemes are shown in Figure 5. E-PF3 with 10 PRBs occupying one full interlace has been used for the simulation. We have used TDL-C channel with 100 ns delay spread. 6 ODFM symbols have been used for data and 4 symbols have been used for DMRS.  It can be observed that 2 bit payload with the proposed 2 to 11 bit mapping performs significantly better than 2 bit payload with zero padding upto 11 bits. 
[image: ]
[bookmark: _Ref7562865]Figure 5 PUCCH BLER for 1 and 2 bit payload
Hence, we propose the following 
[bookmark: b9]Proposal : PF 2/3 can be enhanced to support smaller payloads and there is no need to enhance PF 0/1.
[bookmark: b10]Proposal : For supporting small payloads in NR-U using E-PF 2/3, the encoding is performed in the following way:
· For 1-bit payload, use zero padding
· For 2-bit payload, use a (2, 11) mapping below:
· 00: 0000,0000,000
· 01: 1010,0111,100
· 10: 0110,1011,110
· 11: 1100,1100,010

3.4 PUCCH for greater than 20 MHz BW
Here we consider the requirement of designing PUCCH for bandwidths greater than 20 MHz. A simple solution would be to not support PUCCH for more than 20MHz BW. However, there are scenarios where greater than 20 MHz PUCCH might be useful. For example, if the UE is scheduled with PUSCH in slot 1 and 3 and PUCCH in slot 2, then if PUCCH does not span all subbands, on one subband, there will be a gap. Hence there is a chance that the channel will be lost. In that case, the PUCCH should span the same set of channels as well. Partial interlace structure supported for PUSCH when BWP contains multiple subbands and UE is only allocated a single interlace can also be applied to wideband PUCCH for multiplexing multiple UEs in a single interlace. 
[bookmark: b11]Proposal :  Support PUCCH design for greater than 20 MHz bandwidth.


 PUSCH design 
[bookmark: _Hlk534737542]In this section, we discuss PUSCH design for NR-U.
4.1	Interlace for wideband PUSCH
In RAN1 AH 1901, the following working assumption was made:
· For a given SCS, the following interlace design is supported at least for PUSCH:
· 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
The working assumption should be made part of the agreement.
[bookmark: b12]Proposal : Working assumption of PUSCH interlace for wider bandwidth should be confirmed.
4.2	Supported waveforms for PUSCH
[bookmark: _Ref528587984][image: ]
[bookmark: _Ref789379][bookmark: _Ref789371]Figure 6 Interlaced OFDM with interlaced SC-FDM for MCS0, 1 Tx 2 Rx, EPA5 and ETU5 Channels
Performance of both SC-FDM and CP-OFDM waveforms are studied for interlaced PUSCH. In Table 1 we showed the PAPR gains of interlaced SC-FDM waveform over OFDM waveform. We see nearly 1.5-2 dB PAPR gain for QPSK and pi/2-BPSK modulations. We also compare the link level performance of PUSCH with MCS 0 for EPA 5Hz and ETU 5Hz in Figure 6.  At the 10% BLER point SC-FDM has a loss of ~0.2 dB over OFDM. Considering the PAPR gain as well as link level performance losses, SC-FDM still provides 1.3-1.8 dB of gains over OFDM in the simulated scenarios. Hence, we propose the following
[bookmark: b13n]Proposal : Both CP-OFDM and DFT-s-OFDM are supported for interlaced PUSCH transmission.
In NR-U PUSCH the only change from legacy NR is that the PUSCH symbols have to be rate matched for the interlaced resource allocation.
[bookmark: b13]Proposal : For interlaced PUSCH transmission, rate match PUSCH symbols to the interlaced resource allocation.
4.3	Multiple UL burst starting positions
Due to LBT requirements in NR-U, multiple possible starting positions for UL burst transmission is beneficial. There are multiple options available to provide this flexibility, including Rel.15 NR mini-slot based scheduling and other puncturing based or floating transmission time based designs. Due to the amount of standardization work needed to support any design other than the mini-slot based approach, we propose to deprioritize other designs and only consider them if we have time.
[bookmark: b14]Proposal : For UL transmission burst, Rel.15 NR mini-slot based design is used and other proposed designs can be further studied at lower priority.
4.4	Resource allocation for interlaced PUSCH
Interlaced PUSCH resource allocation has to be supported along with contiguous allocations. For resource allocation configured for interlaced PUSCH, two modes can be used. 
In the first mode, only interlaced allocations are supported. We propose to use a resource allocation mode only for interlaced allocations similar to eLAA. The interlace allocations may either be bitmap based or be selected from a restricted set of interlace combinations. This mode is configured via RRC. The DCI will indicate interlaces allocated as well as which subbands to use. Subbands allocated may be denoted by a bitmap, or by a lookup table, or be jointly coded with the interlaced allocations.
In the second mode of configuration, existing RIV based resource allocation mode can be enhanced. Here interlaced allocations are configured along with contiguous allocations. In NR Rel 15, RIV indicated by DCI maps to a start RB and number of RBs for continuous allocations. The number of bits required for this type of indication is ceil(log2((NUM_RB+1)(NUM_RB)/2)). The unused RIVs can be used to denote interlace and subband combinations. In Table 2, we show that for all BW and SCS combinations there are enough unused RIVs to denote all interlace allocation and subband indication combinations.
Table 2 Number of unused RIVs for interlace RA
	
	20 MHz BW, 
SCS=15 kHz
	40 MHz BW,
SCS=15 kHz
	20 MHz BW,
SCS=30 kHz
	40 MHz BW,
SCS=30 kHz
	60 MHz BW,
SCS=30 kHz
	80 MHz BW,
SCS=30 kHz

	NUM_RB
	106
	216
	51
	106
	162
	217

	#valid RIV
	5671
	23436
	1326
	5671
	13203
	23653

	#bits in DCI
	13
	15
	11
	13
	14
	15

	# unused RIV
	2521
	9332
	722
	2521
	3181
	9115

	#RIVs required
	1024
	3072
	32
	96
	224
	480



We have to consider several other issues while designing the interlace PUSCH resource allocations.
· Are disjoint subband allocations allowed? Transmitting in disjoint subbands may create RF issues. Although the resource allocation may allow all combinations, gNB has to configure UE with appropriate subbands in addition to interlace allocation.   
· Is it required to have contiguous interlace allocations in CP-OFDM as well as DFT-s-OFDM? Allowing arbitrary interlace combinations will create non-uniform gaps between RBs and hence would increase PAPR/CM. CP-OFDM may support full interlace combinations, whereas SC-FDM combinations may be restricted. One option is to only allow continuous interlace allocations similar to eLAA. Interlace combinations such as 0th and 5th interlace in M=10 setting, which create uniform gaps may also be allowed. However, all combinations may be allowed in resource allocations, but the gNB schedules the UE appropriately.
· Are partial interlaces allowed? Partial interlaces will be useful if gNB acquires multiple subbands and wants to allow multiplexing of more users and to avoid resource wastage when UE has very little data to transmit. The following partial interlace option is possible as shown in the example in Figure 7. 
· UE1 and UE2 are allocated alternate RBs in the same interlace throughout the entire BWP. OCB requirement is satisfied for the entire BWP.
 


[bookmark: _Ref7558261]Figure 7 Partial interlace allocation
Hence we make the following proposals:
[bookmark: b15]Proposal :  Two resource allocation modes are supported
· Only interlace based allocation
· Support legacy allocation + interlace based allocation
[bookmark: b16]Proposal :  Interlace combinations may be restricted depending upon the waveform used.
[bookmark: b17]Proposal :  The subbands allocated to the UE are indicated to the UE as part of the resource allocation
· FFS: if only contiguous subband allocations are allowed.

[bookmark: b19x]Proposal : Partial interlace allocation (comprising every Xth RB) is supported when BWP contains multiple subbands and UE is only allocated a single interlace. 
4.5	Starting offset for PUSCH
In LTE-LAA, the PUSCH sub-symbol level starting offset can be controlled by UL grant DCI through a 2-bit field, indicating the starting offset being one of {0, 25µs, 25µs+TA, #1 OFDM symbol}. The design was introduced to leave the LBT gap for the PUSCH transmission. The gap (other than 0µs) was introduced by puncturing the #0 OFDM symbol in the PUSCH and use extended CP of the #1 OFDM symbol to fill in the time. 

In previous meeting, under channel access agenda item, the following agreement was reached.
· A gap (DLUL, ULUL, or UL DL) of a specific duration is created using one or more of:
· Timing Advance 
· CP extension 
· max value of not more than one OFDM symbol
· Shortening of DL or UL transmission duration by one or more OFDM-symbol(s) by puncturing or rate matching
· Note: the mechanisms applied in each case may be different for different SCSs
· FFS: how to signal the way of creating the gap to the UEs

For PUSCH transmission in NR, puncturing the beginning OFDM symbols of PUSCH has more damage than the LTE case, as the rate matching is frequency first, and in many cases, the DMRS is front loaded. Shortening with rate matching is possible, but it may involve more specification change, especially shortening the first OFDM symbols where the UCI may be located. CP extension is a more convenient approach.
[bookmark: b19][bookmark: b15a]Proposal : To control the gap before or after a PUSCH transmission, avoid using puncturing, but use extended CP or shortening with rate matching instead. 
SRS Design in NR-U
The following was agreed in RAN1#95:
It has been identified as beneficial for NR-U to introduce additional flexibility in configuring/triggering SRS compared to NR Rel-15. The following candidate enhancements have been discussed; design details can be further discussed when specifications are developed:
· Additional OFDM symbol locations for an SRS resource within a slot other than the last 6 symbols
· Interlaced waveform
· Additional flexibility in frequency domain configuration
[bookmark: _Hlk534412573]One thing to note is that due to the configurable UL burst in NR, SRS in more symbol locations (rather than just the last 6) can be introduced along with FDM between SRS and other UL transmission in NR-U to minimize UE LBT overhead and increase the UL transmission probability with medium sensing. 
In NR, SRS transmission can be periodic, semi-persistent, and aperiodic. In NR-U, due to the LBT requirement for signal transmission, aperiodic SRS fits the opportunistic transmission. On the other hand, NR periodic SRS and semi-persistent SRS cannot carry over to NR-U directly, considering that the configured transmission opportunity may not be useable due to LBT failure. 
Simple changes to periodic and semi-persistent SRS can be introduced to make it more LBT friendly. For example, if the periodic and semi-persistent SRS are configured, they can be only transmitted when UE is able to transmit on the configured transmission opportunities. Also, for periodic and semi-persistent SRS, multiple time domain opportunities or transmission positions can be created by adding multiple SRS transmission slots within an SRS period in RRC configuration itself to mitigate the LBT failure. The UE then transmits SRS in the first transmission opportunity among these slots for which its LBT passes.
For aperiodic SRS, it will be beneficial to have a mechanism to trigger a group of UEs to transmit SRS together. This can be achieved by enhancing NR DCI format 2_3. Enhancements can include replacing the transmit power control commands with timing update fields that can update SRS transmission time at both slot level and symbol level granularity rather than using the RRC configured slot offset. 
For FBE use case, we observe that periodic/semi-persistent SRS is more usable, with UE transmitting the periodic/semi-persistent-SRS when it detects the gNB occupies the fixed frame period.
[bookmark: b21]Proposal : Periodic, semi-persistent, and aperiodic SRS can be supported in NR-U, while the transmission of periodic and semi-persistent SRS should be conditioned on the fact that UE is able to transmit on the configured transmission opportunities.
[bookmark: b22]Proposal : For periodic and semi-persistent SRS, multiple SRS positions are configured within a period. Among these positions, SRS is transmitted only in the first transmission opportunity where the LBT passes.
[bookmark: b23]Proposal : Enhance DCI Format 2_3 with timing update fields for triggering multiple UEs simultaneously to transmit aperiodic SRS.

5.1 SRS waveform enhancements for NR-U
The comb-based SRS transmission in NR allows distributed RE allocation for UE to have better power utilization under PSD limit. Therefore, we do not expect the SRS waveform design change from NR to NR-U. 
The comb-based SRS waveform should be further enhanced to meet specific LBT related requirements in NR-U. In NR-U, the UE has to perform Cat 2/4 LBT before transmitting SRS depending upon whether it is inside gNB acquired COT or not. If the gNB allocates SRS transmission occasion for different UEs in a TDM manner, one or more symbols have to be left vacant in between two TDM’d SRS transmissions so that LBT attempt of the second UE can be successful. This will lead to severe wastage of resources. We can avoid such gaps if we can FDM or CDM multiple UEs SRS over the same symbols. One way to achieve this would be to stagger 6 REs of one UE using comb2 structure across 6 symbols as seen in Figure 8. In this manner, 12 UEs can be multiplexed in 6 symbols each using 6 REs without leaving any LBT gap. Alternatively, multiple UEs can be allocated the same time/frequency SRS resources and a time domain OCC over symbols can be used to multiplex the users. Both these schemes meet the same SRS multiplexing capacity as in a licensed spectrum.


[bookmark: _Ref4605926]Figure 8: Staggering SRS UEs across 6 symbols in comb2 structure
[bookmark: b24]Proposal : NR-U should support SRS transmission spread over multiple symbols with TD-OCC and/or FDM based user multiplexing
· The SRS REs of each UE can be staggered across symbols 
· CDM across symbols to separate UEs using same time-frequency SRS resources

Summary
In this section, we summarize the UL waveform design options for NR-U in sub-7Ghz band along with the performance evaluation. We have the following observations and proposals.
Observation 1: There is no need to introduce any restriction on the minimum number of PRBs for PUCCH to handle scenarios with and without OCB constraints. 
Proposal 1: Rel.16 NR-U does not support block interlace waveform for 60 kHz SCS.
Proposal 2: Enhanced PUCCH Format 3 (E-PF3) should continue to use SC-FDM waveform
Proposal 3: For E-PF2 and E-PF3, can start from legacy PUCCH format 2 and 3 design with coded bits rate matched to one or more interlace.
Proposal 4: 1, 2, and 4 user multiplexing is supported in E-PF2 using frequency domain CDM and/or symbol level OCC.
Proposal 5: For enhanced PUCCH format 2, OCC cycling can be considered to reduce PAPR for CP-OFDM waveform.
Proposal 6: Enhance PUCCH format 3 with DFT-s-OFDM with flexible payload, increased number of PRBs, and user multiplexing. User multiplexing can be achieved by pre-DFT OCC similar to NR format 4. 
Proposal 7: For interlace PUCCH with pre-DFT-OCC multiplexing:
· The pre-DFT-OCC needs to be done via block repetition over the entire interlace, instead of per cluster
Proposal 8:  For interlace PUCCH with pre-DFT-OCC multiplexing consider different pre-DFT-OCC hopping across multiple SC-FDM symbols when SC-FDM time domain OCC is not configured 
Proposal 9: PF 2/3 can be enhanced to support smaller payloads and there is no need to enhance PF 0/1.
Proposal 10: For supporting small payloads in NR-U using E-PF 2/3, the encoding is performed in the following way:
· For 1-bit payload, use zero padding
· For 2-bit payload, use a (2, 11) mapping below:
· 00: 0000,0000,000
· 01: 1010,0111,100
· 10: 0110,1011,110
· 11: 1100,1100,010
Proposal 11:  Support PUCCH design for greater than 20 MHz bandwidth.
Proposal 12: Working assumption of PUSCH interlace for wider bandwidth should be confirmed.
Proposal 13: Both CP-OFDM and DFT-s-OFDM are supported for interlaced PUSCH transmission.
Proposal 14: For interlaced PUSCH transmission, rate match PUSCH symbols to the interlaced resource allocation.
Proposal 15: For UL transmission burst, Rel.15 NR mini-slot based design is used and other proposed designs can be further studied at lower priority.
Proposal 16:  Two resource allocation modes are supported
· Only interlace based allocation
· Support legacy allocation + interlace based allocation
Proposal 17:  Interlace combinations may be restricted depending upon the waveform used.
Proposal 18:  The subbands allocated to the UE are indicated to the UE as part of the resource allocation
· FFS: if only contiguous subband allocations are allowed.
Proposal 19: Partial interlace allocation (comprising every Xth RB) is supported when BWP contains multiple subbands and UE is only allocated a single interlace. 
[bookmark: _GoBack]Proposal 20: To control the gap before or after a PUSCH transmission, avoid using puncturing, but use extended CP or shortening with rate matching instead. 
Proposal 21: Periodic, semi-persistent, and aperiodic SRS can be supported in NR-U, while the transmission of periodic and semi-persistent SRS should be conditioned on the fact that UE is able to transmit on the configured transmission opportunities.
Proposal 22: For periodic and semi-persistent SRS, multiple SRS positions are configured within a period. Among these positions, SRS is transmitted only in the first transmission opportunity where the LBT passes.
Proposal 23: Enhance DCI Format 2_3 with timing update fields for triggering multiple UEs simultaneously to transmit aperiodic SRS.
Proposal 24: NR-U should support SRS transmission spread over multiple symbols with TD-OCC and/or FDM based user multiplexing
· The SRS REs of each UE can be staggered across symbols 
· CDM across symbols to separate UEs using same time-frequency SRS resources
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Appendix
[bookmark: _Ref4759986]A.1 Comparison between pre-DFT OCC designs
Two pre-DFT OCC designs have been studied for interlaced PUCCH design for DFT-s-OFDM. Scheme 1 does a pre-DFT-OCC with block repetition per cluster, whereas scheme 2 does a pre-DFT-OCC with block repetition over the entire interlace. The interlace design details can be found in Figure 9 in Appendix. 





[bookmark: _Ref7447714]Figure 9 Options proposed for Pre-DFT-OCC
In scheme 2, for the case with two UEs multiplexing and assuming a PUCCH interlace consists of 10 RB with 12 REs per RB, the modulated symbols before DFT for UE 0 and UE 1 with a block repetition scheme are 

and 

respectively. Based on the FFT property, it is straightforward to see that DFT() is non zero on even tones only, while  is non zero on odd tones only. The detailed derivation is the same as listed in the previous section.  This means, the receiver can simply take the received signal on even tones for UE1 processing and on odd tones for UE2 processing and there is no inter-UE interference even with spreading.
On the other hand, when the Pre-DFT-OCC is done with block repetition per cluster, as proposed in scheme 1, the modulated symbols before DFT for UE0 and UE1 are:

and 

respectively. Given a discrete time signal  where , the FFT of  is given by
.
Now, if  on each cluster and N equals 120, as in the signal from UE 0,

It can be observed that in the frequency domain, UE1’s signal is present on most of the REs except on every alternate 10th RE, that is, only when k is 10, 30, ,,,,, 110 (where the index is indexed within the interlace),  . Similar exercise can be carried out for UE1 as well and for Pre-DFT-OCC with symbol repetition per cluster. 
The performance of two pre-DFT OCC schemes are shown in Figure 10Error! Reference source not found.. We use enhanced PUCCH format 3, for SCS = 30 kHz and number of PRBs =10 occupying one interlace for TDL-C channel with 100 ns delay spread. 6 ODFM symbols have been used for data and 4 symbols have been used for DMRS. It can be observed that the OCC scheme 1 performs around 0.5 dB poorer compared to OCC scheme 2 at 1% BLER due to the remaining interference as described theoretically before.

[image: ]
[bookmark: _Ref7557102]Figure 10 PUCCH BLER comparison between two pre-DFT OCC schemes for SC-FDM 
Based on the derivation and the simulation result, we can observe that when the pre-DFT-OCC is carried out per cluster, the nice frequency domain structure which does not impose any CDM UE interference is not preserved among UEs anymore as both UE1 and UE2 will have useful signal on most of the REs in the same interlace. To achieve similar performance, an enhanced receiver algorithm can be designed with the joint equalizer across UEs, however, this would impose much higher receive complexity, especially when the number of CDM UEs is not trivial. Hence for interlace PUCCH with pre-DFT-OCC multiplexing we propose that the pre-DFT-OCC needs to be done via block repetition over the entire interlace, instead of per cluster.
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