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1. Introduction
In RAN1#94, the multiple aspects on the NR-U UL signals and channels are summarized in [1]. 

In this contribution, we discuss these design aspects and provide corresponding analyses and proposals.
2. General Interlace Design Aspects
2.1	Interlace design for different numerology
The following agreement was made in RAN1#93:

Agreement:. 
· It is identified that block-interlaced based PUSCH can be beneficial. 
· It is beneficial to use the same interlace structure for PUCCH and PUSCH.

In NR, multiple numerologies have been defined (15Khz, 30Khz and 60Khz SCS). In this section, we discuss the interlace design with different numerology.
In eLAA, the interlace design with 20MHz system bandwidth is shown in Figure 1. It can be seen that the system can have 10 orthogonal interlaces and each interlace occupies 10 RBs which are uniformly separated by 10 RBs apart.
Similar interlace based resource allocation should be introduced for NR uplink in SUB-7GHZ Band.


[bookmark: _Ref506148518]Figure 1. Interlaced Waveform in eLAA
Since the channelization in 5GHz and 6GHz has 20MHz bandwidth transmission, the interlace design in NR can be similar to eLAA where we aim to achieve full power transmission within 20MHz channel without utilizing the entire system bandwidth for the UE. With 15KHz SCS, the same interlace structure as in eLAA can be applied. For 30KHz SCS, we can define 5 interlace separated by 5RB apart, as shown in Figure 2.


[bookmark: _Ref506149304]Figure 2. Interlaced Waveform in NR with 30KHz SCS
With 60KHz SCS, each RB spans 720KHz. For better power utilization under PSD limit, the sub-RB based interlace design can be applied, as shown in Figure 3 as one example. 


[bookmark: _Ref506149689]Figure 3. Sub-RB based interlace design in NR with 60KHz SCS – Example 1


[bookmark: _Ref506155196][bookmark: _Ref513666309]Figure 4. Sub-RB based interlace design in NR with 60KHz SCS – Example 2
The performance benefit between PRB and sub-PRB based interlace design for 60Khz SCS for both PUSCH and PUCCH channel is demonstrated in Section 2.5. It can be observed that the sub-PRB based interlace structure yields best performance due to the better power utilization under PSD limit. In addition, it further allows better user multiplexing in UL.
The sub-PRB based interlace can be designed with minimal channel estimation impact. For example, Figure 4 can directly reuse current DMRS configuration type 1 processing where one sub-PRB uses one DMRS group while the the other sub-PRB uses the other DMRS group. The resource allocation can be based on PRB based interlace with additional frequency domain user multiplexing within the PRB based interlace.
In addition, NR supports different BWP configuration as well as different SCS. It is expected that flexibility extends to NR-U as well. To allow for better user multiplexing with different SCS, the nested interlace design could be considered where the interlace is defined with respect to the common PRB reference point and one interlace with 30Khz SCS may consist of two interlaces with 15Khz SCS. The UE assignment is on the RBs of the assigned interlace(s) falling into the configured BWP. 


Figure 5. Nested interlace design with respect to common PRB reference point 


[bookmark: OLE_LINK6]Proposal 1: To achieve better power utilization with PSD limit, the number of clusters is similar for each supported SCS.
Proposal 2: Consider sub-PRB based interlace waveform for 60KHz SCS in sub-7Ghz band with PRB based interlace waveform for 15Khz and 30Khz SCS.
Proposal 3: Introduce nested interlace waveform with different numerology.

2.2	Uniform vs non-uniform interlace design
According to current RAN4 agreement, the number of RBs defined for each BW configuration are not always divisible by the number of interlaces. This is shown in Table 1. In this case, uneven interlace design can be considered where not all interlaces have the identical number of RBs. In addition, the number of RBs in an interlace or in multiple interlaces assigned to a given UE needs to be a factor of 2, 3 or 5 for the efficient DFT operation.
[bookmark: _Ref513574156]Table 1. Number of RBs defined for each BW configuration in NR
[image: ]

[bookmark: OLE_LINK7]Proposal 4: Consider non-uniform interlace design in NR-U. In addition, the number of RBs assigned to a given UE needs to be a factor of 2, 3 or 5 with DFT-s-OFDM waveform.


PUCCH Design in NR-U
3.1	Supported Legacy PUCCH formats
The following agreement was made in RAN1#93:

· Support for Rel-15 NR PUCCH formats can be considered. Exclusion of the support of certain formats is to be identified. 
· Note: It is RAN1’s understanding that certain formats do not meet the minimum bandwidth requirement by regulation. 

In some unlicensed bands (e.g., 5Ghz unlicensed band), there is regulation on the temporary minimum 2Mhz transmission bandwidth. In these bands, the one-RB NR PUCCH format does not satisfy regulation requirement. On the other hand, on some other shared/unlicensed band, such regulation may not exist (e.g., 3.5G CBRS band) or the regulation has not been finalized yet (e.g., 6Ghz band). That is, the applicability of NR PUCCH format depends on a particular band and gNB can configure the proper NR PUCCH format on NR-U based on the band specific regulation without ruling out a particular format in NR-U specification.   

[bookmark: p10]Proposal 5: No need to rule out a specific NR PUCCH format for NR-U. gNB is expected to configure the proper legacy NR PUCCH formats based on the band specific regulation. 

3.2	Enhanced PUCCH formats
In RAN1#93 the following was agreed with respect to the UL PUCCH signals in NR-U:
· 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 enhanced PUCCH format is based on unified interlace design with PUSCH. With the interlace PUCCH design, one PUCCH spans at least one interlace instead of 1 RB.
Depending on the number of switching points allowed within each TXOP, UE may provide PUCCH with different payload size. For example, with 30Khz SCS and one switching point every 2 slots, UE may need to feedback up to 2 bit ACK/NACK in the HARQ feedback. On the other hand, with a single switching point, UE may need to provide HARQ feedback with larger payload size. When UE needs to provide CSI feedback, more than 2 bit payload is also expected.
Based on the above observations, we expect all legacy formats can be enhanced to have their corresponding use cases. 

[bookmark: p3]Proposal 6: Enhance all legacy PUCCH formats to support interlace structure. Note that when format 4 is introduced for interlace structure, it is essentially the same format as interlaced format 3 with user multiplexing. 

3.3	Coding and user multiplexing for enhanced PUCCH formats
Since the enhanced PUCCH formats occupy one interlace instead of one RB, how to perform encoding to transmit over one interlace needs to be considered. 
For sequence based PUCCH format such as format 0 and 1, a long sequence can be design to map to the interlace.
For format 2, the coded bits can map across all RBs on a given interlace. For format 3/4, the coded bits are spread in time domain, precoded by DFT precoding and then mapped to the assigned interlace. To avoid identical coded bits across multiple RBs, additional scrambling can be considered on top.  
Due to the increased BW occupancy associated with each interlace, better user multiplexing could be introduced with interlace PUCCH design. Multiple UEs could transmit PUCCH on the same interlace. While NR does allow user multiplexing on PUCCH, the multiplexing is only supported for PUCCH format 1 and 4. With PUCH format 0, gNB could assign both UEs to transmit 1-bit ACK/NACK on an interlace with different sequences; in addition, pre-DFT based user multiplexing could be introduced for PUCCH format 3 as well which may be similar to PUCCH format 4 with interlace structure. Frequency domain multiplexing can also be considered with PUCCH format 2. In addition, for PUCCH format 1/3/4, NR mandates minimum 4 symbol span. With the interlace structure, the frequency span is likely to be larger for PUCCH in NR-U and it is beneficial to reduce the time span of the PUCCH in NR-U to accommodate more UEs. In addition, a sub-PRB based interlace can be applied to further increase user multiplexing.
[bookmark: p4]Proposal 7: For sequence based PUCCH format, a long sequence can be introduced to map to the assigned interlace.
Proposal 8: For non-sequence based PUCCH format, the coding is across all RBs on the assigned interlace.
Proposal 9: Introduce user multiplexing for interlace PUCCH format, including sequence multiplexing, time domain spreading including pre-DFT OCC and OFDM/SC-FDM symbol level OCC, frequency spreading and additional FDM (such as sub-PRB granularity) within the interlace. In addition, smaller symbol span can be allowed for PUCCH format 1, 3 and 4 when extended to interlace structure.

PRACH Design in NR-U
4.1	Interlace Structure
In RAN1#93 the following was agreed with respect to the UL PRACH signals in NR-U:
· Support for Rel-15 NR PRACH formats can be considered. Exclusion of the support of certain formats is to be identified. 
· Note: It is RAN1’s understanding that certain formats do not meet the minimum bandwidth requirement by regulation. 
· It is identified that interlaced based PRACH can be beneficial. 
· The following aspects can be considered for Interlace waveform based PRACH design for 4-step random access:
· Interlacing based on PRB or REs
· Targeted cell sizes
· Targeted PRACH capacity
· Targeted false alarm and detection rates
· Targeted timing estimation accuracy
· Number of formats
· Multiplexing with other channels such as block interlaced PUCCH and PUSCH

Multiple interlace based PRACH design have been proposed, such as block interlace with non-uniform spacing of PRACH PRBs as listed in [2], IFDM based PRACH listed in [3] or IFDM within interlace based PRACH as listed in [4].
However, before we discuss on how to map the PRACH to the frequency domain, it is important to identify the PRACH time domain structure as it may affect the frequency allocation. It is also important to discuss whether the expected timing advance can be handled by CP duration for the regular data transmission or not.

Interlace PRACH Structure in time domain
In NR, multiple short PRACH formats have been introduced. Figure 6 lists the NR short PRACH formats with 15Khz SCS. The PRACH format with other SCS scaled proportionally in time and frequency domain.



[bookmark: _Ref525676269]Figure 6 Short PRACH format in NR

With interlace structure, multiple options can be considered.
· Option 1: Retain the same time domain structure where the PRACH consists of CP, followed by sequence potentially repeated multiple times
· This option allows potential TA larger than the one can be handled by the CP of regular data transmission. In other words, the CP for PRACH channel can be larger than the CP for regular data transmission.
· However, due to the non-aligned symbol boundary between PRACH and other channels, the adjacent sub-carrier interference is expected when PRACH and other channels are multiplexed on adjacent interlaces/sub-carriers, especially on the first and the last PRACH symbols.
· If the TA is expected to be handled by regular CP duration, PRACH format A can avoid adjacent sub-carrier interference, even when PRACH and other channels are multiplexed on adjacent interlace. 


[bookmark: _Ref525681516]Figure 7 Interlace PRACH structure in time domain as in NR

· Option 2: The block interlace PRACH structure follows the regular PUCCH/PUSCH interlace structure where CP is appended prior to each PRACH sequence. In addition, time domain spreading can be applied on top of each PRACH sequence to increase the dimension of preamble sequence.
· This option assumes that the TA can be handled by regular CP duration for data transmission.



[bookmark: _Ref525681519]Figure 8 Interlace PRACH structure aligned with other channels in time domain 

[bookmark: p5]Proposal 10: Discuss the timing advance required for NR-U and the time domain interlace PRACH structure. The choice of block interlace PRACH structure such as uniform or non-uniform PRB spacing can depend on the TA requirement.
Proposal 11: When TA can be handled by regular CP for data transmission, time domain aligned PRACH format with other channels can be considered with potential additional time domain spreading. Alternatively, NR format A structure can be extended to interlace PRACH structure.
Proposal 12: When TA cannot be handled by regular CP for data transmission, NR PRACH structure can be extended for interlace PRACH structure. However, adjacent sub-carrier interference needs to be considered when PRACH and other channels are multiplexed on adjacent interlaces or sub-carriers.

4.2	PRACH numerology and sequence length 
To minimize adjacent sub-carrier interference when PRACH is multiplexed with other channels in frequency domain, it is preferable to have use the aligned numerology between PRACH and other UL channels. When 60KHz SCS is used for the other UL transmission, it is preferable that PRACH also uses 60KHz SCS.
The choice of PRACH sequence length also depends on whether we use PRACH time domain structure as in either Figure 7 or Figure 8. When PRACH has channel structure aligned with other channels, the PRACH channel is similar to interlace PUCCH/PUSCH channel. In this case, the PRACH sequence can reuse the DMRS sequence used for interlace PUCCH/PUSCH.

[bookmark: p7]Proposal 13: Consider the aligned SCS between PRACH and other UL channels to minimize adjacent sub-carrier interference between PRACH and other channels.
Proposal 14: The choice of PRACH sequence length depends on the PRACH structure.

SRS Design in 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. 
One thing to note is that due to the configurable UL burst in NR, front-loaded SRS 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. 
[bookmark: p9]Proposal 15: Retain NR SRS design for NR-U in sub-7Ghz Band. Front-loaded SRS can be introduced for NR-U in sub-7Ghz Band.

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, consider the configured transmission opportunity may not be useable due to LBT failure. 
Simple changes to period and semi-persistent CSI-RS 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.
[bookmark: p8]Proposal 16: All periodic, semi-persistent, and aperiodic SRS can be supported in NR-U, while the transmission of aperiodic, periodic and semi-persistent SRS should be conditioned on the fact that UE is able to transmit on the configured transmission opportunities.

Simulations

In this section, we list the link level performance with 60KHz SCS with different waveform design options.
2 
3 
4 
5 
6 
6.5 
6.1	Simulation Performance for PUSCH
Table 2. Simulation Assumptions
	Channel Model
	EPA 5Hz

	Antenna  configuration
	4Tx, 4 Rx

	Modulation / code rate
	MCS5, 10 (add details)

	SCS (KHz)
	60

	FFT size
	512

	Usable tones / Bandwidth
	300 / 18MHz

	Number of Spatial Layers
	2 and 4

	Channel / Nt estimation
	Estimated

	DMRS symbol
	1 and 2 DMRS symbols

	Waveform Options
	localized 5 RBs, interlaced 5 RBs, interlaced 15 mini-RBs in Figure 4

	DMRS pattern
	DMRS config type 1 for localized and interlaced 5 RB waveform; DMRS config type 1 with 4 REs as in Figure 9




[bookmark: _Ref506155843]Figure 9. DMRS configuration with mini-RB structure
[bookmark: _Hlk506156515]The link level performances for PUSCH are listed in Figure 10 to Figure 13 and they are plotted with the same PSD. The solid line corresponds to the performance with 15 mini-RBs, the dash-dotted line corresponds to 5 interlaced RBs while the dash line corresponds to 5 contiguous RBs.
Note that under the PSD limitation with 10dBm/MHz, the contiguous 5RBs corresponds to 10dBm + 10Log(5x0.72), the interlaced 5RBs corresponds to 10dBm + 10Log(5) while the interlaced 15 mini-RBs corresponds to 10dBm + 10Log(15). That is, with the same number of REs, the mini-RB interlace structure has a 6.2dB gain over contiguous 5RBs and 4.8dB gain over interlaced 5RBs. 
[image: ]
[bookmark: _Ref506157090]Figure 10. Link performance with 2 layers, 1 DMRS symbol
[image: ]
Figure 11. Link performance with 2 layers, 2 DMRS symbol

[image: ]
Figure 12. Link performance with 4 layers, 1 DMRS symbol

[image: ]
[bookmark: _Ref506157110]Figure 13. Link performance with 4 layers, 2 DMRS symbol
The overall performances of different waveform options are summarized in Table 3 where the power difference between different waveform options are already accounted for. It can be observed that the mini-RB based interlace structure yields best performance in most of the scenarios due to the better power utilization under PSD limit.
[bookmark: _Ref506157933]Table 3. Overall link performances of different waveforms
[image: ]
6.2	Simulation Performance for PUCCH
Table 4. Simulation Assumptions
	Parameters
	Values

	Channel Model
	EPA 5Hz

	Antenna configuration
	1Tx, 4 Rx

	Modulation / code rate
	Variable

	SCS (KHz)
	60

	FFT size
	512

	Usable tones / Bandwidth
	300 / 18MHz

	Number of PUCCH symbols
	Symbol 4-13

	Channel / Nt estimation
	Estimated

	DMRS symbol
	Symbols 5,7,10,12

	Waveform Options
	localized 5 RBs, interlaced 5 RBs, interlaced 10 mini-RBs as in Figure 3

	Channel Coding
	Polar


The link level performances for PUCCH format 3 are listed in Figure 14 to Figure 16 and they are plotted with the same PSD. 
With the PSD limitation of 10dBm/MHz, the contiguous 5RBs corresponds to 10dBm + 10Log(5x0.72), the interlaced 5RBs corresponds to 10dBm + 10Log(5) while the interlaced 10 mini-RBs corresponds to 10dBm + 10Log(10). That is, with the same number of REs, the mini-RB interlace structure has a 4.4dB gain over contiguous 5RBs and 3dB gain over interlaced 5RBs.
It can therefore be observed that the interlaced mini-RB structure yields the best performance once we take the power boost with PSD limit into account. This is consistent with the observations we made based on the PUSCH performance.
[image: ]
[bookmark: _Ref513666928]Figure 14. Performance of PUCCH format 3 with 5 contiguous RBs
[image: ]
Figure 15. Performance of PUCCH format 3 with 5 interlaced RBs

[image: ]
[bookmark: _Ref513666918]Figure 16. Performance of PUCCH format 3 with 10 interlaced mini-RBs
Observation 1: Sub-RB based interlace structure with 60 KHz yields the best performance for NR unlicensed operation in sub-7Ghz Band.

[bookmark: _GoBack]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.
Proposal 1: To achieve better power utilization with PSD limit, the number of clusters is similar for each supported SCS.
Proposal 2: Consider sub-PRB based interlace waveform for 60KHz SCS in sub-7Ghz band with PRB based interlace waveform for 15Khz and 30Khz SCS.
Proposal 3: Introduce nested interlace waveform with different numerology.
Proposal 4: Consider non-uniform interlace design in NR-U. In addition, the number of RBs assigned to a given UE needs to be a factor of 2, 3 or 5 with DFT-s-OFDM waveform.
Proposal 5: No need to rule out a specific NR PUCCH format for NR-U. gNB is expected to configure the proper legacy NR PUCCH formats based on the band specific regulation. 
Proposal 6: Enhance all legacy PUCCH formats to support interlace structure. Note that when format 4 is introduced for interlace structure, it is essentially the same format as interlaced format 3 with user multiplexing. 
Proposal 7: For sequence based PUCCH format, a long sequence can be introduced to map to the assigned interlace.
Proposal 8: For non-sequence based PUCCH format, the coding is across all RBs on the assigned interlace.
Proposal 9: Introduce user multiplexing for interlace PUCCH format, including sequence multiplexing, time domain spreading including pre-DFT OCC and OFDM/SC-FDM symbol level OCC, frequency spreading and additional FDM (such as sub-PRB granularity) within the interlace. In addition, smaller symbol span can be allowed for PUCCH format 1, 3 and 4 when extended to interlace structure.
Proposal 10: Discuss the timing advance required for NR-U and the time domain interlace PRACH structure. The choice of block interlace PRACH structure such as uniform or non-uniform PRB spacing can depend on the TA requirement.
Proposal 11: When TA can be handled by regular CP for data transmission, time domain aligned PRACH format with other channels can be considered with potential additional time domain spreading. Alternatively, NR format A structure can be extended to interlace PRACH structure.
Proposal 12: When TA cannot be handled by regular CP for data transmission, NR PRACH structure can be extended for interlace PRACH structure. However, adjacent sub-carrier interference needs to be considered when PRACH and other channels are multiplexed on adjacent interlaces or sub-carriers.
Proposal 13: Consider the aligned SCS between PRACH and other UL channels to minimize adjacent sub-carrier interference between PRACH and other channels.
Proposal 14: The choice of PRACH sequence length depends on the PRACH structure.
Proposal 15: Retain NR SRS design for NR-U in sub-7Ghz Band. Front-loaded SRS can be introduced for NR-U in sub-7Ghz Band.
Proposal 16: All periodic, semi-persistent, and aperiodic SRS can be supported in NR-U, while the transmission of aperiodic, periodic and semi-persistent SRS should be conditioned on the fact that UE is able to transmit on the configured transmission opportunities.
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