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1. Introduction
In RAN#77 a new SI [1] for NR based access to unlicensed spectrum was approved which was then revised in RAN#80 [3]. The objectives of the SI include the following:
· Study NR-based operation in unlicensed spectrum (RAN1, RAN2, RAN4) including 
· Physical channels inheriting the choices of duplex mode, waveform, carrier bandwidth, subcarrier spacing, frame structure, and physical layer design made as part of the NR study and avoiding unnecessary divergence with decisions made in the NR WI
· Consider unlicensed bands below 7GHz
· Consider similar forward compatibility principles made in the NR WI 
· Initial access, channel access. Scheduling/HARQ, and mobility including connected/inactive/idle mode operation and radio-link monitoring/failure
· Coexistence methods within NR-based and between NR-based operation in unlicensed and LTE-based LAA and with other incumbent RATs in accordance with regulatory requirements in e.g., 5GHz, 6GHz bands 
· Coexistence methods already defined for 5GHz band in LTE-based LAA context should be assumed as the baseline for 5GHz operation. Enhancements in 5GHz over these methods should not be precluded. NR-based operation in unlicensed spectrum should not impact deployed Wi-Fi services (data, video and voice services) more than an additional Wi-Fi network on the same carrier; 
In some unlicensed bands (e.g., 5GHz), there are transmission PSD limitations. For example, the regulation on PSD limitation with 5GHz band is listed below [2]:
· 5150-5350 MHz with TPC: 10dBm/MHz
· 5250-5350 MHz without TPC: 7dBm/MHz
· 5150-5250 MHz without TPC: 10dBm/MHz
· 5470-5725 MHz with TPC: 17dBm/MHz
· 5470-5725 MHz without TPC: 14dBm/MHz
Under the PSD limitation, in order for a node to transmit with higher power, it needs to occupy wider bandwidth. This can lead to wasted resources unless careful design is considered. In uplink, use of the wider bandwidth transmission results in reduced multi-user multiplexing gain as less UEs can access the system at the same time. In addition, the wider bandwidth transmission may reduce the coverage as a node needs to distribute its power into wider bandwidth.
In RAN1#93 the following was agreed with respect to the UL signals in NR-U:
· An interlaced waveform can have benefits in some scenarios including
· Link budget limited cases with given PSD constraint
· As one option to efficiently meet the occupied channel bandwidth requirement. 
· A waveform contiguous in frequency may be adequate in some scenarios
· To inherit legacy contiguous allocation designs.
Note: It is RAN1’s understanding that the temporal allowance of not meeting occupied channel bandwidth by regulation can be exploited if the minimum bandwidth requirement, e.g., 2 MHz, is satisfied.
In the contribution, we discuss the UL signal and channel design in NR-U where we consider multiple channels in UL.
2. UL Waveform Design Options for SUB-7GHz Band
To minimize changes with respect to NR, it is desirable to build the waveforms in NR unlicensed on top of NR waveforms.
An interlace based resource allocation design has been introduced in 3GPP R14 for eLAA uplink waveform. The interlace structure allows a node to transmit higher power and span a wide bandwidth but without occupying entire system bandwidth. Note that the interlace structure can be applied to both UL and DL to achieve better coverage by distributing power over REs on an interlace with better channel and Nt estimation. 
Let’s take PSD limit on 5150-5250 MHz band as an example. The PSD limit is defined as:
· 5150-5350 MHz with/without TPC: 10dBm/MHz
Under the PSD limit, if a node wants to transmit with 23dBm, it needs to occupy entire 20MHz. The PSD is capped at 10dBm/MHz and the power per subcarrier is capped at ~-8.2dBm.
With the introduction of interlace structure, one can design a node only occupying a fraction of bandwidth (<1MHz) every N RBs over the wide channel (e.g., the definition of an interlace). A system is thus divided into multiple orthogonal interlaces and allows multiple nodes to access with frequency domain multiplexing. In addition, the power per subcarrier can also be improved as the 10dBm PSD limit is only distributed over the fraction of bandwidth which is much smaller than 1MHz.  When the fraction of bandwidth is 1RB with 15KHz SCS, the power per subcarrier is increased to -0.2dBm which translates into 8dB better coverage compared to the contiguous frequency transmission.
2.1	Interlace Waveform Design for PUSCH in sub-7GHz Band
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
Note with the current 3GPP 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: ]
In addition, similar to NR, NR-U may support different BWP as well as different SCS for different nodes. 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: p3]Proposal 1: Introduce nested interlace waveform with uneven interlace design for NR-U in sub-7Ghz band. Sub-RB based interlace waveform can be considered for 60KHz SCS in sub-7Ghz band while RB based interlace waveform can be considered for 15Khz and 30Khz SCS.
2.2	Interlace Waveform Design for PUCCH in SUB-7GHz Band
Similar interlace structure discussed for PUSCH can be introduced for PUCCH.
In RAN1#93 the following was agreed with respect to the UL PUCCH signals in NR-U:
· 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. 
· It is identified that block-interlaced based PUSCH can be beneficial. 
· 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
With the interlace PUCCH design, one PUCCH spans at least one interlace instead of 1 RB. Note in NR, for PUCCH format 0/1/4, only single RB is used while the number of RBs used for format 2 and 3 can be configured.
Due to the increased BW occupancy, 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.
[bookmark: p4]Proposal 2: Introduce user multiplexing for interlace PUCCH for NR-U in SUB-7GHZ BAND beyond PUCCH format 1 and 4. Smaller symbol span can be allowed for PUCCH format 1, 3 and 4 when extended to interlace structure.
2.3	Waveform Design for PRACH in SUB-7GHz Band
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
For the PRACH waveform design, one option is to adopt interlace structure similar as the one introduced for PUSCH and PUCCH. Since both PRACH and PUSCH/PUCCH use interlaced design, the channel multiplexing between them can be done easily. This is shown in Figure 6.
With interlace PRACH design, the current preamble sequence defined in NR does not maintain orthogonality due to the distributed RB on a given interlace. Instead, the DMRS used for interlaced PUSCH or PUCCH design could be used for PRACH preamble. Multiple cyclic shifts can be applied to allow multiple preamble sequences on a given interlace. 
The interlace PRACH design works best with aligned SCS for PRACH and other UL channels. When 60KHz SCS is used for the other UL transmission, it is preferable that PRACH also uses 60KHz SCS. When sub-RB based interlace is used for other UL transmission, it is preferable that PRACH can also use sub-RB based interlace for easier channel multiplexing in frequency domain.


[bookmark: _Ref513576134]Figure 6. Interlace design for PRACH and its multiplexing with PUSCH/PUCCH
The other option is to maintain short-sequence based NR PRACH design in NR-U. With 60Khz SCS and length 139 sequence with short PRACH preamble, each PRACH spans ~9MHz, almost 1/2 of the 20MHz BW. gNB may configure the other half of the 20MHz for another PRACH occasion in frequency. 


Figure 7. NR based PRACH design for NR-U in sub-7Ghz Band
[bookmark: p5]Proposal 3: Introduce 60Khz SCS for NR-U PRACH in SUB-7GHZ Band. Sub-RB based interlace waveform can be considered for 60KHz SCS in SUB-7GHZ Band.
2.4	Waveform Design for SRS in SUB-7GHZ BAND
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: p7]Proposal 4: Retain NR SRS design for NR-U in SUB-7GHZ Band. Front-loaded SRS can be introduced for NR-U in SUB-7GHZ Band.
2.5	Simulations
In this section, we list the link level performance with 60KHz SCS with different waveform design options.
2.5.1 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 8




[bookmark: _Ref506155843]Figure 8. DMRS configuration with mini-RB structure
[bookmark: _Hlk506156515]The link level performances for PUSCH are listed in Figure 9 to Figure 12 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 9. Link performance with 2 layers, 1 DMRS symbol
[image: ]
Figure 10. Link performance with 2 layers, 2 DMRS symbol

[image: ]
Figure 11. Link performance with 4 layers, 1 DMRS symbol

[image: ]
[bookmark: _Ref506157110]Figure 12. 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: ]
2.5.2	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 13 to Figure 15 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 13. Performance of PUCCH format 3 with 5 contiguous RBs
[image: ]
Figure 14. Performance of PUCCH format 3 with 5 interlaced RBs

[image: ]
[bookmark: _Ref513666918]Figure 15. Performance of PUCCH format 3 with 10 interlaced mini-RBs
[bookmark: p8]Observation 1: Sub-RB based interlace structure with 60 KHz yields the best performance for NR unlicensed operation in SUB-7GHZ Band.
3. 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: Introduce nested interlace waveform with uneven interlace design for NR-U in sub-7Ghz band. Sub-RB based interlace waveform can be considered for 60KHz SCS in sub-7Ghz band while RB based interlace waveform can be considered for 15Khz and 30Khz SCS.
Proposal 2: Introduce user multiplexing for interlace PUCCH for NR-U in SUB-7GHZ BAND beyond PUCCH format 1 and 4. Smaller symbol span can be allowed for PUCCH format 1, 3 and 4 when extended to interlace structure.
Proposal 3: Introduce 60Khz SCS for NR-U PRACH in SUB-7GHZ Band. Sub-RB based interlace waveform can be considered for 60KHz SCS in SUB-7GHZ Band.
Proposal 4: Retain NR SRS design for NR-U in SUB-7GHZ Band. Front-loaded SRS can be introduced for NR-U in SUB-7GHZ Band.
Observation 1: Sub-RB based interlace structure with 60 KHz yields the best performance for NR unlicensed operation in SUB-7GHZ Band.
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RB Interlaced 13 0.9 79 6.1 11.6 1 23 214

Mini-RBInterlaced -2 5 -3.3 8 4.8 76 6.7 20.8 191
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