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1. Introduction
In RAN#76 a new SI [1] for NR based access to unlicensed spectrum was introduced. The objectives of the SI included 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 both below and above 6GHz, up to 52.6GHz
· Consider unlicensed bands above 52.6GHz to the extent that waveform design principles remain unchanged with respect to below 52.6GHz bands 
· Consider similar forward compatibility principles made in the NR WI 
· Initial access, channel access. Scheduling/HARQ, and mobility including connected/inactive/idle mode operation and radio-link monitoring/failure
· 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 , 37GHz, 60GHz 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
· 60 GHz band, 13dBm/MHz EIRP with 40dBm EIRP
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 the contribution, we discuss the UL signal and channel design in NR-U where we consider both SUB-7GHZ BAND and 60GHZ BAND.
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.

[bookmark: p1]Observation 1: Interlace waveform design allows better node multiplexing as well as enhanced coverage and should be considered for NR-U in sub-7 Ghz band.
[bookmark: p2]Proposal 2: Introduce interlace waveform design for NR-U in sub-7GHz band.

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. 
[bookmark: p3]



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

Proposal 3: 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.

2.2	Interlace Waveform Design for PUCCH in SUB-7GHz Band
Similar interlace structure can be introduced for PUCCH.
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. Frequency domain multiplexing can also be considered with PUCCH format 2. 
[bookmark: p4]Proposal 4: Introduce user multiplexing for interlace PUCCH for NR-U in SUB-7GHZ BAND beyond PUCCH format 1 and 4.

2.3	Waveform Design for PRACH in SUB-7GHz Band
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 5.
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.



[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 5: 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.
[bookmark: p6]Proposal 6: Allow interlace PRACH for NR-U 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 7: 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.
2.5.2 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 6




[bookmark: _Ref506155843]Figure 8 DMRS configuration with mini-RB structure

[bookmark: _Hlk506156515]The link level performances for PUSCH are listed in Figure 7 to Figure 10 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
	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 11 to Figure 13 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 8: Sub-RB based interlace structure with 60 KHz yields the best performance for NR unlicensed operation in SUB-7GHZ Band.

3. UL Waveform Design Options for 60GHZ Band
3.1	Available Bandwidth in 60GHz
The available Bandwidth for unlicensed and regulated use in this Band is up to 14 GHz, and varies depending on the geographical region. The channelization for this Band was proposed in 802.15.3c ([2]), the millimetre-wave based physical layer for WPAN, and is now accepted by other standardization bodies. This Band consists of 6 channels, each having Bandwidth 2160MHz. This channelization allows two common global channels (channels 2 and 3). Devices in the United States can use all the channels, and those in Japan can use channels 1–4.
3.2	Adapting NR waveform for 60GHz
To minimize changes with respect to NR it is desirable to reuse the waveforms used in NR namely OFDM for DL and OFDM / DFT-s-OFDM (DFT pre-coded OFDM) for UL as far as possible. However, NR supported a maximum Bandwidth of 400MHz. Hence, some changes will be needed even if reusing the NR waveform due to the larger Bandwidth.
The channelization in 60GHz requires 2160MHz Bandwidth transmission. The maximum BW used in NR is 400MHz and the maximum SCS used is 120KHz for data channel, for 6-52.6 GHz Bands. For supporting a Bandwidth of 2160MHz the required FFT size is more than 18000 (32768 if we want it to be a power of 2) with 120KHz SCS. To make the FFT size more reasonable we propose using SCS of 960 or 1920KHz. We also propose retaining the same 14 OFDM symbol structure per slot and reducing the CP size in time per symbol proportional to the SCS change. This follows the NR design principle of SCS being 15KHz x 2n and allows the slot boundaries to align with the 1ms subframe structure. Further details are provided in Table 1 below.

Table 5: Slot formats for 60GHz
	SCS (KHz)
	FFT size
	Usable Tones
	Symbol duration (ns)
	CP duration (ns)

	120
	32768
	15360
	8333.3 
	585.9

	960
	4096
	1920
	1041.7 
	73.2

	1920
	2048
	960
	520.8
	36.6



Note that the CP duration reduces quite a bit due to the larger SCS. However, since the typical 60GHz channel are Line of Sight (LOS) or have small delay spreads, and the range is small (~100m) we expect the proposed CP durations to suffice. Also note that for the usable tones computation we assume channel Bandwidth of 1880MHz but we have rounded the number of RBs lower so that it is a multiple of 10.
[bookmark: p9]Proposal 9: Support SCS of 960KHz or 1920KHz for 60GHz Band for OFDM and DFT-s-OFDM 
3.3	Filtered DFT-s-OFDM Waveform
While DFT-s-OFDM waveform has relatively lower PAPR compared to CP-OFDM and it is already supported in NR UL for rank 1 transmission, the PAPR can be further improved by applying additional filter on top. For example, root raised-cosine (RRC) filter with different roll-off factor can be considered. One could consider DFT-s-OFDM as the basic sinc filter in time domain.  
[bookmark: _Hlk506457897]The beamforming in 60GHz Band is typically done in RF due to the implementation complexity, and it is difficult to beamform to two different directions at the same time. The utility of flexible UE multiplexing across frequency will only apply to UEs in the same beam and the benefit is rather limited. That is, the coarse resource assignment (RA) grid in frequency is not expected to yield much loss in 60GHz Band. On the other hand, the coarse RA grid allows the transmitter and receiver to implement the filtered DFT-s-OFDM waveforms without employing FFT/IFFT operations. Given the larger BW, the complexity of the FFT operations also becomes a concern especially if considering low complexity devices being designed for unlicensed Band operation only.
3.3.1 Alternative Waveform Description of filtered DFT-s-OFDM 
Figure 14 below shows an alternative implementation of filtered DFT-s-OFDM without mandating FFT/IFFT operation. The transmit chain consists of constellation mapping, guard/CP addition, up sampling, and pulse shaping. The receive chain consists of matched filtering, equalization, and de-mapper. 
[bookmark: _Hlk506458737]In the alternative implementation, the transmitter does not implement DFT and IFFT operation as required in DFT-s-OFDM waveform generation. At the receiver, the computationally intensive parts are the equalization and root raised-cosine (RRC) filtering. The equalizer complexity can be controlled at expense of performance thereby enabling low complexity devices. Alternatively, the receiver could use frequency domain equalizer as traditionally implemented for DFT-s-OFDM.


[bookmark: _Ref501704378]Figure 16: Description of Alternative implementation of filtered DFT-s-OFDM

3.4 PAPR Analysis
In this section, we compare the PAPR analysis with OFDM, DFT-s-OFDM and filtered DFT-s-OFDM where an additional RRC filter with roll-off factor 0.22 is applied. The filtered DFT-s-OFDM waveform has a better PAPR when compared to regular DFT-s-OFDM waveform, as shown in Fig. 2, which shows the impact on EVM as function of the allowed PAPR. We see that filtered DFT-s-OFDM is between ~3-4.5 dB better than OFDM and ~1-2.5dB better than regular DFT-s-OFDM when comparing the back-off (assuming ideal clipping amplifier) required for -25dB EVM depending on the modulation format. Gain is higher for the lower modulation format (QPSK). The gain is higher if we target a lower EVM. 
[image: ]
Figure 17: PAPR vs EVM (Assume Clipping)
[bookmark: _GoBack]
3.5 Link level Performance
Although OFDM has poorer PAPR, it generally has better link level performance in frequency selective channels. To assess the end to end performance of the waveform both the PAPR and link level performance need to be considered. In this section, we compare the link level performance of OFDM, DFT-s-FDM and filtered DFT-s-OFDM waveform. The simulation assumptions are summarized in Table 2 below. The FER performance in shown in Fig. 3. Note that the channel Bandwidth for filtered DFT-s-OFDM will be larger than OFDM/DFT-s-OFDM for the same usable channel Bandwidth but the impact of that is not considered in this analysis. Note that the extra BW growth may not have an impact if a node is only transmitting with 500MHz for better coverage while the system BW is 2GHz. 
Table 6: Simulation Assumptions
	Channel Model
	LOS (CDL-D) / NLOS(CDL-B)

	Antenna configuration
	mmW directional, Co-Polarized; Max Tx Gain 8dB, Rx Gain 5dB
nVAnt = 2, nHAnt = 4 at UE
nVAnt = 4, nHAnt = 64 at gNB

	Modulation / code rate
	BPSK (0.08,0.5, 0.66)
16QAM (0.66)

	SCS (KHz)
	960

	FFT size
	4096

	Usable tones / Bandwidth
	2016 / 1.935GHz

	RRC roll-off beta
	0.22

	Channel / Nt estimation
	Genie



[image: ][image: ]
Figure 18: PDSCH/PUSCH BLER

The Table below summarizes the overall performance of different waveforms considering the PAPR as well as the link level performance for the NLOS CDL-B model for a few different modulation formats and code rates. For the LOS channel models considered, there was no link level performance loss observed for both filtered DFT-s-OFDM & regular DFT-s-OFDM with respect to OFDM and hence the entire PAPR benefit is applicable.
Table 7: Overall performance of different waveforms for NLOS CDL-B channel
	Waveforms for comparison
	Modulation format / code rate
	Link Level Loss at 10% FER (dB)
	PAPR gain at 25dB EVM (dB)
	Overall benefit 
PAPR gain – Link level loss (dB)

	Filtered DFT-s-OFDM vs OFDM 
	QPSK rate 0.08
	1.5
	4.4
	2.9

	Filtered DFT-s-OFDM vs OFDM 
	QPSK rate 0.5
	0.4
	4.4
	4

	Filtered DFT-s-OFDM vs OFDM 
	16 QAM rate 2/3
	1.8
	2.9
	1.1

	Filtered DFT-s-OFDM vs DFT-s-OFDM 
	QPSK 
	0
	1.8
	1.8

	Filtered DFT-s-OFDM vs DFT-s-OFDM 
	16 QAM
	0
	1
	1



[bookmark: p10]Observation 10: For the LOS channel model and considered code rates
· Filtered DFT-s-OFDM provides 4.5 dB of gain over OFDM for QPSK modulation and 2.9dB of gain for 16 QAM
· DFT-S-FDM provides 1.8 dB of gain over OFDM for QPSK modulation and 1dB of gain for 16 QAM
[bookmark: p11]Observation 11: For the NLOS CDL-B channel model and considered code rates
· Filtered DFT-s-OFDM provides 2.9-4.5 dB of gain over OFDM for QPSK modulation and 1dB of gain for 16 QAM.
· DFT-S-FDM provides 1-2.5 dB of gain over OFDM for QPSK modulation.
[bookmark: p12]Proposal 12: Filtered DFT-s-OFDM waveform should be supported at least for PUSCH in 60Ghz Band
4. Summary
In this section, we summarize the UL waveform design options for NR-U in both SUB-7GHZ BAND and 60GHZ BAND along with the performance evaluation. We have the following observations and proposals.
Observation 1: Interlace waveform design allows better node multiplexing as well as enhanced coverage and should be considered for NR-U in SUB-7GHZ BAND.
Proposal 2: Introduce interlace waveform design for NR-U in SUB-7GHZ BAND.
Proposal 3: 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.
Proposal 4: Introduce user multiplexing for interlace PUCCH for NR-U in SUB-7GHZ BAND beyond PUCCH format 1 and 4.
Proposal 5: 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 6: Allow interlace PRACH for NR-U in SUB-7GHZ BAND.
Proposal 7: 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 8: Sub-RB based interlace structure with 60 KHz yields the best performance for NR unlicensed operation in SUB-7GHZ BAND.
Proposal 9: Support SCS of 960KHz or 1920KHz for 60GHz Band for OFDM and DFT-s-OFDM 
Observation 10: For the LOS channel model and considered code rates
· Filtered DFT-s-OFDM provides 4.5 dB of gain over OFDM for QPSK modulation and 2.9dB of gain for 16 QAM
· DFT-S-FDM provides 1.8 dB of gain over OFDM for QPSK modulation and 1dB of gain for 16 QAM
Observation 11: For the NLOS CDL-B channel model and considered code rates
· Filtered DFT-s-OFDM provides 2.9-4.5 dB of gain over OFDM for QPSK modulation and 1dB of gain for 16 QAM.
· DFT-S-FDM provides 1-2.5 dB of gain over OFDM for QPSK modulation.
Proposal 12: Filtered DFT-s-OFDM waveform should be supported at least for PUSCH in 60Ghz Band
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