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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 regions in the world, a node need to perform an Listen-Before-Talk (LBT) procedure for medium access in unlicensed band to achieve fair coexistence between different nodes, including cellular nodes and WiFi nodes. With the LBT operation, a node cannot guarantee its transmission as in NR.  In addition, the node cannot guarantee the medium access right before the symbol or slot boundary when the medium sensing is asynchronous. These areas introduce the design changes of NR-U on top of NR. 
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. In order to fully utilize the Tx power of a node with PSD limit, the interlace waveform design has been adopted in eLAA UL and MF UL and is also widely discussed in NR-U contributions. In downlink, the interlace design can also bring benefit as the wider bandwidth transmission may introduce reduced coverage and additional inter-cell interference.
2. Waveform Design Options for NR-U in 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.
2.1  SSB Transmission in SUB-7GHZ Band
NR has defined transmission of multiple SSBs along with the SSB index signaling. The transmission of SSBs within a SS burst set is confined to a 5 ms window regardless of SS burst set periodicity. Within this 5 ms window, the max number of possible candidate SS block locations is L where for carrier frequency range up to 3 GHz, L=4; for carrier frequency range from 3 GHz to 6 GHz, L=8; for carrier frequency range from 6 GHz to 52.6 GHz, L=64.
The multiple SSB transmission introduced in NR not only allows beam sweeping, it is also friendly when a gNB cannot gain medium access at the beginning of DMTC window, the gNB may still transmit remaining SSBs. The concept of truncated SSB transmission is illustrated in Figure 1.


[bookmark: _Ref513644101]Figure 1. Truncated SSB transmission in NR-U
In some cases, gNB may not be able to access the medium for a few slots and the SSB transmission truncation may not guarantee SSB transmissions as needed. Both floating SSB and cyclic extended SSB transmission can be considered along with the additional signaling on the SSB timing and they are illustrated in Figure 2 and Figure 3. We have slight preference on cyclic extended SSB transmission over the floating SSB transmission as the additional signaling to indicate the SSB timing is expected to be less.



[bookmark: _Ref513644985]Figure 2. Floating SSB transmission in NR-U



[bookmark: _Ref513644988]Figure 3. Cyclic extended SSB transmission in NR-U
In NR, the initial acquisition and initial access only define 15Khz and 30Khz.  For SSB transmission, due to the PSD limit, the performance of an SSB with 30Khz SCS yields similar performance as an SSB with 60Khz SCS with low delay spread channel. This is shown in Figure 4 and Figure 5. With both 30Khz and 60Khz SCS, the SSB does not occupy the entire 20Mhz channel and gNB could transmit additional SSBs as allowed in NR or system information, paging, etc.
With 60Khz SCS for SSB, the SSB detection complexity is increased due to the increased SSB transmission bandwidth compared to 30Khz SCS. The additional signaling change may also be required in PBCH when the 60Khz SCS is added for the initial acquisition. On the other hand, the 60Khz SCS for both SSB and data allows easier channel multiplexing from gNB’s transmission.
[image: ]
[bookmark: _Ref513646144]Figure 4. SSB detection performance with 60Khz SCS
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[bookmark: _Ref513646147]Figure 5. SSB detection performance with 30Khz SCS
Based on the above simulations, we can make the following observations:
[bookmark: p1]Observation 1: SCS for SSB in NR-U SUB-7GHZ BAND should consider the trade-off on the performance, implementation complexity as well as signaling change on top of NR. 
[bookmark: p2]Proposal 2: Consider cyclic extended SSB transmission in NR-U
2.2  Interlace Waveform in SUB-7GHz Band DL
Due to the PSD limitation, in order for a node to transmit with higher power, it needs to occupy wider bandwidth. While the interlace waveform design has been adopted in eLAA UL and MF UL and is also widely discussed in NR-U contributions, in downlink, the general assumption is that gNB could use wideband transmission for better power utilization. 
Take the 20Mhz channel as an example. NR defines the nominal RBG size as in Table 1. Assume 30Khz SCS is used, the RBG size is 4 RBs, i.e., 1.44MHz. With PSD limit of 10dBm/Mhz, gNB needs to span the entire 20Mhz to achieve full power 23dBm for transmission. In this case, the PSD is -5.23dBm/RE.
With the introduction of interlace transmission in DL, gNB could transmit on a given interlace for link budget limited UE. In this case the PSD is -0.8dBm/RE on the scheduled interlace. That is, UE is able to achieve better channel estimation with interlace DL transmission, even with RBG based channel estimation.   
[bookmark: _Ref513649005]Table 1. Nominal RBG size P defined in NR
	Bandwidth Part Size
	Configuration 1
	Configuration 2

	1 – 36
	2
	4

	37 – 72
	4
	8

	73 – 144
	8
	16

	145 – 275
	16
	16



One may argue that instead of introducing interlace waveform in DL, gNB could use resource allocation type 1 along with distributed resource allocation to achieve wideband transmission without spanning the entire bandwidth. However, the distributed resource allocation may not be able to guarantee uniform RB distribution with respect to the PSD limit unit (i.e., 1MHz) hence will likely result into power under utilization compared to the carefully designed interlace waveform.
In addition to the increased link budget with the introduction of interlace waveform in DL, the interlace transmission can also help to increase the reuse among different nodes. When both gNBs transmit data on different interlace, they do not cause inter-cell interference. One use case is that even when gNB observes high energy from its neighbour nodes, if it identifies un-used interlace, it can still transmit without affecting the on-going transmission. The information on the un-used interlace may be obtained in the channel usage indicator (CUI) signal. 
[bookmark: p3]Proposal 3: Consider interlace waveform for NR-U DL in SUB-7GHZ BAND for better coverage and interference coordination
2.3  Channel Usage Indicator (CUI)
[bookmark: _GoBack]In a companion paper [4], we propose to support Channel Usage Indicator transmission from both UE and gNB to support more accurate channel reuse and SINR tradeoff. 
For the waveform for the CUI, it is preferred to reuse existing NR waveform, instead of having a completely new design. Some potential waveform design options include reusing PDCCH design, or reusing PUCCH design. Between the two options, we believe PDCCH waveform is more suitable due to the following reasons:
The CUI needs to carry some payload information (NAV information and a flag to distinguish transmitter or receiver), so PUCCH formats with 1-2 bits payloads are not helpful.
The CUI waveform needs to be transmitted from both gNB and UE. Since NR UE already support both DFT-s-FDM waveform and OFDMA waveform, it is more natural to use OFDMA waveform for CUI
The CORESET configuration that includes parameters such as bandwidth, time domain length, interleaving or not, different aggregation levels for the DCI is more flexible than the PUCCH waveforms. Thus it is easier to find a good configuration to fit the purpose and match the performance requirement
If PDCCH waveform is picked for CUI transmission, we will need to define a control resource set (CORESET) structure for carrying the CUI. Since the CUI needs to be detected across operators, some coordination is needed on the CORESET configuration. 
[bookmark: p4]Proposal 4: Reuse NR PDCCH waveform for CUI transmission from both gNB and UE.
2.4  DL Wake-up Signal (WUS)
In NR study item phase, the introduction of wake-up signal has been considered. The main benefit of introducing such mechanism is for UE side power saving. Though eventually, WUS was not further considered in NR licensed design, in NR-unlicensed, we see the importance of WUS increases. This is mainly because, even though a UE is configured to monitor the PDCCH in a slot, if the gNB failed to pass LBT for the PDCCH transmission, the UE monitoring of the whole PDCCH region is wasted. It will be more energy efficient if the UE has some side information on when the gNB is transmitting. 
The use cases of WUS in NR-unlicensed include:
A. PDCCH monitoring power saving.
B. More starting positions for TxOP without significantly impacting power consumption
C. Preamble for channel usage indicator transmission


Figure 6. WUS use case A: Wake up signal for PDCCH monitoring
For use case A, WUS helps to skip the PDCCH monitoring for better power saving. The PDCCH monitoring involves multiple computation steps including FFT, channel estimation, demapping, and Polar code decoding of multiple decoding candidates. Better battery life can be achieved if these processing steps are conditioned on a simple WUS detection.


Figure 7. WUS use case B: Wake up signal for flexible TxOP starting position indication
In LTE LAA, the TxOP can start at slot level. To support more starting positions within a NR slot, the UE needs to be configured to monitor PDCCH more frequently, which translates to higher power consumption. If a WUS is introduced before the actual TxOP starts, the PDCCH based processing can be skipped when WUS is not detected, which allows more flexible starting positions to be supported without significantly impacting the power consumption.


Figure 8. WUS use case C: Wake up signal for CUI detection
When channel usage indicator is used across different NR-U nodes for better reuse, the CUI transmission can be asynchronous as different NR-U nodes may not be time aligned, especially when they are from different operators. Then to detect the CUI from other nodes, we will need to recover the timing for CUI transmission, assuming CUI is using OFDM waveform. The WUS can serve that purpose. The WUS can be detected in asynchronous fashion and the WUS can provide the timing needed for the CUI detection.
For the waveform for WUS, we need to keep in mind that the waveform should support low power consumption detection. We can consider NR-PSS/SSS type waveform to reuse the PSS/SSS detection mechanism already available in NR UE. However, the NR-PSS/SSS waveform is relatively narrow band, and in some unlicensed bands, the PSD limitation enforced by regulators may not allow the NR-PSS/SSS type waveform to be transmitted with full power. 
Alternatively, wideband waveform that support auto-correlation based detection can be supported. The wideband waveform supports full power transmission, and the auto-correlation based detection typically can be supported with lower power consumption
[bookmark: p5]Proposal 5. Further study the design and usage of wake-up signal in NR
For the waveform for WUS, we will need a design that supports low complexity detection, time domain detection (if asynchronous detection is needed), and reasonably good coverage. The following two options can be considered:
· Narrow band waveform like what is used for PSS
· Wideband waveform formed by repeating short sequence, like the waveform used by WiFi STF
For the narrow band option, if a similar sequence like PSS is used, we can most likely reuse the design of PSS detection. In hardware implementation, the same circuit and algorithm for PSS detection can be reused as well. The waveform is relatively narrow band, so the complexity of cross-correlation based time domain detection is relatively low. A downside of this design is the transmission under PSD limitation. In that case, due to the narrow band nature of the signal, the transmit power of the waveform can be limited which will limit the coverage of the waveform.
On the other hand, if wideband repeated short sequence is used, since the signal is wideband, the transmission under PSD limitation will not be a problem. However, since the sampling rate of the waveform is high, cross-correlation based time domain detection will be of high complexity. Instead, typically an auto-correlation based detector is used which has much lower complexity but comes at expense of degraded performance when compared with a cross-correlation based solution.
Both options have their pros and cons. We propose to study them both and pick one.
[bookmark: p6]Proposal 6. For the waveform for WUS, consider PSS/SSS like waveform and wideband repeated short sequence type waveform.
3. 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 2 below.
[bookmark: _Ref513731881]Table 2. 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: p7]Proposal 7: Support SCS of 960KHz or 1920KHz for 60GHz band for OFDM and DFT-s-OFDM 
3.3	DFT-s-OFDM Waveform for DL
The 60GHz band has a very harsh propagation environment and efficient use of the PA is necessary to be able to transmit at a high power and improve coverage. Lower PAPR waveforms can be transmitted at higher power because of the lower PA back off. While DFT-s-OFDM is supported in NR UL, the NR DL always uses CP-OFDM waveform. To enhance the DL coverage, DFT-s-OFDM waveform can be considered for NR-U 60GHZ BAND.
[bookmark: p8]Proposal 8: Support DFT-s-OFDM for NR-U DL in 60GHZ Band
3.4	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.
3.4.1 Alternative Waveform Description of filtered DFT-s-OFDM 
Figure 9 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 9. Description of Alternative implementation of filtered DFT-s-OFDM
3.5 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 10. PAPR vs EVM (Assume Clipping)
3.6 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 3. Simulation Assumptions
	Parameter
	Values

	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 11. PDSCH 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 4. 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: p9]Observation 9: 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: p10]Observation 10: 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: p11]Proposal 11: Filtered DFT-s-OFDM waveform should be supported at least for PDSCH in 60Ghz band
4. Summary
In this section, we summarize the DL 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: SCS for SSB in NR-U SUB-7GHZ BAND should consider the trade-off on the performance, implementation complexity as well as signaling change on top of NR. 
Proposal 2: Consider cyclic extended SSB transmission in NR-U
Proposal 3: Consider interlace waveform for NR-U DL in SUB-7GHZ BAND for better coverage and interference coordination
Proposal 4: Reuse NR PDCCH waveform for CUI transmission from both gNB and UE.
Proposal 5. Further study the design and usage of wake-up signal in NR
Proposal 6. For the waveform for WUS, consider PSS/SSS like waveform and wideband repeated short sequence type waveform.
Proposal 7: Support SCS of 960KHz or 1920KHz for 60GHz band for OFDM and DFT-s-OFDM 
Proposal 8: Support DFT-s-OFDM for NR-U DL in 60GHZ BAND
Observation 9: 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 10: 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 11: Filtered DFT-s-OFDM waveform should be supported at least for PDSCH in 60Ghz band
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