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[bookmark: _Ref490170658]Introduction
In RAN#75 meeting, a new SID was proposed to study NR-based access to unlicensed spectrum [1]. One justification for such proposal is based on the vast unlicensed spectrum available worldwide. This was also a justification to initiate LTE-based LAA. Another justification is the flexible frame structure and numerology that NR has, which could also be brought to unlicensed access. 
The WI description [1] highlights the following objectives: 
· “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;”
This contribution discusses the channelization, waveform, and numerology aspects for NR operation in unlicensed spectrum.
Unlicensed Spectrum Regulations  
The PHY specification for NR on unlicensed bands (NR-unlicensed or NR-U) should put regulatory requirements in different countries and regions into consideration. Those requirements include maximum channel occupation time (MCOT), occupied channel bandwidth (OCB), maximum power limit, power spectrum density limit (PSD), and listen before talk (LBT) protocols. Among those requirements, OCB and PSD limit are the most important determining factors for the waveform in unlicensed band. The descriptions of OCB and PSD are given below.
· Occupied Channel Bandwidth (OCB) [2]: The OCB is defined as the bandwidth containing 99% of the power of the signal and it shall be between 80% and 100% of the declared Nominal Channel Bandwidth (The Nominal Channel Bandwidth is the widest band of frequencies, inclusive of guard bands, assigned to a single channel).
· Power spectral density (PSD) [2]: For many frequency bands, there is a limit on the power spectral density. As an example, the ETSI 301 893 spec requires 10 dBm/MHz for 5150-5350 MHz and 13dBm/MHz for 60 GHz [4]

The OCB and power limit rules are exemplified in Table 1.

[bookmark: _Ref505177874]Table 1: Various regulations 
	
	5 GHz (ETSI) [3]
	37 GHz (FCC) [5]
	60 GHz (ETSI) [4]

	OCB
	>80%
	
	>70%

	Power and PSD limits
	With transmit power control:
23dBm (10dBm/MHz) for 5150-5350MHz
30dBm (17dBm/MHz) for 5470-5725MHz
Without transmit power control:
20/23dBm (7/10dBm/MHz) for 5150-5350MHz
27dBm (14dBm/MHz) for 5470-5725MHz
	BS: 75dBm/100MHz 
MS: 43dBm
Transportable stations: 55dBm
	40dBm(13dBm/MHz)



Waveform and Numerology
In NR on licensed bands below 52.6 GHz, OFDM will be used for both downlink and uplink transmissions, while DFT-s-OFDM is also supported in uplink for coverage limited scenarios. The subcarrier spacing () is scalable with bandwidth () kHz for . Note that  kHz and  kHz are only used for data signals and sync signals, respectively. The waveform and numerology for bands above 52.6 GHz have not been determined. The basic transmitter block diagrams for OFDM and DFT-s-OFDM and an example set of parameters supported for the licensed bands below 52.6 GHz are given in Figure 1 and Table 2.
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[bookmark: _Ref505326557]Figure 1: Waveform for licensed bands below 52.6 GHz


[bookmark: _Ref505260961]Table 2 An example set of parameters supported for the licensed bands below 52.6 GHz [5] 
	 [kHz]
	Minimum CP duration
[]
	Use

	
	
	 [kHz]
	# of guard tones on edge
	Bandwidth
	# of RBs

	15
	4.6875
	Below 6 GHz
	
	4096
	307202=61440
	398
	49500
	275

	30
	2.3438
	Below 6 GHz
	
	4096
	307204=122880
	398
	99000
	275

	60
	1.1719
	Above 6 GHz
(No sync channel)
	
	4096
	307208=245760
	398
	198000
	275

	120
	0.5859
	Above 6 GHz
	
	4096
	3072016=491520
	398
	396000
	275

	240
	0.2930
	Above 6 GHz
(No data channel)
	
	2048
	3072016=491520
	196
	397440
	138



Besides regulatory requirements, NR-U should also consider the coexistence with incumbent systems with corresponding channelization in some of the unlicensed bands. For example, in 5 GHz band, the channels are apart from each other with 20 MHz and the channel bandwidths for LTE (e)LAA and Wi-Fi can be 20 MHz and 20/40/80 MHz, respectively. In 60 GHz, the channelization is based on 2.16 GHz where the channel bandwidth of IEEE 802.11ad or IEEE 802.11ay can be  GHz for . 
[bookmark: _Ref505784085]Proposal 1: NR-U shall support the same channelization of 802.11 for 5 GHz and 60 GHz.
Low-Frequency Unlicensed Bands (2.4, 5-6 GHz)
In low-frequency unlicensed bands, the existing numerology for NR may be used in both DL and UL. The bandwidths of 40 MHz and 80 MHz can be supported as the existing numerology allows up to 100 MHz carrier bandwidth for up to 6 GHz. The minimum cyclic prefix durations reduce to 1.1719 and 0.5859  for the numerologies with  kHz and  kHz in licensed band, respectively. On the other hand, these numerologies can still be beneficial to increase the resolution in time and facilitate some of the procedures for NR-U. For example, the numerologies with large subcarriers can beneficial to keep the packet short enough to meet MCOT requirement.

[bookmark: _Ref505784225]Proposal 2: NR-U should support at least up to 60 kHz subcarrier spacing for sub 6 GHz bands and study the subcarrier spacing of 120 kHz for data.
To satisfy the OCB requirement and to extend the coverage range considering max TX power/PSD limitations, especially in UL transmission, the resource allocation should be carefully designed. The interlaced resource allocation method and corresponding multiple access scheme, called block-interleaved frequency division multiple access (B-IFDMA) along with DFT or identity precoder, may be adopted for NR-Unlicensed. 
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Figure 2: B-IFDM transmitter block diagram

by  tones in frequency domain. The number of interlaces can be calculated as . Considering the flexible numerology at NR and the channelization at 2.4 GHz and 5-6 GHz, we recommend the following values for , and  are given in Table 2. 


Table 3 Recommended values for , and  
	 [kHz]
	
	
	 [kHz]
	A
	B
	C
	# of interlaces
	BW [MHz]


	15
	120
	4096
	307202=61440
	1
	10
	9
	10
	18

	30
	120
	4096
	307204=122880
	1
	10
	4
	5
	18

	60
	72
	4096
	307208=245760
	1
	6
	3
	4
	17.28

	120
	72
	4096
	3072016=491520
	1
	6
	1
	2
	17.28



In B-IFDM, the precoding matrix size  is equal to . If the precoding matrix is DFT, this waveform does not exactly have the characteristics of SC-waveform as the DFT-s-OFDM structure is distorted by adding  zeros between the clusters. Hence, the PAPR of this waveform is worse than DFT-s-OFDM. If the precoding is an identity matrix, this structure is similar to OFDM and decreases the complexity at the receiver and the transmitter. On the other hand, the PAPR of the corresponding signal is high without any extra mitigation method. 
We recommend enabling both DFT and identify precoding options to address the different requirements of the channels (e.g. PUCCH) and investigate the methods that reduces the PAPR. However, the impact of this method to other performance criteria, e.g., PAPR/CM and sensitivity in frequency selective channels for different numerologies, should be studied.  

Proposal 3: NR-U should consider interlaced transmission for UL transmissions with both OFDM and DFT-s-OFDM.
· FFS: Techniques to improve PAPR performance and performance sensitivity in frequency selective channels.
High-Frequency Unlicensed Bands (37GHz, 60 GHz)
With unclear regulatory status, regional support and relatively small bandwidth at 37 GHz, 37 GHz may not be a good candidate for NR-U. We believe that this band should take a lower priority for NR-U development due to its limited global availability. 
For 60 GHz unlicensed bands, RAN1 should study if the existing waveforms and numerologies in NR are applicable, and new waveforms need to be explored. In addition to regulatory requirements, the study of waveforms and corresponding numerologies in high frequency bands should consider other factors including narrow beamforming, hardware limitations (such as phase noise and RF non-linearity), and incumbent’s waveforms (e.g., SC-QAM in IEEE 802.11ad/ay and OFDM in IEEE 802.11ay). 
A waveform that has high peak-to-average power ratio (PAPR) requires a large amount of power back-off at the input to the PA to avoid non-linear signal distortion, which in turn reduces PA efficiency and the coverage area. Therefore, we think that single carrier-like schemes such as SC-QAM and DFT-s-OFDM, which can introduce a PAPR advantage over OFDM, are some of the most appealing waveforms for NR-U at 60 GHz. 
SC-QAM
The SC-QAM waveform by up-sampling, filtering and down-sampling QAM symbols directly, is a candidate waveform for 60 GHz band for NR-U. SC-QAM introduces low hardware complexity and yields low PAPR for low modulation orders and it has been adopted in IEEE 802.11ad [6] and to be in IEEE 802.11ay [7][8]. The illustrations for the corresponding transmitter and reference receiver diagrams for the incumbents at 60 GHz are given in Figure 3. At the transmitter side, a data block of length of can be up-sampled by 3, filtered with shaping filter, and down-sampled by 2, and the resulting samples are transmitted with the rate of  GHz, where . The up-sample rate of 3 and the down-sample rate of 2 are chosen since these settings allow both OFDM and SC-QAM to operate at the same sample rate of  GHz.
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[bookmark: _Ref505246701]Figure 3: Basic SC-QAM transmitter and receiver block diagrams at 60 GHz (Incumbent)
The spectrum utilization examples due to the incumbents are provided in Figure 4. For example, the spectrum can be occupied by four SC-QAM waveforms operating on each channel or an SC-QAM waveform operating on the entire  GHz.
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[bookmark: _Ref505248212]Figure 4: Spectrum utilization examples with SC-QAM at 60 GHz (Incumbent)
For SC-QAM, low-complexity frequency domain processing techniques at the receiver are typically enabled by the methods that convert the linear convolution of the channel to a circular convolution. For example, extending the data symbol block with a sequence or cyclically extending the data blocks before pulse shaping are the traditional approaches that convert the impact of channel on data blocks to a circular convolution at the receiver for SC systems. Among these methods, it has been shown that extending the data block with a sequence can be more beneficial than the cyclic extension as it enables various techniques for non-linear frequency domain equalization (FDE), time-frequency synchronization, channel estimation, phase tracking (similar to the principles of PTRS), and noise estimation. IEEE 802.11ad/ay have adopted the sequence-based approach and the data blocks are extended with a set of Golay sequences to enable single-tap MMSE-FDE. 
Albeit the benefits of the SC-QAM, the main concerns on SC-QAM waveform for NR-U may be listed as follows: 
· Standardization effort: The numerology for SC-QAM may need to be different than the agreed numerologies for below 52.6 GHz, which may result in extra standardization effort for NR-U.
· Performance: The down-sampling at the SC receiver before FDE as shown in Figure 3 leads to a suboptimal performance in fading channel. This is mainly because the down-sampling in time corresponds to overlapping in frequency domain as in Figure 5, which leads to incoherent combinations under a fading channel as the channel coefficients are arbitrary complex numbers in frequency. It has been shown that the down-sampling before FDE causes degradation at the receiver around 1 dB in peak-throughput as compare to a DFT-s-OFDM waveform [9].
[image: ]
[bookmark: _Ref505257165]Figure 5: Equivalent representation of down-sampling with DFT and IDFT operations
· Spectral efficiency: SC-QAM waveform handles the interference among the channels by utilizing a shaping filter. The filter leads to roll-off bands and additional guard bands may be needed to decrease the interference. However, this bands cause a less spectrally-efficient system. 

Wide-band DFT-s-OFDM
Another option for the waveform in 60GHz band is to use a wide-band DFT-s-OFDM with large DFT precoder while reusing the existing waveform structure defined for the licensed bands below 52.6 GHz (i.e., Figure 1) for NR-U. One can show that the data symbols are convolved with a Dirichlet sinc function circularly in time with DFT-s-OFDM. Hence, its time-domain characteristics is similar to SC-QAM. The PAPR is slightly larger than that of SC-QAM due to the side lobes of Dirichlet sinc in time. However, this difference can be addressed by introducing frequency domain windowing as shown in Figure 6 [9]. Since DFT-s-OFDM is also a precoded OFDM symbol, it can enable efficient FDMA by eliminating the guard bands required for the one with SC-QAM waveform and orthogonalize the waveform on different channels. Another advantage is that it can admit phase tracking reference symbols (PTRS) which was agreed in the previous meetings for the licensed bands, which is essential for the phase noise compensation at high frequencies. 
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[bookmark: _Ref505269808]Figure 6 :Comparison of SC-QAM and DFT-s-OFDM in terms of PAPR
Considering the channelization at 60 GHz, the OCB requirement, and the incumbents’ waveforms, NR-U can support similar bandwidth to that of incumbents at 60 GHz. To this end, additional numerology options to the existing numerologies can be introduced for NR-U at 60 GHz as in Table 4. For example, Option 2, Option 4, or Option 6, which leads to maximum bandwidth of 1.584 GHz, may be considered. As compared to other options, Option 2 uses a smaller IDFT size of 1024 (i.e., less-hardware complexity) and a larger subcarrier spacing of 1920 kHz (i.e., more immunity against phase noise) comparing to other options. Option 4 ( kHz) and Option 6 ( kHz) is similar to the existing numerology with  kHz and  kHz, respectively, but the sample rate is quadrupled. Considering the numerology options in Table 4, the DFT precoder size for NR-U at 60 GHz may be set to maximum available size, i.e., .
[bookmark: _Ref505331656]Table 4 Possible numerology options for NR-U at 60 GHz band
	
	 [kHz]
	
	
	 [kHz]
	# of guard tones on edge
	Bandwidth
	# of RBs

	Existing numerology
(R15)
	15
	
	4096
	307202=61440
	398
	49500
	275

	
	30
	
	4096
	307204=122880
	398
	99000
	275

	
	60
	
	4096
	307208=245760
	398
	198000
	275

	
	120
	
	4096
	3072016=491520
	398
	396000
	275

	
	240
	
	2048
	3072016=491520
	196
	397440
	138

	
	
	
	
	
	
	
	

	Option 1
	960
	
	1024
	3072032=983040
	98
	737280
	69

	Option 2
	1920
	
	1024
	3072064=1966080
	98
	1474560
	69

	Option 3
	480
	
	2048
	3072032=983040
	196
	777600
	138

	Option 4
	960
	
	2048
	3072064=1966080
	196
	1555200
	138

	Option 5
	240
	
	4096
	3072032=983040
	398
	777600
	275

	Option 6
	480
	
	4096
	3072064=1966080
	398
	1555200
	275



Note that these numerology options maintain the orthogonality between the tones on different channels. The channelization in 60 GHz band is based on 2.16 GHz. Since 2.16 GHz is integer multiple of  kHz for  (e.g., when , 2160e6/1920e3=1125), it is possible to orthogonalize the subcarriers at different channels up to  kHz. For example, if the subcarrier spacing is chosen as 480 kHz, it is possible to place 4500 orthogonal subcarriers at the bandwidth of 2.16 GHz. Hence, one can use 4096 of 4500 orthogonal tones (i.e., the IDFT size is assumed to 4096) to achieve the orthogonality among the tones located at other channels as illustrated in Figure 7. 
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[bookmark: _Ref505331499]Figure 7: An example utilization of the 60 GHz channels
[bookmark: _Ref505784229]Proposal 3: RAN1 should consider the possibility of introducing higher subcarrier spacing (240 kHz) for data in 60GHz spectrum
The waveform design should enable the coexistence with incumbents. Hence, the requirements such as ACI should also be considered. Since the incumbents’ waveform in 60 GHz is SC-QAM, they can lead to low adjacent channel interference to NR-U. Windowing or filtering should also be applied for DFT-s-OFDM. In addition, since large subcarrier spacing with existing NR numerology reduces to cyclic prefix duration, the inter-symbol interference may be re-evaluated for 60 GHz. Similar approaches to the flexible guard intervals in IEEE 802.11ay may be utilized to address inter-symbol interference [10][11] and low out-of-band emission (i.e., the coexistence). 
B-IFDM
B-IFDM shown in Figure 2 is another candidate for 60 GHz. We do not recommend B-IFDM for the operation at 60 GHz for NR-U because of the following reasons:
· Immunity against impairments: While it is trivial to address the phase noise impact with SC-QAM and wide band DFT-s-OFDM along with the existing NR’s PTRS design, B-IFDM may not get benefit from the agreed PTRS structure for licensed bands. In addition, B-IFDM with DFT precoding is not exactly a SC waveform as the mapping in frequency is not localized. Hence, the PAPR performance is worse than that of SC-QAM and DFT-s-OFDM.
· Standardization effort: Since interlace structure in 60 GHz may require new reference signal designs, the effort for new RS design may cause extra standardization effort for NR-U. As the channel bandwidth is 2.16 GHz in 60 GHz, a completely new interlace design (i.e., , and  in 
· Figure 2) is needed. This may cause extra standardization effort for NR-U. 
· Time-domain utilization: In 60 GHz, time domain duplexing (TDD) may be more beneficial than frequency domain duplexing (FDD) to reduce the beam training procedure as the network can exploit the channel reciprocity with TDD. As the chance of having interference is low with narrow beam transmission, a simple LBT protocol may be desired in 60 GHz band. Hence, the interlace structure in frequency may not be beneficial since the channel selectivity reduces in 60 GHz band along with narrow beams.
Based on the above discussion, we have the following proposal for NR-U waveform at 60 GHz.
[bookmark: _Ref505784230]
Proposal 4: For 60 GHz band, OFDM and DFT-s OFDM in both UL and DL should be studied considering incumbent waveforms, hardware impairments, and regulatory requirements. 
Conclusions
In this contribution, we reviewed the waveform technologies for NR operation in unlicensed spectrum. We propose the followings: 
Proposal 1: NR-U shall support the same channelization of 802.11 for 5 GHz and 60 GHz.
Proposal 2: NR-U should support at least up to 60 kHz subcarrier spacing for sub 6 GHz bands and study the subcarrier spacing of 120 kHz for data.
Proposal 3: NR-U should consider interlaced transmission for UL transmissions with both OFDM and DFT-s-OFDM.
· FFS: Techniques to improve PAPR performance and performance sensitivity in frequency selective channels.
Proposal 4: RAN1 should consider the possibility of introducing higher subcarrier spacing (≥240 kHz) for data in 60GHz spectrum
Proposal 5: For 60 GHz band, OFDM and DFT-s OFDM in both UL and DL should be studied considering incumbent waveforms, hardware impairments, and regulatory requirements.
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