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Introduction
In RAN #86, the objectives of the study item for supporting NR from 52.6 to 71 GHz include [1]:· Study of required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz
· Study of applicable numerology including subcarrier spacing, channel BW (including maximum BW), and their impact to FR2 physical layer design to support system functionality considering practical RF impairments [RAN1, RAN4].
· Identify potential critical problems to physical signal/channels, if any [RAN1].

· Study of channel access mechanism, considering potential interference to/from other nodes, assuming beam based operation, in order to comply with the regulatory requirements applicable to unlicensed spectrum for frequencies between 52.6 GHz and 71 GHz [RAN1].
· Note: It is clarified that potential interference impact, if identified, may require interference mitigation solutions as part of channel access mechanism


In this contribution, we discuss a few aspects of the operations of NR on frequencies from 52.6 GHz to 71 GHz.

Supporting NR Operation from 52.6 GHz to 71 GHz 
Frequency bands above 52.6 GHz can provide several advantages such as limited interference, wider bandwidth, high-gain beamforming/multi-beam systems, etc. Therefore, new use cases like eMBB with high data rate, short range D2D communications with high data rate, wireless display transfer for AR/VR, etc. can be enabled.
To support NR from 52.6 GHz to 71 GHz, operation on both licensed and unlicensed spectrum with a range of ultra-wide-bandwidth frequency bands needs to be considered. For example, the whole 57 GHz – 71 GHz frequency range is available in USA, providing 14 GHz of contiguous bandwidth. In addition, the 66 GHz to 71 GHz band was recently opened for licensed use in international telecommunications union (ITU) Regions 1 and 3.  
NR Rel-15/16 supports a range of subcarrier spacings (SCS) to handle different use cases and various frequency ranges. The frequency range 1 (FR1) or sub-7 GHz is defined for carrier frequencies 410 MHz - 7.125 GHz and supports SCSs 15/30/60 kHz (i.e., ), while FR2 is defined for frequency range 24.25 GHz - 52. 6GHz and supports 60/120 kHz SCSs (i.e., ). However, so far, the maximum channel bandwidth NR can support is still limited. For example, the maximum channel bandwidth it can support is up to 400 MHz when SCS = 120 kHz.  

In the following sections, we discuss the requirements for NR operation from 52.6 GHz to 71 GHz. 
1.1 Numerologies for NR from 52.6 GHz to 71 GHz
One of the major considerations for NR operation from 52.6 GHz to 71 GHz is the co-existence with other radio access technologies (RAT) such as IEEE WiFi 802.11 ad/ay. For example, 802.11 ad/ay may be operated from 57 GHz to 67 GHz in Europe and USA. In addition, the (minimum) channel bandwidth of 802.11 ad/ay is 2.16 GHz. Therefore, a suitable listen-before-talk (LBT) bandwidth for NR-U operation from 52.6 GHz to 71 GHz band may be around 2 GHz for co-existence with 802.11ad/ay. Assuming not changing the maximum FFT size, supporting higher subcarrier spacings (SCS) is beneficial to reach an LBT bandwidth of 2 GHz. 
Another major aspect to be considered in determining the SCS used for FR4 band is the phase noise (PN). According to the study in [2], the PN will significantly increase with increased carrier frequency. In practice, larger SCS can alleviate some of the inter-(sub)carrier interference (ICI) caused by PN, which is necessary for supporting higher QAM modulation such as 64 QAM and 256 QAM for NR operating from 52.6 GHz to 71 GHz.  Therefore, the SCS for 52.6 GHz to 71 GHz and beyond needs to be increased properly compared to the supported SCS in FR1 and FR2 band. 
The scalable SCS in NR can be expressed as a scalable subcarrier spacing factor as , where  = 15 kHz is the minimum subcarrier spacing used in NR frequency range 1 (i.e., FR1) with  and FR2 with , correspondingly. Based on the current NR scalable subcarrier spacing factor rule and further assuming the maximum FFT size is unchanged, we list the possible numerology to support NR operation for both licensed and unlicensed band from 52.6 to 71 GHz in Table 1.  
[bookmark: _Ref32176386]Table 1  Possible supported numerologies for NR from 52.6 to 71 GHz.
	Numerology
	
	
	
	
	
	

	Subcarrier spacing (SCS) [KHz]
	120 
	240 
	480 
	960 
	1920 
	3840

	Sampling Frequency
	491.52
	983.04
	1966.08
	3932.16
	7864.32
	15728.64

	Maximum FFT size
	4096
	4096
	4096
	4096
	4096
	4096

	Maximum number of PRBs 
	264
	264
	264
	264
	264
	264

	Slot duration [us]
	125
	62.5
	31.25
	15.625
	7.8125
	3.90625

	Maximum channel bandwidth [MHz]
	400
	800
	1600
	3200
	6400
	12800


 
One thing worth noting from Table 1 is that the increased channel bandwidth comes with the price of increasing the sampling rate or frequency. To support very high sampling frequencies (more than GHz/s) can be challenging for circuit design and consume more power than for UEs operating in FR1 and FR2 bands. Therefore, we propose to study the supported numerology for supporting NR operation from 52.6 – 71 GHz. In the study, not only the increased scalable numerology but also the UE capability, processing time and power consumption need to be considered.  
Proposal 1. To support various wide bands and use cases for NR operation from 52.6 GHz to 71 GHz, a wide range of numerologies need to be studied, also considering the UE capability, processing time and power consumption. 

1.2 Practical Challenges  
As pointed out in [1], the frequency band above 52.6 GHz faces several challenges, such as higher PN, significant propagation loss due to high atmospheric absorption in certain frequencies, higher sampling frequency and lower power amplifier (PA) efficiency, etc. Therefore, there is a need to evaluate whether the existing waveforms in NR meet the performance requirements after the adaptation to wider bandwidth in the 52.6-71 GHz band. 
In NR, the downlink (DL) supports cyclic prefix OFDM (CP-OFDM) and the uplink (UL) supports two waveforms i.e., CP-OFDM and Discrete Fourier Transform spread OFDM (DFTs-OFDM). In NR, whether a UE uses CP-OFDM or DFT-s-OFDM in UL is determined by the RRC configuration. It is notable that, since DFT-s-OFDM can be treated as a single-carrier (SC) waveform, it outperforms CP-OFDM waveform in terms of peak-to-average power ratio (PAPR) or cubic metric (CM). The PAPR has a major implication on the efficiency of the power amplifiers (PA), hence, it is preferred for NR UL transmission for coverage enhancement. At higher frequency bands such as 52.6 GHz and above, which operate with wide transmission bandwidths, the design requirements for PA is significantly more challenging than in FR1 and FR2. Therefore, it would be beneficial to further consider reducing PAPR/CM from existing NR waveform to alleviate the PA design challenges in the higher frequency regime. For reference, Figure 1 compares the PAPR characteristics with 16 QAM and 64 QAM modulation, respectively. Assuming an FFT size of 4096 and 264 allocated RBs, DFT-s-OFDM PAPR performance outperforms CP-OFDM around 2.5 dB at 99.9% percent of the time, in Figure 1.
[image: ]
[bookmark: _Ref33360524]Figure 1: PAPR performance of 16 and 64 QAM for CP-OFDM and DFT-s-OFDM
Observation 1. Power amplifier implementation and efficiency is challenging for 52.6 GHz to 71 GHz, which makes PAPR performance more important. DFT-s-OFDM in general outperforms CP-OFDM in PAPR/CM performance. 
Phase noise (in oscillators) is caused by the noise in the active components and lossy elements which is converted to the carrier frequency . Lower PN is a desirable requirement for high-order QAM to improve the spectral efficiency. In Rel-15, PT-RS has been introduced to mitigate the phase noise issue for the FR2 band. In Rel-15, tracking PN is based on common phase error (CPE). However, phase noise tracking based on CPE adopted in Rel-15 may not be able to deal with the increased PN noise introduced in higher frequency bands and beyond especially for higher QAM cases. Furthermore, combining increased SCSs, which helps to mitigate PN, with increased channel bandwidth also leads to increased transmitter (TX) and receiver (RX) noise power which limits the coverage of the system. Therefore, the design should balance the trade-off between the significantly increased bandwidth and higher QAM detection performance to support NR operation from 52.6 GHz to 71 GHz. However, the current Rel-15 PT-RS may not be able to sufficiently support accurate PN noise estimation for certain supported numerologies and it may require some enhancements or modification to meet the EVM requirement as addressed in [3]. 
Proposal 2. The impact of phase noise should be studied for NR operation from 52.6 to 71 GHz and beyond.  

Conclusion
In this contribution, we discussed the waveform consideration for supporting NR from 52.6 to 71 GHz. The following proposals and observations were made:
Proposal 1. To support various wide bands and use cases for NR operation from 52.6 GHz to 71 GHz, a wide range of numerologies need to be studied, also considering the UE capability, processing time and power consumption. 
Observation 1. Power amplifier implementation and efficiency is challenging for 52.6 GHz to 71 GHz, which makes PAPR performance more important. DFT-s-OFDM in general outperforms CP-OFDM in PAPR/CM performance. 
Proposal 2. The impact of phase noise should be studied for NR operation from 52.6 to 71 GHz and beyond.  
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