[bookmark: _Hlk4231204][bookmark: _Ref513464071]3GPP TSG RAN WG1 #101			 R1-2004299
e-Meeting, May 25th – June 5th, 2020

Agenda Item:	8.1.1
Source:	InterDigital, Inc.
Title:	Consideration on supporting above 52.6GHz in NR
Document for:	Discussion and Decision
Introduction
The SI for higher frequency support (up to 71 GHz) has been approved for Rel-17 with the following RAN1 lead objectives [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 potential issues and associated standards impacts to support higher frequencies up to 71GHz in NR.
Bandwidth and Numerologies
Bandwidth
Although mmW spectrum (52.6 GHz to 71 GHz) allows a bandwidth of 2.16 GHz, most of the regions impose a strict occupied bandwidth rule of 70% to 100% of system bandwidth. This restriction may cause problems especially in the uplink direction as UE may not have enough data to fulfil this requirement and/or UE would have to consume a higher RF and baseband power than needed. In addition, NR should support different maximum possible bandwidth in different bands which requires configurable bandwidth. At least for study purposes, multiples of 400 MHz which has been supported for FR2 can be considered up to 2GHz. For example, 800 MHz, 1.6 GHz, and 2 GHz may be additionally considered for above 52.6GHz.
Proposal 1: Study multiples of 400 MHz up to 2 GHz is considered for above 52.6 GHz.
Even though choosing the smaller bandwidth will be better to fulfill the regulation requirement of occupied bandwidth and to reduce power consumption, this may cause coexistence issues with other RAT (e.g. 802.11 ad/ay) that currently exist in the mmW spectrum of 52.6 GHz to 71 GHz and use 2.16 GHz bandwidth.
Proposal 2: Study potential coexistence issue with other RAT in the spectrum of 52.6 GHz to 71 GHz .
Subcarrier spacing
It has been agreed to study the applicable numerology to support higher frequency between 52.6GHz and 71GHz [1]. In that frequency range, phase noise and carrier frequency offset is much higher due to imperfection of PA and Local Oscillator (LO). Furthermore, the Doppler shift/spread is larger as carrier frequency goes higher. A larger subcarrier spacing may mitigate the adverse impacts from higher phase noise and carrier frequency offsets. 
The Figures 1 and 2 show the BLER performance according to the subcarrier spacing with and without the presence of RF impairments using CDL channel models. As seen in the figures, the performance loss from RF impairments gets mitigated as subcarrier spacing becomes larger especially when higher modulation order is used. 
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[bookmark: _Ref40352266]Figure 1. BLER performance based on subcarrier spacing in the presence of RF impairments (64-QAM, CDL-D with 40ns delay spread)
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[bookmark: _Ref40352682]Figure 2. BLER performance based on subcarrier spacing in the presence of RF impairments (16-QAM, CDL-B with 100 ns delay spread) 
From the observations, it is obvious that subcarrier spacing larger than 120 kHz should be considered to combat RF impairments as well as PAPR issues.
Observation 1: a larger subcarrier spacing mitigates the RF impairments in higher frequency especially for higher modulation order 
Another factor to consider while selecting subcarrier spacings is the practical aspect of FFT sizes. The maximum FFT size supported in Rel-15/16 is 4096-point FFT. By limiting the subcarrier spacings with the maximum FFT size, the implementation impacts for re-designing the FFT engines can be avoided.
Observation 2: limiting subcarrier spacing choices to keep the maximum FFT size as in Rel-15/16 can reduce implementation burden for redesigning FFT engine 
Additional criteria to consider while selecting subcarrier spacings is to minimize the design of physical channels such as PSS/SSS and PBCH and to limit the minimum FFT size to 512-point FFT.
Observation 3: limiting subcarrier spacing choices to keep the minimum FFT size to 512-points can avoid redesign of SS/PBCH block
From the discussion above, it is observed that limiting the subcarrier spacing choices to keep the minimum and maximum FFT sizes as in Rel-15 is beneficial in terms of implementation complexity as well as standards efforts.
Proposal 3: the candidate new subcarrier spacing is limited to the subcarrier spacing that is within minimum and maximum FFT sizes in Rel-15.
The Table 1 summarizes candidate subcarrier spacings for a give bandwidth which is within the existing minimum and maximum FFT sizes.

[bookmark: _Ref39948468][bookmark: _Ref40325025]Table 1 Examples of bandwidth, subcarrier spacings and FFT sizes
	Bandwidth
	Subcarrier spacing
	FFT size

	400 MHz
	120 kHz
	4096

	
	240 kHz
	2048

	
	480 kHz
	1024

	
	960 kHz
	512

	800 MHz
	240 kHz
	4096

	
	480 kHz
	2048

	
	960 kHz
	1024

	
	1.92 MHz
	512

	1.6 GHz
	480 kHz
	4096

	
	960 kHz
	2048

	
	1.92 MHz
	1024

	
	3.84 MHz
	512

	2 GHz
	960 kHz
	4096

	
	1.92 MHz
	2048

	
	3.84 MHz
	1024



Proposal 4: the bandwidth and subcarrier spacings in the table 1 is considered for the study.

CP length
The CP length in an OFDM system is chosen to be larger than the channel delay spread to avoid inter-symbol interference (ISI). The CP length in current NR specification is proportional to the OFDM symbol length. Therefore, the CP length gets shorter as subcarrier spacing becomes wider. Note that the use of larger subcarrier spacing is inevitable to combat against RF impairments in higher frequency.
The Table 2 shows the CP durations calculated based the formula in TS38.211 as a function of the subcarrier spacing proposed for study in Table 1. 
[bookmark: _Ref40339177]Table 2. CP durations based on the proposed subcarrier spacing 
	Subcarrier spacing
	Symbol Duration (without CP) (ns)
	Extended CP duration (ns)
	Normal CP

	
	
	
	(I= 0, 7) symbol (ns)
	Other Symbols (ns)

	120 kHz
	8333.3
	2083.3
	1106.8
	585.9

	240 kHz
	4166.7
	1041.7
	813.8
	293.0

	480 kHz
	2083.3
	520.8
	667.3 
	146.5

	960 kHz
	1041.7
	260.4
	594.1 
	73.2 

	1.92 MHz
	521.8
	130.2 
	557.5 
	36.6 

	3.84 MHz
	260.4
	65.1
	539.1 
	18.3 



The Table 3 shows the delay spread for the frequency ranges above 52.6GHz according to the scenarios from the TR 38.901. 
Table 3. Scenario specific scaling factors - for information only [3]
	
Proposed Scaling Factor  in [ns]
	Frequency [GHz]

	
	60
	70

	Indoor office
	Short-delay profile
	16 
	16 

	
	Normal-delay profile
	16
	16

	
	Long-delay profile
	38
	37

	UMi Street-canyon
	Short-delay profile
	27
	26 

	
	Normal-delay profile
	55
	53

	
	Long-delay profile
	293
	291

	Uma
	Short-delay profile
	75
	74

	
	Normal-delay profile
	228
	221

	
	Long-delay profile
	720
	698

	UMi / UMa O2I
	Normal-delay profile
	240

	
	Long-delay profile
	616



As seen in the Tables 2 and 3, there seems to be cases where delay spread is larger than CP length even in Indoor office scenario when the subcarrier spacing is 960kHz or larger. The Figure 3 shows the performance impact when the delay spread is larger than CP length due to ISI. In the simulation, SCS-3.84MHz and channel delay spread DSdesired = 100ns was assumed. 

[image: ]
[bookmark: _Ref40353276]Figure 3 BLER performance in CDL-B with 100ns delay spread (16-QAM)
Observation 4: using current formula to determine CP duration with a larger subcarrier spacing, the CP duration could be shorter than channel delay spread.
Although the CP length could be simply increased to address ISI issues in a channel with a large delay spread, it may increase CP overhead significantly. Therefore, the trade-off between overhead and performance loss with reasonable channel assumption has to be studied when a larger subcarrier spacing is introduced.
Proposal 5: study the trade-off between CP overhead and performance loss due to ISI for the candidate subcarrier spacings.

Evaluation Assumptions
RF impairments
RF impairments will play a significant role at high frequencies and need to be taken into account in the link level simulation for evaluating performance using larger subcarrier spacings. The two main RF impairments that will impact the performance at high carrier frequencies will be phase noise and power amplifier.
Proposal 6: Study performance impacts from phase noise and power amplifier when wider subcarrier spacing is used in above 52.6GHz frequency ranges.
Two local oscillator (LO) signal generation and distribution options were studied for phase noise [4], where the first option is based on centralized LO generation and the second option is based on distributed LO generation. Transceiver structures using centralized LO generation with a single PLL for all transceivers will have more correlated phase noise than the ones using Distributed LO generation with one PLL per transceiver. Centralized LO generation will cause lower performance especially for higher order modulation but will be more cost effective than Distributed LO generation transceiver.  Wider subcarrier spacings will be needed to mitigate the effect of correlated phase noise generated by centralized LO generation method.
From this observation, which option to use for evaluation may affect the decision for the introduction of new subcarrier spacing. Therefore, a common assumption for LO signal generation and distribution option for phase noise generation should be agreed for evaluation of larger subcarrier spacings.
Proposal 7: a common assumption for LO signal generation and distribution option for phase noise generation should be agreed.

Channel model
A severe pathloss is anticipated for the NLoS path in the frequency range above 52.6GHz. Note that it is observed that NLoS links produce 15-40dB weaker links than LoS [5]. The clustered delay line (CDL) model has been introduced for link level simulation especially when analog beamforming is used. Among CDL models, CDL-D and CDL-E have been introduced for LoS cases and K-factor can be set to a desired value. A high K-factor value should be used for link level evaluation to consider LoS dominant channel environment in the above 52.6GHz frequency range.
Proposal 8: A high Rician K-factor value (e.g., 10dB) is used for LoS based CDL model.
Physical channels/procedures
DM-RS
A larger subcarrier spacing could degrade channel estimation performance significantly as the frequency gap between two adjacent DM-RS REs in frequency gets effectively larger, thus resulting in poor interpolation performance. This may happen when the channel coherence bandwidth is smaller than the spacing between adjacent DM-RS REs.
The PDCCH DM-RS frequency density is relatively sparse as only 3 REs per RB, thus the DM-RS RE is located every 4 REs. Assuming that 3.84MHz subcarrier spacing (if supported) is used, there is no DM-RS over roughly 12 MHz. Considering that downlink coverage is determined based PDCCH coverage, the performance loss of PDCCH due to channel estimation should be avoided.
The DM-RS frequency density for PDSCH and PUSCH is denser than PDCCH but still there is one RE gap between two adjacent DM-RSs and the impact of channel estimation still needs to be evaluated when subcarrier spacing determined.
Proposal 9: Study channel estimation performance impact of PDCCH, PDSCH, and PUSCH with a larger subcarrier spacing. 

UE processing time
In NR, UE minimum processing time and switching time has been defined to guarantee the time gap when the UE processes PDCCH, PDSCH, CSI measurement, and RF retuning. It has been defined as a number of OFDM symbols per subcarrier spacing.
Considering that the OFDM symbol length gets shorter as the subcarrier spacing becomes larger, the UE processing time for new subcarrier spacings has to be also studied and specified.
Proposal 10: Study required UE processing time and switching time for larger subcarrier spacings to be introduced.
Summary
In this contribution, we discussed the issues in extending NR FR2 operations to 71 GHz. From the discussions, we propose the following: 

Proposal 1: Study multiples of 400 MHz up to 2 GHz is considered for above 52.6 GHz.
Proposal 2: Study potential coexistence issue with other RAT in the spectrum of 52.6 GHz to 71 GHz .
Proposal 3: the candidate new subcarrier spacing is limited to the subcarrier spacing that is within minimum and maximum FFT sizes in Rel-15.
Proposal 4: the bandwidth and subcarrier spacings in the table 1 is considered for the study.
Proposal 5: study the trade-off between CP overhead and performance loss due to ISI for the candidate subcarrier spacings.
Proposal 6: Study performance impacts from phase noise and power amplifier when wider subcarrier spacing is used in above 52.6GHz frequency ranges.
Proposal 7: a common assumption for LO signal generation and distribution option for phase noise generation should be agreed.
Proposal 8: A high Rician K-factor value (e.g., 10dB) is used for LoS based CDM model.
Proposal 9: Study channel estimation performance impact of PDCCH, PDSCH, and PUSCH with a larger subcarrier spacing. 
Proposal 10: Study required UE processing time and switching time for larger subcarrier spacings to be introduced.
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Annex: Simulation assumptions 
[bookmark: _GoBack]Table 4. simulation assumptions
	Carrier frequency
	60 GHz

	Duplexing
	FDD (for simplicity)/or TDD

	Bandwidth
	400 MHz
	2 GHz

	Subcarrier Spacing (kHz)
	120
	240
	480
	960
	960
	1920
	3840

	CP Type
	Regular
	Regular
	Regular
	Extended
	Extended
	Extended
	Extended

	Data bandwidth
	DL: 90% of system bandwidth
UL: 70% of system bandwidth (according to ETSI regulations)

	BS Antenna Configurations
	(M,N,P,Mg,Ng)=(4,8,2,2,2)  (dv,dH)=(0.5,0.5)  (dgv,dgH) = (2.0,4.0)
One TXRU per panel per polarization. DFT vector is used to map TXRU to antenna elements.  Per antenna element pattern is in TR36.873_v210 table 7.1.1

	UE Antenna Configurations
	(M,N,P,Mg,Ng)=(2,4,2,1,2); (dv,dH)=(0.5,0.5)  (dgv,dgH) = (0.0,0.0)  UE panels are exactly 180o rotated in azimuth

	Channel Model
	CDL-B, CDL-D (Rician K-factor = 10 dB),  
Delay spread = 40ns, 100ns, (optional 800 ns)
UE speed = 3 km/hr
The angles of BS, i.e., AoD, ZoD, are uniformly distributed within [-60, 60] degrees in azimuth domain and [90, 135] degrees in zenith domain, and those of UE, i.e., AoA, ZoA, are uniformly distributed 
Select the beam pair by maximizing received signal power per beam pair.
Method 1: The DFT beam directly is pointing to the strongest cluster

	RF impairments
	Phase Noise: Example 2 as specified in TR38.803 (sec. 6.1.11.2)
PA nonlinearity: Rapp model
No Frequency offset modeling

	Rank per UE
	1

	Channel/Noise Estimation
	Ideal, Realistic

	PTRS
	2% overhead (for CPE compensation) – For CP-OFDM as baseline use every 4th PRB in frequency and every OFDM symbol in time, if companies use anything else then elaborate, for SC waveforms elaborate the placement of PTRS

	DMRS
	Release 15

	MSC (PDSCH)
	Table 1 (38.214)
	Table 2 (38.214) (optional)

	
	QPSK
	16QAM
	64QAM
	256QAM (optional)

	
	7
	16
	22
	23
	27

	Metrics
	As per agreement (BLER vs. SNR, PAPR/Cubic Metric, OOBE/ACLR, UE Complexity, Transmitter EVM, if different than agreements then report receiver waveform design and power spectral density)

	Note 1: The panel with the best receive SNR is chosen for output metric i.e. no combining is done between panels (ref. R1-1701823)
Note 2: SNR reported is SNR/RE
Note 3: Transmission rank of 1 is assumed
Note 4: No codebook is used
Note 5: For NLoS channels (i.e. CDL-A/B/C), the angles of BS, i.e., AoD, ZoD, are uniformly distributed 
      within [-60, 60] degrees in azimuth domain and [90, 135] degrees in zenith domain, and those of 
      UE, i.e., AoA, ZoA, are uniformly distributed within [-180, 180] degrees in azimuth domain and 
      [45, 90] in zenith domain, via applying uniform-distribution desired mean angle in Section 7.7.5.1 
      in TR 38.900 accordingly.
Note 6: For LoS channel (i.e. CDL-D and CDL-E), angles of BS i.e. AoD and ZoD, are uniformly distributed 
     within [-60, 60] degrees in azimuth domain and [90, 135] degrees in zenith domain, and those of 
     UE, i.e., AoA and ZoA, will be translated as negative of the offset for AoD and ZoD.
Note 7: For all NLoS and LoS channels, scaling of angular spread is not performed and is equal to 1.
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