3GPP TSG RAN WG1 #101-e		R1-2003304
E-meeting, 25th May – 5th June 2020

Source:	Lenovo, Motorola Mobility
Title: 	Discussion on potential physical layer impacts for NR beyond 52.6 GHz
Agenda Item:   8.1.1
Document for:	Discussion
1	Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In RAN#86, a new SI has been approved for supporting NR from 52.6 GHz to 71 GHz in NR Rel. 17 with following objectives captured in RP-193259:

· 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 and provide our views on simulation requirements to study the applicability of additional numerologies with higher subcarrier spacing in the FR from 52.6 GHz to 71 GHz. Also, we discuss potential impacts of introducing additional numerologies. 

Furthermore, we provide some initial simulation results for demonstrating the impact of phase noise for different subcarrier spacings in section 5 and some additional results with simulation parameters in appendix section.

2	Impact of phase noise at high frequencies
In order to support NR in higher frequency range such as beyond 52.6 GHz, one of the key issues is to study the impact of RF impairments such as phase noise and whether further enhancements are needed to fulfil the performance requirements for different use cases that are expected to be supported in this frequency range. 
For comparable simulations from different companies, it is crucial to discuss and converge on at least high-level assumptions and key aspects that need to be studied for considering new numerologies and/or any further enhancements to reduce the phase noise impacts.

2.1 New numerologies, maximum BW & FFT size

Currently in NR, for data channels, SCS up to 120 kHz can be applied i.e. numerology with =0,1,2,3, where μ=0,1 is mainly for FR1 and μ=3 is for FR2. μ=2 is optional UE feature. Now, if we consider numerologies higher than 120 kHz for FR beyond 52.6 GHz, one of the major concerns is the phase noise impact. Therefore, higher numerologies should be considered only if significant performance gain for phase noise reduction is demonstrated in comparison to existing numerologies.

Proposal 1: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, higher subcarrier spacing (numerologies) than 120 kHz should be adopted only if there is a significant performance gain in terms of phase noise reduction in comparison to existing subcarrier spacing (numerologies).

Other factors associated with applying higher numerologies would be the maximum bandwidth part size or alternatively maximum FFT size supported. Currently in NR, there is a limitation of FFT size up to 4096 for each of the supported numerologies. In our opinion, maintaining the same limit on maximum FFT size for higher numerology should be followed to avoid implementation complexity, especially for UE receivers.

Proposal 2: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, if higher subcarrier spacings (numerologies) are adopted the existing limitation of maximum FFT size 4096 should still be followed.
According to the current limitation of maximum FFT size, with the subcarrier spacing of 120 kHz the maximum bandwidth size for single CC can be up to 400 MHz Based on similar assumption, for evaluating existing waveforms with higher subcarrier spacing, similar restriction in terms of maximum CC BW size that can be supported should also be followed. Table 1 illustrates the combination of different subcarrier spacings and maximum CC BW size (maximum FFT size of 4096). 

Table 1: Subcarrier spacing and maximum CC BW size for FFT size 4096
	Subcarrier spacing (numerology μ)
	Maximum CC BW size for FFT size 4096

	60 kHz (μ = 2)
	200 MHz

	120 kHz (μ = 3)
	400 MHz

	240 kHz (μ = 4)
	800 MHz

	480 kHz (μ = 5)
	1600 MHz

	960 kHz (μ = 6)
	3200 MHz


 
In Wi-Fi in the 60 GHz band, the carrier BW size supported is ~2 GHz and if similar scale is envisioned for NR-U operation in 60 GHz band with a single CC, then 960 kHz of subcarrier spacing would be sufficient to support very large CC BW size. For this reason, subcarrier spacing up to 960 kHz should be considered for evaluation and much higher subcarrier spacing should not be considered for evaluation purpose to keep the simulation efforts reasonable. 

Proposal 3: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, the evaluations of higher subcarrier spacing (numerologies) should be limited to no higher than 960 kHz (μ = 6).

2.2 Cyclic prefix length for new numerologies and maximum delay spread

Another important aspect to consider when evaluating higher subcarrier spacing is the cyclic prefix length required to support high delay spreads. Although increasing the subcarrier spacing may help to negate the phase noise impact and improve the BLER, the cyclic prefix length decreases along with the symbol length with increasing subcarrier spacing, and might need to be extended such that the cyclic prefix length is greater than the maximum channel delay spreads that need to be supported for different use cases in higher frequency range. Consequently, the overall spectral efficiency might suffer due to extended cyclic prefix length. 

Proposal 4: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, the evaluations of higher subcarrier spacing (numerologies) should also consider the cyclic prefix length for maximum channel delay spread and its impact on the overall spectral efficiency.

2.3 Phase noise compensation

For FR2, currently different configurations of PT-RS are specified in NR for phase noise compensation depending upon different factors such as allocated bandwidth, MCS, etc. For new subcarrier spacings, if adopted for the FR from 52.6 GHz to 71 GHz, the existing PT-RS configurations should be used as the baseline for performance comparison. In addition, new PT-RS configurations could be considered for FR beyond 52.6 GHz with existing subcarrier spacing and performance should be evaluated with the baseline PT-RS configurations and higher SCS. Basically, there should be at least two evaluations. First, evaluating phase noise compensation with existing PT-RS configurations for higher subcarrier spacings for FR beyond 52.6 GHz. Second, new PT-RS configurations could be evaluated for FR beyond 52.6 GHz with existing and new higher subcarrier spacings.

Proposal 5: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, existing subcarrier spacing with new additional PT-RS configurations should be considered for evaluation and performance should be compared with respect to higher subcarrier spacings using existing PT-RS configurations
· Evaluate if new PT-RS configurations provide significant performance gain for FR beyond 52.6 GHz

3	Study on other RF impairments
As mentioned before, increasing subcarrier spacing helps in reducing the impact of phase noise. However, when evaluating higher subcarrier spacing, other RF impairments need to be considered as well. These impairments such as power amplifier non-linearity and IQ imbalance significantly degrade the system performance at high frequencies and need to be part of the simulation assumptions. Realistic models based on hardware measurements or circuit simulation for the band between 52.6 GHz and 71 GHz should be used. 

Proposal 6: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, RF impairments that would degrade the system performance need to be considered in the simulation with realistic models. 

4	Potential impacts of higher subcarrier spacing
4.1 Processing timelines
If higher subcarrier spacings are adopted for FR beyond 52.6 GHz, then further impact and further enhancements on other physical layer channels, signalling and procedures should be considered. 
Major foreseeable impact is expected to be on the processing timeline involving different procedures such as PDCCH processing, PUSCH preparation & transmission, HARQ-ACK preparation & transmission, SRS preparation & transmission, CSI processing and reporting timeline. Although, the timelines as such could possibly be scalable in terms of number of symbols proportional to the associated subcarrier spacing, but when a UE is expected to process/prepare for transmissions associated with different subcarrier spacings ranging from 15 kHz to possibly 960 kHz in a parallel manner, then enhancements could be considered on how to efficiently utilize UE’s limited processing capability to reduce latency and handle processing/preparation of transmissions associated with multiple numerologies.

Proposal 7: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, if higher subcarrier spacings (numerologies) are adopted, then potential enhancements should be considered on how to efficiently utilize UE’s limited processing capability to reduce latency and handle processing/preparation of transmissions associated with multiple numerologies parallelly. 
4.2 UL interlacing for NR-U 
For channel access in unlicensed band below 6 GHz, the UE is required to follow the maximum PSD restrictions which is already defined in many regions. To allow the UE to transmit high power and span a wide bandwidth but without occupying entire system bandwidth, PRB interlacing has been introduced in Rel-14 for eLAA uplink. The maximum PSD and EIRP requirements exist in many different regions also for the frequency band beyond 52.6GHz, which regulates the maximum transmitted power allowed for a certain bandwidth with strong requirements compared to lower frequency bands. As the frequency band beyond 52.6GHz faces many challenges, such as higher phase noise (with existing numerologies) and lower power amplifier efficiency, an initial effort to enable and optimize 3GPP NR system for operation in above 52.6 GHz was the agreement on studying the support of higher SCS. Since the interlacing design depends on the maximum PSD, the number of allocated PRBs and the configured SCS, it is important to study new interlacing designs including sub-PRB interlacing that are applicable for high subcarrier spacing in order to enable UEs to transmit with higher power with satisfying the maximum PSD requirements. 
Proposal 8: For supporting NR beyond 52.6 GHz in unlicensed band in Rel. 17, study the enhancement of PRB/sub-PRB interlacing designs for NR with higher SCS (beyond Rel.16 numerologies), if agreed to be supported.

5	Summary & observation of simulation results
5.1 Simulation parameters

In Table 1, corresponding to the SCS value, the FFT size, symbol length (without the CP), the cyclic prefix length and corresponding slot lengths are shown, as used in the simulations. 

Table 1: SCS and corresponding symbol, CP and slot duration
	SCS 

	FFT size
(Sampling rate= 0.491520 GHz)
	Symbol length 
(w/o CP)
	CP 
(l=0,7) / (l≠0,7)
	Slot length

	120 kHz
	4096
	8.3333 µs
	0.651 µs / 0.586 µs 
	125 µs

	240 kHz
	2048
	4.1666 µs
	0.325 µs / 0.293 µs
	62.5 µs

	480 kHz
	1024
	2.0833 µs
	0.163 µs / 0.146 µs
	31.25 µs

	960 kHz
	512
	1.0416 µs
	0.081 µs / 0.073 µs
	15.625 µs

	1920 kHz
	256
	0.5208 µs
	0.040 µs / 0.036 µs
	7.8125 µs






In Table 2, the simulation parameters are shown that are used along with the parameters from Table 1.

Table 2: Simulation Parameters

	Parameters
	Values

	Waveform
	CP-OFDM

	Phase noise model
	Ex-2 UE/gNB from TR38.803
Ex-2 UE @UE Tx, Ex-2 gNB @gNB Rx

	Channel
	CDL-A

	Delay spread
	10 ns, 30 ns

	Speed
	3 Km/h

	DMRS Type
	Type 1

	Additional DMRS
	None

	Channel estimation
	LMMSE

	Carrier frequency
	52.6 GHz, 60 GHz, 71 GHz

	Antenna Config
	M=1, N=2, P=1, Mg=1, Ng=1

	Allocated RBs
	2

	Tx, Rx
	2 x 2

	waveforms
	CP-OFDM

	Phase noise compensation
	CPE, ~8% PT-RS overhead with K = 2 and L=1



5.2 Impact of SCS with different MCSs


Figure 1: BLER vs SNR for different MCS and SCS at 60 GHz


As can be seen in Figure 1, for lower MCS, the SNR range to achieve 10% BLER is almost same for all the SCS values. However, for higher MCS such as MCS22, performance gain becomes quite significant as we increase the SCS value from 120 kHz to 1920 kHz. Therefore, for beyond 52.6 GHz with higher MCS, new numerology should be introduced.  
Observation 1: Performance gain can vary considerable with different SCS values for relatively high MCS values.

Proposal 9: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, higher subcarrier spacing (numerologies) than 120 kHz should be adopted for at least high MCS range.
5.3 Impact of SCS with different carrier frequencies
[image: ]
Figure 2: BLER vs SNR for different carrier frequencies and SCS

In Figure 2, it can be observed that as the carrier frequency is increasing from 52.6 GHz to 71 GHz, the performance gain of a given SCS value is decreasing. Therefore, the SCS value that might be sufficient to achieve the target performance requirements at 52.6 GHz, might not be enough to achieve the target performance at 71 GHz. Furthermore, it can be observed that the performance difference between different carrier frequencies is larger with lower SCS in comparison to that with higher SCS
Observation 2: SCS values that might be enough to achieve the target performance requirements at 52.6 GHz, might not be enough to achieve the target performance at 71 GHz.
5.4 Impact of SCS with different delay spreads
                [image: ][image: ]            
Figure 3: BLER vs SNR for different delay spreads and SCS at 60 GHz

In Figure 3, the impact of higher delay spread can be seen, where for lower delay spread (left figure), the performance gain for the highest SCS value i.e. 1920 kHz is quite clear. However, for higher delay spread, the performance gain for the highest SCS value in comparison to lower value is not quite evident. This can be attributed to the cyclic prefix length as for these figures, only normal cyclic prefix length is used.
Observation 3: Performance gain with higher SCS values diminishes as the channel delay spread is increased.


6	Conclusion 

Here we summarize the observations and proposals from the sections above:

Proposal 1: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, higher subcarrier spacing (numerologies) than 120 kHz should be adopted only if there is a significant performance gain in terms of phase noise reduction in comparison to existing subcarrier spacing (numerologies).

Proposal 2: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, if higher subcarrier spacings (numerologies) are adopted the existing limitation of maximum FFT size 4096 should still be followed.

Proposal 3: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, the evaluations of higher subcarrier spacing (numerologies) should be limited to no higher than 960 kHz (μ = 6).

Proposal 4: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, the evaluations of higher subcarrier spacing (numerologies) should also consider the cyclic prefix length for maximum channel delay spread and its impact on the overall spectral efficiency.

Proposal 5: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, existing subcarrier spacing with new additional PT-RS configurations should be considered for evaluation and performance should be compared with respect to higher subcarrier spacings using existing PT-RS configurations
· Evaluate if new PT-RS configurations provide significant performance gain for FR beyond 52.6 GHz
Proposal 6: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, RF impairments that would degrade the system performance need to be considered in the simulation with realistic models. 

Proposal 7: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, if higher subcarrier spacings (numerologies) are adopted, then potential enhancements should be considered on how to efficiently utilize UE’s limited processing capability to reduce latency and handle processing/preparation of transmissions associated with multiple numerologies parallelly. 

Proposal 8: For supporting NR beyond 52.6 GHz in unlicensed band in Rel. 17, study the enhancement of PRB/sub-PRB interlacing designs for NR with higher SCS (beyond Rel.16 numerologies), if agreed to be supported.

Proposal 9: For supporting NR beyond 52.6 GHz with existing waveforms in Rel. 17, higher subcarrier spacing (numerologies) than 120 kHz should be adopted for at least high MCS range.

Observation 1: Performance gain can vary considerable with different SCS values for relatively high MCS values.
[bookmark: _GoBack]Observation 2: SCS values that might be enough to achieve the target performance requirements at 52.6 GHz, might not be enough to achieve the target performance at 71 GHz.
Observation 3: Performance gain with higher SCS values diminishes as the channel delay spread is increased.
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