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Introduction
The study item on supporting NR from 52.6 GHz to 71 GHz [1] was approved at RAN#86. Before that, 3GPP RAN studied requirements for NR beyond 52.6GHz up to 114.25GHz, potential use cases and deployment scenarios, and NR system design requirements and considerations on top of regulatory requirements [2]. 
This contribution deals with required changes to NR using existing DL/UL NR waveform to support operation between 52.6 GHz and 71 GHz. More specifically, we consider the following objectives of the approved study item: 
· 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].
Discussion
Related to phase noise, RAN4 agreed a WF on PT-RS and RAN4 aspects in [3]. The main agreement in the WF states

· Based on simulations provided to RAN4#96-e, PT-RS enhancements for >52.6 GHz frequencies may enable better performance especially with high order modulations. 
à Include in reply LS to RAN1 that RAN4 sees enhancements to PT-RS may be useful for >52.6 GHz frequencies and respectfully asks RAN1 to take this into account in their work.

On the same topic, RAN1#102-e agreed:
Consider at least the following aspects of PT-RS design for a given SCS
· Phase noise compensation performance of existing PT-RS design
· Study of need of any modification/changes to existing PT-RS design
· Potential modification to the PT-RS pattern or configuration to aid performance improvement for CP-OFDM and DFT-s-OFDM waveforms (if needed)
· Potential methods to aid ICI compensation at the receiver (if needed)

Companies have proposed various phase noise models both in RAN1 and RAN4, arguing that their model is the correct one to be documented in the TR and/or used in RAN1 and RAN4 studies. Some companies have also been on the view that for RAN1 study the existing phase noise models in TR 38.803 can be used to guide the physical layer design whereas regarding RAN4 requirement work in WI phase some updates may be considered. In this contribution we compare the proposals from different companies, models in TR 38.803 and some examples of commercial component performance to reach a reasonable compromise in what can be considered a representative phase noise performance for 52.6 to 71 GHz.
It should be noted also that similar exercise was recently done for 7-24 GHz frequency range, and the results documented in TR 38.820. Similar level of detail for modeling phase noise should be used for 52.6 – 71 GHz.
Observation 1: Most recent reference for phase noise performance studies is 7-24 GHz frequency range, as documented in TR 38.820.
Proposal 1: The target shall be to capture phase noise studies with similar level of detail as was found appropriate for 7-24 GHz frequency range in TR 38.820.
Representative phase noise performance for 52.6 to 71 GHz.
Observations and proposals regarding phase noise performance have been done at least in [5][6][7][8][9]. It should be noted that while [5] and [6] are from the same source company, the proposals have been different in different working groups, so both contributions have been included here. Model from TR 38.803 as scaled to 60 GHz center frequency is illustrated in Figure A1-1 in Appendix A. Additionally, some data published in scientific forums and commercial component data sheets have been provided in [10][11][12].
When looking at the data sources it should be taken into account that here the data includes components from different cost and performance categories. Whereas models in [5] and [6] are based in data limited to low current consumption and low-cost category, components in [10] and [11] are high-cost and high performance. Various categories are included to improve the understanding on how the performance can vary based on design choices. Regarding UE performance, [12] would be the most appropriate comparison point as it has also low current consumption.
Observation 2: Commercial components included here have high current consumption and unit cost, and would be likely to be considered only for infrastructure side applications needing highest quality.
Comparison of the phase noise characteristics is provided in Figure 1. In the figure all models are scaled to operate at 70 GHz center frequency by using the well known 20 dB per decade phase noise increase when frequency is shifted.
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Figure 1: Comparison of various proposed phase noise models and some example components
It can be observed from Figure 1 that proposal in [4] seems to be an outlier with clearly worse performance than others and should be excluded from further evaluation. It can be also seen that TR 38.303 example 2 UE model seems to fit somewhat closely proposal in [6] and [7] but is performing worse than [12] especially from 10 kHz to 1 MHz offsets. On the other hand, at very low frequency offsets TR 38.803 example 2 UE model performs better than [6] and [7]. When looked over the whole frequency range, TR 38.803 example 1 has noticeably poorer fit to the component data than TR 38.803 example 2.
Observation 3: TR 38.803 example 2 UE model and some company proposals are rather aligned, especially considering that in [5] and [6] the published data is gathered limiting to cases with low current consumptions, therefore being not only applicable for infrastructure.
The infrastructure side curves from [10], [11] and TR 38.803 example 2 BS model there seems to be rather good alignment at high frequency offsets but at lower frequency offsets TR 38.803 ex2 BS model performs worse. This can be explained by the rather narrow loop bandwidth used in TR 38.803 ex2 BS model. If loop bandwidth would be wider, it would allow pushing the in-band (low frequency offset) phase noise lower, resulting in better overall match with the models. From these observations it can be concluded that the TR 38.803 example 2 model provides sufficiently accurate representation of phase noise performance in 52.6 to 71 GHz range for PHY studies to be done in RAN1. On the other hand, for detailed RAN4 requirement work in WI-phase it could be further considered whether loop bandwidths of those models should be extended to better reflect measured component performance.
Proposal 2: Inform RAN1 that PHY-layer studies can go on using phase noise model from section 6.1.11 of TR 38.803, scaled to the applicable operating frequency.
Proposal 3: For detailed RAN4 requirement work, it should be further considered whether the loop bandwidths in TR 38.803 example 2 models need to be extended and the models adapted accordingly.  
One important aspect of modelling phase noise is in which level of detail the RF architecture is considered. The actual LO-architecture of an antenna array can vary ranging from a single LO driving the whole antenna array up to small sub-arrays each having their own LO. When multiple LOs are considered, the phase noise output of those can have a varying degree of correlation. However, detailed and accurate modelling of such a setup is a tedious task, and does not achieve a meaningful improvement of lumping the composite performance of an array into a single PLL, independent of how the actual array is implemented. Overall, the LO-structure is on implementation specific aspect, and does not need to be considered in the standard. After all, all the measurements at this frequency range will be performed over-the-air, and therefore only the composite performance can be observed.
Proposal 4: Detailed LO-distribution architecture is an implementation specific aspect. RAN4 shall only model the phase noise performance of a complete BS or UE, and does not need to model the intricacies of numerous different LO-distribution options.
Link performance under phase noise 
As discussed in [2], carrier frequency offset and phase noise is much higher in spectrum beyond 52.6 GHz because of imperfections in the PA and crystal oscillator are more pronounced than at lower bands. In addition, Doppler shift/spread is larger with increasing carrier frequency. As a result, improving the robustness on frequency offset and phase noise is one of the key requirements for systems operating on bands above 52.6 GHz. Phase noise is an important factor defining which subcarrier spacing should be used in spectrum beyond 52.6 GHz.
MPR simulations shown in [9] indicate that modulation quality (EVM) is often limiting the achievable maximum transmit power for NR from 52.6 GHz to 71 GHz. Also, phase noise is a significant contributor to EVM. In order to avoid further coverage reductions due to poor phase noise performance and large MPR for meeting the EVM requirements, it would be important to design NR from 52.6 GHz to 71 GHz so that phase noise degradations in link performance can be minimized. This will emphasize the role of DFT-S-OFDM in UL, as well as the role of phase noise (CPE & ICI) mitigation for both DL and UL. 
In this section, we investigate the link performance of CP-OFDM and DFT-S-OFDM under conditions of phase noise. We consider the subcarrier spacing values and bandwidths as agreed in [4]. Phase noise models from Section 6.1.11 of TR 38.803 are used which assume different models for BS and UE. The simulation parameters are summarized in Appendix 1.
Comparison of 480 kHz SCS and 960 kHz SCS: CPE compensation only
As said, the one of the key questions for the SI is what is the maximum subcarrier spacing supported: 480 kHz or 960 kHz? 
In the first set of results, we assume that the UE receiver can perform only CPE compensation but not the ICI compensation in Figure 2. This is a relevant scenario considering the non-negligible complexity increase involved in the ICI compensation. 
Figure 2 compares the link performance of 480 kHz SCS and 960 kHz SCS in a DL scenario with OFDM waveform, 64QAM modulation and the PTRS structure according to Rel. 15. Results cover two Tx BW options (400 MHz and 1600 MHz) and both ECP and NCP options.  [image: ]
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Figure 2. Comparison of 480 kHz SCS and 960 kHz SCS with CPE compensation only, CP-OFDM, TDL-A 10ns + TDL-A 20ns, 400 MHz + 1600 MHz BW, ECP + NCP.
Results shown in Figure 2 indicate that 960kHz is significantly more robust to PN and can be handled also with a simple CPE compensation. There seems to be no major performance differences between ECP and NCP in the considered scenarios. This implies that CP length is not limiting the performance. 
[bookmark: _Hlk53744189]Observation 4: For 960 kHz SCS, 64QAM provides robust performance already with a simple CPE compensation while 480 kHz SCS suffers from a major performance degradation due to phase noise.
Figure 3 compares the performance of 480 kHz SCS and 960 kHz SCS with a more complicated ICI compensation method at the UE receiver. Otherwise the assumptions are the same as in Figure 3. Results show that with ICI compensation, both subcarrier spacings provide robust performance for 64QAM.
· The performance is almost the same for 400 MHz BW
· 960 kHz SCS provides up-to 0.8 dB gain compared to 480 kHz SCS with 1600 MHz BW. It should be noted that a wideband scenario should be emphasized with high SCSs.
· No notable differences between NCP and ECP.

[bookmark: _Hlk53744193]Observation 5: Both 960 kHz SCS and 480 kHz SCS provide robust performance with ICI compensation. However, for a wideband scenario (which is the main use case for a high SCS), 960 kHz SCS provides up-to 0.8 dB gain compared to 480 kHz SCS.
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Figure 3. Comparison of 480 kHz SCS and 960 kHz SCS with CPE+ICI compensation only, CP-OFDM, TDL-A 10ns + TDL-A 20ns, 400 MHz + 1600 MHz BW, ECP + NCP.

[bookmark: _Ref32998593]Impact of phase noise on CP-OFDM waveform in downlink
In the first set of the results, we assume that the UE can perform only the common phase error (CPE) part of the phase noise. To see the CPE compensation capability in >52.6 GHz carrier frequency, Rel. 15 PTRS allocation is used, where the PTRSs are inserted in every fourth PRB and every OFDM (PDSCH) symbol. The performance of this configuration for different subcarrier spacings is shown in Figure 4. Based on the results, we make the following observation.
[bookmark: _Hlk53744217]Observation 6: OFDM with CPE compensation
· Only QPSK and 16-QAM can be supported with SCS<960 kHz.
· 64-QAM requires SCS=960 kHz with reasonable performance.
· Delay spread 5 or 10ns does not have big impact on the result, except that 1920kHz SCS suffers some performance loss for 10ns, which may be due to the too small CP size.

[bookmark: _Hlk47603211]As already shown in Section 2.2.1, the results look different for the case when more complicated ICI cancellation is used. This is shown in Figure 6, which covers SCSs down to 120 kHz. It can be noted that at the expense of increased UE complexity ICI cancellation method can provide significant performance improvements with efficient PN compensation and even 120kHz SCS can be used for 64-QAM. The gains naturally increase with smaller SCS where the PN is more pronounced. 
[bookmark: _Hlk53744236][bookmark: _Hlk47603258]Observation 7: ICI cancellation enables 120kHz SCS for at least up to 64-QAM.
[bookmark: _Hlk47678673]Proposal 5: Support 960kHz for CP-OFDM to enable use of high-order modulations with low complexity CPE compensation.

[bookmark: _Ref47682043]Figure 4. CP-OFDM performance under Rel. 15 PTRS configuration in downlink, CPE compensation.
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[bookmark: _Ref47436355][bookmark: _Ref53693245][bookmark: _Hlk47603439]Figure 5. Comparison of CP-OFDM performance under CPE compensation (solid lines) and ICI compensation in TDL-A downlink.
120kHz SCS is useful e.g. for the outdoor & coverage limited scenarios where 400 MHz BW is enough, and also for the cases where CA is used as the bandwidth extension scheme. In addition, considering excessive delay channel, using 120 kHz SCS with ICI compensation is helpful for facilitating flexible network deployment. 
In order to support ICI compensation, two kind of schemes have been discussed in the several RAN1 contributions. The first approach is to use a new PT-RS design for ICI compensation. Because ICI is more critical between subcarriers in adjacent, ICI can be estimated with one or more blocks of contiguous subcarriers with PT-RS (called localized or block PT-RS). The performance of this method is shown in Figure 5, where a single block of PTRS symbols is used in frequency domain in the middle of the frequency band (having similar PTRS overhead as in the Rel-15 case). 
Another approach is data-aided estimation and filtering. In data-aided method, ICI component is obtained from the autocorrelation of the data REs as well as distributed PT-RS. In order to get better ICI estimation, autocorrelation across amount of data samples should be supported. Thus, it is required to make fair comparison of different schemes with the consideration of performance as well as the complexity.
[bookmark: _Hlk53744252]Observation 8: ICI compensation provides significant improvement to performance, especially for 480 kHz and lower SCS. Two approaches are discussed:
· Enhanced PT-RS design (e.g. localized/block PT-RS)
· Implementation-based method (e.g. data-aided direct filtering.)

Proposal 6: Inform RAN1 on usefulness of ICI compensation for NR beyond 52.6GHz, and recommend to study and compare different ICI compensation schemes with respect to performance as well as implementation complexity.
Impact of phase noise on CP-OFDM waveform in uplink
In TDL-A uplink, the simulation setup differs so that there are no control channels, and the phase noise models are swapped between the TX and RX. The results in uplink TDL-A channel are shown in Figure 6, and the results are almost the same as for downlink case, and thus, the same conclusions can be drawn.


[bookmark: _Ref47436492]Figure 6. OFDM performance under Rel. 15 PTRS configuration in TDL-A uplink, CPE compensation.
We also simulated results on CDL channels. In CDL case, the antenna configurations, channels and PN models are swapped compared to downlink case. Figure 7 shows results in CDL-B and CDL-D channels. The observations are quite similar as in TDL channel, i.e., 64-QAM cannot be supported for 120kHz and 240kHz subcarrier spacings. Also, 480kHz SCS may be too small for 64-QAM in CDL-B channel, while it may be enough for CDL-D channel. Furthermore, 960kHz SCS seems to be suffering some error floor for 2GHz bandwidth in NLOS channel.

[bookmark: _Ref47436565]Figure 7. CP-OFDM performance under Rel. 15 PTRS configuration in CDL uplink, CPE compensation.
Impact of phase noise on DFT-S-OFDM waveform in uplink
[bookmark: _Hlk47603687][bookmark: _Hlk47603888]DFT-s-OFDM is supported in FR2 uplink for coverage-limited cases. DFT-s-OFDM uses pre-DFT PTRS design, where the PTRSs are inserted in time-domain in clusters of 2 or 4 PTRS samples. This enables the receiver to follow and track the time-domain PN variations within each DFT-s-OFDM symbol. The compensation method used here is to calculate the mean of each PTRS cluster and then interpolate between the clusters. The maximum PTRS overhead in the specification is to use 8 clusters of 4 PTRS samples. In the results, the PTRS configuration is chosen to give the same (or the closest) overhead compared to CP-OFDM. The performance under Release 15 configurations is shown in Figure 8. When compared with CP-OFDM results shown in Figure 6, it is observed that DFT-s-OFDM is significantly more robust to PN than Rel. 15 CP-OFDM. Note that since the maximum number of PTRS samples in Rel. 15 DFT-s-OFDM is 32 per symbol, the overhead for 120kHz SCS is half compared to that of CP-OFDM, and still even 120kHz SCS works for 64-QAM. However, there is some performance loss still when using Rel. 15 PTRS configuration, which may be due to the Doppler effect. To this end, one may need to use another DMRS symbol, or this may require some PTRS improvements.
To further address the performance loss of 120kHz in 64-QAM, Figure 9 compares the performance when either 2 DMRS with Rel. 15 PTRS is used, or then the PTRS overhead is increased for smaller subcarrier spacings using 64-QAM. In improved PTRS, we have used 12 blocks of 4 PTRS samples, which results in about 1.5% overhead for 120kHz SCS (compared with 1% in Rel. 15 case). We can see both methods provide clear performance improvements, which indicates that either another DMRS symbol should be used, or new PTRS configurations should be considered especially for higher order modulations.
[bookmark: _Hlk53744260][bookmark: _Hlk47604146]Observation 9: DFT-s-OFDM is more robust under phase noise than CP-OFDM, and can enable use of smaller SCS with significantly smaller PTRS overhead. Even 120kHz can be supported for 64-QAM.
[bookmark: _Hlk53744288][bookmark: _Hlk47604171]Observation 10: New PTRS configurations for DFT-s-OFDM can provide significant performance improvements for higher-order modulations with smaller SCSs.
[bookmark: _Hlk47678685]Proposal 7: Support 960kHz SCS for DFT-s-OFDM to robustly enable all MCSs.
[bookmark: _Hlk47603731]Proposal 8: Recommend RAN1 to consider defining new PTRS configurations for DFT-s-OFDM.

[bookmark: _Ref47436776]Figure 8. DFT-s-OFDM performance under Rel. 15 PTRS in TDL-A uplink.
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[bookmark: _Ref47436969][bookmark: _Hlk47604076]Figure 9. Comparison of Rel. 15 PTRS with 1 DMRS (solid line), increased PTRS overhead (dashed line), and Rel. 15 PTRS with 2 DMRSs (dash-dot line) for DFT-s-OFDM using 64-QAM.
To confirm that the conclusions are similar for CDL channels, Figure 10 shows the results for NLOS (CDL-B) and LOS (CDL-D) CDL channels. Again, we can see that all the subcarrier spacings can be supported for all MCSs, although 120kHz SCS provides some performance loss for 64-QAM. However, as already illustrated above, this may be improved with new PTRS configurations. Results shown in Figure 9 show also that Normal CP seems to be enough also for CDL-B, 50 ns scenario. 
[bookmark: _Hlk53744300]Observation 11. Normal CP seems to be enough for the considered channels.

[bookmark: _Ref47437026]Figure 10. DFT-s-OFDM performance under Rel. 15 PTRS in CDL uplink NLOS (left) and LOS (right).

RF impairments relevant to RAN1 
When it comes to modelling of other RF impairments, frequency offset and IQ-imbalance specified for FR2 are applicable also above 52.6 GHz. The reasoning is that direct conversion transmitter is not anymore an attractive implementation option for such even higher frequencies, but rather a lower output frequency is used as the intermediate stage of a heterodyne transmitter. Therefore, expected LO leakage and IQ-imbalance levels are either similar or better than in FR2, but similar performance can be used in the studies as representative for worst case performance. 
When it comes to power amplifier modelling, a practical PA model results in more accurate estimation of EVM compared to injecting a fixed level of EVM using a white noise source.
Observation 12. RF impairments specified for FR2 are found to be applicable also to NR operation above 52.6 GHz.
Proposal 9: Send a LS to RAN1 to reply their questions and to inform RAN1 of new observations and recommendations from RAN4. Draft LS is provided in Appendix 2.
Conclusion 
In this contribution, phase noise aspects related to NR operation above 52.6 GHz were discussed. Following observations and proposals were made.
Observation 1: Most recent reference for phase noise performance studies is 7-24 GHz frequency range, as documented in TR 38.820.
Observation 2: Commercial components included here have high current consumption and unit cost, and would be likely to be considered only for infrastructure side applications needing highest quality.
Observation 3: TR 38.803 example 2 UE model and some company proposals are rather aligned, especially considering that in [5] and [6] the published data is gathered limiting to cases with low current consumptions, therefore being not only applicable for infrastructure.
Observation 4: For 960 kHz SCS, 64QAM provides robust performance already with a simple CPE compensation while 480 kHz SCS suffers from a major performance degradation due to phase noise.
Observation 5: Both 960 kHz SCS and 480 kHz SCS provide robust performance with ICI compensation. However, for a wideband scenario (which is the main use case for a high SCS), 960 kHz SCS provides up-to 0.8 dB gain compared to 480 kHz SCS.
Observation 6: OFDM with CPE compensation
· Only QPSK and 16-QAM can be supported with SCS<960 kHz.
· 64-QAM requires SCS=960 kHz with reasonable performance.
· Delay spread 5 or 10ns does not have big impact on the result, except that 1920kHz SCS suffers some performance loss for 10ns, which may be due to the too small CP size.

Observation 7: ICI cancellation enables 120kHz SCS for at least up to 64-QAM.
Observation 8: ICI compensation provides significant improvement to performance, especially for 480 kHz and lower SCS. Two approaches are discussed:
· Enhanced PT-RS design (e.g. localized/block PT-RS)
· Implementation-based method (e.g. data-aided direct filtering.)

Observation 9: DFT-s-OFDM is more robust under phase noise than CP-OFDM, and can enable use of smaller SCS with significantly smaller PTRS overhead. Even 120kHz can be supported for 64-QAM.

Observation 10: New PTRS configurations for DFT-s-OFDM can provide significant performance improvements for higher-order modulations with smaller SCSs.
Observation 11. Normal CP seems to be enough for the considered channels.
Observation 12. RF impairments specified for FR2 are found to be applicable also to NR operation above 52.6 GHz.
Proposal 1: The target shall be to capture phase noise studies with similar level of detail as was found appropriate for 7-24 GHz frequency range in TR 38.820.
Proposal 2: Inform RAN1 that PHY-layer studies can go on using phase noise model from section 6.1.11 of TR 38.803, scaled to the applicable operating frequency.
Proposal 3: For detailed RAN4 requirement work, it should be further considered whether the loop bandwidths in TR 38.803 example 2 models need to be extended and the models adapted accordingly.  
Proposal 4: Detailed LO-distribution architecture is an implementation specific aspect. RAN4 shall only model the phase noise performance of a complete BS or UE, and does not need to model the intricacies of numerous different LO-distribution options.
Proposal 5: Support 960kHz for CP-OFDM to enable use of high-order modulations with low complexity CPE compensation.
Proposal 6: Inform RAN1 on usefulness of ICI compensation for NR beyond 52.6GHz, and recommend to study and compare different ICI compensation schemes with respect to performance as well as implementation complexity.
Proposal 7: Support 960kHz SCS for DFT-s-OFDM to robustly enable all MCSs.
Proposal 8: Recommend RAN1 to consider defining new PTRS configurations for DFT-s-OFDM.
Proposal 9: Send on LS to RAN1 to reply the their questions and to inform RAN1 on new observations and recommendations from RAN4. Draft LS is provided in Appendix 2.
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Appendix 1: Link simulation parameters
Simulation parameters shown inare summarized in Table A1-1.
[bookmark: _Ref47608895]Table A1-1. Simulation parameters
	Carrier frequency
	60GHz

	Subcarrier spacings
	120/240/480/960/1920 kHz

	Bandwidths
	400 MHz, 2 GHz

	Number of PRBs
	For 400 MHz:
- 256 (120 kHz),
- 128 (240 kHz),
- 64 (480 kHz),
- 32 (960 kHz),
-
For 2000 MHz:
- 160 (960 kHz),
- 80 (1920 kHz),


	Waveforms
	CP-OFDM (downlink and uplink)
DFT-s-OFDM (uplink)

	Cyclic prefix
	Normal

	Channel model
	TDL-A 5ns, 10ns, 20ns
CDL-B 50ns
CDL-D 30ns, k-factor 10dB

	Antenna configuration
	TDL-A 2x2
For CDL model:
Configuration 1:
- (Mg,Ng,M,N,P) = (1,1,8,16,2) BS with (0.5 dv, 0.5 dH)
- (Mg,Ng,M,N,P) = (1,1,4,4,2) UE with (0.5 dv, 0.5 dH)

	Mobility
	3kmh

	gNB TRP PN Model
	3GPP TR38.803 example 2 BS PN profile

	UE PN model
	3GPP TR38.803 example 2 UE PN profile

	PA model
	No

	EVM
	No

	I/Q imbalance
	No

	Frequency offset
	No

	Channel Estimation	
	Realistic

	Transmission Rank
	Rank 1

wideband precoding (unit precoding)

	PDSCH SLIV
	Downlink (S=2, L=12)
Uplink (S=0, L=14)

Note: Starting symbol, S, (indexed from 0) and length, L.

	DMRS Configuration
	1 DMRS symbol (front loaded), 
or 2 DMRS symbols at (2,11) symbol index (Figure 10)

	PTRS Configuration
	For CP-OFDM:
Rel. 15 (K = 4, L = 1)

Note: PTRS per K number of PRBs, and PTRS every L number of OFDM symbols

For DFT-s-OFDM:
(Ng = 2, Ns = 2, L = 1)
(Ng = 2, Ns = 4, L = 1)
(Ng = 4, Ns = 2, L = 1)
(Ng = 4, Ns = 4, L = 1)
(Ng = 8, Ns = 4, L = 1)

DFT-s-OFDM configuration chosen to have similar overhead with OFDM


	MCS/TBS
	From MCS Table 1 (TS38.214):
- MCS 7 (QPSK),
- MCS 16 (16QAM),
- MCS 22 (64QAM),



Phase noise models from Section 6.1.11 of TR 38.803 are used, which assume different models for BS and UE. These models support by definition the 20dB per decade scaling of the PSD as a function of carrier frequency. Figure A1-1 shows the PSD of the models for 60GHz carrier frequency.
[image: ]
[bookmark: _Ref35324275][bookmark: _Ref35324271]Figure A1-1: PSD of the PN models in 60GHz carrier frequency.

Appendix 2: Draft reply LS to RAN1
Title:                    	[Draft] Reply LS to RAN1 on Phase noise and other RF Impairment modelling
 
Release:                 	Rel-17
Work Item:               	FS_NR_52_to_71GHz
 
Source:                   	3GPP TSG-RAN WG4
To:                         	3GPP TSG-RAN WG1
[bookmark: _GoBack] 
Contact Person:             
Name:                   		Toni Lähteensuo 
E-mail Address:    			toni.h.lahteensuo (at) nokia.com
 
Attachments:             	None
 
1. Overall Description:
RAN4 would like to thank RAN1 for the LS. RAN4 has discussed the topics and concluded the following:
· RAN4 agrees that phase noise (PN) modelling is necessary in the evaluations. The phase noise models in TR 38.803 section 6.1.11 are applicable as long as they are properly scaled to applicable operating frequency. From RAN4 perspective it is sufficient to model the observed total phase noise level in the signal without taking into account the specifics of all applicable RF architectures.
· The same frequency offset and IQ-imbalance levels specified for FR2 are applicable above 52.6 GHz.
· Power amplifier modelling using a practical model will result in more accurate outcome than modelling PA impairments using a fixed additive EVM. RAN4 has no common agreed PA model and uses the trend of independent simulations in its evaluations.

Additionally, RAN4 has progressed in the study and would respectfully like to share the following observations
· Support of 960kHz for CP-OFDM is required to enable use of high-order modulations with low complexity CPE compensation.
· Support of 960kHz SCS for DFT-s-OFDM is required to robustly enable all MCSs.
· For 480 kHz and lower SCS, ICI compensation is found useful for NR beyond 52.6GHz. Therefore, it is recommended to study and compare different ICI compensation schemes with respect to performance as well as implementation complexity
· New PTRS configurations are recommended to be considered.

2. Actions:
To RAN WG1 group:
ACTION:        RAN WG4 respectfully requests RAN WG1 to take the above information into account in their future work. 
 
3. Date of Next TSG-RAN WG4 Meetings:
TSG-WG4 Meeting #98-e                                   					25th January – 5th February 2021, e-Meeting
TSG-WG4 Meeting #98-bis-e                                   				12th – 20th April 2021, e-Meeting
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