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Introduction
[bookmark: _Hlk510705081]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 presents an overview of RF performance related topics to support operation between 52.6 GHz and 71 GHz for both licensed and unlicenced operation.
Phase noise evaluations
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.
In this section, we investigate the link performance of CP-OFDM and DFT-S-OFDM under conditions of phase noise. We consider all the subcarrier spacings and bandwidths as agreed in [7]. Phase noise models from Section 6.1.11 of TR 38.803 are used which assume different models for BS and UE. The phase noise model is captured in Figure 10 and the simulation parameters are summarized in Table 3 (Appendix A).
[bookmark: _Ref32998593]Impact of phase noise on CP-OFDM waveform in downlink
Rel. 15 OFDM uses distributed PTRS in frequency. This allows the receiver to estimate only the common phase error (CPE) part of the phase noise. To see the PN 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 1. Based on the results, we make the following observations.
Observation 1: Only QPSK and 16-QAM can be supported with SCS<960 kHz
Observation 2: 64-QAM requires 960kHz with reasonable performance  
Observation 3: Very large SCS is required to support high-order modulations with Rel. 15 PTRS configurations.
The problem with current PTRS in OFDM is that it enables only CPE compensation, while the inter-carrier interference becomes more important in higher carrier frequencies. Another option for PTRS allocation is to use so called block-PTRS, where PTRSs are allocated in a frequency contiguous block of consecutive PTRSs. This enables the receiver to estimate the ICI components in frequency domain. The performance of this method is shown in Figure 2, where a single block of PTRS symbols is used in frequency domain (having similar PTRS overhead than in the Rel-15 case). It is observed that this 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. As discussed in Section 4.1, usage of smaller transmission bandwidth (that can be supported with smaller SCS) improves system coverage.
Observation 4: Block-PTRS can enable efficient compensation with similar and lower PTRS overhead and enable using 120kHz SCS for at least up to 64-QAM.

[bookmark: _Ref31283879][bookmark: _Ref31283871]Figure 1. CP-OFDM performance under Rel. 15 PTRS configuration in downlink.
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[bookmark: _Ref47436355]Figure 2. Comparison of CP-OFDM performance under Rel. 15 PTRS configuration (solid lines) and block-PTRS configuration (dashed lines) in downlink.
Impact of phase noise on DFT-S-OFDM waveform in uplink
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 symbols. 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 3. When compared with OFDM results shown in Figure 1, it is observed that SC-FDMA is significantly more robust to PN than Rel-15 OFDM. Note that since the maximum number of PTRS symbols 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 4 compares the performance when either 2 DMRS with Rel-15 PTRS is used, or when 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.
Observation 5: 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 6: New PTRS configurations for DFT-s-OFDM can provide significant performance improvements for higher-order modulations with smaller SCSs.
￼[image: ]
[bookmark: _Ref47436776]Figure 3. DFT-s-OFDM performance under Rel. 15 PTRS in uplink.
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Figure 4. Comparison of Rel-15 PTRS with 1 DMRS (solid line), and increased PTRS overhead (dashed line), and Rel-15 PTRS with 2 DMRSs (dash-dot line) for DFT-s-OFDM using 64-QAM.

Achievable Transmit Power
Practically achievable maximum transmit power for NR on 52.6-71 GHz depends on the number of practical implementation imperfections while also ensuring that number of different requirements like out of band spectrum emission mask (SEM), occupied bandwidth (OBW), modulation quality measured in terms of EVM (Error Vector Magnitude) and in-band emissions (IBE) are met. We have done MPR (Maximum Power Reduction) simulations for a Power class 3 UE (max. 23 dBm transmission power) using practical PA model to analyse how much the maximum UE Tx power may need to be reduced for meeting these requirements and which of the requirement is the limiting factor for the achievable UE Tx power.
The PA model is calibrated using FR2 assumptions (BW = 100 MHz, SCS = 120 kHz, DFT-S-OFDM QPSK, 20RB23, MPR = 0 dB) described in [3]. Regarding TX impairments both image suppression and carrier suppression are assumed to be –25 dB together with –60 dB CIM3. No phase noise is applied in UE Tx power simulations.
As NR on 52.6 – 71 GHz may operate either on unlicensed and licensed bands, the simulations are conducted for both using the unlicensed and licensed band spectrum emission masks. For the unlicensed band simulations the out of band emission mask requirements in [5] are used. For the licensed band simulations we have utilized the FR2 SEM and ACLR requirements in TS38.101-2. In all the simulations the FR2 UE in-band emission, OBW and EVM requirements in TS38.101-2 are used. Also, we have used similar IQ-Image and LO leakage impairments as currently allowed for FR2 UEs in TS38.101-2. 
In Figure 5, spectrum emission masks for the unlicensed and licensed band (based on FR2) are compared. With red solid line, spectrum emission mask for licensed operation is shown. In addition, the black lines illustrate the spectrum emission masks for unlicensed operation, according to [5], in two different scenarios. The solid lines (blue for the TX output spectrum and black for the mask) show one RB edge scenario and the dashed lines (again blue for the TX output spectrum and black for the mask) show the full allocation scenario in the channel. Based on this comparison, it can be seen that the unlicensed spectrum can be either more or less limiting than the licensed operation spectrum emission mask, depending on the power spectral density of the transmitted allocation.
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[bookmark: _Ref40103013]Figure 5. Comparison of spectrum emission requirements for the unlicensed band [4] and licensed band using FR2 assumptions.
In the simulations we have analysed what is limiting factor for the achievable transmit power; SEM, EVM, IBE, OBW or spurious emissions  i.e. which one of the requirements defines how much MPR (Maximum Power Reduction) is needed. The actual needed MPR values are also evaluated for each simulation case. In our simulations the results for the unlicensed and licensed band are very similar both for the required MPR and what is the limiting (gating) factor for the MPR performances. Furthermore, little difference is seen between narrowband (400 MHz) and wideband (2160 MHz) scenarios. As an example, in Figure 6 of similar performance we have presented the MPR simulation results for the unlicensed and licensed band operations using the CP-OFDM and DFT-s-OFDM waveforms with 64QAM modulation and 400 MHz bandwidth and 120 kHz SCS. In Figure 7, similar results are shown for 2160 MHz bandwidth and 960 kHz SCS, considering licensed band operation. In the figures LCRB indicates the allocation width in the number of resources blocks and the RBstart indicates the lowest RB index of transmitted resource blocks.
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[bookmark: _Ref40104880]Figure 6: MPR performance comparison for the unlicensed and licensed band for CP-OFDM and DFT-s-OFDM waveforms with 64QAM modulation and 400 MHz BW and 120 kHz SCS
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Figure 7: MPR performance for the licensed band CP-OFDM and DFT-s-OFDM waveforms with 64QAM modulation and 2160 MHz BW and 960 kHz SCS
Next, in Figures 8 and 9, we present examples for the simulation results evaluating which requirement is the limiting factor for QPSK, 16QAM and 64QAM using 400 MHz and 2160 MHz bandwidths and 120 kHz and 960 kHz subcarrier spacings, as in the MPR simulations above. Also other bandwidths and SCSs were simulated and similar tendencies for the limiting requirement were observed.  Both CP-OFDM and DFT-s-OFDM are evaluated using the licensed band SEM limits. From these results we can see that for CP-OFDM EVM is the limiting factor for MPR performance in most cases. For DFT-s-OFDM in-band emission and occupied bandwidth is limiting the maximum output power with lower order modulations like QPSK but with higher order modulations also for DFT-s-OFDM EVM is mostly limiting the achievable maximum transmit power. In some cases, also in-band emission limits are limiting the performance.
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Figure 8: Evaluations of limiting factors for the achievable maximum transmit power with different modulations with 400 MHz and 120 kHz SCS
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Figure 9: Evaluations of limiting factors for the achievable maximum transmit power with different modulations with 2160 MHz and 960 kHz SCS
Observation 7: Based on our MPR (Maximum power reduction) simulations modulation quality (EVM) is often the limiting for the achievable maximum transmit for NR from 52.6 GHz to 71 GHz 
As discussed in the earlier sections, phase noise is limiting link performance especially with higher order modulations. These MPR simulation results show that the achievable maximum transmit power is often limited by the EVM performance especially with the higher order modulations. 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.
[bookmark: _GoBack]Proposal 1: Inform RAN1 that RAN4 sees phase noise as critical component for system performance and enhancements to rel-15 PTRS are seen necessary by RAN4 for both CP-OFDM and DFT-s-OFDM operation
RAN1 has sent a LS to RAN4 on phase noise and other RF impairment modelling in [5], specifically asking for timely feedback on applicability of phase noise models in TR 38.803 and also on power amplifier and other RF impairment modelling. 
The phase noise model does not significantly differ between FR2 and above 52.6 GHz. Therefore, as long as the phase noise level is appropriately scaled based on operating frequency, the models in TR 38.803 are applicable. It is important to note though that it is sufficient to model the phase noise as it is seen in the over-the-air interface and phase noise modelling does not need to consider RF architectures utilizing multiple PLLs driving the antenna array, where the composite phase noise level depends on the level of correlation between the phase noise observed at different antenna elements. For evaluating phase noise impact to the link performance it only matters what is the total phase noise level reaching the receiver.
When it comes to modelling of other RF impairments modelling, 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 high 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 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.
A draft reply LS has been provided in Annex B.
Proposal 2: Agree to send the draft LS in Annex B to RAN1.
Conclusion
In this contribution we have discussed the phase noise performance and achievable output power for NR above 52.6 GHz for both licensed and unlicensed operation. The following observations and proposals were done: 
Observation 1: Only QPSK and 16-QAM can be supported with SCS<960 kHz
Observation 2: 64-QAM requires 960kHz SCS for reasonable performance   
Observation 3: Very large SCS is required to support high-order modulations with Rel. 15 PTRS configurations.
Observation 4: Block-PTRS can enable efficient compensation with lower PTRS overhead and enable using 120kHz SCS for at least up to 64-QAM.
Observation 5:.SC-FDMA is more robust under phase noise than OFDM and can enable use of smaller SCS with significantly smaller PTRS overhead. Even 120kHz can be supported for 64-QAM.
Observation 6: New PTRS configurations for DFT-s-OFDM provide significant performance improvements for higher-order modulations with smaller SCSs.
Observation 7: Based on our MPR (Maximum power reduction) simulations modulation quality (EVM) is often the limiting for the achievable maximum transmit for NR from 52.6 GHz to 71 GHz
Proposal 1: Inform RAN1 that RAN4 sees phase noise as critical component for system performance and enhancements to rel-15 PTRS are seen necessary by RAN4 for both CP-OFDM and DFT-s-OFDM operation
Proposal 2: Agree to send the draft LS in Annex B to RAN1.
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Appendix A: Simulation assumptions
Simulation parameters are summarized in Table 3.
[bookmark: _Ref47609540]Table 3. 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
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

	PTRS Configuration
	For CP-OFDM:
Rel. 15 (K = 4, L = 1)
Block-PTRS Single frequency contiguous block of PTRS with similar overhead as Rel. 15

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 10 shows the PSD of the models for 60GHz carrier frequency.
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[bookmark: _Ref35324275][bookmark: _Ref35324271]Figure 10 PSD of the PN models in 60GHz carrier frequency.

Appendix B: 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
 
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 and observes that enhancements to rel-15 PTRS are necessary if re-use of FR2 numerologies is being considered and also beneficial for wider subcarrier spacings for both CP-OFDM and DFT-s-OFDM operation. The phase noise models in TR 38.803 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 injecting EVM into the signal. RAN4 has no common agreed PA model and uses the trend of independent simulations in its evaluations.
 
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 #97-e                                   26th October – 13th November 2020, e-Meeting
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