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1. Introduction
The following objective is included in this study item [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].
To achieve the above objective, various link level evaluations for different channels using existing DL/UL NR waveform are conducted. Some results are provided together with the discussion on applicable numerology in our companion contribution [2]. In this paper, more detailed evaluation results for PDSCH, PUSCH and SSB are provided.
2. [bookmark: _Ref498564494]PDSCH evaluation
1. 
2. 
[bookmark: _Ref521492551][bookmark: PP12]As a common understanding, phase noise (PN) plays an important role in NR operation in high frequency band. To evaluate the impacts of PN, the BLER performance is evaluated for three cases: without compensation, with ideal compensation and with PT-RS compensation. The evaluation assumptions are summarized in Table 1 of the Appendix, where TR38.803 Example 2 is used to model the PN.
2.1. No PN compensation
[bookmark: OLE_LINK6]Firstly, it is important to study the fundamental effect of PN on the NR system operation in beyond 52.6 GHz. Therefore, the evaluation results are provided below for the case with PN modeling and without PN compensation:
[image: ][image: ]
[bookmark: _Ref40276299]Figure 1  link level simulation results of different SCS without PN compensation (left: 500 MHz, right: 2 GHz)
In the above figure, the blue line, red line and green line represent the SCS=480 KHz, SCS=960 KHz and SCS=1920 KHz respectively. The circle, asterisk and square represent the QPSK modulation, 16QAM modulation and 64QAM modulation respectively. 
Figure 1 illustrates link-level simulation results for the low, medium and high SNR cases. For low SNR R= 1/2 QPSK was used, while for the medium and high SINR, R = 3/4 16QAM and R=3/4 64QAM respectively. It can be observed that for low SNR case, the PN impact is not significant for both 500 MHz and 2 GHz bandwidth cases. For medium SNR, the PN impact is significant, and the 500 MHz case shows better performance than that of 2 GHz case. Further for high SNR, it can be observed that with PN, the performance for both 500 MHz and 2 GHz cases is unacceptable. 
[bookmark: _Ref40278984]Observation 1: The effect of PN varies with the MCS as follows:
· For low order MCS (QPSK), the effect of PN on different SCS is very small which can be ignored. 
· For medium order MCS (16QAM), the effect of PN is significant and the 500 MHz case shows better performance than 2 GHz case. For 500MHz bandwidth case, the SCS 1920 KHz has better performance than the other two SCSs. However, for 2 GHz bandwidth, all of the SCSs performance is similar. 
· For high order MCS (64QAM), the PN has a great influence on all SCSs which makes the system not work without PN compensation. 
[bookmark: _Ref40281567]Proposal 1: For the low MCS (e.g., QPSK 1/2), it is unnecessary to do PN compensation. For the medium and high order MCS (e.g., 16QAM 3/4 and 64QAM 3/4), the necessity for PN compensation becomes urgent.
2.2. Ideal PN compensation
Then, the performance is evaluated with ideal PN compensation and the results were shown below:
[image: ][image: ]
[bookmark: _Ref40279211][bookmark: _Ref40279207]Figure 2  link level simulation results of different SCS with ideal compensation (left: 500 MHz, right: 2 GHz)
Figure 2 illustrates the BLER performance with ideal PN compensation for different SCSs. It can be observed that for low SNR case, the BLER performance is similar to the no PN compensation case, which justify our suggestion that it is unnecessary to do PN compensation for the low order MCS. For medium SNR, the BLER performance of all the SCSs in different bandwidth is similar and significantly better than the no PN compensation case. For high SNR, the 500 MHz bandwidth case shows better BLER performance than 2 GHz bandwidth case. In details, for 500 MHz bandwidth, the performance of SCS 480 KHz is the worst, and the performance of SCS 960 KHz and 1920 KHz is nearly the same. For 2 GHz bandwidth, the higher SCS level, the better performance. 
[bookmark: _Ref40281580]Observation 2: The performance for different numerology varies with the MCS order:
· At low order and medium order MCS, different SCSs show similar performance with ideal PN compensation. 
· At high order MCS with ideal PN compensation, for 500 MHz bandwidth, the performance of SCS 480 KHz is the worst and the performance of SCS=960 KHz and 1920 KHz is nearly the same. For 2 GHz bandwidth, the higher SCS level, the better performance. 
[bookmark: _Ref40281589]Observation 3: High order modulation is more sensitive to phase noise impact. Higher SCS benefits more with phase noise compensation than lower SCS, especially for high order modulation such as 64QAM. 
2.3. PT-RS based PN compensation
Finally, the performance is evaluated with PT-RS based PN compensation by using NR Rel15 PT-RS configuration for FR2. The simulation results were shown below.
[image: ][image: ]
a) one tone per 4 RBs                                               b) one tone per 2 RBs
[bookmark: _Ref40279748]Figure 3  link level simulation results for 500MHz bandwidth of different SCS with PT-RS based PN compensation

[image: ][image: ]
a) one tone per 4 RBs                                               b) one tone per 2 RBs
[bookmark: _Ref40279760]Figure 4  link level simulation results for 2 GHz bandwidth of different SCS with PT-RS based PN compensation
Figure 3 and Figure 4 illustrate the BLER performance with PT-RS based PN compensation for different SCSs. It can be observed from Figure 3 that for low and medium SNR case, the BLER performance of SCS 1920 KHz is a bit worse than the other two SCSs. This is because of the least number of PTRS in SCS 1920 KHz in the same bandwidth. From Figure 4, we can observe that for low and medium SNR case, the BLER performance of SCS 1920 KHz is better than that of 500 MHz bandwidth, which is due to more number of PTRS. 
From Figure 3 for high SNR case, it can be observed that the performance of SCS 1920 KHz is similar to that of SCS 960 KHz, and obviously better than that of SCS 480 KHz. From Figure 4 for high SNR case, performance shows SCS 1920 KHz > SCS 960 KHz > SCS 480 KHz. 
[bookmark: _Ref40281596]Observation 4: At low order and medium MCS with PT-RS based PN compensation, different SCS show similar performance. At high order MCS, the performance with PT-RS based PN compensation of all the SCS is worse than the performance with ideal PN compensation. 
[bookmark: _Ref40281604]Proposal 2: For PT-RS based PN compensation at high order MCS with larger bandwidth, it is needed to use higher SCS.
3. PUSCH evaluation
For PUSCH channel of CP waveform, the impact of PN is consistent with that of PDSCH channel. Therefore, the DFT-S-OFDM wave form is mainly studied in this chapter. The evaluation assumptions are summarized in Table 1 of the Appendix
3.1 No PN compensation
Firstly, the fundamental effect of PN on the PUSCH channel was studied in this section. The evaluation results are provided with PN modeling and without PN compensation:
[image: ][image: ]
[bookmark: _Ref40377359]Figure 5  DFT waveform of different SCS without PN compensation (left: 500 MHz, right: 2 GHz)
As shown in Figure 5, it is easy to observe the same conclusion as in section 2.1, which is: for the low order modulation, it is unnecessary to do PN compensation; for the medium and high order modulation, the necessity for PN compensation becomes urgent.
3.2 Ideal PN compensation
Then, the performance is evaluated with ideal PN compensation and the results were shown below:
[image: ][image: ]
[bookmark: _Ref40378013]Figure 6  DFT waveform of different SCS with ideal compensation (left: 500 MHz, right: 2 GHz)
Figure 6 illustrates the BLER performance with ideal PN compensation for different SCSs on DFT waveform. It can be observed that for low SNR case, the BLER performance is similar to the no PN compensation case. For medium and high SNR, the BLER performance of all the SCSs in different bandwidth is similar and significantly better than the no PN compensation case. 
[bookmark: _Ref40379223][bookmark: _Ref40381916][bookmark: _Ref40381931]Observation 5: For DFT-S-OFDM waveform, different SCSs show similar performance with ideal PN compensation under various MCS order. 
Observation 6：Compared with CP waveform, the ideal PN compensation of DFT-S-OFDM waveform can effectively eliminate the influence of PN.
3.3 PT-RS based PN compensation
Finally, the simulation results of PT-RS based PN compensation were shown below:
[image: ][image: ] 
[bookmark: _Ref40379821]Figure 7  DFT waveform of different SCS with PT-RS based PN compensation (left: 500 MHz, right: 2 GHz)
In order to maintain the same PT-RS signal overhead under various SCS, the chunk set of SCS=120 KHz, 960 KHz and 1920 KHz is chunk=5, chunk=4 and chunk=3 respectively. It can be observed from Figure 7 that for low SNR case, the BLER performance of SCS 1920 KHz is a bit worse than the other two SCSs. For the medium SNR cases, all the SCSs show similar performance. However, for high SNR case, the performance of different SCSs various with different bandwidth: all the SCSs have similar performance with 500 MHz bandwidth; but with 2 GHz bandwidth, performance shows SCS 1920 KHz > SCS 960 KHz > SCS 480 KHz.
[bookmark: _Ref40381940]Observation 7: For DFT-S-OFDM waveform, higher bandwidth (more RB numbers) is more sensitive to PN impact.
[bookmark: _Ref40381957]Proposal 3: For DFT-S-OFDM waveform at high order MCS with larger bandwidth, it is needed to use higher SCS or more PT-RS signals.
4. SSB evaluation
For SSB numerology selection, synchronization complexity and performance are important factors to be considered as discussed in the following sub-sections.
4.1 Fundamental of frequency offset estimation
For SSB channel, the performance of coarse frequency offset estimation and fine frequency offset estimation under high SCS is mainly studied here. 
According to the fine frequency offset estimation and compensation algorithm, the theoretically estimable frequency offset range is [- , where Nd is the time interval of PSS sequence and SSS sequence. Particularly, the range value for different SCSs is given below:
· SCS120: [-28K 28K]
· SCS240: [-56K 56K]
· SCS480: [-112K 112K]
· SCS960: [-224K 224K]
· SCS1920: [-448K 448K]
Due to the importance of SSB signal, it needs to guarantee the performance of SSB signal regardless the value of the initial frequency. Thus, we assume that the coarse frequency offset searcher range should be set as the fine frequency offset compensation value, i.e.
· SCS120: searcher range 28k, steps = 1200k/28k≈43 
· SCS240: searcher range 56k, steps = 1200k/56k ≈22
· SCS480: searcher range 112k, steps = 1200k/112k ≈11
· SCS960: searcher range 224k, steps = 1200k/224k ≈6
· SCS1920: searcher range 448k, steps = 1200k/448k ≈3
From the step values for different SCS, it is easy to conclude that the higher of SCS, the lower of UE complexity.
4.2 Evaluation results
In this section, the evaluation results are provided with using the evaluation assumptions summarized in Table 2 in the Appendix.
4.2.1 SCS120 and SCS240 
[image: ][image: ]
[bookmark: _Ref40280986]Figure 8  SCS 120 (left: searcher range =28k, right: searcher range = 56k)
[image: ][image: ]
[bookmark: _Ref40280996]Figure 9  SCS 240 (left: searcher range =56k, right: searcher range = 112k)
From Figure 8 and Figure 9, we can see that the different initial offsets show similar performance when the coarse frequency offset searcher range equals to the fine frequency offset value. Moreover, if the coarse frequency offset searcher range increased, the SSB performance deteriorates. 
[bookmark: _Ref40281633]Observation 8: Higher SCS (240) shows better performance than lower SCS (120). If the coarse frequency offset searcher range is larger than the fine frequency offset compensation value, the SSB performance deteriorates.
[bookmark: _Ref40281644]Proposal 4: The coarse frequency offset searcher range should be set as the fine frequency offset compensation value.
4.2.2 SCS480, 960 and 1920 
[image: ][image: ]
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[bookmark: _Ref40281301]Figure 10  SCS 480, 960 and 1920
[bookmark: _GoBack]In Figure 10 for different SCS, we set the coarse frequency offset searcher range to be consistent with the fine frequency offset compensation value. It is obvious that different initial offsets show similar performance for all SCS. However, the complexity of different SCS is various (SCS480, 960 and 1920 need 11 steps, 6 steps and 3 steps respectively). 
[bookmark: _Ref40281658]Observation 9: Different SCSs (240, 480 and 960) have similar performance when the coarse frequency offset searcher range equals to the fine frequency offset value.
[bookmark: _Ref40281673][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Proposal 5: To guarantee the SSB performance, the higher the SCS, the lower required complexity. In order to reduce the UE complexity, it is necessary to use higher SCS. 
5 Conclusion
In this contribution, we provide some evaluation results and discuss about the PDSCH/PUSCH channel and SSB channel with the following observations and proposals.
Observation 1: The effect of PN varies with the MCS as follows:
· For low order MCS (QPSK), the effect of PN on different SCS is very small which can be ignored. 
· For medium order MCS (16QAM), the effect of PN is significant and the 500 MHz case shows better performance than 2 GHz case. For 500MHz bandwidth case, the SCS 1920 KHz has better performance than the other two SCSs. However, for 2 GHz bandwidth, all of the SCSs performance is similar. 
· For high order MCS (64QAM), the PN has a great influence on all SCSs which makes the system not work without PN compensation.
Proposal 1: For the low MCS (e.g., QPSK 1/2), it is unnecessary to do PN compensation. For the medium and high order MCS (e.g., 16QAM 3/4 and 64QAM 3/4), the necessity for PN compensation becomes urgent.
Observation 2: The performance for different numerology varies with the MCS order:
· At low order and medium order MCS, different SCSs show similar performance with ideal PN compensation. 
· At high order MCS with ideal PN compensation, for 500 MHz bandwidth, the performance of SCS 480 KHz is the worst and the performance of SCS=960 KHz and 1920 KHz is nearly the same. For 2 GHz bandwidth, the higher SCS level, the better performance.
Observation 3: High order modulation is more sensitive to phase noise impact. Higher SCS benefits more with phase noise compensation than lower SCS, especially for high order modulation such as 64QAM.
Observation 4: At low order and medium MCS with PT-RS based PN compensation, different SCS show similar performance. At high order MCS, the performance with PT-RS based PN compensation of all the SCS is worse than the performance with ideal PN compensation.
Proposal 2: For PT-RS based PN compensation at high order MCS with larger bandwidth, it is needed to use higher SCS.
Observation 5: For DFT-S-OFDM waveform, different SCSs show similar performance with ideal PN compensation under various MCS order.
Observation 6：Compared with CP waveform, the ideal PN compensation of DFT-S-OFDM waveform can effectively eliminate the influence of PN.
Observation 7: For DFT-S-OFDM waveform, higher bandwidth (more RB numbers) is more sensitive to PN impact.
Proposal 3: For DFT-S-OFDM waveform at high order MCS with larger bandwidth, it is needed to use higher SCS or more PT-RS signals.
Observation 8: Higher SCS (240) shows better performance than lower SCS (120). If the coarse frequency offset searcher range is larger than the fine frequency offset compensation value, the SSB performance deteriorates.
Proposal 4: The coarse frequency offset searcher range should be set as the fine frequency offset compensation value.
Observation 9: Different SCSs (240, 480 and 960) have similar performance when the coarse frequency offset searcher range equals to the fine frequency offset value.
Proposal 5: To guarantee the SSB performance, the higher the SCS, the lower required complexity. In order to reduce the UE complexity, it is necessary to use higher SCS.


Appendix: Link level evaluation assumptions
[bookmark: _Ref40283349][bookmark: _Ref40283290]Table 1  Simulation assumptions in LLS for PDSCH/PUSCH channel
	Parameters
	Values

	Carrier frequency
	60 GHz

	Waveform
	CP-OFDM/DFT-S-OFDM

	Antenna configuration
	TDL-A: 2T2R

	MIMO Layer
	1

	Subcarrier spacing
	0.48/0.96/1.92 MHz

	Phase noise model
	TR38.803 Example 2

	MCS
	NR Rel15 MCS Table

	MIMO reception algorithm
	MMSE

	Channel model
	TDL-A

	Pre-BF RMS delay spread
	5ns

	RB allocation
	2GHz: 320/160/80
500MHz: 80/40/20

	FFT size
	4096/2048/1024

	PDSCH symbol indexes
	4-12

	DMRS symbol index
	3

	DMRS bundling size
	4

	PTRS symbol indexes
	4-12

	PTRS density 
	CP: One tone per 4/2 RBs  DFT: chunk 3,4,5

	Channel code
	LDPC

	Channel estimation
	MMSE

	Transmission mode 
	QPSK:1/2; 16QAM: 3/4; 64QAM:3/4



[bookmark: _Ref40283323]Table 2  Simulation assumptions in LLS for SSB channel
	Parameters
	Value

	Carrier frequency
	60 GHz

	SCS
	120K, 240K，480k，960k，1920k

	N_FFT
	256

	Delay spread
	5 ns

	Antenna configuration
	TDL-A: 2T2R

	UE speed
	3 km/h

	RB allocation
	20

	Searcher range
	10ppm (-600k,600k) 

	Searcher step 
	The searcher step is set equal to the fine frequency compensation value, which is:
120k: 28k
240k: 56k  
480k: 112k  
960k: 224k   
1920k: 448k   

	Initial frequency offset
	0, 200k, 400k, 600k
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