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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. In the past RAN1 #101-E meeting, a set of evaluation assumptions and simulation parameters is agreed.  According to the agreements and conclusions, the link simulations are implemented. 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, SSB and PRACH are provided.
2. [bookmark: _Ref498564494]PDSCH evaluation
1. 
2. 
[bookmark: _Ref521492551][bookmark: PP12]As a common understanding, cyclic prefix (CP) plays an important role in NR operation in high frequency band, especially for the system coverage. Whether the CP can eliminate the effect of delay spread (DS) depends on the length of CP which is determined by SCS. To evaluate the impacts of SCS, the BLER performance is evaluated for three cases: 5ns DS, 10ns DS and 20ns DS. The evaluation assumptions are summarized in Table 2 of the Appendix. The evaluation was conducted with two bandwidths: 400 MHz and 2 GHz bandwidth.
2.1. 400MHz bandwidth 
[bookmark: OLE_LINK6]Firstly, the 400M bandwidth case was evaluated for TDL-A channel. The simulation results were shown below:
[image: ][image: ]
[bookmark: _Ref47171830]Figure 1: 400MHz, 5ns DS of different SCS (left: NCP, right: ECP)
[image: ][image: ]
[bookmark: _Ref47255859]Figure 2: 400MHz, 10ns DS of different SCS (left: NCP, right: ECP)
[image: ][image: ]
[bookmark: _Ref47255862]Figure 3: 400MHz, 20ns DS of different SCS (left: NCP, right: ECP)
In the above figures, the blue line, red line, green line and yellow line represent the SCS=120 KHz, SCS=240 KHz, SCS=480 KHz and SCS=960 KHz respectively. The circle, asterisk and square represent the QPSK modulation, 16QAM modulation and 64QAM modulation respectively. Figure 1, Figure 2 and Figure 3 represent the 5ns DS, 10ns DS and 20ns DS respectively. 
In order to evaluate the impact of different SCS, it is necessary to calculate the channel delay and the CP range of different SCS. The maximum delay path granularity for TDL-A channel is 9.6*10-9. Therefore, the maximum delay path for 5ns, 10ns and 20ns DS can be calculated as 5*9.6*10-9=48*10-9, 10*9.6*10-9=96*10-9 and 20*9.6*10-9=192*10-9. On the other hand, CP of different SCS can be calculated as follows:
[bookmark: _Ref47278233]Table 1: The length of NCP and ECP for different SCS
	SCS (kHz)
	Symbol length
	NCP length（6.57%）
	ECP length（20%）

	120
	8.33 us
	585.94 ns
	2083.3ns

	240
	4.17 us
	292.97 ns
	1041.7ns

	480
	2.08 us
	146.48 ns
	520.8ns

	960
	1.04 us
	73.24 ns
	260.4ns


We can observe that, for 5ns DS, all the CP of different SCS can cover the maximum delay path; for 10ns DS, only SCS 960KHz of NCP case exceeds a little bit of CP length; for 20ns DS, SCS 480KHz and SCS 960KHz of NCP cases exceed NCP length. 
Some remarkable phenomenon can be seen from Figure 1, Figure 2 and Figure 3: 
· Under the same DS, the performance of NCP is basically the same as ECP. This is because the weak power of the paths which exceed the CP length; 
· For high order MCS (e.g., 64QAM), the SCS 120KHz and SCS 240KHz show poor performance which is due to the ICI effect;
· For low order and medium MCS (QPSK and 16QAM), different SCSs show similar performance with 5ns DS; the performance of SCS 960KHz decreases with the increases of the DS which is due to the CP length;
[bookmark: _Ref47281862]Observation 1: Under the same DS, the performance of NCP is basically the same as ECP for CP-OFDM waveform.
[bookmark: _Ref47281879]Observation 2: 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.
[bookmark: _Ref47281884]Observation 3: For CP-OFDM waveform, with the increase of DS, SCS 960 KHz is most affected because of its shortest CP coverage.
2.2. 2GHz bandwidth
Then, the 2GHz bandwidth case was evaluated. The simulation results were shown below:
[image: ][image: ]
[bookmark: _Ref47269790]Figure 4: 2G, 5ns DS of different SCS (left: NCP, right: ECP)
[image: ][image: ]
[bookmark: _Ref47269792]Figure 5: 2G, 5ns DS of different SCS (left: NCP, right: ECP)
[image: ][image: ]
[bookmark: _Ref47269793]Figure 6: 2G, 5ns DS of different SCS (left: NCP, right: ECP)
[bookmark: _Ref40281580]In the above figures, the blue line and red line represent the SCS=480 KHz and SCS=960 KHz respectively. The circle, asterisk and square represent the QPSK modulation, 16QAM modulation and 64QAM modulation respectively. Figure 4, Figure 5 and Figure 6 represent the 5ns DS, 10ns DS and 20ns DS respectively. 
We can observe that:
· For high order MCS (64QAM), the BLER performance of SCS 480KHz with 2GHz bandwidth is worse than that of 400MHz. This is mainly due to the larger ICI under 2GHz bandwidth. 
· With the increase of DS, both the BLER performance of SCS 480KHz and SCS960KHz will be worse, but the changes for SCS 960KHz are more obvious.  
[bookmark: _Ref47281889]Observation 4: The greater the bandwidth, the greater the number of RBs, resulting in more ICI impact. 
[bookmark: _Ref40281589][bookmark: _Ref47281893]Observation 5: For CP-OFDM, the larger SCS is more sensitive to DS. 
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 3 of the Appendix
3.1 400MHz bandwidth
Firstly, we provide 400MHz simulation results: 
[image: ][image: ]
[bookmark: _Ref47273877][bookmark: _Ref47273871]Figure 7: 400MHz, 5ns DS of different SCS (left: NCP, right: ECP)
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[bookmark: _Ref47273878][bookmark: _Ref47273872]Figure 8: 400MHz, 5ns DS of different SCS (left: NCP, right: ECP)
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[bookmark: _Ref47273880]Figure 9: 400MHz, 5ns DS of different SCS (left: NCP, right: ECP)
In the Figure 7, Figure 8 and Figure 9, in order to maintain the same PT-RS signal overhead under various SCS, the chunk set of SCS=120 KHz, 240 KHz, 480 KHz and 960 KHz is chunk=5, chunk=4, chunk=3 and chunk=1 respectively.
We can observe that:
· For 400MHz bandwidth, compared with CP-OFDM waveform, the PN compensation of DFT-S-OFDM waveform can eliminate the influence of PN more effectively, especially for the small SCS (120 KHz and 240KHz).
· For low order MCS (QPSK), the higher SCS, the worse performance, which is mainly due to the less number of PTRS. 
· With the increase of DS, the performance of higher SCS will slightly deteriorate. 
· Under the same DS, the performance of NCP and ECP is nearly the same.  
[bookmark: _Ref47281898]Observation 6: For 400MHz bandwidth, compared with CP-OFDM waveform, the PN compensation of DFT-S-OFDM waveform can eliminate the influence of PN more effectively, especially for the small SCS (120 KHz and 240KHz).
[bookmark: _Ref47281915]Observation 7: For DFT-S-OFDM waveform, under the same overhead, the number of PTRS will affect the BLER performance.
[bookmark: _Ref47281919]Observation 8: For DFT-S-OFDM waveform, with the increase of DS, the performance of higher SCS will slightly deteriorate.  
3.2 2GHz bandwidth
Then, the 2GHz bandwidth case was researched.
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Figure 10: 2G, 5ns DS of different SCS (left: NCP, right: ECP)
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[bookmark: _Ref47276337]Figure 11: 2G, 5ns DS of different SCS (left: NCP, right: ECP)


[image: ][image: ]
[bookmark: _Ref47276338]Figure 12: 2G, 5ns DS of different SCS (left: NCP, right: ECP)
In Figure 11and Figure 12, it is clearly that:
· For low order and medium order MCS (QPSK and 16QAM), the SCS 480 KHz and SCS 960 KHz show similar performance under different DS. 
· For high order MCS (64QAM), the performance of SCS 960KHz is better than SCS 480 KHz when DS = 5ns and 10ns; however, the performance of those two SCS is close when DS=20ns. This is mainly due to the effect of DS. 
[bookmark: _Ref40381940]Observation 9: For DFT-S-OFDM waveform, higher bandwidth (more RB numbers) is more sensitive to PN impact.
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 different 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]
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 56k, steps = 1200k/56k≈22
· SCS240: searcher range 112k, steps = 1200k/112k ≈11
· SCS480: searcher range 224k, steps = 1200k/224k ≈6
· SCS960: searcher range 448k, steps = 1200k/448k ≈3
Note that a common 10 ppm is assumed for frequency offset estimation where 1200 KHz would be the coarse frequency offset when the carrier frequency is at 60 GHz in the above example. From the step values for different SCS, it is easy to conclude that the higher of SCS, the lower of UE complexity.
[bookmark: _Ref47281926]Observation 10: To guarantee the SSB performance, the higher the SCS, the lower required complexity.
4.2 Evaluation results
In this section, the evaluation results are provided with the evaluation assumptions summarized in Table 4 of the Appendix. For SSB channel, we first perform the coarse and fine frequency offset compensation to identify CELL ID through the detection of PSS and SSS. Then by using the compensated value of the frequency offset to decode the PBCH. In this case, it can be seen that as long as the CELL ID is detected incorrectly, PBCH decoding will not be correct. 
In the below figures, the ordinate ‘BLER’ means the detection error of PBCH channel. 
[image: D:\hongqi\B526_Augest\nr_link_sim - SSB\Main\figure\FOR102-E\TDLA-NCP-5ns.jpg][image: D:\hongqi\B526_Augest\nr_link_sim - SSB\Main\figure\FOR102-E\TDLA-ECP-5ns.jpg]
[bookmark: _Ref47289241]Figure 13: SSB, 5ns DS of different SCS (left: NCP, right: ECP)
[image: D:\hongqi\B526_Augest\nr_link_sim - SSB\Main\figure\FOR102-E\TDLA-NCP-10ns.jpg][image: D:\hongqi\B526_Augest\nr_link_sim - SSB\Main\figure\FOR102-E\TDLA-ECP-10ns.jpg]
[bookmark: _Ref47289244]Figure 14: SSB, 10ns DS of different SCS (left: NCP, right: ECP)
[image: D:\hongqi\B526_Augest\nr_link_sim - SSB\Main\figure\FOR102-E\TDLA-NCP-20ns.jpg][image: D:\hongqi\B526_Augest\nr_link_sim - SSB\Main\figure\FOR102-E\TDLA-ECP-20ns.jpg]
[bookmark: _Ref47289246]Figure 15: SSB, 20ns DS of different SCS (left: NCP, right: ECP)
From Figure 13, Figure 14 and Figure 15, we can see that:
· Under the NCP case for DS=5ns, the higher SCS, the better SSB detection performance, which means the larger bandwidth introduces some gain. 
· In many cases, the performance of ECP is worse than that of NCP. It is mainly because when doing correlation detection in the time domain, combined with the influence of noise and channel, an extended CP may produce the highest correlation value in its range, resulting in detection errors. 
· With the increases of the DS, the performance of SCS 960KHz decreases which is because the CP length cannot cover the DS.
[bookmark: _Ref47281930]Observation 11: For SSB detection, when the coarse frequency offset searcher range equals to the fine frequency offset compensation value, higher SCS (larger bandwidth) shows better performance.
[bookmark: _Ref47281934]Observation 12: For SSB channel, CP length and SCS will affect the autocorrelation of PSS sequence, thereby affecting the SSB detection performance.
5. PRACH evaluation
In this section, we discuss the performance of PRACH channel for different SCS. The evaluation results are provided with the evaluation assumptions summarized in Table 5.
In addition to the simulation assumptions in Table 5, the  is calculated based on the equation  .Where is the cell radius, is the speed of light,  for TDL-A with 100ns delay spread,, , and  is the number of guard samples. Therefore, under the 50m coverage, we can calculate the  for different SCS: SCS 120KHz:8, SCS 240KHz:15, SCS 480KHz:34, SCS 960KHz:69. Meanwhile, the TA shall be: SCS 120KHz:82, SCS 240KHz:163, SCS 480KHz:325, SCS 960KHz:649. 
By using the parameters above, the simulation results are shown below:
[image: D:\hongqi\B526_Augest\nr_link_sim - Prach-different-Ncs\Main\figure\miss-detect-DS=5.jpg][image: D:\hongqi\B526_Augest\nr_link_sim - Prach-different-Ncs\Main\figure\miss-detect-DS=10.jpg]
[image: D:\hongqi\B526_Augest\nr_link_sim - Prach-different-Ncs\Main\figure\miss-detect-DS=20.jpg]
[bookmark: _Ref47289430]Figure 16: PRACH, 5ns,10ns and 20ns DS of different SCS 
We can see from the Figure 16 that:
· At low SNR, the Higher SCS, the worse BLER performance for all different DS. It is mainly because high SCS leads to poor preamble sequence correlation. 
· At high SNR, the BLER performance basically becomes better with the increase of SCS, mainly due to the gain brought by the increase of bandwidth. 
· With the increases of the DS, the performance of SCS 480KHz and SCS 960KHz decrease which is because the CP length cannot cover the DS.
[bookmark: _Ref47291251]Observation 13: For PRACH channel at low SNR, the preamble sequence correlation shows great effect on the detection performance. The higher SCS, the worse the correlation.
[bookmark: _Ref47291256]Observation 14: For PRACH channel at high SNR, the bandwidth shows great effect on the detection performance. The larger bandwidth, the better the performance.
[bookmark: _Ref47291259]Observation 15: For PRACH channel, with the increase of DS, SCS 480 KHz and SCS 960KHz will be affected because of the lack of CP coverage.
6. Conclusion
In this contribution, we provide some evaluation results and discuss about the PDSCH/PUSCH channel, SSB channel and PRACH channel with the following observations.
Observation 1: Under the same DS, the performance of NCP is basically the same as ECP for CP-OFDM waveform.
Observation 2: 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 3: For CP-OFDM waveform, with the increase of DS, SCS 960 is most affected because of its shortest CP coverage.
Observation 4: The greater the bandwidth, the greater the number of RBs, resulting in more ICI impact.
Observation 5: For CP-OFDM, the larger SCS is more sensitive to DS.
Observation 6: For 400MHz bandwidth, compared with CP-OFDM waveform, the PN compensation of DFT-S-OFDM waveform can eliminate the influence of PN more effectively, especially for the small SCS (120 KHz and 240KHz).
Observation 7: For DFT-S-OFDM waveform, under the same overhead, the number of PTRS will affect the BLER performance.
Observation 8: For DFT-S-OFDM waveform, with the increase of DS, the performance of higher SCS will slightly deteriorate.
Observation 9: For DFT-S-OFDM waveform, higher bandwidth (more RB numbers) is more sensitive to PN impact.
Observation 10: To guarantee the SSB performance, the higher the SCS, the lower required complexity.
Observation 11: For SSB detection, when the coarse frequency offset searcher range equals to the fine frequency offset compensation value, higher SCS (larger bandwidth) shows better performance.
Observation 12: For SSB channel, CP length and SCS will affect the autocorrelation of PSS sequence, thereby affecting the SSB detection performance. 
Observation 13: For PRACH channel at low SNR, the preamble sequence correlation shows great effect on the detection performance. The higher SCS, the worse the correlation.
Observation 14: For PRACH channel at high SNR, the bandwidth shows great effect on the detection performance. The larger bandwidth, the better the performance.
[bookmark: _GoBack]Observation 15: For PRACH channel, with the increase of DS, SCS 480 KHz and SCS 960KHz will be affected because of the lack of CP coverage.
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Appendix: Link level evaluation assumptions
[bookmark: _Ref40283349][bookmark: _Ref40283290]Table 2  Simulation assumptions in LLS for PDSCH channel
	Parameters
	Values

	Carrier frequency
	60 GHz

	Waveform
	CP-OFDM

	Antenna configuration
	TDL-A: 2T2R

	MIMO Layer
	1

	Subcarrier spacing
	120/240/480/960 KHz

	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/10ns/20ns

	RB allocation
	2GHz:                   320/160
400MHz: 256/128/64/32

	FFT size
	2GHz:                   4096/2048
400MHz: 4096/2048/1024/512

	PDSCH symbol indexes
	NCP: 2-13   ECP:2-11

	DMRS symbol index
	2

	DMRS bundling size
	4

	PTRS symbol indexes
	NCP: 3-13   ECP:3-11

	PTRS density 
	One tone per 2 RBs  

	Channel code
	LDPC

	Channel estimation
	MMSE

	Transmission mode 
	QPSK:526/1024; MCS 7
16QAM: 658/1024; MCS 16
64QAM:666/1024; MCS 22


[bookmark: _Ref47289341]Table 3: Simulation assumptions in LLS for PUSCH channel
	Parameters
	Values

	Carrier frequency
	60 GHz

	Waveform
	DFT-S-OFDM

	Antenna configuration
	TDL-A: 2T2R

	MIMO Layer
	1

	Subcarrier spacing
	120/240/480/960 KHz

	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/10ns/20ns

	RB allocation
	2GHz:                   320/160
400MHz: 256/128/64/32

	FFT size
	2GHz:                   4096/2048
400MHz: 4096/2048/1024/512

	PDSCH symbol indexes
	NCP: 2-13   ECP:2-11

	DMRS symbol index
	2

	PTRS symbol indexes
	NCP: 3-13   ECP:3-11

	PTRS density 
	2GHz: /     /   /5/4
400MHz: chunk 5/4/3/1
(chunk1:2*2, chunk2:2*4, chunk3:4*2, chunk4:4*4, chunk5:8*4)

	Channel code
	LDPC

	Channel estimation
	MMSE

	Transmission mode 
	QPSK:526/1024; MCS 7
16QAM: 658/1024; MCS 16
64QAM:666/1024; MCS 22



[bookmark: _Ref40283323][bookmark: _Ref47278173]Table 4  Simulation assumptions in LLS for SSB channel
	Parameters
	Value

	Carrier frequency
	60 GHz

	SCS
	120K, 240K，480k，960k

	N_FFT
	256

	Delay spread
	5ns/ 10ns/ 20ns

	CP type
	N-CP/E-CP

	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   

	Initial frequency offset
	600k



[bookmark: _Ref47284206][bookmark: _Ref47284163][bookmark: _Ref47284196]Table 5: Simulation assumptions in LLS for PRACH channel
	Parameters
	Value

	Carrier frequency
	60 GHz

	SCS
	120K, 240K，480k，960k

	N_FFT
	2048

	Delay spread
	5ns/ 10ns/ 20ns

	Antenna configuration
	TDL-A: 1T2R

	UE speed
	3 km/h

	Delay spread
	5ns/10ns/20ns

	RB allocation
	20

	Preamble RB
	12

	PRACH format
	A1

	Restricted type
	unrestricted
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