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1. Introduction
In this contribution, we show link level simulation results of beam switching speed impact for performance of PSS (Primary Synchronization Signal), PDCCH (Physical Data Control Channel) and PDSCH (Physical Data Shared Channel) with according to latest agreements in WF R4-1710073 [1]. This contribution repeats also some of the simulation results already presented in the [2] for completeness of the study.
2. Discussion

The simulations were performed for PSS signal, PDCCH and PDSCH channels for different value of beam switching time up to duration of CP length to show the impact of beam switching time occupation of Cyclic Prefix for channels performance. 
The simulations were done for three link level capable channel model types: TDL_A and TDL_C for NLOS and TDL_D for LOS defined in TR 38.901 [3]. 
The simulations were performed for 28GHz frequency where typically analog beamforming will be used and with different delay spread of the channel model to test the impact of beam switching speed with different channel conditions. The beam switching time is modeled as percentage of Cyclic Prefix loss. The other simulation assumptions for particular channel are described in section 2.
2.1 Simulation results for PSS signal
The SS block structure and beam switching time modelling are shown on Figure 1, simulation assumption for PSS signal are showed in the Table 1.
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Figure 1. SS block and beam switching time modelling illustration
Beam switching is modeled as occupation of Cyclic Prefix of PSS symbol. Beam switching is performed every SS block to emulate transmission of every SS block via different spatial beam.
Table 1. Simulation assumption for PSS signal

	Parameters
	Values
	Notes

	Carrier Frequency
	28GHz
	

	Bandwidth
	100MHz
	Total BW, SS blocks (4 symbols: PSS/PBCH/SSS/PDCCH) transmitted in the middle of the BW and occupied 24 RBs (12PRBs for PSS)

	PRB Number
	64
	Full allocation, 64 RBs x 12 SCs= 768 (x120kHz=92.16MHz)

	Subcarrier Spacing
	240kHz
	

	FFT length
	512
	

	CP length
	~ 293 ns
	36 Ts (1Ts: 8.138ns)

	SS Block Number
	4
	

	SS Burst Number
	16
	

	Sync Burst Set Configuration Index
	1
	10ms period

	Beam Switching Time
	· 0
· ½ CP length
· CP Length
	

	Channel Type
	TDL_A (NLOS)

TDL_D (LOS)
	

	Delay Spread
	· 100ns

· 300ns

· 1000ns
	

	Simulation Length
	150 Frames
	

	Tx Antenna Ports Number
	4
	SS is using a precoding vector to map from single port onto 4 antenna ports

	Rx Antenna Ports Number
	2
	


The Error Detection Probability of PSS detection versus SNR is shown on Figure 2 for LOS case and NLOS cases.
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Figure 2. Error Detection Probability in LOS (TDL_D) and NLOS (TDL_A) of PSS for different beam switching times
Blind detection is used for PSS signal, so as long as beam switching time is limited in CP, it almost has no impact on PSS detection probability when delay spread equals to 100/300/1000ns.

Observation 1: Beam switching speed up to length of CP has almost no impact for performance of PSS signal for LOS and NLOS channel with delay spreads equals up to 1000ns.
2.2 Simulation results for PDCCH channel
The PDCCH structure and beam switching time modelling are shown on Figure 3, PDCCH allocation cases on Figure 4 and simulation assumption for PDCCH are showed in the Table 2.
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Figure 3. PDCCH and beam switching time modelling illustration

Beam switching time is modeled as occupation of Cyclic Prefix of PDCCH channel. Beam switching is performed every symbol to emulate transmission of every PDCCH via different spatial beam.
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Figure 4. PDCCH allocation cases
Table 2. Simulation assumption for PDCCH channel
	Parameters
	Values
	Notes

	Carrier Frequency
	28GHz
	

	Bandwidth
	100MHz
	

	PRB Number
	64
	

	Subcarrier Spacing
	120 kHz
	

	FFT length
	1024
	

	CP length
	~1107 or 586ns 
	136 (first symbol of half frame)or 72Ts (1Ts: 8.138ns)

	CCE Number
	2 and 8
	Control Channel Element Number

	Transport Block Size
	77
	

	Beam Switching Time
	· 0
· ½ CP length
· CP length
	

	Channel Type
	TDL_A (NLOS)
TDL_C (NLOS)
TDL_D (LOS)
	

	Delay Spread
	· 100ns
· 300ns
· 1000ns
	

	Chanel Estimation
	Perfect and real CE
	

	Tx Antenna Ports Number
	1
	

	Rx Antenna Ports Number
	2
	

	Simulation Length
	150 Frames
	


The impact of beam switching speed for PDCCH BLER and perfect CE with different channel delay spreads for Case 1 of PDCCH allocation are shown on Figure 5 for 2 CCE case and on Figure 6 for 8 CCE case. The case 2 of PDCCH allocation results are presented on Figure 7 for 2 CCE and Figure 8 for 8 CCE. 
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Figure 5. Impact of beam switching time for PDCCH BLER and radio channel types (TDL-A NLOS, TDL-D LOS) for 2 CCE (Case 1 of PDCCH allocation, perfect CE)
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Figure 6. Impact of beam switching time for PDCCH BLER and radio channel types (TDL-A NLOS, TDL-D LOS) for 8 CCE (Case 1 of PDCCH allocation, perfect CE)
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Figure 7. Impact of beam switching time for PDCCH BLER and radio channel types (TDL-A NLOS, TDL-D LOS) for 2 CCE (Case 2 of PDCCH allocation, perfect CE)
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Figure 8. Impact of beam switching time for PDCCH BLER and radio channel types (TDL-A NLOS, TDL-D LOS) for 8 CCE (Case 2 of PDCCH allocation, perfect CE)

The Required SNR for 1% BLER of PDCCH and SNR degradation is shown on Table 3 for case 1 and on Table 4 for case 2 of PDCCH allocation, all with perfect channel estimation.
Table 3. The required SNR for 1% BLER of PDCCH channel and different Delay Spreads and Beam Switching Time (case 1 of PDCCH allocation, perfect CE)
	2 CCE, case 1, TDL_A (NLOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns
	Delay Spread = 1000ns

	Beam Switching Time = 0
	5.4 dB
	3.5 dB
	3.5 dB

	Beam Switching Time = CP/2
	5.4 dB
	3.6 dB
	4.1 dB

	Beam Switching Time = CP
	5.6 dB
	4 dB
	4.9 dB

	Maximum SNR Loss
	0.2 dB
	0.5 dB
	1.4 dB

	2 CCE, case 1, TDL_D (LOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns
	Delay Spread = 1000ns

	Beam Switching Time = 0
	0.8 dB
	0.6 dB 
	0.6 dB

	Beam Switching Time = CP/2
	0.8 dB
	0.5 dB
	0.7 dB

	Beam Switching Time = CP
	0.8 dB
	0.6 dB
	0.7 dB

	Maximum SNR Loss
	0 dB
	0dB
	0.1 dB

	8 CCE, case 1, TDL_A (NLOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns
	Delay Spread = 1000ns

	Beam Switching Time = 0
	-4.0 dB
	-5.0 dB
	-5.0 dB

	Beam Switching Time = CP/2
	-4.0 dB
	-5.0 dB
	-4.8 dB

	Beam Switching Time = CP
	-3.9 dB
	-4.8 dB
	-4.5 dB

	Maximum SNR Loss
	0.1 dB
	0.2 dB
	0.5 dB

	8 CCE, case 1, TDL_D (LOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns
	Delay Spread = 1000ns

	Beam Switching Time = 0
	-6.2 dB
	-6.3 dB
	-6.2 dB

	Beam Switching Time = CP/2
	-6.2 dB
	-6.3 dB
	-6.2 dB

	Beam Switching Time = CP
	-6.1 dB
	-6.3 dB
	-6.2 dB

	Maximum SNR Loss
	0.1 dB
	0 dB
	0 dB


Table 4. The required SNR for 1% BLER of PDCCH channel and different Delay Spreads and Beam Switching Time (case 2 of PDCCH allocation, perfect CE)
	2 CCE, case 1, TDL_A (NLOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns
	Delay Spread = 1000ns

	Beam Switching Time = 0
	5.4 dB
	3.6 dB
	5.0 dB

	Beam Switching Time = CP/2
	5.4 dB
	3.8 dB
	5.9 dB

	Beam Switching Time = CP
	5.6 dB
	4.1 dB
	7.3 dB

	Maximum SNR Loss
	0.2 dB
	0.5 dB
	2.3 dB

	2 CCE, case 1, TDL_D (LOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns
	Delay Spread = 1000ns

	Beam Switching Time = 0
	0.7 dB
	0.6 dB
	0.8 dB

	Beam Switching Time = CP/2
	0.8 dB
	0.6 dB
	0.8 dB

	Beam Switching Time = CP
	0.8 dB
	0.6 dB
	0.8 dB

	Maximum SNR Loss
	0.1 dB
	0 dB
	0 dB

	8 CCE, case 1, TDL_A (NLOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns
	Delay Spread = 1000ns

	Beam Switching Time = 0
	-4.0 dB
	-5.0 dB
	-4.9 dB

	Beam Switching Time = CP/2
	-4.0 dB
	-5.0 dB
	-4.7 dB

	Beam Switching Time = CP
	-3.9 dB
	-4.8 dB
	-4.3 dB

	Maximum SNR Loss
	0.1 dB
	0.2 dB
	0.6 dB

	8 CCE, case 1, TDL_D (LOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns
	Delay Spread = 1000ns

	Beam Switching Time = 0
	-6.1 dB
	-6.3 dB
	-6.2 dB

	Beam Switching Time = CP/2
	-6.1 dB
	-6.3 dB
	-6.2 dB

	Beam Switching Time = CP
	-6.1 dB
	-6.2 dB
	-6.2 dB

	Maximum SNR Loss
	0 dB
	0.1 dB
	0 dB


Perfect channel estimation (CE) is used in the simulation. 
In case of LOS channel (TDL_D) there is no beam switching time impact. 

In case of NLOS channel (TDL_A) the beam switching time caused small PDCCH degradation even under perfect channel estimation especially when delay spread is longer than CP (DS = 1000ns). The impact is smaller for larger number of CCE (better redundancy).

Observation 2: Beam switching speed up to length of CP has almost no impact for performance of PDCCH with perfect CE for LOS channel delay spreads up to 1000ns
Observation 3: Beam switching speed up to length of CP has small impact for performance of PDCCH with perfect CE for NLOS channel delay spreads up to 1000ns. The impact is more obvious for less CCE number. 
The simulations were also performed with real channel estimation and channel TDL_C (NLOS) with the delay spreads 100, 200 and 300 ns. 

The simulation results showing BLER versus SNR for case 1 of PDCCH allocation are shown in Figure 9 and for case 2 in Figure 10. The Required SNR for 1% BLER of PDCCH and SNR degradation is shown on Table 5 for case 1 and on Table 6 for case 2 of PDCCH allocation, all with real channel estimation.
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Figure 9. Impact of beam switching time for PDCCH BLER in radio channel TDL_C with different number of CCE (case 1 of PDCCH allocation, real CE)
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Figure 10. Impact of beam switching time for PDCCH BLER in radio channel TDL_C with different number of CCE (case 2 of PDCCH allocation, real CE) 
Table 5. The required SNR for 1% BLER of PDCCH channel and different Delay Spreads and Beam Switching Time (case 1 of PDCCH allocation, real CE)
	2 CCE, case 1, TDL_C (NLOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns

	Beam Switching Time = 0
	8.3dB
	8.5 dB

	Beam Switching Time = CP/2
	8.3 dB
	8.5 dB

	Beam Switching Time = CP
	8.5 dB
	8.9 dB

	Maximum SNR Loss
	0.2 dB
	0.4 dB

	8 CCE, case 1, TDL_C (NLOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns

	Beam Switching Time = 0
	0.2 dB
	-0.2 dB

	Beam Switching Time = CP/2
	0.2 dB
	-0.2 dB

	Beam Switching Time = CP
	0.3 dB
	0 dB

	Maximum SNR Loss
	0.1 dB
	0.2 dB


Table 6. The required SNR for 1% BLER of PDCCH channel and different Delay Spreads and Beam Switching Time (case 2 of PDCCH allocation, real CE)
	2 CCE, case 1, TDL_C (NLOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns

	Beam Switching Time = 0
	8.3dB
	8.8 dB

	Beam Switching Time = CP/2
	8.3 dB
	8.8 dB

	Beam Switching Time = CP
	8.4 dB
	9.2 dB

	Maximum SNR Loss
	0.1 dB
	0.4 dB

	8 CCE, case 1, TDL_C (NLOS)

	
	Delay Spread = 100ns
	Delay Spread = 300ns

	Beam Switching Time = 0
	0.2 dB
	-0.1 dB

	Beam Switching Time = CP/2
	0.2 dB
	-0.1 dB

	Beam Switching Time = CP
	0.3 dB
	0.1 dB

	Maximum SNR Loss
	0.1 dB
	0.2 dB


We can observe that for TDL_C channel under real CE the impact of beam switching speed is smaller than 0.5 dB for delay spread up to 300ns. With more CCE the impact is smaller due to better redundancy.

Observation 4: Beam switching speed up to length of CP has small impact for performance of PDCCH with real CE for NLOS channel delay spreads up to 300ns. The impact is more obvious for less CCE number. 

2.3 Simulation results for PDSCH channel
The PDSCH structure and beam switching time modelling are shown on Figure 11 and simulation assumption for PDSCH are showed in the Table 7.
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Figure 11. PDSCH and beam switching time modelling illustration

Table 7. Simulation assumption for PDSCH channel
	Parameters
	Values
	Notes

	Carrier Frequency
	28GHz
	

	Bandwidth
	100MHz
	

	PRB Number
	64
	

	Subcarrier Spacing
	120 kHz
	

	FFT length
	1024
	

	CP length
	586ns 
	72Ts (1Ts: 8.138ns)

	MCS
	MCS0, MC3
	MCS0 – QPSK, Coding Rate = 0.2285, 
MCS3 – 64QAM, Coding Rate = 0.6092

	Beam Switching Time
	· 0
· 0.2 CP
· 0.4 CP
· 0.6 CP
· 0.8 CP
· CP
	

	Channel Type
	TDL_A (NLOS)
TDL_C (NLOS)
TDL_D (LOS)
	

	Delay Spread
	· 100ns

· 200ns

· 300ns

· 500ns
	

	Chanel Estimation
	Real
	

	Tx Antenna Ports Number
	2
	

	Rx Antenna Ports Number
	2
	

	Simulation Length
	150 Frames
	


The impact of beam switching speed for BLER of PDSCH with MCS0 and different channel delay spreads are shown on Figure 12 for LOS channel (TDL_D) and on Figure 13 for NLOS channels (TDL_A and TDL_C).
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Figure 12. Impact of beam switching time for PDSCH BLER with MCS0 in case of LOS channel (TDL_D)
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Figure 13. Impact of beam switching time for PDSCH BLER with MCS0 in case of NLOS channel (TDL_A and TDL_C)

We can observe from the results that beam switching time has no impact for PDSCH channel with MCS0 (QPSK).
Observation 5: Beam switching speed up to length of CP has almost no impact for performance of PDSCH with MCS0 (QPSK) for LOS and NLOS channel delay spreads up to 500ns

The impact of beam switching speed for throughput and BLER of for PDSCH with MCS3 and different channel delay spreads are shown on Figure 14 for NLOS channel (TDL_C) 
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Figure 14. Impact of beam switching time for throughput and BLER of PDSCH with MCS3 in case of NLOS channel (TDL_C)

The PDSCH with MCS3 (64QAM) was simulated only for 100ns of delay spread because for 300ns delay spread the channel could not be correctly decoded. This is the effect of the long delay spread of the channel and higher requirements in terms of SNR for 64QAM modulation. 
In case of 100ns of delay spread there is visible effect of beam switching time for performance only when whole CP is occupied by switching time. PDSCH occupy 13 OFDM symbols (12 OFDM symbols for data, 1 OFDM symbol for DMRS). Beam switching only effect the first OFDM symbol. So beam switching time usually have little impact on PDSCH. However near decoding threshold, a small distortion of all CP loss of the first OFDM, PDSCH performance decline greatly.
Observation 6: Beam switching speed up to length of CP has some impact for performance of PDSCH with MCS3 (64QAM) for NLOS channel delay spread 100ns only when whole CP is occupied by switching time
The beam switching time is important mainly for analog beamforming which will be used mainly in mmWave frequency bands. The mmWave transmission is mainly targeted for LOS cases and small cells (with low delay spread), transmission in NLOS and especially with higher order modulation as QAM64 will be not practical. Therefore, the beam switching time for this case is less important.
3. Conclusion

In this contribution, we showed results of link level simulation of beam switching time impact for DL channels: PSS, PDCCH and PDSCH. 
We have made following observations:
Observation 1: Beam switching speed up to length of CP has almost no impact for performance of PSS signal for LOS and NLOS channel with delay spreads equals up to 1000ns.
Observation 2: Beam switching speed up to length of CP has almost no impact for performance of PDCCH for LOS channel delay spreads up to 1000ns.
Observation 3: Beam switching speed up to length of CP has small impact for performance of PDCCH for NLOS channel delay spreads up to 1000ns. The impact is more obvious for less CCE number. 

Observation 4: Beam switching speed up to length of CP has small impact for performance of PDCCH with real CE for NLOS channel delay spreads up to 300ns. The impact is more obvious for less CCE number. 

Observation 5: Beam switching speed up to length of CP has almost no impact for performance of PDSCH for LOS and NLOS channel delay spreads up to 500ns.
Observation 6: Beam switching speed up to length of CP has some impact for performance of PDSCH with MCS3 (64QAM) for NLOS channel delay spread 100ns only when whole CP is occupied by switching time.
We can conclude from the presented simulation results that introducing minimum requirements for beam switching time is not required because its impact for DL channels performance is marginal especially when we take into account that practical beam switching time of the order of 100ns for PIN diode and much less for GaAs switches (see [4]). Additionally, the beam switching time is important mainly for analog beamforming and mmWave transmission which is mainly targeted for LOS channel and small cells with small delay spread where simulation results show even lack of the impact for DL channel performance.
Proposal 1: Beam switching speed minimum requirements should not be specified in NR 3GPP due to its marginal impact for DL channel performance in NLOS channels and no impact in LOS channels especially taking into account the practical switching time (below 100ns) and analog beamforming applications (mmWave in LOS channel and small delay spreads in small cells).
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