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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction
In June 2018, the study item “Study on NR to support non-terrestrial networks” was completed. Potential impacts have been identified (see [1] for the full list) and solutions are currently investigated in the study item “Solutions on NR to support non-terrestrial networks”. From a RAN1 perspective, TUs have been allocated starting from April 2019 to November 2019. The following objectives for RAN 1 have been approved in [2] :
Consolidation of potential impacts as initially identified in TR 38.811 and identification of related solutions if needed  [RAN1]: 
· Physical layer control procedures (e.g. CSI feedback, power control)
· Uplink Timing advance/RACH procedure including PRACH sequence/format/message
· Making retransmission mechanisms at the physical layer more delay-tolerant as appropriate. This may also include capability to deactivate the HARQ mechanisms.
Performance assessment of NR in selected deployment scenarios (LEO based satellite access, GEO based satellite access) through link level (Radio link) and system level (cell) simulations [RAN1].
This contribution focuses on the issue of performance assessment in NR NTN downlink, where the high power amplifier (HPA) of the satellite transmitter typically introduces significant non-linear distortion in the signal. We note necessary assumptions for gauging the impact of satellite HPA non-linearity on block error rate (BLER) performance and present initial link-level simulation results. This contribution is an extension of [3], providing more simulation results for different MCSs.
2. NR Downlink Performance in NTN
As satellite systems are power-limited, the required amplification of the downlink transmissions might necessitate operation extending significantly into the non-linear region of the satellite HPAs [4], [5]. Effect of such non-linearity on the performance of NR NTN downlink is likely to be more pronounced, considering the high peak-to-average power ratio (PAPR) of OFDM waveforms.
Link-Level Simulation Assumptions
In order to focus solely on the impact of the HPA non-linearity on BLER performance, the link-level simulations we do are with SISO transmission under AWGN channel setting. DMRS-based channel estimation is enabled so that any phase rotation introduced by the HPA model is mitigated before decoding. The simulation settings are listed in Table 1.
Table 1: Settings
	Parameters
	Values

	Bandwidth
	30 MHz

	SCS
	15 KHz

	Total # of PRBs
	160

	PRB bandwidth
	28.8 MHz

	Desired allocation
	# of RBs
	15 

	
	# of data REs
	1980

	HARQ
	Disabled

	TX impairment
	Satellite PA nonlinearity: Tables 2 and 3

	Predistortion techniques
	Disabled

	Channel estimation
	DMRS-based

	Channel type
	AWGN 

	LDPC graph index
	1

	MCS from Table 5.1.3.1-3 of [6]   
	IMCS 10
	QPSK,  

	
	IMCS 14
	QPSK, 

	
	IMCS 15
	16QAM, 

	
	IMCS 20
	16QAM, 

	
	IMCS 21
	64QAM, 

	
	IMCS 27
	64QAM, 

	TB size 
	IMCS 10
	1232 

	
	IMCS 14
	2464

	
	IMCS 15
	2816

	
	IMCS 20
	4928

	
	IMCS 21
	5280

	
	IMCS 27
	8448



Note that the TB size in Table 1 changes with MCS because the number of data resource elements (RE) is fixed in the desired allocation. 
The high non-linearity introduced by HPAs might result in inter-carrier interference (ICI) that is contributed not only from the REs within the desired allocation (which is to be decoded), but also from those in other allocations intended for the multiple UEs per downlink beam. Therefore, to account for such ICI, REs other than that of the desired allocation are filled with arbitrary symbols drawn uniformly at random from the respective constellation set for the desired allocation. 
Proposal 1: Link-level simulations considering satellite HPA non-linearity should model the ICI between multiple allocations in the same downlink beam, even under AWGN channel or ideal channel knowledge assumptions.
HPA non-linearity models are applied in the link-level simulations as follows: with the OFDM signal input to the HPA being , the amplified output signal is 
,
where  is in accordance with the amplitude modulation to amplitude modulation (AM/AM) characteristics of the HPA while  is as per the amplitude modulation to phase modulation (AM/PM) characteristics. 
We apply the characteristics from the HPA models proposed by [4], namely, the models for Travelling Wave Tube Amplifier (TWTA) and Solid State Power Amplifier (SSPA) that are reproduced in Tables 2 and 3, respectively. As the dynamic range of the high PAPR OFDM input signals to the HPA would go beyond the input range specified in the tables given by [4], we resort to linear extrapolation of the AM/AM and AM/PM characteristics. And, to ensure reasonable slopes in the extrapolations, a few additional points (indicated in red) are introduced in Tables 2 and 3. 
Table 2: AM/AM and AM/PM characteristics for linearized TWTA, proposed in [4]
	IBO (dB)
	OBO (dB)
	Phase (deg)

	-20
	-18
	0

	-18
	-16
	0

	-16
	-14
	-0.5

	-14
	-12
	-0.5

	-12
	-10
	-0.5

	-10
	-8
	-1

	-8
	-6
	-1

	-6
	-4
	-1

	-4
	-2
	-2.5

	-3
	-1
	-3

	-2
	-0.5
	-4

	-1
	-0.1
	-6

	0
	0
	-8

	1
	-0.1
	-7

	2
	-0.5
	-6

	3
	-1
	-4

	4
	-2
	-2

	5
	-3
	-2



Table 3: Typical AM/AM and AM/PM characteristics for SSPA, proposed in [4]
	IBO (dB)
	OBO (dB)
	Phase (deg)

	-20
	-18.7
	0

	-18
	-16.7
	0

	-16
	-14.7
	0.5

	-14
	-12.7
	1

	-12
	-10.7
	2.5

	-10
	-8.6
	3.5

	-8
	-6.5
	5

	-6
	-4.5
	6

	-4
	-2.6
	7

	-3
	-1.9
	7

	-2
	-1.2
	7

	-1
	-0.6
	6.5

	0
	0
	6

	1
	0.5
	5

	2
	0.9
	4

	3
	1.1
	3.5

	4
	1.3
	3

	5
	1.3
	3



Plotted in Figs. 1—4 are instances of the foregoing input-output responses from our simulations, where the average IBO (input back-off) for the TWTA and SSPA cases were, respectively, 0.28 dB and 1.58 dB. It can be seen that the input range of the OFDM signals goes beyond the range given by the assumptions in [4]. Based on the input power ranges observed (e.g., Figs. 1—4) from simulations under relevant settings, we propose the following.
[image: AMAM TWTA][image: C:\Users\geg\AppData\Local\Microsoft\Windows\INetCache\Content.Word\AMPM TWTA.png]
       Fig. 1: TWTA AM/AM characteristics from Table 2.           Fig. 2: TWTA AM/PM characteristics from Table 2.

[image: AMAM SSPA][image: C:\Users\geg\AppData\Local\Microsoft\Windows\INetCache\Content.Word\AMPM SSPA.png]
       Fig. 3: SSPA AM/AM characteristics from Table 3.            Fig. 4: SSPA AM/PM characteristics from Table 3.

Proposal 2: Input value range of the HPA AM/AM and AM/PM characteristics specified for NR NTN downlink simulations shall cover the high dynamic range of the OFDM waveforms: recommended range is from -30 dB to 10 dB. 
Simulation Results

The IBO (input back-off) and OBO (output back-off) values in the results hereafter indicate the back-off applied to the transmit signal power on average. Specifically, they are computed as 
/,
/,
where  is the output saturation power from the AM/AM characterises (0 dB for the TWTA from Table 2 and 1.3 dB for the SSPA from Table 3),  is the average input signal power to the amplifier and  is the average output signal power from the amplifier.
The power back-off shifts the signal more towards the linear region of the amplifier, thereby improving the BLER for a given  with  being the energy per symbol without accounting for the OBO. Examples of BLER vs  curves plotted under different back-offs for are provided in Figs 5—6 for QPSK code Rate 0.59, in Figs 7—8 for 16QAM code Rate 0.6, and in Figs 9—10 for 64QAM code Rate 0.7. As can be seen, the non-linear distortion degrades the BLER performance considerably and significant back-offs need to be applied in order to avoid flooring of the BLER curve above relevant reliability requirements. Higher order modulations and higher coder rates are more sensitive to the HPA non-linearity and increased back-offs are needed with the more non-linear TWTA than with the SSPA.



Fig. 5: BLER vs  with TWTA (Table 2) for different average back-off values (in dB), with QPSK, 



Fig. 6: BLER vs  with SSPA (Table 3) for different average back-off values (in dB), with QPSK, 

Fig. 7: BLER vs  with TWTA (Table 2) for different average back-off values (in dB), with 16QAM, 



Fig. 8: BLER vs  with SSPA (Table 3) for different average back off values (in dB) , with 16QAM, 

Fig. 9: BLER vs  with TWTA (Table 2) for different average back-off values (in dB), with 64QAM, 



Fig. 10: BLER vs with SSPA (Table 3) for different average back-off values (in dB), with 64QAM, 


Observation 1: Satellite HPA non-linearity has a significant impact on the BLER performance in NR NTN DL, especially for higher order modulations and code rates.
Observation 2: High PA nonlinearity necessitates significant power back-off for avoiding possible flooring of the BLER above the reliability requirement.
Note, however, that the curves in Figs 5—10 do not explicitly indicate the actual performance degradation due to the signal power back-off, which will be assessed next. 
A quantity that allows better demonstration of the link performance with changing back-off values is the total degradation () incurred for achieving a given BLER, which is computed (in dB) as follows [8]
+ ,
where  is the  required with a linear PA for achieving the same BLER. If the PA were linear,  , since . 
The  values for a BLER of  is plotted in Fig. 11—12, for different OBOs. The star marker on each curve indicates the minimum TD achieved while the circle marker indicates the TD corresponding to the needed back-off for meeting the error vector magnitude (EVM) requirements as per [7], namely, ≤ 17.5% for QPSK, ≤ 12.5% for 16QAM and ≤ 8% for 64QAM. 
[image: C:\Users\geg\AppData\Local\Microsoft\Windows\INetCache\Content.Word\TD_TWTA_n.png]
Fig. 11: Total degradation vs OBO with BLER =  for TWTA (Table 2). Star markers indicate the minimum degradation. Circle markers indicate the degradation incurred for meeting the EVM requirements in [7]


Fig. 12: Total degradation vs OBO with BLER =  for SSPA (Table 3). Star markers indicate the minimum degradation. Circle markers indicate the degradation incurred for meeting the EVM requirements in [7]

Denoting the minimum TD from the foregoing figures with , Table 4 lists the corresponding ,  and  for each MCS. Similarly, listed in Table 5 are the IBO, OBO and the resulting , needed for meeting the EVM requirements as per [7], which, recall, are ≤ 17.5% for QPSK, ≤ 12.5% for 16QAM and ≤ 8% for 64QAM.
Table 4: Minimum total degradation  and corresponding IBO, OBO and EVM
	MCS
	TWTA
	SSPA

	
	
	
	
	
	
	
	
	

	QPSK, R = 0.3
	2.95
	1.5
	2.11
	33.2%
	2.46
	0
	1.9
	26.6%

	QPSK, R = 0.59
	3.36
	2.5
	2.43
	27.27%
	2.7
	0
	1.9
	26.6%

	16QAM, R = 0.33
	3.51
	3
	2.63
	24.47%
	2.93
	0
	1.9
	26.6%

	16QAM, R = 0.6
	4.4
	4
	3.13
	19.3%
	4.23
	2
	2.77
	20.5%

	64QAM, R = 0.43
	4.78
	5
	3.74
	14.8%
	4.83
	3
	3.29
	17.5%

	64QAM, R = 0.7
	5.94
	6.9
	5.16
	7.96%
	6.57
	6
	5.26
	9.9%






Table 5: TD, IBO and OBO needed for meeting EVM requirement in [7]
	MCS
	TWTA
	SSPA

	
	
	
	
	
	
	
	
	

	QPSK, R = 0.3
	3.6
	4.4
	3.36
	17.45%
	3.54
	3
	3.29
	17.5%

	QPSK, R = 0.59
	3.73
	4.4
	3.36
	17.45%
	3.75
	3
	3.29
	17.5%

	16QAM, R = 0.33
	4.371
	5.6
	4.15
	12.42%
	4.7
	4.9
	4.47
	12.45%

	16QAM, R = 0.6
	4.64
	5.6
	4.15
	12.42%
	4.97
	4.9
	4.47
	12.45%

	64QAM, R = 0.43
	5.43
	6.9
	5.16
	7.96%
	6.29
	7
	6.03
	7.95%

	64QAM, R = 0.7
	5.94
	6.9
	5.16
	7.96%
	6.82
	7
	6.03
	7.95%



Based on the results in Figs. 11—12 and Tables 4—5, we make the following observations and proposals.
Observation 3:  The minimum TD for a given MCS is comparable for TWTA and SSPA, with TWTA slightly exceeding SSPA under QPSK and 16QAM and vice versa under 64QAM.
Observation 4: The minimum TD is between 3 and 6 dB for TWTA and 2.5 and 6.6 dB for SSPA, depending on the MCSs, indicating that PAPR reduction of NR DL might be needed for better BLER performance in NTN scenarios.
Observation 5: The back-off needed for meeting the existing EVM requirement [7] can be significantly higher than that corresponding to the minimum TD, especially under lower code rates and with the SSPA. 

Proposal 3: Option for relaxing the EVM requirements for NR NTN scenarios in order to optimize BLER and throughput performance should be FFS.
Proposal 4: Appropriate HPA non-linearity modeling should be included in the link- and system-level simulation assumptions for NR NTN downlink.
Proposal 5: Simulations neglecting HPA non-linearity for NR NTN downlink under the assumption of sufficient back-off must model the resulting degradation in BLER and throughput due to signal power loss.
3. Conclusion
In this paper, the following observations and proposals have been made:
Proposal 1: Link-level simulations considering satellite HPA non-linearity should model the ICI between multiple allocations in the same downlink beam, even under AWGN channel or ideal channel knowledge assumptions.
Proposal 2: Input value range of the HPA AM/AM and AM/PM characteristics specified for NR NTN downlink simulations shall cover the high dynamic range of the OFDM waveforms: recommended range is from -30 dB to 10 dB. 
Observation 1: Satellite HPA non-linearity has a significant impact on the BLER performance in NR NTN DL, especially for higher order modulations and code rates.
Observation 2: High PA nonlinearity necessitates significant power back-off for avoiding possible flooring of the BLER above the reliability requirement.
Observation 3:  The minimum TD for a given MCS is comparable for TWTA and SSPA, with TWTA slightly exceeding SSPA under QPSK and 16QAM and vice versa under 64QAM.
Observation 4: The minimum TD is between 3 and 6 dB for TWTA and 2.5 and 6.6 dB for SSPA, depending on the MCSs, indicating that PAPR reduction of NR DL might be needed for better BLER performance in NTN scenarios.
Observation 5: The back-off needed for meeting the existing EVM requirement [7] can be significantly higher than that corresponding to the minimum TD, especially under lower code rates and with the SSPA. 

Proposal 3: Option for relaxing the EVM requirements for NR NTN scenarios in order to optimize BLER and throughput performance should be FFS.
Proposal 4: Appropriate HPA non-linearity modeling should be included in the link- and system-level simulation assumptions for NR NTN downlink.
Proposal 5: Simulations neglecting HPA non-linearity for NR NTN downlink under the assumption of sufficient back-off must model the resulting degradation in BLER and throughput due to signal power loss.
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