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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
A new SI was approved by RAN#80 on studying a set of necessary features/adaptations enabling the operation of NR protocol in non-terrestrial networks (NTN), including physical layer, Layer 2 and above [[endnoteRef:2]]. Specifically, in 3GPP TR 38.811 (V15.0.0) [[endnoteRef:3]], it is expressed that: [2: [] RP-181370, “Study on solutions evaluation for NR to support Non-Terrestrial Network”, Thales, RAN#80, La Jolla, USA, June 11-14, 2018]  [3: [] 3GPP TR 38.811 V 15.0.0, “Study on New Radio (NR) to support non terrestrial networks (Release 15)”, August 10, 2018] 

7.3.7.2.3	NR impact considerations
PAPR reduction techniques of CP-OFDM signal on the downlink would be beneficial to optimize the capacity of non-terrestrial networks and therefore could be considered in future studies.
To enhance the throughput / power ratio, peak-to-average power ratio (PAPR) reduction techniques could be considered in NTN. Consequently, in this contribution we would like to discuss PAPR effects considering the high power amplifier (HPA) model in NTN, criteria for selection of PAPR reduction techniques, and provide some simulation results of existing typical PAPR reduction techniques as a benchmark for further study. 

Discussion on PAPR problem in NTN
As satellite systems are power-limited, the HPA of the satellite transmitter prefers to work at or near the saturation region for obtaining sufficient transmit power [[endnoteRef:4]]. However, CP-OFDM signals with high PAPR will get into the non-linear region of HPA, which will introduce severe in-band non-linear distortions and out-of-band emission. To avoid this, the HPA requires a large dynamic linear region and large input back off (IBO). Nevertheless, this kind of HPA for satellites is very expensive and has poor power efficiency. Meanwhile, HPA with low power efficiency may not be able to guarantee the sufficient signal-to-noise ratio (SNR) due to the high propagation path loss in NTN.  [4: [] K. Kang, S. Kim, D, Ahn, et al. “Efficient PAPR reduction scheme for satellite MC-CDMA systems”, IEEE Proceedings-Communications, 2005, 152(5): 697-703.] 
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[bookmark: _Ref533777265]Figure 1 Relation between PAPR and SNR
The relation between PAPR and SNR is depicted in Figure 1, and it can be concluded that SNR decreases with increasing PAPR when the satellite uses the same HPA. In power-limited NTN scenarios where the received SNR is low in general, the benefits of reducing the PAPR of CP-OFDM signals before they are fed into the HPA are expected to be obvious.
[bookmark: _Ref129681832]PAPR effects considering the HPA model
There are mainly two kinds of amplifiers in wireless communication systems, i.e., solid state power amplifier (SSPA) and traveling wave tube amplifier (TWTA). SSPAs are usually used in mobile communication systems and TWTAs are generally applied in satellite communication systems when high transmit power is required [[endnoteRef:5],[endnoteRef:6]]. Therefore, for evaluating high PAPR effects on transmitted signals in NTN, the TWTA model is used to simulate the CP-OFDM BER performance.  [5: [] B. M. Lee and R. J. P. de Figueiredo, “Adaptive predistorters for linearization of high-power amplifiers in OFDM wireless communications”, Circuits, Systems and Signal Processing, 2006, 25 (1): 59-80.]  [6: [] J. M. Weekley and B. J. Mangus, “TWTA versus SSPA: A comparison of on-orbit reliability data”, IEEE Transactions on Electron Devices, 2005, 52(5): 650-652.] 

[bookmark: _Ref532405959]The TWTA can be modelled as [[endnoteRef:7],[endnoteRef:8]] [7: [] A. A. Saleh, “Frequency-independent and frequency-dependent nonlinear models of TWT amplifiers”, IEEE Transactions on communications, 1981, 29(11): 1715-1720. ]  [8: [] 3GPP TR 38.803 V14.2.0, “Study on new radio access technology: Radio Frequency (RF) and co-existence aspects (Release 14)”, September 2017] 


	 	


where  is the input signal of the HPA. y(t) is the output signal of the HPA. Amplitude modulation to amplitude modulation (AM/AM) conversion A[r(t)] and amplitude modulation to phase modulation (AM/PM) conversion  can be expressed as

		

	 	




where α and β are real-valued parameters that can be used to tune the model to fit a specific amplifier. Here we use the values in [6] as an example, i.e., , , , . 
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	[bookmark: _Ref533842202]Figure 2 Amplitude and phase transfer functions of original TWTA model
	[bookmark: _Ref533842218]Figure 3 Amplitude transfer function of TWTA model with ideal pre-distorter


Figure 2 shows the nonlinear amplitude and phase transfer functions of the original TWTA model without pre-distorter (PD). It can be seen that output signals of the TWTA experience severe amplitude and phase distortions. Hence, distortion compensation for the amplitude and the phase is needed before signals are fed into the TWTA. In Figure 3, the ideal PD [[endnoteRef:9]] is used to compensate for the distortion, and the linear range for the TWTA can be obtained. [9: [] A. Brajal and A. Chouly, “Compensation of nonlinear distortions for orthogonal multicarrier schemes using predistortion”, 1994 IEEE GLOBECOM. Communications: The Global Bridge, San Francisco, CA, USA, 1994, pp. 1909-1914] 

[bookmark: _Ref533777873]
Table 1 Simulation parameters
	Assumption
	Value

	Channel
	AWGN

	Modulation
	QPSK

	PD
	Ideal PD

	IBO (input backoff)
	5 dB

	Subcarrier number
	512


[image: C:\Users\w00476953\Desktop\BER performance for OFDM systems with TWTA_QPSK_512_IBO5.bmp]
[bookmark: _Ref532408697]Figure 4 BER performance for CP-OFDM signals with the TWTA model
For evaluating the effects of HPA non-linear distortions on demodulation performance at the receiver, some simulations are implemented. Simulation parameters are shown in Table 1. Figure 4 shows that, with QPSK modulation and IBO=5 dB, the BER performance of CP-OFDM signals degrades because of non-linear distortions, compared with the CP-OFDM signals which are not going through the TWTA. Meanwhile, the IBO of input signals reduces the TWTA power efficiency.
Observation 1: High PAPR of CP-OFDM signals would reduce the system BER performance because of non-linear distortions, and the power amplifier efficiency because of the large IBO for power-limited satellites in NTN.

Criteria for selection of PAPR reduction techniques
According to the above analysis, it can be seen that the satellite with the CP-OFDM waveform may need to apply some PAPR reduction techniques to improve its power efficiency and relieve non-linear distortions. Here we list some criteria for selection of PAPR reduction techniques:
1) PAPR reduction capability: This is clearly the most important factor for choosing a PAPR reduction technique. The chosen one should be able to reduce the CP-OFDM signals PAPR to an acceptable level.
2) BER performance: After applying some PAPR reduction techniques, the original constellation signals may be changed or the signal average transmit power may be increased [[endnoteRef:10]], e.g., amplitude clipping, which makes decoding more difficulty. This is also an important factor, which has to be considered. [10: [] T. Wattanasuwakull and W. Benjapolakul, “PAPR Reduction for OFDM Transmission by using a method of Tone Reservation and Tone Injection”, 2005 5th International Conference on Information Communications & Signal Processing, Bangkok, 2005, pp. 273-277.] 

3) Data rate: Some PAPR reduction techniques need to transmit “redundant signals” to the receiver, e.g., side information of partial transmit sequence (PTS) [[endnoteRef:11]] and selective mapping (SLM) [[endnoteRef:12]], which will reduce the system data rate.  [11: [] S. H. Muller and J. B. Huber, “OFDM with reduced peak-to-average power ratio by optimum combination of partial transmit sequences”, Electronics Letters, 1997, 33(5): 368-369.]  [12: [] R. W. Bauml, R. F. H. Fischer, and J. B. Huber, “Reducing the peak-to-average power ratio of multicarrier by selected mapping”, Electronics Letters, 1996, 32(22): 2056-2057.] 

4) Implementation complexity: Another important factor, which needs to be considered for PAPR reduction technique selection, is the implementation complexity. Some techniques, such as PTS and SLM, need to search for an optimal or suboptimal solution to reduce PAPR, which need many iterations. It can be generally concluded that higher implementation complexity introduces better PAPR reduction capacity.

Observation 2: Considering the trade-off between PAPR reduction and other performance, some criteria, e.g. PAPR reduction capability, BER performance, data rate and implementation complexity, should be considered before choosing a specific PAPR reduction technique for NTN.

PAPR reduction techniques 
[bookmark: _Ref533538553]In this section, we intend to give some simulation results of existing typical PAPR reduction techniques, which could be a benchmark for further study. Simple distortion techniques and probabilistic technique for reducing PAPR are compared, including clipping and filtering (CAF) [[endnoteRef:13]], companding [[endnoteRef:14]] and PTS [[endnoteRef:15]].  [13: [] X. Li and L. J. Cimini, “Effects of clipping and filtering on the performance of OFDM”, 1997 IEEE 47th Vehicular Technology Conference. Technology in Motion, Phoenix, AZ, USA, 1997, pp. 1634-1638.]  [14: [] R1-1608828, “Overview of PAPR reduction techniques”, Huawei, HiSilicon, RAN1#86bis, Lisbon, Portugal, October 10 - 14, 2016]  [15: [] S. H. Muller and J. B. Huber, “OFDM with reduced peak-to-average power ratio by optimum combination of partial transmit sequences”, Electronics Letters, 1997, 33(5): 368-369.] 

Amplitude clipping removes the peak parts of CP-OFDM signals which are outside the allowed region. However, the clipping would introduce the out-of-band radiation. This issue can be relieved by filtering. Companding technique reduces the PAPR in another non-linear way compared with clipping, i.e., the transform formula is changed. Here, a simple example in [12] is applied. PTS partitions a data block into a number of disjoint sub-blocks. Then they are weighted by phase rotation factors separately after the IDFT. The optimal rotation factor combination is selected for minimizing the PAPR of resulting CP-OFDM signals. Meanwhile, the side information of the optimal rotation factors needs to be transmitted to the receiver for decoding the transmitted signals correctly, which may decrease the system data rate. 
Figure 5 shows PAPR performance comparisons of these different PAPR reduction techniques. The parameters of these reduction techniques are selected for obtaining similar PAPR performance, which are listed in Table 2, so that we can compare their BER performance fairly. 
[image: ]
[bookmark: _Ref533539157]Figure 5 PAPR performance of CP-OFDM signals with different PAPR reduction techniques
[bookmark: _Ref533526131]Table 2 Simulation parameters for PAPR reduction techniques
	Assumption
	Value

	Channel
	AWGN

	Modulation
	QPSK

	Subcarrier number
	256

	Clipping ratio (CAF)
	3.8

	k1 (Companding)
	2

	V (PTS)
	4

	Rotation factors (PTS)
	{±1, ±j}
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[bookmark: _Ref533778444]Figure 6 BER performance of CP-OFDM signals with different PAPR reduction techniques

[bookmark: _Ref533539978][bookmark: _Ref533539973]Table 3 Comparisons of PAPR reduction techniques
	PAPR reduction technique
	BER increase
	Data rate loss
	Implementation complexity

	CAF
	Yes
	No
	Low

	Companding
	Yes
	No
	Low

	PTS
	No
	Yes
	High



From Figure 6, it can be seen that the distortion techniques (CAF and companding) reduce the CP-OFDM BER performance, and the PTS does not change that. It can be concluded that these reduction techniques can improve CP-OFDM signals PAPR performance and the HPA power efficiency with some other performance loss. In Table 3 we summarize these PAPR reduction techniques according to the criteria of section 4.
Observation 3: The HPA power efficiency can be improved with PAPR reduction techniques at the cost of some other performance loss for NTN.
On the whole, the high PAPR problem of CP-OFDM relates with hardware costs, the acceptable power efficiency, nonlinear distortion, the link budget, and so on. For example, high PAPR requires HPA and digital-to-analog converter (DAC) with the large linear range, which are indeed costly. High PAPR also demands larger solar panels and battery capacity to support the lower power efficiency of hardware, yet they are high-priced. 
Therefore, if these extra costs need to be avoided, algorithms for PAPR reduction should be preferred. Considering implementation complexities of PAPR reduction algorithms, devices on the earth (in transparent NTN scenarios) can be assumed powerful and are able to bear the complexities. Regenerative satellites have to bear all the complexity on board and thus low complexity PAPR reduction methods may be preferred. It is noted that PAPR reduction algorithms should be targeted to strike a good balance between hardware costs and signal processing complexities.
Finally, if the PAPR problem is critical in NTN, PAPR reduction algorithms can be utilized. Meanwhile, it is worth pointing out that NR is being adapted for NTN and the one which has smaller changes to NR radio protocols can be considered prior to other PAPR reduction algorithms. 
Observation 4: The PAPR reduction algorithm, which has smaller changes to 5G NR radio protocols, can be considered prior to others.

Conclusions
This contribution concludes with the following observations:
Observation 1: High PAPR of CP-OFDM signals would reduce the system BER performance because of non-linear distortions, and the power amplifier efficiency because of the large IBO for power-limited satellites in NTN.
Observation 2: Considering the trade-off between PAPR reduction and other performance, some criteria, e.g. PAPR reduction capability, BER performance, data rate and implementation complexity, should be considered before choosing a specific PAPR reduction technique for NTN.
Observation 3: The HPA power efficiency can be improved with PAPR reduction techniques at the cost of some other performance loss for NTN.
Observation 4: The PAPR reduction algorithm, which has smaller changes to 5G NR radio protocols, can be considered prior to others.
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