[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Ref174151459][bookmark: _Ref189809556]3GPP TSG RAN WG1 #99                                                 				        R1-1913222
[bookmark: _GoBack]Reno, Nevada (US), November 11th – 18th, 2019

Source:	ICS
Title:	Preliminary evaluation of OFDM based waveforms for NR to support NTN
Agenda Item:  7.2.5.1
Document for:  Discussion
Introduction
The study item “Study on NR to support non-terrestrial networks” focused on the definition of NTN deployment scenarios, adaptation of channel models for NTN and identification of key impact areas on the new-radio (NR) interface that need further evaluations to support NTN [1]. The typical satellite channel impairments that impose serious challenges in the physical layer design to support NR operations via satellites are large propagation delay, high Doppler shift due to mobility, high non-linear degradation, power-limited link budget and phase noise [1].
The RAN1 physical layer objectives that were approved and updated in the study item “Study on Solutions for NR to Support Non-Terrestrial Networks” in RAN#82 meeting [2] are reported as 
· 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]
Moreover, in 3GPP TR 38.811 (V15.1.0) [1], it is specifically reported that,
7.2	NR features/protocols potentially affected
Table 7.2-1: NR Features/protocols that may require some adaptations to support operations via Satellite or HAPS
	Non-Terrestrial Network design constraints
	Impacted NR areas
	NR Features that may require adaptations to support NR operation via Satellite or HAPS 

	Propagation channel
	Physical Layer
	The sub-carrier spacing (SCS) of the OFDM signal may be extended with greater SCS values to accommodate larger Doppler (To Be Confirmed).

	Power limited link budget
	Physical Layer
	To maximise the throughput / power ratio, the operation point in the power amplifier at satellite or at the UE shall be set as close as possible to the saturation point, when needed. To support this, several techniques can be considered and possibly combined together:
-	Extended multicarrier modulation and coding schemes especially for the UL that features low Peak to Average Power Ratio (PAPR) that are more robust against distortions
-	PAPR reduction and nonlinear distortion mitigation through signal processing techniques (e.g. pre-distortion mechanisms).

	Terminal mobility
	Physical layer
	-	The extension of SCS values could be considered to support very high speed mobility UEs.



In the framework of the above RAN1 physical layer objectives, this contribution provides the results of numerical evaluation of NR waveforms with different numerologies under satellite channel impairments according to the guidelines set by 3GPP regarding the key LEO satellite parameters and simulation assumptions for the integrated scenario. The comparison of candidate waveforms with different numerologies, multicarrier waveforms with low PAPR, pre-distortion mechanisms and the effect of extending subcarrier SCS on Doppler are also presented in the contribution 
OFDM based candidate waveforms
In 3GPP RAN1 84#bis, it has been agreed that OFDM based waveform with scalable numerology will be adopted for NR [3]. Filtered-OFDM (f-OFDM) and windowed-OFDM (W-OFDM) enables mixed numerologies, preserve the transceiver structure of OFDM and have reduced out of band emission. Hence these were proposed in order to preserve the advantages of OFDM as well as maintain backward compatibility [4] [5]. PAPR reduction methods that have smaller changes to NR radio protocols need to be considered when NR is adapted for NTN and hence DFT-spread-f-OFDM (DFT-s-f-OFDM) and DFT-spread-W-OFDM (DFT-s-W-OFDM) which have lower PAPR than their counterparts, are also considered. The generic block diagram of the OFDM based transceiver [6] for the candidate waveforms is shown in Figure 1.
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Figure 1: Transceiver block diagram of OFDM based orthogonal waveform
The OFDM based NR air interface waveforms can generally be represented as

where  represents the actual data symbols or DFT spread version of the data symbols, modulated at -th symbol index and -th sub-carrier index,  denotes the prototype filter and  is the sub-carrier spacing. In W-OFDM, the per-sub-carrier filtering with  is effectively carried out by time-domain windowing using a pulse with smooth edges in time domain and subsequently sharp decay in frequency domain. For f-OFDM, the conventional CP-OFDM signal is first synthesized using IFFT operation with  as rectangular pulse and then inserting cyclic prefix. The f-OFDM signal  is then generated by filtering the CP-OFDM signal through a band-pass filter with impulse response,, to obtain  where  denotes linear convolution. The choice of transmit/receive window and filter functions, receiver processing and detailed implementation aspects are provided in [7].
Preliminary simulation results
In this section, we present the performance evaluation of the candidate waveforms with different numerology under satellite channel impairments using relevant metrics such as total degradation at target BER, OOB emission based on spectral analysis, PAPR, BER etc. The numerical analysis of the 5G NR candidate waveforms and the impact of different numerologies in integrated satellite mobile communication scenario is presented. Simulation assumptions, power amplifier models and pre-distortion mechanisms can be found in the appendix.
1.1 Impact of non-linear distortion by High Power Amplifier
The robustness of the candidate waveform against nonlinear PA distortion mainly depends on the PAPR of the waveform. Complementary cumulative distribution function (CCDF) versus PAPR comparison of the candidate waveforms for the number of used sub-carriers,  and  are presented in Figure. 2. 
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Figure 2: PAPR comparison for candidate waveforms. The solid and dotted curves correspond to  and  respectively.
The greater the PAPR, the greater will be the non-linear distortion. Minimizing the distortion by increasing the back-off of the amplifier operating point reduces the amplifier efficiency accordingly. The DFT-s-W-OFDM and DFT-s-f-OFDM have lower PAPR values of 2.7 dB and 5.6 dB respectively at CCDF = . The f-OFDM and W-OFDM have PAPR values that are greater than 11 dB.

Observation 1: The fully loaded DFT spread waveforms corresponding to  are equivalent to single carrier systems and hence have lower PAPR than that corresponding to. 
Observation 2: The windowed OFDM based waveforms have lower PAPR than the filtered waveforms.

The out of band emission (OOBE) of the waveforms are analyzed using the power spectral density (PSD) plots under HPA non-linearity and are compared for different numerologies in Figure 3. The subcarrier spacing corresponding to each numerology  is  kHz. The PSD plots corresponding to OBO = 3dB for ,  and  are presented in Figure 3a, Figure 3b and Figure 3c respectively. The HPA introduces spectral spreading which is evident from the large side-lobe levels without PD operation, but is suppressed with PD. The OOBE levels of all the waveforms can be brought down to less than -50 dB with PD at higher OBO.
Observation 3: The DFT spread waveforms with lowest PAPR shows the best OOBE suppression and the OOBE levels are less than -50 dB at OBO = 3 dB.
Observation 4: A spectral widening, leading to an increased transition band, is noticeable for windowed OFDM based waveforms at larger sub-carrier spacing compared to the filtered waveforms.
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Figure 3(a) OBO=3dB, , Subcarrier spacing = 15 kHz
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Figure 3 (b) OBO=3dB, , Subcarrier spacing = 30 kHz
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Figure 3 (c) OBO=3dB, , Subcarrier spacing = 60 kHz

A distinctive measure for quantifying the trade-off between the amplifier OBO and the nonlinear signal distortion is total degradation which is a function of OBO. TD is defined as where and are the per-bit signal to noise ratio (SNR) required to maintain a target bit error rate (BER) under non-linear distortion due to the actual TWTA and a perfectly linear TWTA respectively. The TD versus OBO performance comparison for an un-coded system with a target BER of  is presented in Figure. 4. The minimum TD occurs at 1.95 dB, 2.5 dB and 2.52 dB for W-OFDM, DFT-s-f-OFDM and f-OFDM respectively.
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Figure 4: Total Degradation versus OBO
Observation 5: DFT-s-W-OFDM shows the best total degradation performance which has the least distortion at smallest OBO value.
1.2 Impact of Doppler, Phase Noise and Multipath Channel

1.2.1 Effect of subcarrier bandwidth variation on residual Doppler shift
In-order to investigate the effect of sub-carrier bandwidth variation on residual Doppler shift, BER versus SNR performance comparison of the candidate waveforms for different LEO satellite scenario and numerologies under the effect of non-line-of-sight (N-LOS) multipath fading, Doppler shift, phase noise and HPA non-linearity at OBO=3dB, is presented in this section. Two different LEO satellite scenario are considered for each waveform, corresponding to maximum user equipment velocity of 1000 km/hr. The tapped delay line (TDL) channel model in 3GPP TR 38.811 (V15.0.0) for non-line-of-sight satellite to user link in a terrestrial-NTN integrated scenario in sub-urban environment is used in the simulations.  The TDL model is used to generate the impulse response corresponding to the multipath channel with Rayleigh fading coefficients at satellite elevation angle (EA) of  and delay spread of 10ns. Half-rate convolutional coding is used for channel coding and one-tap zero-forcing equalization employed. The parameters of the S-band satellite phase-noise mask in [8] is used for the simulation of phase noise.
The residual carrier frequency offset (CFO) values corresponding to S band are calculated and normalized using the sub-carrier bandwidths of the NR numerologies for different LEO satellite scenarios in [9] which are presented in Table 1. Here,  is the normalized CFO,  represents maximum residual Doppler shift,  is the user equipment velocity,  and  denote the LEO satellite altitude and beam foot print diameter respectively.
Table 1 Residual CFO,  for different numerologies for S band
	 (km)
	 (km)
	 (km/h)
	 (ppm)
	Num-0, 15 kHz
	Num-1, 30 kHz
	Num-2, 60 kHz

	
	
	
	
	
	
	

	600
	200
	1000
	4.3
	0.573
	0.286
	0.143

	
	
	0
	4.14
	0.552
	0.276
	0.138

	
	20
	1000
	0.44
	0.058
	0.029
	0.014

	
	
	0
	0.42
	0.056
	0.028
	0.014

	1200
	200
	1000
	2.1
	0.280
	0.140
	0.070

	
	
	0
	2.01
	0.268
	0.134
	0.067

	
	40
	1000
	0.42
	0.056
	0.028
	0.014

	
	
	0
	0.4
	0.053
	0.026
	0.013
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Figure 5(a) : W-OFDM						Figure 5(b) : DFT-s-W-OFDM
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Figure 5(c) : f-OFDM						Figure 5(d) : DFT-s-f-OFDM
Figure 5: BER versus SNR performance at S band OBO=3 dB, maximum user velocity, =1000 km/hr, Elevation Angle=, Delay spread=10 ns.
The maximum residual Doppler shift when LEO satellite altitude,  km and beam foot print diameter,  km is  kHz and that when  km and  km is  Hz. The reduction in BER with the increase in sub-carrier bandwidth from 15 kHz  to 60 kHz is illustrated in Figure 5. This happens because, as the sub-carrier bandwidth increases, the inter carrier interference (ICI) produced due the Doppler shift decreases.  For the LEO satellite scenario corresponding to  kHz,  km and  km, it is evident that the BER is drastically reduced when numerology  is chosen, for all the waveforms.
Observation 6: The change in NR numerology has significant effect on the BER performance in the integrated satellite terrestrial scenario as the large Doppler for LEO satellites can be accommodated by increasing the sub-carrier bandwidth.
Observation 7: Even though increasing sub-carrier bandwidth results in a lower CP length, simulation results indicate that, it is sufficient to protect the signals against multipath interference.
1.2.2 Candidate waveform comparison under Doppler, Phase Noise and Multipath Channel
The BER versus SNR performance comparison of the candidate waveforms for different number of used sub-carriers  at OBO=3 dB, LEO satellite altitude,  km, elevation angle of , beam footprint diameter,  km and S-band phase noise are shown in Figure 6. Figure 6(a) and Figure 6(b) shows the BER comparison plots corresponding to delay spread=0,  and delay spread=10 ns,  respectively. 
Observation 8: When the number of used sub-carriers, , the filtered OFDM based waveforms show better BER performance than the windowed OFDM based waveforms when delay spread is zero. For fully loaded OFDM systems, i.e. , the windowed OFDM based waveforms show better BER performance at high SNR points.
Observation 9: In the presence of multipath delay spread, residual Doppler shift and phase noise, if pre-distortion is employed, f-OFDM provides the best BER performance among the other considered waveform candidates. 
Observation 10: DFT-s-f-OFDM incur significant performance losses compared to other waveforms in the high SNR region. 
Observation 11: With appropriate numerology, pre-distortion and channel equalization f-OFDM and W-OFDM have better robustness against the satellite channel impairments than the DFT spread counterparts despite the large PAPR.
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Figure 6(a) Delay spread =0, 	
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Figure 6(b) Delay spread =10ns, 
Figure 6: BER versus SNR comparison of waveforms at S band, OBO=3 dB, LEO Satellite altitude=600 km, maximum user velocity, =1000 km/hr, Elevation Angle=, beam footprint diameter,  km.

Proposal 1: Capture the link level simulation results into TR38.821.
Proposal 2: Investigate performance evaluation of the NR candidate waveforms for LEO satellite access in mixed numerology scenario through link level simulations.
Conclusion
In this contribution, the performance of 5G NR numerologies and the candidate waveforms are analysed using key satellite parameters and simulation assumptions in the context of RAN1 objectives associated with solutions for NR to support NTN. The following observations and proposals are proposed:
Observation 1: The fully loaded DFT spread waveforms corresponding to  are equivalent to single carrier systems and hence have lower PAPR than that corresponding to. 
Observation 2: The windowed OFDM based waveforms have lower PAPR than the filtered waveforms.
Observation 3: The DFT spread waveforms with lowest PAPR shows the best OOBE suppression and the OOBE levels are less than -50 dB at OBO = 3 dB.
Observation 4: A spectral widening, leading to an increased transition band, is noticeable for windowed OFDM based waveforms at larger sub-carrier spacing compared to the filtered waveforms.
Observation 5: DFT-s-W-OFDM shows the best total degradation performance which has the least distortion at smallest OBO value.
Observation 6: The change in NR numerology has significant effect on the BER performance in the integrated satellite terrestrial scenario as the large Doppler for LEO satellites can be accommodated by increasing the sub-carrier bandwidth.
Observation 7: Even though increasing sub-carrier bandwidth results in a lower CP length, simulation results indicate that, it is sufficient to protect the signals against multipath interference.
Observation 8: When the number of used sub-carriers, , the filtered OFDM based waveforms show better BER performance than the windowed OFDM based waveforms when delay spread is zero. For fully loaded OFDM systems, i.e. , the windowed OFDM based waveforms show better BER performance at high SNR points.
Observation 9: In the presence of multipath delay spread, residual Doppler shift and phase noise, if pre-distortion is employed, f-OFDM provides the best BER performance among the other considered waveform candidates. 
Observation 10: DFT-s-f-OFDM incur significant performance losses compared to other waveforms in the high SNR region. 
Observation 11: With appropriate numerology, pre-distortion and channel equalization f-OFDM and W-OFDM have better robustness against the satellite channel impairments than the DFT spread counterparts despite the large PAPR.
Proposal 1: Capture the link level simulation results into TR38.821.
Proposal 2: Investigate performance evaluation of the NR candidate waveforms for LEO satellite access in mixed numerology scenario through link level simulations.
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Appendix
A Simulations parameters and assumptions
Table II Parameter settings for link level evaluation
	Parameters
	Settings

	Frequency band
	S

	Basic Numerology Parameters
	FFT size, , 
Cyclic prefix length, 

	MCS
	16QAM: 1/2

	W-OFDM parameters
	Transmit window roll of ratio: 4%
Transmit window roll of ratio: 1%

	f-OFDM
	Filter order : 

	Channel model
	TDL model N-LOS satellite to user link in sub-urban environment [1]

	Phase noise mask
		S-Band
	10 Hz
	100 Hz
	1 kHz
	10 kHz
	100 kHz
	1 MHz
	10 MHz

	dBc/Hz
(SSB)
	-29
	-59
	-69
	-74
	-83
	-95
	-101




	Channel estimation
	Ideal




B Power amplifier (PA) model and pre-distortion method

A highly nonlinear AM/AM characteristics of a typical HPA provided by ESA is used for the simulations. The characteristics can be modelled according to the generic memoryless modified Saleh model. According to the model, the transformation function  is defined as

The different parameters for the AM/AM and AM/PM characteristics of the HPA characteristics are obtained using curve fitting toolbox of MATLAB. The parameters are given in Table III. The modelled characteristics are compared with the actual AM/AM and AM/PM characteristics in Figure 7. 
[image: ]
Figure 7: AM/AM and AM/PM curves

The phase distortion is pre-calculated using the model and subtracted from the original phase of the signal before input to the HPA so that phase distortion is cancelled out. The amplitude distortion is corrected using inverse function based pre-distortion method. For the monotonically increasing region of the characteristics, a simplified model derived from modified 6 parameter Saleh model, with less parameters can be used to approximate the AM/AM characteristic which is given as . An inverse function of  can be derived from  as , which is used for pre-distortion. The curves corresponding to the actual AM/AM characteristics, ,  and 
are shown in Figure 8.
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Figure 8: HPA function linearized by inverse function based pre-distortion
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