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Introduction
It was agreed in RAN1_86 [1] [2] that NR will support CP-OFDM based waveform with possibly low PAPR techniques, as shown below:
· At least up to 40 GHz for eMBB and URLLC services, NR supports CP-OFDM based waveform with Y greater than that of LTE (assuming Y=90% for LTE) for DL and UL, possibly with additional low PAPR/CM technique(s) (e.g., DFT-S-OFDM, etc.) 
It was further agreed [1] [3] that:
· NR uplink should target at least the same link budget (i.e. MCL) as LTE uplink, under the same usage scenarios and similar deployment configurations (e.g., same carrier frequency)
· Details FFS
· Techniques can be evaluated for the uplink scenarios
· E.g., low PAPR/CM techniques (including DFT-s-OFDM)
Notice that the low PAPR techniques are only discussed in the context of uplink, and mainly focused on eMBB for NR phase 1, as agreed in [4]:
· At least up to 40 GHz for eMBB and URLLC services, 
· CP-OFDM without specified low-PAPR/CM technique(s) is recommended to be supported for uplink
· For data transmission, additional low-PAPR/CM technique(s) is only considered for uplink from RAN1 specification perspective
· Additional low-PAPR/CM technique(s) for special downlink signals such as sync signals is FFS
· Additional low-PAPR/CM technique(s) for other uplink signals/channels is FFS
· Additional low PAPR/CM technique(s), if specified, and CP-OFDM without specified low-PAPR/CM technique(s) for uplink are considered as complementary to each other 

Low PAPR techniques for cellular uplink has been extensively studied in literature, even in the initial studies of 4G LTE deployment. Low PAPR techniques are critical in achieving better PA efficiency, which in turn results in better cell coverage and lower UE battery consumption for cell edge users. Those are much desired properties not only from fundamental network planning perspective, but also better user experiences. As a result, LTE chose DFT-S-OFDM as the default waveform for the uplink. In [5], we give a high level motivation and justification of supporting DFT-S-OFDM, together with CP-OFDM, in eMBB uplink for the coverage (or link budget) limited scenarios. It is expected that link budget limited scenarios mostly happen in the cell edge in macro cells.
In this contribution, two common PAPR reduction techniques for OFDM/DFT-S-OFDM are considered, digital predistortion and clipping-and-filtering.  By link-level simulations, we evaluate their impact on the link budgets of DFT-S-OFDM and OFDM waveforms. It is demonstrated that even with PAPR reduction techniques, the DFT-S-OFDM waveform has an advantage over OFDM in terms of better PA efficiency and better coverage for equivalent ACLR and demodulation requirements. Based on the detailed analysis, we propose to adopt DFT-S-OFDM for eMBB uplink at least for coverage limited scenarios.


Common PAPR reduction technique

[bookmark: _Ref462920600]Figure 1. OFDM and DFTs-OFDM modulators with Clipping-and-Filtering and Digital Predistortion

In this contribution, two techniques are considered to reduce PAPR and ACLR: (1) Digital Predistortion (DPD) (2) Clipping-and-Filtering (CAF). These techniques are applicable to both OFDM and DFTs-OFDM, and transparent to the receiver so that no additional information or computation is required at the receiver to decode the waveform generated using these techniques.
· Digital Predistortion (DPD)
DPD is a technique which compensates the nonlinearity of analog PA in the digital domain. As shown in Figure 1, DPD block is introduced after the generation of waveforms and before PA. Usually, DPD is designed as an inverse function of the PA response function to compensate the nonlinearity of the PA and reduce ACLR.
· Clipping-and-Filtering (CAF)
In CAF, we first generate OFDM or DFTs-OFDM symbols, and clip the samples whose amplitudes are higher than a threshold to reduce PAPR. Even though the clipping can reduce PAPR, it will increase ACLR to the neighboring tones due to the nonlinear behavior of the clipping. Therefore, a bandpass filtering is introduced to reduce the ACLR. In Figure 1, such a bandpass filtering is applied on a frequency domain. The clipped waveform first converted to the frequency domain, and only the desired tones are taken and passed to the CP-OFDM modulator. Optionally, we can iterate the clipping-and-filtering multiple times to potentially improve the performance.

Observation 1. Additional techniques can be applied on top of both OFDM and DFTs-OFDM to reduce PAPR and ACLR. The additional techniques include digital predistortion and clipping-and-filtering.
Simulation Results for Digital Predistortion Technique
In this section, we provide simulation results to understand the impact of DPD to OFDM and DFTs-OFDM. The conclusion is that DPD improves both OFDM and DFTs-OFDM’s performances by 0.4~0.6 dB. The link budget for DFTs-OFDM is still 2 dB better than OFDM even with DPD.
DPD for Polynomial PA model
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[bookmark: _Ref462926048]Figure 2 Response functions for Polynomial PA model and that with Ideal DPD
For the simulation, we adopt the polynomial PA model [6][7] agreed on RAN4 meeting and assume an ideal DPD. As the red plots in Figure 2 shows, the output power Pout of the polynomial PA model monotonically increases on the input power only upto 29 dBm. Therefore, with ideal DPD, the output power Pout will linearly increases upto 29 dBm, and be saturated after that. We further assume that the ideal DPD can perfectly compensate the phase offset of the polynomial PA. The resulting PA response functions with the ideal DPD are the blue plots in Figure 2, which corresponds to an ideal clipping model.
Simulation Scenario
With the above ideal DPD model, we will demonstrate that the DPD technique can improve the link budgets for both OFDM and DFTs-OFDM, and there are 2 dB difference between the link budgets of these two waveforms.
Table 1 shows the parameters for the simulation. Following the LTE standard, we set the bandwidth of the guard band as 10% of the bandwidth, and set the ACLR target to be -30 dB of the inband signal.

[bookmark: _Ref462997755][bookmark: _Ref462997752]Table 1 Simulation Parameters
	Tx antennas
	1

	Rx antennas
	1

	Subcarrier Spacing
	15 kHz

	Data Transmission Bandwidth
	9Mhz

	Guard Bandwidth to Measure ACLR
	900kHz

	ACLR Target
	-30 dB

	MCS
	QPSK, rate = 1/2

	WOLA ratio
	2%



[bookmark: _Ref463001783]ACLR definition and PA operating point selection
For the simulation, we also have to adjust the input power to the PA to meet the ACLR requirement. As the input power to the PA increases, the impact of the PA nonlinearity will also increases which results in increasing ACLR. Therefore, to maximize the link budget, we maximize the input power of the PA while satisfying -30 dB of ACLR target. 
[bookmark: _Ref462998145]Table 2 Input Power to PA for 30 dB ACLR (with ideal DPD)
	Scheme
	Input power (dBm) to PA to attain 30 dB ACLR
	Power Backoff  (dB) from DFTs-OFDM

	DFTs-OFDM
	-1.1
	0.0

	DFTs-OFDM with ideal DPD
	-0.35
	-0.75

	OFDM
	-3.4
	2.3

	OFDM with ideal DPD
	-2.4
	1.3



Table 2 summarizes the maximized PA input power for DFTs-OFDM and OFDM waveforms with/without DPD. We can notice that with DPD the input power for each waveform can be increased by 0.75~1 dB. However, even with the ideal DPD, DFTs-OFDM can have 2 dB higher input power than OFDM, which eventually improves the link budget of DFTs-OFDM.
Observation 2. With ideal DPD, the input power to PA can be improved by 0.75~1 dB for the same ACLR target.
Observation 3. With/without DPD, the input power to PA for DFTs-OFDM waveform is at least 2 dB higher than that of OFDM waveform for the same ACLR target.

Simulation Results

[image: ]
[bookmark: _Ref462998735]	Figure 3. Simulation Result for DFTs-OFDM and OFDM with/without ideal DPD	
	Figure 3 shows the link simulation BLER results for DFTs-OFDM and OFDM with/without ideal DPD. The link simulation results are essentially consistent with the input powers to PA for each waveform shown in Table 2. With the ideal DPD, the link budget for each waveform improves by 0.4~0.6 dB. The link budget of DFTs-OFDM is 2 dB better than that of OFDM even with the ideal DPD.
Observation 4. The ideal DPD can improve the link budgets for both DFTs-OFDM and OFDM waveforms by 0.75~1dB.
Observation 5. With/without DPD, the link budget for DFTs-OFDM waveform is at least 2 dB higher than that of OFDM waveform.

Simulation Results for Clipping-and-Filtering Technique
In this section, we provide simulation results to understand the impact of CAF to OFDM and DFTs-OFDM. The simulation results show that even with CAF, the link budget of DFTs-OFDM waveform is 2 dB better than that of OFDM waveform.
Simulation Scenario
For the link simulation, we use the same parameters shown in Table 1. The bandwidth of the guard band is set to be 10% of the bandwidth, and the ACLR target is -30 dB of the inband signal.
As Section 3.2.1, we maximize the input power to the PA while satisfying the ACLR requirement. Furthermore, the clipping threshold in the CAF can be also optimized. In this simulation, we sweep over the clipping threshold from 1dB above the average power of the waveform to 5dB. 
Simulation Results
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[bookmark: _Ref463002607]Figure 4 Simulation Result for DFTs-OFDM and OFDM with Clipping-and-Filtering
Figure 4 shows the link simulation BLER results for DFTs-OFDM and OFDM with CAF. There is 2 dB gap in link budget for DFTs-OFDM and OFDM waveforms. Meanwhile, the clipping threshold hardly affects the link budget for both waveforms. 
Observation 6. With clipping-and-filtering, the link budget for DFTs-OFDM waveform is at least 2 dB higher than that of OFDM waveform.

Conclusions
In this contribution, we considered two PAPR and ACLR reduction techniques, DPD and CAF, which are transparent to the receiver. The main observations from the link simulations are the followings.
Observation 1. Additional techniques can be applied on top of both OFDM and DFTs-OFDM to reduce PAPR and ACLR. The additional techniques include digital predistortion and clipping-and-filtering.
Observation 2. With ideal DPD, the input power to PA can be improved by 0.75~1 dB for the same ACLR target.
Observation 3. With/without DPD, the input power to PA for DFTs-OFDM waveform is at least 2 dB higher than that of OFDM waveform for the same ACLR target.
Observation 4. The ideal DPD can improve the link budgets for both DFTs-OFDM and OFDM waveforms by 0.75~1dB.
Observation 5. With/without DPD, the link budget for DFTs-OFDM waveform is at least 2 dB higher than that of OFDM waveform.
Observation 6. With clipping-and-filtering, the link budget for DFTs-OFDM waveform is at least 2 dB higher than that of OFDM waveform.
Furthermore, the DPD and CAF considered in this contribution are ideal ones. It is assumed that the PA with DPD behaves as an ideal clipping PA. For CAF, an ideal rectangular filter based on FFT is considered. Since OFDM waveforms have higher PAPR than DFT-S-OFDM waveforms, we can conjecture that the performance degradation due to realistic DPD and CAF will be larger for OFDM waveforms. Thus, the link budget gap between OFDM and DFT-S-OFDM will only get larger with the realistic DPD and CAF.
Based on the above observations, we propose the following for the waveform of the link-budget limited users.
[bookmark: _GoBack]Proposal 1. NR should support DFTs-OFDM for uplink in order to enhance its coverage.
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