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1 Introduction
At RAN1#86 meeting RAN1 discussed waveform requirements that should be satisfied by the NR uplink in view of desired coverage and long battery life of MTC devices and the following agreement was reached, [1], [2]: 
Agreement:
· 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) 

More generally, RAN1 agreed to study low PAPR/Cubic Metric (CM) techniques in complementary fashion for NR downlink and uplink [3]:
Agreements:
· 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 

[bookmark: _GoBack]In addition to the above agreements, it has been established that a 2 dB advantage is offered by SC-FDM over OFDM for NR UL for link budget limited users when both PAPR and demodulation performance are taken into account (see section 3 of [4]).  It then follows that any additional PAPR advantage over SC-FDM (DFT-S-OFDM) offered by a NR candidate waveform, without significant loss in demodulation performance, would translate in improved coverage and longer battery life for NR devices. Furthermore, when non-linear PA effects are considered, waveforms that offer improved OOBE performance over the LTE baseline waveforms should be considered for NR.
This contribution is organized as follows:
· Section 2 presents the optimized Single Carrier Circularly Pulse Shaped (SC-CPS) waveform with minimum PAPR and the PAPR improvement obtained over previous results, where a Square Root Raised Cosine (SRRC) filter was used and also over the LTE baseline waveforms for DL and UL.
· Section 3 presents the evaluation of the Cubic Metric for these optimized SC-CPS waveforms and the improvement achieved over the LTE baseline waveforms.
· Section 4 presents the OOBE/ACLR performance of SC-CPS waveforms considering the effects of a non-linear PA as the PA is driven towards saturation for more efficient operation.
· Section 5 presents some additional considerations to be taken into account in selecting the waveform for the UL in view of the requirements in the agreements above.
· Section 6 presents some conclusions and summary of the advantages offered by SC-CPS waveforms for NR UL.
2	PAPR Optimization of SC-CPS Waveform
 The details of waveform generation and performance of SC-CPS waveforms have been presented in [5], where it was established that improved PAPR performance over DFT-S-OFDM can be achieved at the expense of excess bandwidth.  For the results presented in [5], it was assumed that a SRRC frequency domain filter was used in generating the waveform and it was pointed out that additional PAPR gain could be obtained by optimizing the frequency domain filter or, equivalently, the time domain pulse shape.  In this section we determine this additional PAPR gain by optimizing the filter.  The particular design that is presented in this document takes the following steps for the filter optimization. 
a) The average power and excess bandwidth are fixed, with the latter given by the roll-off factor of an associated SRRC filter as discussed in [5].
b) The filter’s impulse response, h(n), is assumed to be even symmetric about its center tap, i.e., h(n) = h(-n). This simplifies the design procedure.
c) The filter’s amplitude in the passband is constrained by maximum and minimum values, i.e., we fix the passband ripple.
d) Additional constraints are added to ensure the absence of large peaks in the envelope of the modulated signal.
Figure 1 shows the result of the optimization process for the optimized filter with a roll-off factor α= 0.1 and maximum and minimum values in the passband of 1.4 and 0.8, respectively (in linear scale). Figure 2 shows the PAPR distribution obtained with this optimized filter for QPSK (further results for 16-QAM and 64-QAM modulation are shown in Figures A.1 and A.2 in the Appendix, respectively).  These results are further summarized in Table 1, which shows the PAPR gains that can be obtained with the optimum filter at a CCDF = 1%.  Note that much higher gains can be obtained at lower CCDF (see Figure 3 below).  From these results we can make the following observation:

Observation 1: For QPSK modulation at CCDF = 1%, optimized SC-CPS waveform offers a 1.1 dB PAPR gain over the LTE UL baseline waveform, DFT-S-OFDM, with 0.3 dB additional gain possible through the use of O-QPSK for α = 0.1.  Additional PAPR gains can be obtained for larger α at the expense of higher excess bandwidth.
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Figure 1 Optimum PAPR filter in the frequency domain for α = 0.1
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Figure 2 PAPR results for QPSK


Table 1  PAPR (dB) comparison at CCDF=1e-2
	Waveform
	QPSK
	16-QAM
	64-QAM

	OFDM
	6.58
	6.60
	6.60

	DFT-S-OFDM
	4.54
	5.12
	5.26

	SC-CPS-QAM (SRRC)
	3.94
	4.70
	4.92

	SC-CPS-OQAM (SRRC)
	3.66
	4.78
	4.98

	SC-CPS-QAM (Optimized)
	3.44
	4.66
	4.92

	SC-CPS-OQAM (Optimized)
	3.10
	4.70
	4.94




3	Cubic Metric of Optimized SC-CPS Waveforms
In this section we present the Cubic Metric evaluation results of SC-CPS waveforms that have been optimized for lowest PAPR in the previous section following the approach described in [6], where it is established that the CM is a better predictor of performance than PAPR for the purposes of PA power de-rating (see Appendix for the calculation details).  Note that although the CM in [6] was originally derived for multi-carrier signals with 3.84 MHz bandwidth where empirical bandwidth correction factors for higher bandwidth are presented, no bandwidth correction has been used in the foregoing results since we assume to be comparing CM for SC-CPS and OFDM/DFT-S-OFDM signals of equal bandwidth.
Table 2 summarizes the results of the CM computation for SC-CPS signals for a roll-off factor α = 0.1. Here we note that for QPSK, SC-CPS waveforms offer at least a 0.5 dB improvement in CM with respect to the LTE UL baseline waveform.  All of the foregoing results have been obtained for a small excess bandwidth as represented by filter roll-off α = 0.1.  It is possible to achieve even smaller PAPR/CM as α increases at the cost of larger excess bandwidth as shown in Figure 3.

Table 2  Cubic Metric (dB) Comparison
	Waveform
	QPSK
	16-QAM
	64-QAM

	OFDM
	3.9372
	3.9481
	3.9662

	DFT-S-OFDM
	1.2207
	2.1432
	2.3217

	SC-CPS-QAM (SRRC)
	0.7545
	1.8772
	2.0979

	SC-CPS-OQAM (SRRC)
	0.7198
	1.8462
	2.0668

	SC-CPS-QAM (Optimized)
	0.6928
	1.8616
	2.0885

	SC-CPS-OQAM (Optimized)
	0.6406
	1.8239
	2.0492
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Figure 3  PAPR and CM for O-QPSK as a function of filter roll-off (excess bandwidth)

Observation 2: For the most robust modulation types (QPSK/O-QPSK) typically used for coverage-limited scenarios, SC-CPS waveforms offer at least a 0.5 dB CM advantage over DFT-S-OFDM with a larger advantage with increasing excess bandwidth.

4	PA effect on Power Spectral Density and ACLR
An important issue raised in [5] was the waveform’s OOBE sensitivity to a non-linear PA as the PA is driven towards saturation in order to operate more efficiently (see section 3 and Figures 4 and 5 in [5]).  Extending that analysis, here we establish the OOBE/ACLR performance of optimized SC-CPS waveform.
Figures 4 shows the power spectral density of waveforms with a non-linear PA, where the polynomial PA model in [7] agreed to by RAN1 for waveform evaluation purposes has been used (for reference, the basic waveform PSDs without a PA are shown in Figure A.3 in the Appendix).  Note that in Figure 4 a PA input power level of  – 1 dBm has been assumed to drive the PA into its non-linear operating region in order to examine the effect on OOBE. As can be seen from this figure, SC-CPS waveforms show significantly less spectral regrowth than both OFDM and DFT-S-OFDM signals as the PA is driven towards saturation.


[image: C:\Users\dell\AppData\Local\Microsoft\Windows\INetCacheContent.Word\PSD5_PA_q4.tif]
Figure 4 PSD using PA polynomial model with Pin = -1 dBm

In order to better quantify this effect on ACLR performance, Figure 5 shows the ACLR as a function of PA output back-off, where the 0 dB reference point on the horizontal axis (not shown on the figure) is mapped to the PA’s saturation point.  As the figure shows, SC-CPS waveforms with either SRRC or optimized filtering offer an ACLR advantage in the PA’s non-linear region of operation, and it is noted that with optimized filtering, in addition to the PAPR advantage documented previously, a significant OOBE benefit is obtained and the PA can be operated closer to saturation, and thus more efficiently, while still meeting the current LTE UL ACLR specification.
[image: C:\Users\dell\AppData\Local\Microsoft\Windows\INetCacheContent.Word\ACLR3.tif]
Figure 5  ACLR performance as a function of PA output backoff

Observation 3:  SC-CPS waveform, in addition to PAPR advantage, provide significant OOBE/ACLR benefits with respect to the LTE UL baseline waveform (DFT-S-OFDM) and allow for more efficient PA operation and longer battery life for devices at edge of coverage.

6	Conclusions
In this contribution we have documented the PAPR/CM advantage offered by SC-CPS waveforms when optimum frequency domain filtering/time domain pulse shaping is employed and have shown that significant improvement in PAPR/CM can be achieved with respect to the LTE UL baseline waveform at the expense of excess bandwidth.  We have also shown that Sc-CPS waveforms offer significant OOBE/ACLR advantage when non-linear PA characteristics are considered, allowing the PA to be operated more efficiently near saturation while still meeting UL ACLR specifications. In view of the above analysis results, we can summarize with the following observations and proposal:
Observation 1: For QPSK modulation at CCDF = 1%, optimized SC-CPS waveform offers a 1.1 dB PAPR gain over the LTE UL baseline waveform, DFT-S-OFDM, with 0.3 dB additional gain possible through the use of O-QPSK for α = 0.1.  Additional PAPR gains can be obtained for larger α at the expense of higher excess bandwidth.
Observation 2: For the most robust modulation types (QPSK/O-QPSK) typically used for coverage-limited scenarios, SC-CPS waveforms offer at least a 0.5 dB CM advantage over DFT-S-OFDM, with a larger advantage with increasing excess bandwidth (see Figure 5).
Observation 3:  SC-CPS waveform, in addition to PAPR advantage, provide significant OOBE/ACLR benefits with respect to the LTE UL baseline waveform (DFT-S-OFDM) and allow for more efficient PA operation and longer battery life for devices at edge of coverage.

Proposal: Consider SC-CPS waveforms with optimum filtering as a viable option for NR UL waveform
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Appendix: Simulation Parameters and Additional Results


The parameters listed below were used to generate the simulation results presented in this document, unless otherwise specified.

TTI length: 1ms 
Subcarrier spacing: 15 KHz
FFT size: 1024
Bandwidth per user: 720 KHz 
Guard tone bandwidth: 60 KHz
Guard time interval: 4.7us
TX window edge length: 52 (roll-off = 0.0474)
RX window edge length: 10 (roll-off = 0.0098)
Raised cosine window for TX and RX

PA model: polynomial model proposed in [A.1]
The common phase compensation for the polynomial PA model: 76.3 degrees

Cubic metric [A.2]:
[image: ]
Where  [image: ]  is the called raw cubic metric (in dB) of a signal
[image: ]  is the raw cubic metric of the W-CDMA voice reference signal
and K = 1.56 (empirical slope factor)

[A.1] R4-163314, “Realistic power amplifier model for the New Radio evaluation”, Nokia.
[A.2] R1-060023, “Cubic Metric in 3GPP-LTE”, Motorola.
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Figure A.1  PAPR results for 16-QAM
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Figure A.2 PAPR results for 64-QAM
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Figure A.3 Power Spectral Density without PA
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