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Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In addition, in RAN1#86, followings were agreed on waveform below 40GHz.
Agreements:
· 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.)
· Y (%) = transmission bandwidth configuration / channel bandwidth * 100%
· RAN1 specification will support transmission bandwidth configuration corresponding to Y up to approximately 100%
· Some evaluations in RAN1 show that Y for a NR carrier can be up to 98% of the evaluated channel bandwidths for both DL and UL without complexity and latency constraints [R1-166093]
· Note: additional pre-processing techniques on top of CP-OFDM are not precluded, e.g., OTFS
· Additional waveforms may be supported by NR for e.g. other services (e.g. mMTC)
· It is recommended that RAN4 should target to support eNB/UE with Y significantly higher than 90% when defining the RAN4 requirements where the specification of Y should consider complexity and latency constraints
· In-band frequency multiplexing of different numerologies is supported in NR for both DL and UL, at least from the network perspective
· It is expected that spectrum confinement on subband-basis is specified as requirements on
· Transmitter side in-band emission and EVM requirements
· Receiver performance in presence of other-subband interferer
· The definition of sub-band is FFS
· From RAN1 perspective, spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver
· Inform RAN4 the above agreements
· RAN1 plans to perform more evaluations on waveform and will inform RAN4 with future updates, if any

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

Agreements:
· 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 uplink scenarios
· E.g., low PAPR/CM techniques (including DFT-s-OFDM)

In this contribution, we show the evaluation results on CP-OFDM and DFT-s-OFDM in uplink. We also provide our proposals on uplink waveform selection for NR Phase 1 based on the observation from our evaluation results.
Evaluation results
Evaluation setup
System model of evaluated waveforms
The system models of the evaluated waveforms are illustrated in Fig.1. For CP-OFDM, the additional low-PAPR/CM technique is not implemented. The spectrum confinement techniques such as windowing and filtering are not also be applied.
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                               (a) CP-OFDM                                                                (b) DFT-s-OFDM
Fig.1	System model of evaluated waveforms
System model of evaluated waveforms
The evaluation assumptions are summarized in Table 1.
Table 1	Evaluation parameters
	Parameters
	Value

	Carrier frequency
	4 GHz

	System bandwidth
	10 MHz

	TTI length
	1 ms

	Subcarrier spacing
	15 kHz

	Guard time interval
	6.7% overhead

	FFT size
	1024

	Data transmission bandwidth
	720 kHz (4 RB assuming 12 subcarriers per RB)

	Modulation and coding
	QPSK, R=1/2
64QAM, R=1/2

	Number of transmit and receive antennas
	1×2

	Control overhead
	Zero

	Channel estimation
	Ideal

	Channel model
	TDL-C for DS 300 ns, mobility: 3 km/h

	PA model
	Polynomial model [1]



PAPR
Figure 2 shows the PAPR of CP-OFDM and DFT-s-OFDM. The signal before PA input (baseband signal) is evaluated.
DFT-s-OFDM has lower PAPR than CP-OFDM as DFT-s-OFDM provides single carrier property. The PAPR at CCDF of 1 % is 9.2 dB for CP-OFDM regardless of modulation schemes. While that for DFT-s-OFDM is 6.4 dB with QPSK and 7.4 dB with 64QAM.
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Fig.2	PAPR

BLER
We evaluate BLER of CP-OFDM and DFT-s-OFDM with following two methodologies.
· Methodology 1: BLER performance comparison with the same operation point
· If peak power value exceeds the PA linear operation region of the transmitter, it will not be faithfully reproduced the transmit signal by the transmitter and this results in inter-symbol interference. In this methodology, how such interference will impact the receiver performance is evaluated. i.e., sensitivity to the linearity can be evaluated. 

· Methodology 2: BLER performance comparison considering required back-off
· If peak power value exceed the PA linear operation region of the transmitter, it will not be faithfully reproduced the transmit signal by the transmitter. Therefore, operation point should be set considering PA nonlinearity and back-off. In this evaluation, for the simplicity, PAPR value at CCDF of 1 % is used as back off and operation point is chosen by using input back off from the 1 dB compression point the polynomial model. 

Methodology 1
Figure 3 shows the BLER of CP-OFDM and DFT-s-OFDM in methodology 1. Three operation points (22 dBm, 25 dBm, and 28 dBm output power) are evaluated.
Comparing CP-OFDM and DFT-s-OFDM, since DFT-s-OFDM has lower PAPR property and less impact of PA nonlinearity, DFT-s-OFDM can achieve better BLER performance as higher operation points are chosen.
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(a) QPSK                                                                   (b) 64QAM
Fig.3	BLER in methodology 1

Methodology 2
Figure 4 shows the BLER of CP-OFDM and DFT-s-OFDM in methodology 2. The actual input and output power at operation point are as summarized in Table 2.
In this methodology, CP-OFDM and DFT-s-OFDM can achieve almost the same BLER for both QPSK and 64QAM. The back off difference between DFT-s-OFDM and CP-OFDM is 2.8 dB for QPSK and 2.0 dB for 64QAM, and then, it can be roughly converted that the MCL difference between DFT-s-OFDM and CP-OFDM is also 2.8 dB for QPSK and 2.0 dB for 64QAM.
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Fig.4	BLER in methodology 2
Table 2	Actual input and output power at operation point in methodology 2
	Waveform
	Input power
	Output power

	CP-OFDM (QPSK)
	-6.79 dBm
	20.00 dBm

	DFT-s-OFDM (QPSK)
	-3.99 dBm
	23.22 dBm

	CP-OFDM (64QAM)
	-6.79 dBm
	20.00 dBm

	DFT-s-OFDM (64QAM)
	-4.99 dBm
	22.06 dBm



Observation of evaluation results
Our observations from above evaluation results are following.
Observation 1: DFT-s-OFDM has lower PAPR (about 2.8 dB for QPSK and about 2.0 dB for 64QAM) than CP-OFDM.
Observation 2: Assuming the same operation point, DFT-s-OFDM can achieve better BLER performance as higher operation points are chosen.
Observation 3: Considering back off, CP-OFDM and DFT-s-OFDM can achieve almost the same BLER.
Observation 4: MCL difference between DFT-s-OFDM and CP-OFDM is 2.8 dB for QPSK and 2.0 dB for 64QAM.

Discussion on waveform selection
Based on above evaluation results, we provide following views on uplink waveform selected for NR Phase 1.
Our usage of the required back off criteria is PAPR value at CCDF of 1 % and the observed MCL difference between DFT-s-OFDM and CP-OFDM is around 2~3 dB. Seeing the sensitivity to the linearity in methodology 1, it seems DFT-s-OFDM allows to use more reduced back off or relaxed linearity PA as far as ACLR (adjacent channel leakage ratio) is satisfied. Therefore, the merit of DFT-s-OFDM would be more emphasized.
Based on the agreement that NR uplink should target at least the same link budget (i.e. MCL) as LTE uplink, CP-OFDM only would not be sufficient and DFT-s-OFDM should be supported. If there are other technique(s) in CP-OFDM to reduce low PAPR/CM similar to DFT-s-OFDM, then we think not to use DFT-s-OFDM is also possible candidate. 
Proposal 1: DFT-s-OFDM should be supported as a complementary CP-OFDM without specified low-PAPR/CN technique(s).
If DFT-s-OFDM is applied to uplink waveform, this could require the reference signal designs are not aligned between uplink and downlink. Dynamic TDD operation and finer interference management to have unified design between uplink and downlink would be useful. This is also valid to sidelink case. Therefore, CP-OFDM with additional low PAPR/CM technique(s) other than DFT spreading might be better choice. However, the implementation complexity and PAPR/CM reduction effect of additional low PAPR/CM technique(s) other than DFT spreading should be compared with DFT-s-OFDM. Complexity requirement can be relaxed only if sufficient gains such as the same link budget as LTE uplink are obtained.

Conclusion
In this contribution, we showed the evaluation results on uplink waveform candidates for NR and also provided our proposals on waveform selection for NR Phase 1.
Observation 1: DFT-s-OFDM has lower PAPR (about 2.8 dB for QPSK and about 2.0 dB for 64QAM) than CP-OFDM.
Observation 2: Assuming the same operation point, DFT-s-OFDM can achieve better BLER performance as higher operation points are chosen.
Observation 3: Considering back off, CP-OFDM and DFT-s-OFDM can achieve almost the same BLER.
Observation 4: MCL difference between DFT-s-OFDM and CP-OFDM is 2.8 dB for QPSK and 2.0 dB for 64QAM.

Proposal 1: DFT-s-OFDM should be supported as a complementary CP-OFDM without specified low-PAPR/CM technique(s).
Reference
[bookmark: _GoBack][1] R4-164542, “Response LS on realistic power amplifier model for NR waveform evaluation”, May 2016.
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