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1	Introduction
An objective of the new radio (NR) study item [1] is to identify and develop technology components being able to use any spectrum band ranging at least up to 100 GHz. The goal is to achieve a single technical framework addressing all usage scenarios, requirements and deployment scenarios defined in TR38.913 [2].  

CP-OFDM waveform was agreed as baseline waveform for DL and UL in RAN WG1 meeting #86. The related agreements are quoted in the Annex at the end of this document. In this contribution we discuss various system aspects related to the UL waveforms for the new RAT below 40 GHz and provide UL coverage comparison between SC-FDMA and new CP-OFDM based waveforms for different allocation sizes. 
[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK13][bookmark: OLE_LINK14]2	Discussion
In LTE the downlink waveform is based on OFDMA and the uplink waveform is based on SC-FDMA. The selection of SC-FDMA for UL is justified mainly by UL coverage and UE power consumption whereas DL OFDMA is justified by frequency domain flexibility, natural suitability for MIMO operations and minimized receiver complexity. In the NR the UL and DL waveform related discussion would need to account the scenarios and performance requirements defined for NR:
· The target for peak data rate is [20Gbps] for downlink and [10Gbps] for uplink
· The target for peak spectral efficiency is [30bps/Hz] for downlink and [15bps/Hz] for uplink.
· The full buffer spectral efficiency should be in the order of [3x] compared to that of IMT-Advanced 
· The target for mobility is 500 km/h.
The biggest problem with the SC-FDMA type of waveform is that all signals needs to be transmitted in a serial form resulting in various restrictions. For example RS signals would need to be time multiplexed with data. Same would apply to control signals if those would be transmitted using SC-FDMA. Those restrictions lead to significant performance degradation especially when supporting new traffic requirements, e.g. those related to high velocity and low latency.
· Very high DMRS overhead for low latency services where TTI can consist of only a very few OFDM symbols 
· Very high DMRS overhead for high speed. 
Hence there could be limits for frequency domain flexibility, spatial domain processing on the transmitter side and reference signal design. Each of those limitations can have significant impact on the cell throughput.
Observation #1: Separate RS design would be needed in order to support SC waveforms (in addition to OFDMA). It would be preferable to avoid different control channel design.
Observation #2: SC waveforms lead to significant performance degradation especially when supporting new traffic requirements, e.g. those related to high velocity and low latency.
NR should allow for efficient operation between access link and backhaul/side link. To have same waveform for both uplink and downlink is highly beneficial especially in TDD systems as it enables better utilization of flexible TDD, D2D, in-band relay solutions etc. The cost and the complexity of the NR would be minimized if the same waveform and baseband design principles could be reused for both link directions.
Observation #3: Having same waveform supported both link directions enables minimizing the cost and the complexity of the NR
One important mode of operation for NR is dynamic TDD. A harmonized uplink and downlink frame structure helps in cross-link interference suppression when there is no need for the victim to know whether the aggressor signal is uplink or downlink.
Observation #4: Dynamic TDD operation benefits from harmonized uplink and downlink frame structures
Based on above observations, and agreements reached in RAN1#86 we propose that following conclusions are accounted when UL NR below 40 GHz is based on OFDMA. 
Conclusion #1: As CP-OFDM is selected as the baseline waveform for NR UL, low PAR waveforms are considered only as an optional mode. 
Conclusion #2: Optional low PAR waveform operation mode should not compromise the benefit provided by uniform OFDMA design.
Proposal #1: Low PAR waveforms should be evaluated for extending UL data coverage only as an optional complementary mode.
3 Spectral efficiency
Good MIMO performance is essential for meeting the performance targets set for NR. The target for peak spectral efficiency is 15bps/Hz and the spectral efficiency should be in the order of [3x] compared to IMT-Advanced [3]. This corresponds to 6 bits/Hz as the requirement for average spectral efficiency requirement in the microcellular environment. In UL the MU-MIMO is essential feature in order to obtain target spectral efficiency. Figures 1 and 2 shown performance comparison between SC-FDMA and OFDMA in TDL-C channel with RMS delay spreads 300ns and 1000ns, for spectral efficiencies around 3 (4XQPSK ½), 6 (4X16QAM½), 9 (4x64 QAM ½) and 18 Bits/Hz (4x256 QAM 3/4). Results indicates that SC-FDMA requires 2-3 dB higher SNR for target spectral efficiency and 5-6 dB higher SNR for peak spectral efficiency.
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Figure 1. BLER comparison between SC-FDMA (black solid line) and OFDM (blue dashed line) . TDL-C 300 ns, 4x4 MIMO.
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Figure 2. BLER comparison between SC-FDMA (black solid line) and OFDM (blue dashed line) . TDL-C 1000 ns, 4x4 MIMO
Observation #5: SC-FDMA requires 2-3 dB higher SNR for target spectral efficiency and 5-6 dB higher SNR for peak spectral efficiency.

Conclusion #3: OFDMA is superior in high throughput MIMO operation required from 5G NR.
4 Coverage 
In this section we present coverage comparison between SC-FDMA and OFDMA. The simulated system is described in Figure 3. Depending on whether the system being considered is SC-FDMA or OFDMA, either a DFT or S/P (Serial to Parallel) is selected after the symbol source. 

A simple baseband amplitude clipping scheme is introduced to multicarrier waveforms where the amplitude of the time domain signal is clipped to desired level before subband wise filtering or windowing. In [7] clipping was mentioned as one possible method to improve PA output power for CP-OFDM. For UFMC in the case of 12 PRB allocation, the clipping is done separately over each 4 PRB subband because the used subband filters process the signal in 4 PRB chunks. Otherwise the full subband is clipped before filtering or windowing.
Filtering or windowing is done just for suppressing the out-of-band emission for meeting the spectrum mask. The power amplifier model according to [4] is considered. In the measurements, the power level is set so that the LTE UE emission mask [5] is fulfilled. The minimum OBO value satisfying the emission mask is found. Different CP-OFDM based waveform candidates discussed in earlier RAN WG1 meetings for NR uplink [6] are evaluated against SC-FDMA.
The UL coverage evaluations are done assuming either 1, 4, or 12 PRB allocation for the UL transmission. Sizes up to 12 PRB were chosen as 12 PRB is the largest LTE UL PRB allocation where no power back off is allowed [5]. The used MCS is QPSK R=1/2. In [5] the EVM target for QPSK is given to be 17.5%. Here it is assumed that PA and possible amplitude clipping are allowed to contribute 12% of the EVM budget and the rest is reserved to other sources, such as PN or I/Q imbalance (not modelled in these evaluations). The selected 12% EVM target ensures that the link performance is not affected by the PA and amplitude clipping. In addition, it is assumed that there are 4 dB additional losses after the PA, so the maximum required power from PA is 27 dBm mapping to 23 dBm of radiated power. 



[bookmark: _Ref116102453]Figure 3 Simulated system
In Figures 4-6 the PSD responses for different allocation sizes are given. In all cases the OOB ACLR is not an issue. In 1 PRB case the inband EVM is the main limiting factor for improving the multicarrier waveform PA output power. In 4 and 12 PRB cases the LTE emission mask limits the achievable PA output power. Note that in these evaluations the LO nor the IQ imbalance are not modelled, hence no LO leakage nor IQ-image is visible in spectrum plots. These can be considered as waveform independent and are not limiting the performance in coverage scenarios.
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[bookmark: _Ref458779038]Figure 4 PSD comparison between clipped multicarrier waveform candidates and SC-FDMA in 1 PRB case 
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Figure 5 PSD comparison between clipped multicarrier waveform candidates and SC-FDMA in 4 PRB case 
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[bookmark: _Ref458779052]Figure 6 PSD comparison between clipped multicarrier waveform candidates and SC-FDMA in 12 PRB case
In Figures 7-9, the link performance of different multicarrier waveforms is compared against SC-FDMA in 1, 4, and 12 PRB cases. Polynomial PA is operated with PA output power indicated in Figures 4-6 for each case and waveform.
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[bookmark: _Ref458779149]Figure 7 BLER comparison between SC-FDMA and multicarrier waveform candidates with PA . TDL-C 1000 ns, 1x2 MIMO, 1 PRB allocation
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Figure 8 BLER comparison between SC-FDMA and multicarrier waveform candidates with PA . TDL-C 1000 ns, 1x2 MIMO, 4 PRB allocation
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Figure 9 BLER comparison between SC-FDMA and multicarrier waveform candidates with PA . TDL-C 1000 ns, 1x2 MIMO, 12 PRB allocation

Observation #6: SC-FDMA provides similar link error performance with 1 PRB allocation but loses with 4 and 12 PRB allocations. In the case of 4 PRB allocation, SC-FDMA loses 1.1 dB – 1.6 dB @ BLER=0.1 and 2.2 dB – 2.6 dB @ BLER=0.01. In the case of 12 PRB allocation, SC-FDMA loses 1.1 dB – 1.9 dB @ BLER=0.1 and 2 dB – 2.4 dB @ BLER=0.01.
In Tables 1-3 the link budget gain for each multicarrier waveform when compared to SC-FDMA is evaluated for 1, 4, and 12 PRB cases.
Table 1, Link budget gain for different multicarrier waveform candidates for 1 PRB case
	Waveform
	PA output power loss [dBm]
	SNR gain [dB] @ BLER = 0.1 
	Link budget gain @ BLER = 0.1 [dB]
	SNR gain [dB] @ BLER 0.01
	Link budget gain @BLER = 0.01 [dB]

	CP-OFDM
	-1.2
	0.3
	-0.9
	0.9
	-0.3

	f-OFDM, TO=4
	-1.7
	0.5
	-1.2
	0.7
	-1.0

	UFMC, Nf=73, SLA=75dB
	-1.5
	0
	-1.5
	0.6
	-0.9

	WOLA
	-1.6
	0.4
	-1.2
	1.0
	-0.6



Table 2, Link budget gain for different multicarrier waveform candidates for 4 PRB case
	Waveform
	PA output power loss [dBm]
	SNR gain [dB] @ BLER = 0.1 
	Link budget gain @ BLER = 0.1 [dB]
	SNR gain [dB] @ BLER 0.01
	Link budget gain @BLER = 0.01 [dB]

	CP-OFDM
	-0.8
	1.5
	0.7
	2.3
	1.5

	f-OFDM, TO=4
	-1.2
	1.6
	0.4
	2.6
	1.4

	UFMC, Nf=73, SLA=75dB
	-1.4
	1.1
	-0.3
	2.2
	0.8

	WOLA
	-1.2
	1.6
	0.4
	2.3
	1.1



Table 3, Link budget gain for different multicarrier waveform candidates for 12 PRB case
	Waveform
	PA output power loss [dBm]
	SNR gain [dB] @ BLER = 0.1 
	Link budget gain @ BLER = 0.1 [dB]
	SNR gain [dB] @ BLER 0.01
	Link budget gain @BLER = 0.01 [dB]

	CP-OFDM
	-0.1
	1.5
	1.4
	2.1
	2.0

	f-OFDM, TO=4
	-0.6
	1.7
	1.1
	2.1
	1.5

	UFMC, Nf=73, SLA=75dB
	-1.3
	1.1
	-0.2
	2.0
	0.7

	WOLA
	-1.1
	1.9
	0.8
	2.4
	1.3



Observation #7: In 1 PRB case SC-FDMA provides on average 1.2 dB link budget gain @ BLER = 0.1 and 0.7 dB gain @ BLER = 0.01. In 4 PRB case multicarrier waveforms provide on average 0.3 dB link budget gain @ BLER = 0.1 and 1.2 dB gain @ BLER = 0.01. In 12 PRB case multicarrier waveforms provide on average 0.8 dB link budget gain @ BLER = 0.1 and 1.4 dB gain @ BLER = 0.01.
Conclusion #4: SC-FDMA provides better link budget only in the case of 1 PRB transmission. In 4 PRB and 12 PRB cases multicarrier waveforms provide better link budget.
Proposal #2: Optional low PAR waveforms should be considered only for 1PRB allocation size. 

5	Conclusion
[bookmark: OLE_LINK22][bookmark: OLE_LINK23]In this contribution we have discussed various system aspects related to the UL waveforms for the new RAT. Based on the discussion, we make the following observations and proposals
Observation #1: Separate RS design would be needed in order to support SC waveforms (in addition to OFDMA) and possibly also control channel design. 
Observation #2: SC waveforms lead to significant performance degradation especially when supporting new traffic requirements, e.g. those related to high velocity and low latency.
Observation #3: Having same waveform supported both link directions enables minimizing the cost and the complexity of the NR
Observation #4: Dynamic TDD operation benefits from harmonized uplink and downlink frame structures
Observation #5: SC-FDMA requires 2-3 dB higher SNR for target spectral efficiency and 5-6 dB higher SNR for peak spectral efficiency.
Observation #6: SC-FDMA provides similar link error performance with 1 PRB allocation but loses with 4 and 12 PRB allocations. In the case of 4 PRB allocation, SC-FDMA loses 1.1 dB – 1.6 dB @ BLER=0.1 and 2.2 dB – 2.6 dB @ BLER=0.01. In the case of 12 PRB allocation, SC-FDMA loses 1.1 dB – 1.9 dB @ BLER=0.1 and 2 dB – 2.4 dB @ BLER=0.01.
Observation #7: In 1 PRB case SC-FDMA provides on average 1.2 dB link budget gain @ BLER = 0.1 and 0.7 dB gain @ BLER = 0.01. In 4 PRB case multicarrier waveforms provide on average 0.3 dB link budget gain @ BLER = 0.1 and 1.2 dB gain @ BLER = 0.01. In 12 PRB case multicarrier waveforms provide on average 0.8 dB link budget gain @ BLER = 0.1 and 1.4 dB gain @ BLER = 0.01.

Conclusion #1: As CP-OFDM is selected as the baseline waveform for NR UL, low PAR waveforms are considered only as an optional mode.
Conclusion #2: Optional low PAR waveform operation mode should not compromise the benefit provided by uniform OFDMA design.
Conclusion #3: OFDMA is superior in high throughput MIMO operation required from 5G NR.
Conclusion #4: SC-FDMA provides better link budget only in the case of 1 PRB transmission. In 4 PRB and 12 PRB cases multicarrier waveforms provide better link budget.

Proposal #1: Low PAR waveforms should be evaluated for extending UL data coverage only as an optional complementary mode.
Proposal #2: Optional low PAR waveforms should be considered only for 1PRB allocation size. 
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Annex

In RAN1#86 following agreements were made:
	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 approximately100%
· 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 sub-band basis is specified as requirements on 
· Transmitter side in-band emission and EVM requirements  
· Reception 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 the uplink scenarios
· E.g., low PAPR/CM techniques (including DFT-s-OFDM) 
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PolynomialModel,QPSK050,1PRB allocation,10 MHz

LTE emission mask

SC-FDMA, PA out27dBm,OOB ACLR=49.7dB, EVM =8.5%

CP-OFDM, PA out25.8dBm,OOB ACLR=49.5dB, EVM =12%

f-OFDM, TO=4, PA out25.3dBm,OOB ACLR=75dB, EVM =12%

UFMC,Nf=73,SLA=75dB, PA out25.3dBm,OOB ACLR=55dB, EVM =12%

WOLA, Nws=72, PA out25.7dBm,OOB ACLR=66.3dB, EVM =11.8%
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PolynomialModel,QPSK050,4PRB allocation,10 MHz

LTE emission mask

SC-FDMA, PA out26.3dBm,OOB ACLR=44.9dB, EVM =7.6%

CP-OFDM, PA out25.5dBm,OOB ACLR=42.8dB, EVM =12%

f-OFDM, TO=4, PA out25.1dBm,OOB ACLR=45.8dB, EVM =12%

UFMC,Nf=73,SLA=75dB, PA out24.9dBm,OOB ACLR=45.2dB, EVM =12%

WOLA, Nws=72, PA out25.1dBm,OOB ACLR=43.5dB, EVM =10.5%
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PolynomialModel,QPSK050,12PRB allocation,10 MHz

LTE emission mask

SC-FDMA, PA out25.3dBm,OOB ACLR=35.3dB, EVM =7.8%

CP-OFDM, PA out25.2dBm,OOB ACLR=33.9dB, EVM =11.9%

f-OFDM, TO=4, PA out24.7dBm,OOB ACLR=33.6dB, EVM =12%

UFMC,Nf=73,SLA=75dB, PA out24dBm,OOB ACLR=33.1dB, EVM =12%

WOLA, Nws=72, PA out24.2dBm,OOB ACLR=32.9dB, EVM =8.6%
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