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1
Introduction
In the RAN4 June NR ad-hoc we present NR UL link simulation results evaluating and comparing CP-OFDM and DFT-s-OFDM UL link performances especially in the UL link budget limited scenarios in [1]. In this contribution, we present additional NR UL link simulation results for CP-OFDM and DFT-s-OFDM waveforms and we propose a way forward for UE Tx requirements development based on the analyses.
2
Discussion
In our previous contribution [1] we presented NR UL link simulation results in coverage limited scenario assuming WOLA windowing scheme for DFT-s-OFDM and WOLA and channel filter for CP-OFDM. These simulation results showed that CP-OFDM and DFT-s-OFDM have similar performance in UL coverage limited cases, which means that network controlled switching between CP-OFDM and DFT-s-OFDM waveforms may not be necessary even in UL link budget limited scenarios but instead CP-OFDM waveform could also be used in UL without any waveform switching.
Some companies in RAN4, however, felt that combined WOLA and channel filtering would not be realistic UE Tx implementation and thus, requested additional simulation and analyses for UL link performance. Therefore, in this contribution we present additional new UL link simulation results using only WOLA windowing both for DFT-s-OFDM and CP-OFDM waveforms. Below we have provided detailed simulation assumptions. 
Simulation assumptions: 

· Carrier frequency: 4 GHz

· Allocations: 1,2,4, or 12 PRBs in 20 MHz channel 

· 15 kHz SCS

· Antenna configuration: 1x2, with rank 1

· MCSs: QPSK R=1/2 and R=3/4, 16-QAM, R=1/2 and R=3/4

· DFT-s-OFDM and CP-OFDM use WOLA with window slope length of 44 samples which corresponds to 2% rolloff with long CP 

· UE Tx EVM performance, which is derived from the corresponding UE RF simulations including include UE RF impairments and using similar LTE UL transmitter assumptions as proposed in [2] for UE MPR evaluations, is included to the link simulations. In the RF simulations, maximum achievable UE Tx power is simulated while meeting LTE out of band and in-band emission requirements.
· TDL-C 1000ns channel model

· Ideal channel estimation
In Figure 1 - Figure 4 we present UL link simulation results for DFT-s-OFDM and CP-OFDM with 1, 2, 4 and 12 PRB allocations when using realistic UE Tx EVM performance for the corresponding MCS and waveform. The used EVM performance is given in the legends as percentages (e.g. EVM 5 = 5% EVM). These simulations results show that nearly in all the cases the UL link performance of CP-OFDM is better or clearly better than the one of DFT-s-OFDM as summarized in the following table. Only in one case with 16-QAM and R=3/4 the UL link performance of DFT-s-OFDM is better than that of DFT-s- OFDM. However, this case is expected to be rather rare in practical deployments as it has only 1 PRB allocation but with higher order modulation (16-QAM) and very robust coding rate of R=3/4. If channel quality is not sufficiently good for higher order modulation with more moderate coding rate, it is typically better to change to more robust modulation like QPSK. Also when higher order modulations can be used and are needed, also PRB allocations are typically larger than 1 PRB only.
Table 1: UL link performance gain of CP-OFDM over DFT-s-OFDM at 10% BLER level
	UL Link Gain of CP-OFDM [dB] 
	QPSK, R=1/2
	QPSK, R=3/4
	16-QAM, R=1/2
	16-QAM, R=3/4

	1 PRB allocation
	0.6
	0.3
	0.2
	-0.7

	2 PRB allocation
	0.7
	0.1
	0.7
	0.4

	4 PRB allocation
	1.2
	0.7
	1.2
	0.8

	12 PRB allocation
	2.1
	0.7
	1.9
	1.2


From the first simulated and measured MPR results for CP-OFDM and DFT-s-OFDM waveforms in [3], we can see that for 1-12 PRBs and QPSK and 16 QAM the required MPR for CP-OFDM varies from 0 to 2 dB and for DFT-s-OFDM from 0 to 1 dB. With roughly 1 dB difference in UE Tx power between CP-OFDM and DFT-s-OFDM waveforms and UL link performance differences in Table 1 would then indicate similar UL link budget between CP-OFDM and DFT-s-OFDM. 
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1PRB, No PA, TDL-C 1000ns

DFT-s-OFDM,EVM5,QPSK,R=1/2

DFT-s-OFDM,EVM5,QPSK,R=3/4

CP-OFDM,EVM11,QPSK,R=1/2

CP-OFDM,EVM11,QPSK,R=3/4

DFT-s-OFDM,EVM7,16-QAM,R=1/2

DFT-s-OFDM,EVM7,16-QAM,R=3/4

CP-OFDM,EVM12.5,16-QAM,R=1/2

CP-OFDM,EVM12.5,16-QAM,R=3/4


Figure 1: UL link simulation results for DFT-s-OFDM and CP-OFDM with 1 PRB allocation
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2PRB, No PA, TDL-C 1000ns

DFT-s-OFDM,EVM5,QPSK,R=1/2
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Figure 2: UL link simulation results for DFT-s-OFDM and CP-OFDM with 2 PRB allocation
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4PRB, No PA, TDL-C 1000ns

DFT-s-OFDM,EVM5,QPSK,R=1/2
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CP-OFDM,EVM14,QPSK,R=1/2

CP-OFDM,EVM14,QPSK,R=3/4

DFT-s-OFDM,EVM7,16-QAM,R=1/2
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CP-OFDM,EVM9.5,16-QAM,R=1/2

CP-OFDM,EVM9.5,16-QAM,R=3/4


Figure 3: UL link simulation results for DFT-s-OFDM and CP-OFDM with 4 PRB allocation
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12PRB, No PA, TDL-C 1000ns

DFT-s-OFDM,EVM5,QPSK,R=1/2

DFT-s-OFDM,EVM5,QPSK,R=3/4

CP-OFDM,EVM14,QPSK,R=1/2

CP-OFDM,EVM14,QPSK,R=3/4

DFT-s-OFDM,EVM7,16-QAM,R=1/2

DFT-s-OFDM,EVM7,16-QAM,R=3/4

CP-OFDM,EVM9.5,16-QAM,R=1/2

CP-OFDM,EVM9.5,16-QAM,R=3/4


Figure 4: UL link simulation results for DFT-s-OFDM and CP-OFDM with 12 PRB allocation

Like the UL link performance results of our earlier RAN4 contribution in [1], also these new results of this contribution show that UL link performance is similar for CP-OFDM and DFT-s-OFDM in UL coverage limited cases.
Observation 1: The UL link performance of CP-OFDM and DFT-s-OFDM is similar in UL coverage limited cases and with corresponding MCSs and PRB allocations.
RAN1 has already decided in the study item phase that CP-OFDM is the baseline waveform for NR UL and DFT-S-OFDM is complimentary NR UL waveform as captured in TR 38.802 [4]. RAN4 has also agreed that improved spectrum utilization performance for CP-OFDM by increasing the number of PRB per a given channel bandwidth whereas for DFT-s-OFDM the same spectrum utilization performance as in LTE is assumed in RAN4 for DFT-s-OFDM. It may be attractive for the network to always use CP-OFDM for NR UL data transmission rather than switching between CP-OFDM and DFT-s-OFDM even in UL coverage limited scenarios. Therefore, it is important that no MPR or low MPR requirement cases are also defined for CP-OFDM waveforms instead of only trying to optimize UE Tx requirements in UL coverage limited cases only for DFT-s-OFDM
Observation 2:  CP-OFDM based UL transmission is feasible also in UL coverage limited scenarios and thus, network controlled switching between CP-OFDM and DFT-s-OFDM waveforms may not be necessary in practice although DFT-s-OFDM is defined as additional complimentary NR waveform. 

Proposal 1: To have good minimum requirement support both for link budget limited and high throughput cases RAN4 should develop UE Tx requirements for CP-OFDM waveform for all the modulation schemes ranging from high to low order modulations (e.g. from 64QAM /256 QAM to QPSK / BPSK) and all the multi- and single-stream transmission schemes. 
Proposal 2: No MPR or low MPR UE Tx requirement cases are also defined for CP-OFDM based requirements (not only for DFT-s-OFDM based UE Tx requirements).
3
Conclusions

Following requests in the last RAN4 ad hoc meeting we have presented additional NR UL link simulation results for evaluating and comparing CP-OFDM and DFT-s-OFDM UL link performances in coverage limited scenarios and corresponding MCSs and PRB allocations. Based on the results we make the following observations and proposals:
Observation 1: The UL link performance of CP-OFDM and DFT-s-OFDM is similar in UL coverage limited cases and with corresponding MCSs and PRB allocations.
Observation 2:  CP-OFDM based UL transmission is feasible also in UL coverage limited scenarios and thus, network controlled switching between CP-OFDM and DFT-s-OFDM waveforms may not be necessary in practice although DFT-s-OFDM is defined as additional complimentary NR waveform. 

Proposal 1: To have good minimum requirement support both for link budget limited and high throughput cases RAN4 should develop UE Tx requirements for CP-OFDM waveform for all the modulation schemes ranging from high to low order modulations (e.g. from 64QAM /256 QAM to QPSK / BPSK) and all the multi- and single-stream transmission schemes. 
Proposal 2: No MPR or low MPR UE Tx requirement cases are also defined for CP-OFDM based requirements (not only for DFT-s-OFDM based UE Tx requirements).
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