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1
Introduction
This contribution presents 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. Based on the results we propose a way forward for UE Tx requirements development.
2
Simulation Scenario and Assumptions
In this section, we discuss simulation assumptions and scenarios. The target of our NR UL link simulations to evaluate DFT-s-OFDM and CP-OFDM UL link performances and performance differences for coverage limited UEs. We have simulated two main cases; a reference case with only one coverage limited UE (QPSK signal) active in UL without any interferer present in the simulations and a case with desired UL signal and interfering UL signals on both side of the desired signal. Also in this interference case, the desired UL signal is QPSK signal for coverage limited UE. The interfering signals on both sides of the desired signals are either coverage limited (QPSK) signals or high throughput UEs in better radio conditions to investigate different interfering situations, which may also occur on the field in practice.  These interference simulations cases are shown in Figure 1.
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a) Coverage limited UE as desired signal and coverage limited UEs as interferers
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b) Coverage limited UE as desired signal and high Tput UEs as interferers


Figure 1: Simulation case with desired UL signal with two interfering signals on both sides
The following simulation basic simulation assumptions have been used in the simulations:

· Simulated waveforms: DFT-s-OFDM with WOLA (NWS = NCP/8) and CP-OFDM with WOLA (NWS = NCP/8)  and channel filter (NFIR = 63))

· 10 MHz channel with 50 PRB maximum allocation. Allocation per UE: 4 PRBs 
· 15 kHz SCS
· MCS: QPSK,R=1/3 (coverage limited UE). Interfering signal may also be 64-QAM, R=3/4 (high throughput UE)
· Antenna configuration: SIMO 1x2, rank-1

· Channel model: QPSK: TDL-C 1000ns
· 3GPP Polynomial PA model
· Maximum UE Tx power (DFT-s-OFDM/CP-OFDM power) in the simulations: 23/23 dBm antenna port power using QPSK and 21/20 dBm antenna port power using 64-QAM (1 dB power difference is accounted in UL BLER results)
· Power differences between desired and interfering signals are determined based on the required SNR difference between 64-QAM and QPSK at 10 % BLER ( 20 dB difference between average Rx power of QPSK and 64-QAM signals is used in the simulations with desired and interfering signals. No Rx  power difference is used between QPSK desired and interfering signals.  
3
Simulation Results
In this section, we present power spectrum results and UL link BLER simulation results both for DFT-s-OFDM and CP-OFDM combined with WOLA windowing and channel filtering. In our simulations, we have also validated that the UL signal meets out of band emission requirements, EVM requirements and in-band emission requirements using the current LTE UE requirements as reference.  As an example, we will present the CP-OFDM spectrum results against the out of band emission and in-band emission requirements in Figure 2. The simulation results confirmed that the LTE out of band emission requirements and LTE QPSK EVM requirements are met. This is also the case for DFT-s-OFDM spectrum results. In-band emission requirements are exceeded slightly in the CP-OFDM QPSK case as seen in Figure 2 but this is then taken into account in the corresponding UL link simulation results as additional interferences from the interferers to the desired signal.
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Figure 2: CP-OFDM spectrum results with QPSK and 4 PRB transmission compared to LTE Out of Band emission and in-band emission requirements with 23 dBm radiated UE Tx power
In 3 UL BLER results are shown for coverage limited (QPSK) UE without interferers. These results show that CP-OFDM can achieve similar UL link performance as DFT-s-OFDM even when including PA models to the simulations and ensuring that the LTE out of band emissions and EVM requirements are met. For coverage limited (QPSK) UEs CP-OFDM performs ~0.4 dB better at 10% BLER than DFT-s-OFDM. It is worth noting that we have used the 3GPP RAN1 Polynomial PA model, which represents rather worst case from the achievable max Tx power perspective. In the contribution [2] we have shown that better performance can be achieved with better and more realistic PA model. 
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Figure 3: UL link performance for DFT-s-OFDM and CP-OFDM (WOLA+chan. filt. curves) without interfering UEs
Figure 4 presents UL BLER results for QPSK coverage limited UE with interferers. Also in these results CP-OFDM and DFT-s-OFDM have similar UL BLER performance although in some cases the LTE in-band emission requirements are not fully met and thus, more interference is caused to the desired signal as discussed earlier in this document. Similarly, as in the single UE case, CP-OFDM performs slightly better than DFT-s-OFDM for coverage limited UEs. 
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Figure 4: UL link performance for DFT-s-OFDM and CP-OFDM (WOLA+chan. filt. curves) with interferers on both sides of the desired signal
These simulation results show that CP-OFDM performs well in UL coverage limited situation with and without interfering signals next to the desired signals and when using PA model and meeting the LTE out of band emission and EVM requirements. This is due to CP-OFDM’s better link performance than DFT-s-OFDM despite slightly bigger maximum power reduction need. To make sure that CP-OFDM waveform can be efficiently used for coverage limited UE, it is important that RAN4 will develop robust UE Tx requirements even at the UE maximum power. This will then enable network to avoid switching between CP-OFDM and DFT-s-OFDM transmissions when the UE moves towards coverage limited situation. 

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 as follows:

8.1.3
Waveform
OFDM-based waveform is supported. At least up to 40 GHz for eMBB and URLLC services, CP-OFDM based waveform supports spectral utilization of Y greater than that of LTE (assuming Y=90% for LTE) where Y (%) is defined as transmission bandwidth configuration / channel bandwidth * 100%. From RAN1 perspective, spectral confinement technique(s) (e.g. filtering, windowing, etc.) for a waveform at the transmitter is transparent to the receiver.
DFT-S-OFDM based waveform is also supported, complementary to CP-OFDM waveform at least for eMBB uplink for up to 40GHz. CP-OFDM waveform can be used for a single-stream and multi-stream (i.e. MIMO) transmissions, while DFT-S-OFDM based waveform is limited to a single stream transmissions (targeting for link budget limited cases). Network can decide and communicate to the UE which one of CP-OFDM and DFT-S-OFDM based waveforms to use. Note that both CP-OFDM and DFT-S-OFDM based waveforms are mandatory for UEs. 
Observation 1: Our UL link simulation results show that CP-OFDM and DFT-s-OFDM have similar performance in UL coverage limited cases. Thus, network controlled switching between CP-OFDM and DFT-s-OFDM waveforms may not be necessary in practical deployments 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: Considering that DFT-s-OFDM is complimentary waveform, RAN4 should focus its effort in developing UE Tx requirements for DFT-S-OFDM waveform only for single-stream transmission with low order modulations like pi1/2 BPSK and QPSK only. 
4
Conclusions

In this contribution, we have presented NR UL BLER link simulation results and some example power spectrum results for evaluating and comparing CP-OFDM and DFT-s-OFDM UL link performances. Based on the results we make the following observations and proposals:
Observation 1: Our UL link simulation results show that CP-OFDM and DFT-s-OFDM have similar performance in UL coverage limited cases. Thus, network controlled switching between CP-OFDM and DFT-s-OFDM waveforms may not be necessary in practical deployments 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: Considering that DFT-s-OFDM is complimentary waveform, RAN4 should focus its effort in developing UE Tx requirements for DFT-S-OFDM waveform only for single-stream transmission with low order modulations like pi1/2 BPSK and QPSK only. 
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