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1. Introduction

At the RAN1 #86 meeting, CP-OFDM was recommended for the UL waveform and the following agreements were achieved:

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) 

The remaining issue is whether low PAPR techniques such as DFT-s-OFDM need to be specified or not for a carrier frequency below 40GHz. In this contribution, we provide performance comparison between DFT-s-OFDM and OFDM with implementation-based low PAPR techniques. Then, we describe our consideration on the UL waveform below 40GHz.
2. Performance Comparison

In this section, we provide the link evaluation results to compare the coverage and demodulation performance of DFT-s-FDM, CP-OFDM with and without PAPR/CM reduction techniques. Transmitter structure in this evaluation is described in Fig. 1. For DFT-s-FDM, N-point DFT is applied for the transmission symbols, but it is not applied to CP-OFDM. After the M-point IFFT and adding CP, for CP-OFDM, some companding techniques are applied to reduce PAPR/CM. In this evaluation, we assume -low companding [2]. The detail of -low companding is described in Annex A. As a realistic PA modeling, we assume the polynomial approximation provided in [3].
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Figure 1. Transmitter structure

Firstly, we show the maximum input power level to the PA for each waveform to achieve 30 dB ACLR. Note that, for -low companding, parameter  is optimized such that the input power level to PA is maximized. Table 1 show the evaluation results for QPSK. Other simulation parameters are summarized in Annex B.
Table 1. Maximum input power to PA to achieve 30 dB of ACLR (QPSK)
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From the results, we observed that DFT-s-FDM has 2 dB gain of maximum input power compared with CP-OFDM without companding. When assuming a companding for CP-OFDM, the maximum power can be improved by 0.2 dB, but the gain is limited.
According to the above input power level, we evaluated the BLER performance of each waveform assuming QPSK. The results are shown in Fig. 2. In this evaluation, we assumed TDL-C with RMS delay spread = 300 ns as a channel model. The other parameters are the same as the table in Annex B, and the evaluation results with TDL-C with RMS delay spread = 1000 ns are shown in Annex C. Note that the transmission power of each waveform is adjusted according to the maximum input power described in Table 1.
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(a) QPSK, R=1/10




(b) QPSK, R=1/2
Figure 2. BLER performance with adjusted input power
From the results, CP-OFDM with and without companding exhibits performance degradation by about 2 dB compared to DFT-s-OFDM. We note that, since OOBE suppression techniques such as filtering or windowing are not considered, such a performance difference between CP-OFDM and DFT-s-OFDM is regarded as the largest. On the other hand, since such degradation is caused by the difference in the maximum input power, the situation is different in the scenario where higher modulation order is to be selected. Transmission power for high modulation order is typically lower than that for lower modulation order. In that case, non-linearity of PA is not an issue. Fig. 3 shows the BLER performance of DFT-s-OFDM and CP-OFDM without companding assuming 16QAM and 64QAM with code rate 1/2. Note that PA modeling is not applied for that case. From the results, the CP-OFDM can achieve about 2 dB and 4 dB performance gain over DFT-s-OFDM. Therefore, CP-OFDM has significant benefit for non-power-limited users. 
Observation 1: For power-limited scenario where lower order modulation is to be selected, DFT-s-OFDM provides lower required SINR than that for CP-OFDM.
Observation 2: For non-power-limited scenario where higher order modulation is to be selected, CP-OFDM provides lower required SINR than that for DFT-s-OFDM.
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(a) 16QAM, R=1/2




(b) 64QAM, R=1/2
Figure 3. BLER performance (16QAM and 64QAM) 
According to the evaluation results, if we only focus on the coverage, i.e., UL link budget, DFT-s-OFDM would be the good candidate for the UL waveform. On the other hand, the overall system performance, e.g., user experienced data rate, spectrum efficiency, is also important KPI to consider for the NR. Having this in mind, it should be first clarified whether DFT-s-OFDM is always required on top of CP-OFDM or not or whether dynamic switching of CP-OFDM and DFT-s-OFDM is supported or not. We also remind that DFT precoding on top of CP-OFDM would put further consideration on RS designs that must avoid causing PAPR issue. For example, FDM-type RS structure is not desirable for DFT-s-OFDM. In our view, since DFT-s-OFDM is a complementary to CP-OFDM, the physical layer channel designs should be first optimized for the CP-OFDM. 
Finally, it would be expected that more operators will deploy an NR with assistance of LTE in the very initial phase. This also implies that most UE terminals in the initial phase of the deployment will support both LTE and NR. Thus, the UL link budget is not necessarily to be met in the early stage of NR considering co-existence of LTE and NR for the deployment of initial phase. We would need to avoid early decisions on support for DFT-s-OFDM just because of the UL coverage. In summary, we made the following observations and proposals.
Observation3: Necessity of DFT-s-OFDM is not urgent targeting the initial deployment of the NR and is not clear yet before the physical layer channel designs for CP-OFDM is well envisioned.

Proposal: Continue to investigate the necessity of DFT-s-OFDM after the physical layer channel designs for CP-OFDM have been established.
3. Conclusion
In this contribution, we showed performance comparison between CP-OFDM and DFT-s-OFDM. Based on the discussion above, we made the following observations and proposal.
Observation 1: For power-limited scenario where lower order modulation is to be selected, DFT-s-OFDM provides lower required SINR than that for CP-OFDM.
Observation 2: For non-power-limited scenario where higher order modulation is to be selected, CP-OFDM provides lower required SINR than that for DFT-s-OFDM.

Observation3: Necessity of DFT-s-OFDM is not urgent targeting the initial deployment of the NR and is not clear yet before the physical layer channel designs for CP-OFDM is well envisioned.

Proposal: Continue to investigate the necessity of DFT-s-OFDM after the physical layer channel designs for CP-OFDM have been established.
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Annex A. -low companding
· Compander function:
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where x is input signal and  is a parameter to control the amount of compression of signal strength.

· Expander function:
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We note that expander is not applied at the receiver side in this contribution.
Annex B. Link evaluation assumption
[image: image7.emf]Parameters Values

Carreier frequency  4 GHz

Subcarrier spacing 15 kHz

System (allocated) bandwidth 10 MHz (50 RBs)

Available REs / RB 144 REs

MIMO 1x1 SISO

Channel model TDL-C (delay spread = 300,1000 ns)

Channel estimation Ideal estimation

MCS

QPSK with R=1/10, 1/2

16QAM and 64QAM with R= 1/2

Channel coding LTE turbo

PA modeling Polynomial approximation in R1-166004

Receiver MMSEreceiver without expander


Annex C. Evaluation results with TDL-C (RMS delay spread = 1000ns)
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Figure A1. BLER performance with adjusted input power
- 1/5 -

_1536780495.unknown

_1536780494.unknown

