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Introduction
In RAN1 meeting #86, it is agreed that [1],
· 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 
For NR, CP-OFDM without specified low-PAPR/CM technique(s) is recommended, while additional low PAPR/CM technique such as DFT-s-OFDM, if specified, is considered as complementary. It is also agreed in RAN plenary #73 that for eMBB 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)[2]. Therefore, it is interesting to check if CP-OFDM without specified low-PAPR technique can have the same MCL as LTE uplink in which DFT-s-OFDM is applied. Considering no network migration from LTE to NR at above 6 GHz frequency bands, the focus should be below 6 GHz bands. Some commonly used techniques of PAPR/CM reduction for CP-OFDM are discussed in [3]. In this contribution, the uplink link budget of CP-OFDM with companding, one of PAPR reduction techniques, is evaluated and compared with LTE uplink. 
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MCL evaluation results
It should be noted that MCL is only used for theoretically extreme coverage analysis of a single link with specific link configuration, including antenna configuration, MCS requirement, MIMO mode, frame structure, RS design, etc. For a fair comparison between OFDM and DFT-s-OFDM, we use the same link configuration as LTE uplink MCL evaluation in [4], and its UL data channel (i.e., PUSCH) MCL calculation can be found in Table A.1 in Appendix for reference. According to Table A.1, the MCL of uplink data channel is 150 dB for LOS and 148 dB for NLOS, and the results are very similar in UMi, UMa, RMa and SMa scenarios. Another observation is that TDD and FDD have the same MCL due to the same antenna configuration, data bandwidth and MCS assumption.
To better investigate the impact of PAPR on the transmission power, a realistic uplink PA model agreed in RAN1 [5] is used in the evaluation, and a 4 dB attenuation loss from PA output to antenna is assumed. Furthermore, the companding based PAPR reduction described in [3], is applied to CP-OFDM. The data bandwidth is 5 PRBs and the MCS index is 2, which correspond to the specified data rate in [4], i.e., 187200 bps for FDD and 74880 bps for TDD. Other simulation parameters are summarized in Table A.2 in Appendix.
The MCL performance difference among different waveforms results from two factors: the maximum transmission power and the required SNR, assuming that other factors in the MCL calculation are the same. The difference of maximum transmission power is caused by the PAPR difference, while the required SNR difference results from different demodulation performance of different waveform.
· Maximum transmission power
The OBO (output back-off) is used to measure the required output power back-off value from PA’s 1dB compression point, which reflects the PAPR/CM difference of different waveforms. The OBO is defined as [7]
	,	(1)


where  is the PA’s output power at 1dB compression point, and  is the average output power of a given signal. For the agreed uplink PA model, the  according to its AM-AM curve.
The minimum OBO for a waveform has to be selected to fulfill all of the uplink ACLR, EVM and IBE requirements. Based on the simulation results in Figure A.1, Table I summarizes the minimum OBOs required by OFDM, OFDM with companding, and DFT-s-OFDM. Given the UE maximum power constraint (i.e. 23dBm), the difference of maximum output power between DFT-s-OFDM and OFDM with companding is 0.4 dB. 

Table I Requirement on OBO and the maximum output power
	
	OFDM
	OFDM with Companding
	DFT-s-OFDM

	OBO for different RF requirements
(dB)
	(a) Min. OBO to fulfill ACLR 
	1.9
	1.4
	0.7

	
	(b) Min. OBO to fulfill EVM 
	2.9
	2.4
	0.7

	
	(c) Min. OBO to fulfill IBE 
	3.2
	2.4
	1.4

	(d) Minimum OBO to fulfill all RF requirements
 i.e., max{(a),(b),(c)} (dB) 
	3.2
	2.4
	1.4

	Maximum output power, i.e., min{29 – 4 – (d), 23} (dBm)
	21.8
	22.6
	23



· Required SNR
Another important factor for MCL comparison is the required SNRs which are obtained by link level simulation. In this simulation, we assume TDL-C 300ns and TDL-C 1000ns channel models which are typical channels for coverage limited UEs. As shown in Figure 1, OFDM gets similar BLER performance no matter whether companding is used. For TDL-C 300ns, OFDM has a 0.1 dB gain than DFT-s-OFDM, and for TDL-C 1000ns, 0.5 dB gain is obtained. For simplification, the average gain, i.e., 0.3 dB, is used in the MCL comparison.
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(a) TDL-C 300ns, 1T4R						(b) TDL-C 1000ns, 1T4R
Figure 1. BLER of OFDM, OFDM with companding and DFT-s-OFDM under realistic PA model 
· MCL comparison
Table II summarizes the gaps of the maximum output powers and the required SNRs between OFDM and DFT-s-OFDM, with DFT-s-OFDM as baseline. The transmission power loss of OFDM can be compensated by its required SNR gain and the MCL for DFT-s-OFDM and OFDM with companding is similar.
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	DFT-s-OFDM
	OFDM
	OFDM with companding

	(1) TX power gap (dB) 
	0
	-1.2
	-0.4

	(2) required SINR gap(dB)
	0
	0.3
	0.3

	MCL gain over DFT-s-OFDM (i.e., (1) + (2)) dB
	0
	-0.9
	-0.1



Based on the above evaluation, we have the following observation,
Observation 1: Considering the practical UE maximum output power constraint, OFDM with transparent PAPR reduction techniques, e.g. companding, has similar MCL performance as DFT-s-OFDM.

Other potential methods to enhance MCL
Waveform is just one of the factors which impact MCL. There are many other ways to enhance MCL, e.g.,
· PSD boosting by UE data bandwidth reduction
· Longer transmission time to improve required SINR
· Advanced receiver algorithm, e.g., ML
· Potential MIMO enhancement for low-SNR UEs
As a simple example, LTE UL has a constant maximum TTI duration 1 ms, while NR can have a flexible scheduling subframe duration, e.g. 2 ms. Therefore, if the data bandwidth is reduced by half while the data transmission time is increased by a factor 2, NR can obtain about 3 dB MCL gain over current LTE UL MCL. Furthermore, compared with DFT-s-OFDM, CP-OFDM has better affinity for advanced receivers and MIMO schemes which are not yet reflected in the MCL comparision above. Therefore, it can be expected that the MCL of CP-OFDM could be further improved by better receiver algorithm or higher order of MIMO. In other words, the following observation can be made,
Observation 2: Mechanisms other than DFT-s-OFDM are available to ensure same or better eMBB UL MCL for NR than for LTE.
Based on the above MCL evaluation and analysis, we have the following proposal,
Proposal: For below 6 GHz, only CP-OFDM without specified low-PAPR/CM technique(s) should be supported for uplink.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the uplink MCL performances of both DFT-s-OFDM and CP-OFDM with transparent PAPR reduction techniques are evaluated and analyzed. Based on them, the following observations can be made,
Observation1: Considering the practical UE maximum output power constraint, OFDM with transparent PAPR reduction techniques, e.g. companding, has similar MCL performance as DFT-s-OFDM.
Observation 2: Mechanisms other than DFT-s-OFDM are available to ensure same or better eMBB UL MCL for NR than for LTE.

Considering other advantages of CP-OFDM, e.g. easy MIMO application, and lean system design enabled by the uniform waveform for both uplink and downlink, we have the following proposal,
Proposal: For below 6 GHz, only CP-OFDM without specified low-PAPR/CM technique(s) should be supported for uplink.
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Appendix
A1.  MCL evaluation assumptions
Tabel A. 1: MCL calculation for LTE Uplink data channel [4]
	Scenarios
	LOS
	NLOS

	Data rate(bps)
	187200 for FDD;
74880 for TDD
	187200 for FDD;
74880 for TDD 

	Transmitter antenna number
	1
	1

	Receiver antenna number
	4
	4

	Transmitter
	
	

	(0) Actual Tx power (EIRP) (dBm)
	23.0
	23.0

	Receiver
	
	

	(1) Receiver antenna gain (dB)
	17
	17

	(2) Thermal noise density (dBm/Hz)
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5

	(4) Receiver interference density (dBm/Hz)
	-165.7
	-165.7

	(5) Implementation margin (dB)
	2
	2

	(6) H-ARQ gain
	0.5
	0.5

	(7) Occupied channel bandwidth (Hz)
	900000
	900000

	(8) Effective noise power
         = 10log(10^(((2) + (4))/10) + 10^((4)/10)) + 10 log((7)) (dBm)
	-104
	-104

	(9) Required SINR (dB)
	For both FDD and TDD: 
-7.3 for UMi
-7.2 for UMa
-6.9 for RMa
[bookmark: _GoBack]-6.9 for SMa
	For both FDD and TDD: 
-5.5 for UMi
-5.1 for UMa
-4.8 for RMa
-4.8 for SMa

	(10) Receiver sensitivity
         = (8) + (9) + (5) – (6)(dBm)
	-110 (for all four scenarios after rounding) 
	-108 (for all four scenarios after rounding)

	(11) MCL 
         = (0) + (1)  (10) (dB)
	150
	148



Table A.2: Link simulation configuration for the required SNR evaluation
	Configuration
	Value

	Carrier frequency
	4 GHz

	Antenna configuration
	1TX for UE, 4 RX for eNB 

	MCS
	2

	Data Bandwidth 
	5 PRBs

	Performance target
	10% BLER

	Reference signal
	LTE uplink DMRS for both OFDM and DFT-s-OFDM

	Channel model 
	TDL-C 300/1000ns

	Channel estimation
	Practical

	Receiver
	MMSE for both OFDM and DFT-s-OFDM

	PAPR reduction method
	Companding from [3] with following configurations: 
3 iterations, and 
Ath=1.7783, k1=1.1114, k2=0.6*k1 for 1st iteration,
Ath=1.4125, k1=0.8828, k2=0.6*k1 for 2nd and 3rd iteration.
Filtering is used after each iteration
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(a) ACLR versus OBO							(b) EVM versus OBO
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(c) IBE of first adjacent RB versus OBO
Figure A. 1. ACLR, EVM and IBE vs. OBO
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Figure A.2. Out-of-band emission (TX power: 21.8 dBm for OFDM, 22.6 dBm for OFDM with companding, 23 dBm for DFT-s-OFDM)
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