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Introduction
It was agreed in RAN1_86 [1] [2] that NR will support CP-OFDM based waveform with possibly low PAPR techniques, as shown below:
· 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.) 
It was further agreed [1] [3] that:
· 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)
Notice that the low PAPR techniques are only discussed in the context of uplink, and mainly focused on eMBB for NR phase 1, as agreed in [4]:
· 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 

Low PAPR techniques for cellular uplink has been extensively studied in literature, even in the initial studies of 4G LTE deployment. Low PAPR techniques are critical in achieving better PA efficiency, which in turn results in better cell coverage and lower UE battery consumption for cell edge users. Those are much desired properties not only from fundamental network planning perspective, but also better user experiences. As a result, LTE chose DFT-S-OFDM as the default waveform for the uplink. In [5], we give a high level motivation and justification of supporting DFT-S-OFDM, together with CP-OFDM, in eMBB uplink for the coverage (or link budget) limited scenarios. It is expected that link budget limited scenarios mostly happen in the cell edge in macro cells.
In this contribution, we evaluate the link-level performance of OFDM waveforms with implementation-based PAPR reduction techniques (such as companding), and compare it with that of DFT-S-OFDM. It is demonstrated that the DFT-S-OFDM waveform has an advantage over OFDM in terms of better PA efficiency and better coverage for equivalent ACLR and demodulation requirements. Based on the detailed analysis, we propose to adopt DFT-S-OFDM for eMBB uplink at least for coverage limited scenarios.
OFDM with Companding
The main drawback of OFDM waveform is its high PAPR, and several techniques have been proposed to reduce PAPR of OFDM waveforms. In this contribution, companding technique is considered. The performance of OFDM with companding is compared with that of DFT-spread OFDM waveform. It is observed that even with companding technique, OFDM waveforms have a significantly worse link-budget compared to DFT-spread OFDM waveforms regardless of bandwidth. 


[bookmark: _Ref463005289]Figure 1 OFDM modulator & demodulator with Compander
The companding technique consists of a compressor at the transmitter and an expander at the receiver. The compressor at the transmitter reduces the PAPR of the waveform by limiting the dynamic range of the signal, and the expander inverts the compressor’s operation.

Figure 1 shows the OFDM modulator and demodulator with the compander. At the transmitter, the compressor function is applied after the waveform is generated and before it goes through the PA. At the receiver, the expander is first applied to the received signal to invert the compressor function.

Various functions have been proposed as the companding functions in the literature. Three companding functions considered in this contribution are shown in Table 1 and Figure 2.

[bookmark: _Ref462747422][bookmark: _Ref462747418][bookmark: _Toc462827853][bookmark: _Ref463006784]Table 1 Compander Functions
	Compander
	Compressor Function
	Expander Function

	Airy compander [6]
	[image: ]
	[image: ]

	(Three) Piecewise 
linear compander
	Figure 2 (a)
	Figure 2 (b)

	µ-law compander [7]
	[image: ]
	[image: ]



	


[bookmark: _Ref463006804][bookmark: _Ref463006801][bookmark: _Ref462747533][bookmark: _Toc462827804]Figure 2 (Three) Piecewise Linear Compander Function
Simulation Scenario
For the link simulation, we adopt the polynomial PA model shown in [8],[9]. The rest of the parameters are summarized in Table 2. To summarize the parameters, two different data transmission bandwidths are considered. 9Mhz is considered as a wideband case, and 180kHz is considered as a narrowband case. 
For the wideband case, following the LTE standard, the guard bandwidth is set to be 10% of the data transmission bandwidth. The ACLR target is set to be -30 dB of the inband signal.
For the narrowband case, we assume 1 RB (12 tones) guard bandwidth, which is 180kHz with 15kHz SCS. Like the wideband case, the ACLR target is set to be -30 dB of the inband signal.
[bookmark: _Ref463007017]Table 2 Simulation parameters
	Tx antennas
	1

	Rx antennas
	1

	Subcarrier Spacing
	15 kHz

	Data Transmission Bandwidth
	9Mhz (wideband)/ 900kHz (narrowband)

	Guard Bandwidth for ACLR measurement
	900kHz / 180kHz

	MCS
	QPSK, rate = 1/2

	WOLA ratio
	2%



Compressor Design
Parameter Selection for Compressor and Power Amplifier
For the simulation, we also have to adjust the input power to the PA to meet the ACLR requirement. As the input power to the PA increases, the impact of the PA nonlinearity will also increases which results in increasing ACLR. Therefore, to maximize the link budget, we maximize the input power of the PA while satisfying -30 dB of ACLR target. 
We can also select the parameters for each companding functions in Table 1. Since our goal is maximizing link-budget, we optimize the companding function parameters so as to maximize the input power to the PA while satisfying -30 dB ACLR requirement.
Table 3 and Table 4 show the resulting input power for wide and narrow band cases.

[bookmark: _Ref463008987]Table 3 Input Power to PA for Wideband case
	Scheme
	Input power (dBm) to PA to attain 30 dB ACLR
	Power Backoff  (dB) from DFT-S-OFDM

	DFT-S-OFDM (SCFDM)
	-1.10
	0

	OFDM without companding
	-3.50
	2.40

	OFDM with airy compander
	-3.40
	2.30

	OFDM with piece-wise linear compander
	-3.90
	2.80

	OFDM with µ-law compander
	-3.30
	2.20



[bookmark: _Ref463008989]Table 4 Input Power to PA for Narrowband case
	Scheme
	Input power (dBm) to PA to attain 30 dB ACLR
	Power Backoff  (dB) from DFT-S-OFDM

	DFT-S-OFDM (SCFDM)
	-1.3
	0

	OFDM without companding
	-3.7
	2.40

	OFDM with airy compander
	-3.40
	2.10

	OFDM with µ-law compander
	-3.30
	2.00



[bookmark: _Ref378529477]In Table 3 and Table 4, we can notice that the input power for DFTs-OFDM waveform is at least 2 dB higher than that for OFDM waveform. This gap in the input power will result in the link budget different between two waveforms.
Observation 1. DFT-S-OFDM waveform has at least 2 dB PA back off advantage than OFDM waveform with companding or clipping, under the same emission requirement.
[bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]Simulation Results
In this section, we present the link-level simulation results for DFT-S-OFDM and OFDM with companding techniques.
Simulation Results for Wide Band
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[bookmark: _Ref463009259]Figure 3: BLER for SinglePath channel with Wideband
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Figure 4: BLER for EPA channel with Wideband
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[bookmark: _Ref463009261]Figure 5: BLER for ETU channel with Wideband
Figure 3 to Figure 5 show the link simulation BLER results for DFT-S-OFDM and OFDM with companding techniques for the wide bandwidth case. The link simulation results are essentially consistent with the input powers to PA for each waveform shown in Table 3. Even with companding, the link budget of DFT-S-OFDM is 2 dB higher than that of OFDM. We can also notice that the gain from the companding is less than 0.2 dB.
Observation 2. In wideband allocation scenario, companding/clipping techniques improve the link budget of OFDM waveform only up to 0.2 dB, under the same emission requirements.
Observation 3. In wideband allocation scenario, DFT-S-OFDM provides 2 dB improvement in link budget compared to OFDM with companding/clipping, under the same emission requirements.

Simulation Results for Narrow Band
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[bookmark: _Ref463009547]Figure 6: BLER for SinglePath channel with Narrowband
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Figure 7: BLER for EPA channel with Narrowband
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[bookmark: _Ref463009549]Figure 8: BLER for ETU channel with Narrowband
Figure 6 to Figure 8 show the link simulation BLER results for DFT-S-OFDM and OFDM with companding techniques for the narrow bandwidth case. The link simulation results are essentially consistent with the input powers to PA for each waveform shown in Table 4. Even with companding, the link budget of DFT-S-OFDM is 2 dB higher than that of OFDM. We can also notice that the gain from the companding is less than 0.4 dB.
Observation 4. In narrowband allocation scenario, companding/clipping technique improves the link budget of OFDM waveform only up to 0.4 dB under the same emission requirements.
Observation 5. In narrowband allocation scenario, DFT-S-OFDM provides 2 dB improvement in link budget compared to OFDM with companding/clipping under the same emission requirements.


Conclusions
In this contribution, we considered OFDM waveform with companding techniques and compared their link budget with that of DFT-S-OFDM. The following observations summarizes the results of this contribution.
Observation 1. DFT-S-OFDM waveform has at least 2 dB PA back off advantage than OFDM waveform with companding or clipping, under the same emission requirement.
Observation 2. In wideband allocation scenario, companding/clipping techniques improve the link budget of OFDM waveform only up to 0.2 dB, under the same emission requirements.
Observation 3. In wideband allocation scenario, DFT-S-OFDM provides 2 dB improvement in link budget compared to OFDM with companding/clipping, under the same emission requirements
Observation 4. In narrowband allocation scenario, companding/clipping technique improves the link budget of OFDM waveform only up to 0.4 dB under the same emission requirements
[bookmark: _GoBack]Observation 5. In narrowband allocation scenario, DFT-S-OFDM provides 2 dB improvement in link budget compared to OFDM with companding/clipping under the same emission requirements
Based on the above observations, we propose the following proposal.
Proposal 1. NR should support DFT-S-OFDM for uplink in order to meet the same coverage as current LTE deployment. 
More detailed comparison of OFDM vs. DFT-S-OFDM is provided in [10].
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