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1
Introduction
RAN1#86bis (October 2016) agreed to support DFT-S-OFDM based waveform complimentary to CP-OFDM, at least for eMBB uplink for up to 40 GHz [3]. Further, a way forward proposal suggested to study rotated-QAM and constellation interpolation in conjunction with DFT-spreading to additional PAPR gains. [4]. 

Agreement:
· NR Support DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz

· FFS additional low PAPR techniques 

· 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: both CP-OFDM and DFT-S-OFDM based waveforms are mandatory for UEs

· RAN1 should target for a common framework in designing CP-OFDM and DFT-S-OFDM based waveforms (without compromising CP-OFDM performance/complexity), e.g., control channels, RS, etc.

· Discuss further offline for possible refined evaluation assumptions/methodology for waveform evaluations
Agreements:
· The same constellation mapping as used in LTE (i.e. QPSK, 16QAM, 64QAM and 256QAM) is introduced, while not precluding other constellation mappings
· Note that there might be possibility to exclude some of above constellation mapping based on the further study
· Enhancement modulation schemes for further study include

· Higher order modulation in conjunction with MIMO

· Constellation mapping among subcarriers

· Other constellations (e.g., non-uniform QAM) 

· Coded modulations

· Spatial modulation

· Mappings of bits to symbol(s)
· Rotated-QAM up to BPSK, QPSK
· [image: image2.png]km



-QAM (0<k<=1)

· FFS k (e.g., k = 0.5 for BPSK, 0.25 for QPSK)

· Constellation Interpolation

· Note: Other modulation schemes or combinations of the above schemes are not precluded

· Note: Proponents should describe the details of the receivers

2
Historical survey
During 2006 and 2007 RAN1 studied CM reduction techniques on top of DFT-s-OFDM, especially frequency domain spectrum shaping and Pi/2 BPSK for LTE. RAN1 documents at the time produce evidence on reduced CM from these techniques.
An LS sent from RAN1#47bis (January 2007) to RAN4 states the following as a short summary of the work conducted [4]:

RAN1 has discussed the topic specifying lower order modulation schemes and applying frequency domain spectrum shaping (FDSS) for UL transmission resulting in lower cubic metric than the already included modulation schemes. The idea behind introducing these techniques is that a lower CM will allow a reduction in the power amplifier back-off, resulting in an increase in the UE transmit power giving potential coverage gains in power limited conditions.

The proposed CM-reducing techniques are 

· (/2 BPSK with no spectrum shaping with a CM of 0.28 dB

· QPSK with RRC window FDSS ((=0.5) with a CM of  0.11 dB

· (/2 BPSK with RRC window FDSS ((=0.5) with a CM of  -0.4 dB

· (/2 BPSK with Kaiser window FDSS ((=2.75) with a CM of -1.2 dB 

Note that FDSS is currently not discussed for UL blocks containing reference signals and the CM of these is on average 0.4 dB with significant variations depending upon the RS sequence used.

RAN1 also discussed the issue if the UE is able to transmit QPSK with no FDSS (CM=1.0) at its nominal maximum transmit power when a low number of resource blocks are allocated and an “HSDPA” PA or a potential LTE PA is assumed, or if FDSS or (/2 BPSK are needed in order to reach the maximum transmit power.

The RAN1 LS to RAN4 LS went on to ask RAN4 if the cubic metric reduction could have been exploited with the PA assumptions of the time [5]:
1. With an “HSDPA” PA or a potential LTE PA, can a UE transmit QPSK with no FDSS assuming a low number of resource blocks with the maximum transmit power or are FDSS or (/2 BPSK needed in order to achieve the maximum output power? 

2. If reaching the UE maximum transmit power is possible for QPSK with no FDSS, about the feasibility of increasing the UE output power beyond the nominal maximum output power. 

3. If increasing the UE output power beyond the nominal maximum output power is determined feasible, what level of power increase is acceptable?

A subsequent response LS from RAN4 to RAN1#48 (February 2007) said the following: [6]
With an “HSDPA” PA or a potential LTE PA, can a UE transmit QPSK with no FDSS assuming a low number of resource blocks with the maximum transmit power or are FDSS or (/2 BPSK needed in order to achieve the maximum output power? 

a) It is possible to achieve the nominal maximum output power with a Release 5/6 HSDPA PA for QPSK without FDSS assuming a low number of resource blocks 

b) For LTE UE(s) supporting both UTRA and E-UTRA, a single “HSDPA” PA is sufficient for such multi-mode LTE UE(s). RAN4 has not yet considered the requirements for LTE only deployment and cannot comment.

If reaching the UE maximum transmit power is possible for QPSK with no FDSS, about the feasibility of increasing the UE output power beyond the nominal maximum output power. 

In RAN4 view it is not feasible to increase the UE output power beyond the maximum nominal output power due to; 

a) Regulatory issues for the max. output power are specified in a number of  regional regulatory requirements

b) Regulatory requirements in terms of impact due EMC, HAC and SAR 

c) Coexistence issues which are based on the UE maximum output power for a number of regulatory bodies / groups  

If increasing the UE output power beyond the nominal maximum output power is determined feasible, what level of power increase is acceptable?

RAN4 note it is not possible to increase the UE output power beyond the nominal maximum output power and ask RAN1 to take account of this in their future discussions

Based on the RAN4 LS, RAN1#48 concluded that none of pi/2 BPSK or FDSS are supported in LTE UL [7].
3
Simulation Results
In this section we provide the technical justification of the above historical decision by the simulation results. The simulation results provides the PA output power of DFT-s-OFDM with the consideration of PA, EVM and OOBE requirements. 

A simple baseband amplitude clipping scheme is used where the amplitude of the time domain signal is clipped to desired level. The power amplifier model according to [13] is considered. In the measurements, the power level is set so that the LTE UE emission mask [14] is fulfilled. The minimum OBO value satisfying the emission mask is found. 
The UL coverage evaluations are done assuming either 1, 4, or 12 PRB allocation for the UL transmission. Sizes up to 12 PRB were chosen as 12 PRB is the largest LTE UL PRB allocation where no power back off is allowed [14]. The used MCS is QPSK R=1/2. In [14] the EVM target for QPSK is given to be 17.5%. Here it is assumed that PA and possible amplitude clipping are allowed to contribute 12% of the EVM budget and the rest is reserved to other sources, such as PN or I/Q imbalance (not modelled in these evaluations). The selected 12% EVM target ensures that the link performance is not affected by the PA and amplitude clipping. In addition, it is assumed that there are 4 dB additional losses after the PA to the antenna, so the maximum required power from PA is 27 dBm mapping to 23 dBm of radiated power. 

In Figures 1-3 the PSD responses for different allocation sizes are given. In all cases the OOB ACLR is not an issue. In 1 PRB case the inband EVM is the main limiting factor for improving the multicarrier waveform PA output power. In 4 and 12 PRB cases the LTE emission mask limits the achievable PA output power. Note that in these evaluations the LO nor the IQ imbalance are not modelled, hence no LO leakage nor IQ-image is visible in spectrum plots. These can be considered as waveform independent and are not limiting the performance in coverage scenarios.
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LTE emission mask

DFTs-OFDM, clipped, PA out28.07dBm,OOB ACLR=44.4138dB, EVM =11.9738

DFTs-OFDM, reference, PA out26.98dBm,OOB ACLR=49.7037dB, EVM =8.451

CP-OFDM, PA out25.77dBm,OOB ACLR=49.5081dB, EVM =11.99

f-OFDM, TO=0, PA out16.42dBm,OOB ACLR=63.2892dB, EVM =12

f-OFDM, TO=4, PA out25.3dBm,OOB ACLR=75.034dB, EVM =11.9699

UFMC,Nf=37,SLA=37dB, PA out25.49dBm,OOB ACLR=56.5381dB, EVM =11.9901

UFMC,Nf=73,SLA=75dB, PA out25.35dBm,OOB ACLR=55.0189dB, EVM =11.996

WOLA, Nws=72, PA out25.72dBm,OOB ACLR=66.267dB, EVM =11.8101


Figure 1 PSD comparison between clipped multicarrier waveform candidates and DFT-s-OFDM in 1 PRB case 
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Figure 2 PSD comparison between clipped multicarrier waveform candidates and DFT-s-OFDM in 4 PRB case 
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Figure 3 PSD comparison between clipped multicarrier waveform candidates and DFT-s-OFDM in 12 PRB case

Table 1,  PA output power of DFT-s-OFDM for different PRB allocation cases
	PRB size
	PA output power [dBm]
	EVM [%]
	PAR clipping limit [dB]

	1 PRB
	28.07
	12.0
	0.5

	4 PRB
	27.71
	10.6
	0.9

	12 PRB
	27.06
	9.3
	2


In Tables 1 summarizes the result for the PA output power value of DFT-s-OFDM for 1, 4, and 12 PRB cases which are shown in Figure 1-3. For all cases, the PA output powers exceed 27dBm of the transmit power limit in [14]. It also justify the RAN1 decision in RAN1#48. 

This conclusion is of course dependent on the investigated frequency range and assumed (corresponding) PA model. It could be anticipated that for example above 40GHz frequency ranges different type of PA architectures would be used. Thereby also the used PA models should be adjusted, accounting possibly better the possible memory effects related to wider transmission bandwidths. Hence it would seem that the necessity of additional linearization techniques for above 40GHz frequency ranges should be evaluated later, while also looking more holistically the baseline assumptions to the used modulations.

Observation #1: DFT-s-OFDM achieves maximum transmit power (23 dBm) without additional low-PAPR/CM techniques. No additional benefit can be achieved even with any PAPR/CM reduction technique including phase rotating modulation. 
Proposal #1: For NR UL below 40GHz, low PAPR modulation scheme is not required for considering for additional coverage gain to DFT-s-OFDM waveform.  
4
Conclusion
The work done in RAN1 for LTE uplink established that there is CM gain from rotated QAM modulation and frequency domain spectrum shaping. However, it was concluded at the time, that at least for low number of resource blocks, there is no additional Tx power gain to be obtained from the power amplifiers assumed at the time. It is perhaps reasonable to assume that the narrow band allocation, or the “at least for low number of resource blocks” would be the case to be investigated also for the 5G NR uplink, and the point to reassess is related to the power amplifier assumptions to understand if the additional CM gain over QPSK with DFT-S-OFDM obtained with any technique can be turned into practical link or power efficiency gain in the UE before a well-educated gain vs. complexity analysis can be taken.
Observation #1: DFT-s-OFDM achieves maximum transmit power (23 dBm) without additional low-PAPR/CM techniques. No additional benefit can be achieved even with any PAPR/CM reduction technique including phase rotating modulation. 
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