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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. Further, a working assumption on 0.5*pi BPSK modulation for DFT-S-OFDM was taken in RAN1#87 (November 2016). 

Agreement [1]:
· 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

Working assumption [2]: 
· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM
· While using DFT-s-OFDM, 0.5*pi-BPSK modulation using DFT-S-OFDM with frequency domain spectrum shaping can be further considered at least for eMBB uplink data for up to 40GHz
· FFS
· The details of frequency domain spectrum shaping 
· This does not preclude the case where no spectrum shaping is needed
In this contribution we discuss the benefits of rotated pi/2-BPSK and pi/4-QPSK modulations for below 6 GHz and above 6 GHz communications. We show that rotated modulations bring no reasonable gain for below 6 GHz communications. For above 6 GHz communications, rotated modulations might be useful, given that PA performance will be worse, new emission requirements may be defined, and that very low spectral efficiency can be used to achieve reasonable throughput with large signal bandwidths.
2	Discussion
The work done in RAN1 for LTE uplink during 2006/2007 established that there is CM gain from rotated QAM modulation and frequency domain spectrum shaping. However, it was concluded at the time jointly with RAN1 and RAN4, 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. This is captured in Annex A. 
As the 5G NR PA cannot be optimized for DFT-S-OFDM with narrow band allocation operation only, but is expected to be able to produce the maximum output power also for OFDM transmissions with wide band allocations, it appears also intuitively evident that at least with the existing cellular bands the low PAPR waveforms do not translate to coverage gains with 23 dBm terminals. This is further evaluated in the next Section.
For the potential future high-power CPE-like UE classes, but the same reasoning would appear to hold – the high power CPE PA needs to be able to exploit its maximum allowed transmit power when it is operating with OFDM and with wider band allocation. One cannot expect the high CPE PA design optimization point to be at narrow-band allocation with PI/2-BPSK modulation compromising the performance of the non-coverage limited cases by allowing PA power back-off.
Observation #1: Coverage-limited narrow-band PI/2-BPSK DFT-s-OFDM transmissions should not be the PA design optimization point for high-power UE classes – such devices should be able to achieve full Tx power with wide band allocations and OFDM for good performance. 


When considering new frequency bands for which 23 dBm PAs may not be available, the low-PAPR modulations could be useful and translate to improved coverage. As suggested in the RAN1#87, the question should be presented to RAN4 for RAN1 to understand what makes practical sense, and eventually for RAN4 to understand what requirements to develop and at which frequency ranges they should apply.
Observation #2: Higher frequency bands where 23 dBm PA designs may not be feasible the practically achievable benefits of the lower PAPR signal designs should be investigated  

[bookmark: OLE_LINK15][bookmark: OLE_LINK16]3	Performance Evaluations
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]3.1 	Discussion
The pi/2-BPSK rotated modulation has been proposed for 5G NR UL [2] for improved coverage performance. In the following discussion we show that pi/2-BPSK can provide UL coverage improvement only in a very low spectral efficiency region where spectral efficiency is less than 0.3 bps/Hz.
The pi/2-BPSK performance against QPSK is typically shown with PAR distributions. Below examples of PAR distributions for BPSK, pi/2-BPSK, QPSK, and pi/4-QPSK are given, assuming channel filtered DFT-S-OFDM.
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a) BPSK														b) PI/2-BPSK
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c) QPSK														d) PI/4-QPSK
Figure 1, PAR distributions for DFT-S-OFDM with different allocation sizes and with different modulations.
Observation #3: BPSK modulation provides worse PAR distribution than QPSK. PI/2-BPSK provides lower PAR than QPSK.
Observation #4: PI/4-QPSK gives no improvement when compared to QPSK modulation.

The PAR distribution of a certain modulation implies how well the modulation can tolerate compression, but it is not direct indicator for how much gain in PA output power or power efficiency can be achieved in a specific scenario. Also EVM, inband emission (IBE) and out-of-band emission (OOBE) requirements need to be fulfilled. Furthermore, if we are able to achieve maximum allowed radiated power with QPSK in a given channel, the coverage cannot be improved by introducing special modulations providing higher radiated power.
Observation #5: If QPSK is able to achieve the maximum allowed radiated power in a given channel, special modulation schemes achieving higher radiated power do not improve the coverage.

In addition to the backoff used, the PA model and the probability of a coverage limited operation significantly affect the total energy savings possibly achieved from the rotated modulations. The UL PA model currently used for simulations [3] is a highly non-linear one, and still the benefit observed for PI/2-BPSK over QPSK are very limited; the model represents minimum performance that meets requirements for LTE. Typical PA linearity is better, and it may be assumed that this is also true in NR due to the high throughput targets with CP-OFDM based waveforms. For UE PAs that are more linear, the difference between PI/2-BPSK and QPSK becomes even smaller. A lower PAR signal could allow to reduce the PA linearity slightly (e.g. by reducing PA bias current) while still meeting the output power and EVM/IBE/OOBE requirements, but this is difficult to estimate at this stage.
Observation #6: Achievable energy savings by reduced PAPR are highly dependent on the PA implementation and full extent of the requirements to be supported (e.g. modulation), and therefore it is difficult to predict the actual average energy savings achieved from rotated modulations with respect to the QPSK modulation. 

Above 6 GHz, where PAs can be completely different and where reasonable throughput may be achieved with even very low spectral efficiencies, the PI/2-BPSK may provide performance gains with very low MCS. This requires that the problem statement is revised for given center frequency and that the boundary conditions are set accordingly.
Observation #7: For DFT-S-OFDM UL, PI/2-BPSK may be studied further for above 6 GHz and below 40 GHz communications if uses cases can be found where PI/2-BPSK can be useful for end user to achieve a reasonable throughput not possible to achieve with QPSK modulation.
3.2 	Performance evaluation
The results presented here assume a channel filter operating on the 10 MHz channel where the desired allocation for the DFT-S-OFDM signal is located. Specific pulse shaping on top of the DFT-S-OFDM signal was not considered because this has been already covered in [4], where it was shown that QPSK performs better than PI/2-BPSK if pulse shaping filter with non-zero rolloff is used.
In Table 1, the achieved maximum PA output power with DFT-S-OFDM and different modulations are shown for a 10 MHz channel. The UL signal is located at the channel edge, and the PA output power is maximized given the current LTE OOBE and IBE requirements and EVM=12% target value. It is assumed that the PA can induce error corresponding to EVM=12%, and rest is causes by other non-idealities, e.g., PN, I/Q-imbalance, frequency offset.

Table 1, achieved maximum PA output power for an allocation located at the 10 MHz channel edge.
	Allocation size [PRBs]
	BPSK
	PI/2-PBSK
	QPSK
	PI/4-QPSK

	1
	26.9
	28.2 (27.0)
	27.5 (27.0)
	27.5 (27.0)

	2
	26.6
	28.3 (27.0)
	27.5 (27.0)
	27.4 (27.0)

	4
	24.2
	26.9
	26.4
	26.3

	8
	25.0
	27.0
	26.3
	26.3

	12
	24.4
	27.2 (27.0)
	26.3
	26.3

	24
	24.8
	26.9
	26.0
	26.0



From Table 1 we can see that BPSK is not good, and in general provides worse performance than QPSK. This is caused by the repeated zero-crossings inherent to BPSK modulation. In Fig. 2, an example of the very poor performance with BPSK and the given polynomial UL PA model is shown. Due to the intermodulation distortion, very sharp peaks in the PSD response are observed with all the modulations, but especially with BPSK, which limits the maximum PA output power.
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Figure 2, example PSD response for BPSK modulation and 4 PRB allocation.

From Table 1, we also observe that PI/4-QPSK does not provide any gain with respect to QPSK in terms of maximum PA output power. PI/2-BPSK is able to provide 0.5 dB – 0.9 dB improvement in the PA maximum output power. Furthermore, if we incorporate the maximum radiated power limitation of 23 dBm, and assume 4 dB of post-PA losses, then the maximum output power from PA is limited to 27 dBm. In this case, PI/2-BPSK does not provide any gain wrt QPSK with 1 or 2 PRB allocations.
Conclusion 1: PI/4-QPSK provides no gain over QPSK.
Conclusion 2: PI/2-BPSK provides 0.5 dB – 0.9 dB gain over QPSK in terms of maximum PA output power, if edge allocation size is larger than 2 PRBs.

Let us now look at the link performance of PI/2-BPSK and QPSK in a TDL-C 1000ns channel, assuming single transmission antenna and two receiving antennas, corresponding to 1x2 SIMO channel, and rank 1 transmission. In Fig. 3, an example of the link performance is shown for PI/2-BPSK and QPSK with predefined allocations sizes and assuming coding rates in such a manner that the throughput of the two systems are equal. In Fig. 3, the code rate for QPSK is R=1/3, and for PI/2-BPSK the code rate is then R=2/3.
In Table 2, the SNR gain of PI/2-BPSK over QPSK for a given BLER target of 10% are given for three different coding rate combinations which provide the same throughput from the two modulations. From these results it is clear that PI/2-BPSK provides similar or better performance than QPSK only if the PI/2-BPSK coding rate is R=1/3 or lower. In the other tested cases, PI/2-BPSK coding rate R=1/2 or R=2/3, the QPSK transmission with coding rate R=1/4 or R=1/3 requires on average 0.7 dB or 1.7 dB lower SNR than PI/2-BPSK.
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Figure 3, Link performance in TDL-C 1000ns channel, 1x2 SIMO, rank 1, and by fixing the throughput of the two compared modulations to be equal. In this case, QPSK, R=1/3 vs PI/2-BPSK, R=2/3

Table 2, SNR gain of PI/2-BPSK over QPSK in TLD-C 1000ns channel, 1x2 SIMO, rank1, given the BLER target of 10% and fixing the throughput of the two compared modulation to be equal.
	Allocation size
	PI/2-BPSK R=1/3 vs QPSK R=1/6
	PI/2-BPSK R=1/2 vs QPSK R=1/4
	PI/2-BPSK R=2/3 vs QPSK R=1/3

	1
	-0.2
	-0.7
	-2.3

	2
	-0.3
	-0.7
	-1.8

	4
	0.1
	-0.6
	-1.5

	8
	-0.1
	-0.4
	-1.6

	12
	0
	-0.8
	-1.5

	24
	0.1
	-0.8
	-1.5



Conclusion 3: PI/2-BPSK can provide better link performance only at very low coding rates, R  1/3, when compared to QPSK, if the modulations are compared in such a manner that the total throughput of the compared modulations are equal.


These results, the maximum PA output gain and the SNR gain for PI/2-BPSK can now be combined to approximate the link budget gain achieved by PI/2-BPSK. In the Table 3, given below, the link budget gain for PI/2-BPSK against QPSK modulation for a channel edge allocation are given for different allocation sizes and coding rates assuming the 27 dBm maximum PA output power. It is clear that only with very low coding rates, therefore very low spectral efficiencies, PI/2-BPSK can provide link budget gain, and only for allocation sizes above 2 PRBs. Thus, the PI/2-BPSK does not improve the coverage limited scenario handled with one PRB, but in this case it rather provides improved energy efficiency for wider allocations.
Table 3, Link budget gain for PI/2-BPSK wrt QPSK for different allocation sizes and coding rates, assuming a channel edge allocation and 27 dBm maximum PA output power.
	Allocation size
	PI/2-BPSK R=1/3 vs QPSK R=1/6
	PI/2-BPSK R=1/2 vs QPSK R=1/4
	PI/2-BPSK R=2/3 vs QPSK R=1/3

	1
	-0.2
	-0.7
	-2.3

	2
	-0.3
	-0.7
	-1.8

	4
	0.6
	-0.1
	-1.0

	8
	0.6
	0.3
	-0.9

	12
	0.9
	0
	-0.8

	24
	1.0
	0.1
	-0.6


Conclusion 4: Given a channel edge allocation with 23 dBm radiated power limitation, PI/2-BPSK can provide link budget gain over QPSK only with spectral efficiencies  0.31 bps/Hz and allocation sizes > 2 PRBs.
Conclusion 5: Spectral shaping or pulse shaping with roll-off larger than zero would further reduce SE if applied on top of PI/2-BPSK.
Proposal 1: PI/2-BPSK is not considered for sub 6 GHz channels 

Given the obtained results there is very little gain achieved by PI/2-BPSK in sub 6 GHz communications. Next we look at what could be the difference assuming that the PA power is not limited and that the transmitted signal is not limited by IBE and OOBE masks. We only keep the EVM=12% limitation to allow to use the same link performance results as earlier. This parameterization tries to approximate what we could achieve at carriers where relaxed IBE and OOBE masks may be applied. In this case, PI/2-BPSK achieved approximately 28.3 dBm maximum PA output power with all allocation sizes and QPSK achieved 27.5 dBm maximum PA output power with all allocation sizes. This gives a 0.8 dBm PA output difference, when only the EVM=12% limitation is kept. Combining these results with link performance results given in Table 2, we obtain presentation of the possible link budget gain for PI/2-BPSK for carrier frequencies above 6 GHz, which are shown in Table 4. We can see that also in this case, with only the EVM threshold limiting the PA output power, the PI/2-BPSK can provide link budget gain only with lowest evaluated coding rate.
Conclusion 6: PI/2-BPSK can provide link budget gain only with the lowest evaluated coding rate, even if the maximum PA output power is limited only by the EMV=12% threshold.
Proposal 2: PI/2-BPSK can be further studied for above 6 GHz channels, if it can be shown that the very low spectral efficiency required for PI/2-BPSK to provide link budget gain lead to reasonable throughput from the end user point of view. It would be good to confirm from RAN4 whether there has been any progress on the PA models for above 6GHz bands.

Table 4, PI/2-BPSK link budget gain wrt QPSK considering only the EVM=12% limitation.
	Allocation size
	PI/2-BPSK R=1/3 vs QPSK R=1/6
	PI/2-BPSK R=1/2 vs QPSK R=1/4
	PI/2-BPSK R=2/3 vs QPSK R=1/3

	1
	0.5 
	0
	-1.6

	2
	0.5
	0.1
	-1.0

	4
	0.8
	0.1
	-0.8

	8
	0.7
	0.4
	-0.8

	12
	0.8
	0
	-0.7

	24
	0.9
	0
	-0.7




4	Conclusion
[bookmark: OLE_LINK23][bookmark: OLE_LINK22]In this contribution we have discussed the benefit of introducing PI/2-BPSK or PI/4-QPSK to 5G NR and come to the following conclusions: 

Observation #1: Coverage-limited narrow-band PI/2-BPSK DFT-s-OFDM transmissions should not be the PA design optimization point for high-power UE classes – such devices should be able to achieve full Tx power with wide band allocations and OFDM for good performance. 
Observation #2: Higher frequency bands where 23 dBm PA designs may not be feasible the practically achievable benefits of the lower PAPR signal designs should be investigated  
Observation #3: BPSK modulation provides worse PAR distribution than QPSK. PI/2-BPSK provides lower PAR than QPSK.
Observation #4: PI/4-QPSK gives no improvement when compared to QPSK modulation.
Observation #5: If QPSK is able to achieve the maximum allowed radiated power in a given channel, special modulation schemes achieving higher radiated power do not improve the coverage.
Observation #6: Achievable energy savings by reduced backoff are highly dependent on the PA model and the probability of coverage limited operation, and therefore it is difficult to predict the actual average energy savings achieved from rotated modulations with respect to the QPSK modulation, especially at sub 6 GHz band.
Observation #7: For DFT-S-OFDM UL, PI/2-BPSK may be studied further for above 6 GHz and below 40 GHz communications if uses cases can be found where PI/2-BPSK can be useful for end user to achieve a reasonable throughput not possible to achieve with QPSK modulation.

Conclusion 1: PI/4-QPSK provides no gain over QPSK.
Conclusion 2: PI/2-BPSK provides 0.5 dB – 0.9 dB gain over QPSK in terms of maximum PA output power, if edge allocation size is larger than 2 PRBs.
Conclusion 3: PI/2-BPSK can provide better link performance only at very low coding rates, R  1/3, when compared to QPSK, if the modulations are compared in such a manner that the total throughput of the compared modulations are equal.
Conclusion 4: Given a channel edge allocation with 23 dBm radiated power limitation, PI/2-BPSK can provide link budget gain over QPSK only with spectral efficiencies  0.31 bps/Hz and allocation sizes > 2 PRBs.
Conclusion 5: Spectral shaping or pulse shaping with roll-off larger than zero would further reduce SE if applied on top of PI/2-BPSK.
Conclusion 6: PI/2-BPSK can provide link budget gain only with the lowest evaluated coding rate, even if the maximum PA output power is limited only by the EMV=12% threshold.

Proposal 1: PI/2-BPSK is not considered for sub 6 GHz channels
Proposal 2: PI/2-BPSK can be further studied for above 6 GHz channels, if it can be shown that the very low spectral efficiency required for PI/2-BPSK to provide link budget gain lead to reasonable throughput from the end user point of view.

Also, as shown in the evaluations, the practical benefit of the working assumption for 0.5*Pi BPSK modulation in conjunction with DFT-s-OFDM should be assessed to better understand if the PAPR reduction techniques would translate to increased coverage, it is proposed to send an LS to RAN4 to get better insight to this matter. 
Proposal 3: Send an LS to RAN4 on the practical coverage benefits of the PAPR reduction techniques.
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Annex A – Historical survey on PAPR reduction techniques for DFT-s-OFDM
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.
[bookmark: _GoBack]An LS sent from RAN1#47bis (January 2007) to RAN4 states the following as a short summary of the work conducted [5]:
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 [6]:
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 [7]: 
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 [8].
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