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1	Introduction
In this contribution we present simulated and measured MPR results for CP-OFDM and DFT-s-OFDM based waveforms. UE assumptions are as propsed in [4] and listed in this paper. Emission requirements SEM, ACLR, EVM and In-band emissions were as proposed in [5][6][7][8] respectively and also listed in this paper
[bookmark: _Toc286177644]2	Discussion
2.1	Evaluation assumptions
2.1.1	Tx chain assumtions
PA calibration point was 0 dB with 100 RB QPSK DFT-s-OFDM (15KHz SCS) signal as proposed in [4]
Transmittter assumptions are based on LTE 256-QAM UE assumptions [1] and proposal in [4] and presented in Table 1.
Table 1: NR transmitter assumptions for NR MPR simulations
	Tx EVM contributor
	EVM
	SNR(dB)

	PA
	1.85%
	34.7

	Transmitter
	1.19%
	38.5

	Phase noise
	1.78%
	35 

	IQ imbalance
	2.06%
	33.7 

	Total
	3.5%
	29.1


 
LO leakage used in the simulations was 25 dBc although we propose in [4] to use 28 dBc for NR.
2.1.3	Emission requirements
LTE SEM for 20 MHz bandwidth and NR SEM for 100 MHz as proposed in [5] and presented in Table 2
Table 2: SEM
	ΔfOOB
(MHz)
	5
MHz
	10
MHz
	15
MHz
	20
MHz
	25
MHz
	40
MHz
	50
MHz
	60
MHz
	80
MHz
	100
MHz
	Measurement bandwidth

	± 0-1
	-15
	-18
	-20
	-21
	-22
	-24
	-24
	-24
	-24
	-24
	30 kHz

	± 1-5
	-10
	-10
	-10
	-10
	-10
	-10
	-10
	-10
	-10
	-10
	1 MHz
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NR ACLR as agreed in [3] 
List..
LTE EVM as proposed in [7] and presented in Table 3
Table 3: EVM
	Modulation
	EVM

	QPSK
	17.5%

	16QAM
	12.5%

	64QAM
	8%

	256QAM
	3.5%



Standard LTE Inband emissions as proposed in [8]
2.2	Simulation results
2.2.1	CP-OFDM
Signal parameters are as follows
· Spectrum utilization of 106 RB for 20 MHz signal
· WOLA with slope length of Ncp/8
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QPSK
· Small allocations (up to 3RB at edge and up to 8RB in the middle) do not need MPR. 
· Close to edge for RBsize 4 – 15 RB  SEM is limiting and when RBsize > 8 NRaclr is limiting factor RB
· Typically for RBsize < 80 allocations not at the edge of the channel, in-band emissions are limiting.
16-QAM
· Some MPR is always needed 1-3 dB
· Close to edge for RBsize 3 – 10 RB  SEM is limiting and when RBsize > 8 NRaclr is limiting factor RB
· Typically for RBsize < 70 allocations not at the edge of the channel, in-band emissions are limiting.
64-QAM
· 3 dB MPR always needed
· Typically in-band emission limited but can be also NRaclr is limited for some NRaclr > 50 RB allocations
2.2.2	DFT-s-OFDM
Signal parameters are as follows
· Spectrum utilization 106 RB for 20 MHz signal (max allocation size is 100 RB)
· WOLA with slope length of Ncp/8
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QPSK
· QPSK does not need MPR which is logical as 0 dB MPR waveform is fully allocated QPSK signal
16-QAM
· 1 dB MPR is needed for some allocations
· RBsize 3 – 10 RB in the edge SEM is limiting factor and otherwise NRaclr is limiting factor
64-QAM
· 1 dB MPR is needed for all allocations
· NRaclr is limiting factor for RBsize >  25 RB otherwise in-band emissions are limitting
2.2.3	CP-OFDM with clipping
Signal parameters are as follows
· Spectrum utilization 106 RB for 20 MHz signal
· WOLA with slope length of Ncp/8
· Clipping threshold is 5 dB for QPSK, and 6 dB for 16-QAM. Clipping is done at the baseband before channel filter. The resulting baseband EVM is about 8% for QPSK and 7% for 16-QAM. Clipping not done for 64-QAM. 
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QPSK
· Small allocations (up to 3RB at edge and up to 5RB in the middle) do not need MPR. 
· Close to edge for RBsize 4 – 10 RB  SEM is limiting and when RBsize > 8 NRaclr is limiting factor RB
· All allocations not at the edge are in-band emissions limited, due to the clipping
· Compared to unclipped signal maximum MPR is reduced from 3 dB to 2 dB
16-QAM
· Some MPR is always needed 1-3 dB
· Close to edge for RBsize 3 – 10 RB  SEM is limiting and when RBsize > 8 NRaclr is limiting factor RB
· All allocations not at the edge are in-band emissions limited, due to the clipping
· Compared to unclipped signal less waveforms need 3 dB MPR
64-QAM
· Clipping not feasible due to in-band emissions / EVM budget
2.3	Measurement Results
In parallel to extensive simulations done using an AM/AM and AM/PM based model extracted from measurement, a series of measuremenmt were performed on a 3.5GHz PA designed for LTE PC3 and PC2 (only using different supply voltages). A number of waveforms were measured covering:
· CP-OFDM and DFT-s-OFDM
· Full and Partial allocations (at channel edge and in-channel)
· 20MHz and 100MHz bandwidths
· QPSK, 16QAM and 64QAM
· Normal, clipped or low PAPR waveforms
ACLR and SEM measurements were performed in and measured output power is reported at the PA output while simulations are at antenna output assuming 5dB post PA losses.
2.3.1 PA operating point calibration
Table4 shows the LTE and NR PA calibration measurement. As expected the output power capability is virtualy the same with the main different being the 1dB higher NR linearity requirement.
Table 4: LTE and NR PA operating point calibration
	type
	BW
	RB
	modulation
	limit
	Pout
	MPR

	SC-FDMA
	20MHz
	100RB
	QPSK
	30dB EUTRA ACLR
	28dBm
	1dB LTE

	DFT-s-OFDM
	20MHz
	100RB3
	QPSK
	30dB NR ACLR
	27.8dBm
	0dB NR



To compare simulation and measurement correlaltion and the validity of the AM/AM and AM/PM 3.5GHz PA model it was chosen to use a 100MHz CP-OFDM QPSK waveform as being representative of the larger bandwidth and higher PAPR ranges for the study. Figure 1 shows the QPSK OFDM 100MHZ spectrum at NR ACLR limit while Figure 2 shows the same simulated case.
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Figure 1: QPSK CP-OFDM 273RB0 measured spectrum at 30dBc NR ACLR limit 
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Figure 2: QPSK CP-OFDM 273RB0 simulated spectrum at 30dBc NR ACLR limit

Table 5: measured versus simulated ACLRs for QPSK CP-OFDM 273RB0 waveform
	type
	Pout (PA)
	Pout (antenna)
	NR ACLR L/U
	EUTRA1 ACLR L/U
	EUTRA1 ACLR L/U

	measured
	26dBm
	21dBm
	31.0/30.3dBc
	34.6/34.1 dBc
	35.9/36.8 dBc

	simulated
	
	20.7 dBm
	30 dBc
	34.1 dBc
	35.9 dBc



As can be seen from Table 5 there is very good correlation between measurements and simulations.
2.3.2 20MHz full allocation measurement
Table 6: 20MHz fully allocated NR waveforms MPR or power boost
	type
	BW
[MHz]
	nbRB-RBstart
-SCS
	modulation
	NR ACLR
	SEM
	Pout¸
[dBm]
	NR MPR /PB

	DFT-s-OFDM
	20
	100RB3-15kHz
	QPSK
	limit
	OK
	27.8
	0dB MPR

	DFT-s-OFDM
	20
	100RB0-15kHz
	QPSK
	limit
	OK
	27.5
	0.5dB MPR

	CP-OFDM
	20
	106RB0-15kHz
	QPSK
	limit
	OK
	25.5
	3dB MPR

	CP-OFDM
	20
	106RB0-15kHz
	16QAM
	limit
	OK
	25.6
	3dB MPR

	CP-OFDM
	20
	106RB0-15kHz
	64QAM
	limit
	OK
	25.4
	3dB MPR

	CP-OFDM
	20
	106RB0-15kHz
	QPSK clipped
	limit
	OK
	26.3
	1.5dB MPR

	DFT-s-OFDM
	20
	100RB0-15kHz
	Pi/2 BPSK shaped
	limit
	OK
	28.7
	1dB PB



ACLR and SEM measurements were performed for a number of 20MHz fully allocated NR waveforms and are displayed in table 6. The following observation can be made:
· The non symmetric DFT-s-OFDM 100RB0 requires a slight MPR => fully allocated DFT-s-OFDM waveforms shall be centered
· All CP-OFDM require 3dB MPR for all QPSK/16QAM/64QAM modulations
· Clipping can improve MPR by 1.5dB but same improvement can be anticipated for clipping of DFT-s-OFDM waveforms
· Spectrally shaped PI/2 BPSK DFT-s-OFDM allows 1dB power boost (can be even higher with further PAPR reduction)
2.3.3	100MHz full allocation measurement
Table 7: 100MHz fully allocated NR waveforms MPR or power boost
	type
	BW
[MHz]
	nbRB-RBstart
-SCS
	modulation
	NR ACLR
	SEM
	Pout¸
[dBm]
	NR MPR /PB

	DFT-s-OFDM
	100
	270RB0-30kHz
	QPSK
	limit
	OK
	27.1
	1dB MPR

	CP-OFDM
	100
	273RB0-30kHz
	QPSK
	limit
	OK
	25.3
	3dB MPR

	CP-OFDM
	100
	273RB0-30kHz
	QPSK clipped
	limit
	OK
	26.1
	2dB MPR

	DFT-s-OFDM
	100
	270RB0-30kHz
	Pi/2 BPSK shaped
	limit
	OK
	28.3
	0.5dB PB



ACLR and SEM measurements were performed for a number of 100MHz fully allocated NR waveforms and are displayed in table 7. The following observation can be made:
· 100MHz DFT-s-OFDM waveform requires 1dB MPR compared to the reference 20MHz waveform => symmetrical allocation should be evaluated for lower MPR
· QPSK CP-OFDM require 3dB MPR making it constant versus BW 
· Clipping can improve MPR by 1.5dB but same improvement can be anticipated for clipping of DFT-s-OFDM waveforms
· Spectrally shaped PI/2 BPSK DFT-s-OFDM allows 0.5dB power boost again reduced when compared to the 20MHz waveform
2.3.4	20MHz partial allocation measurement
Table 8: 20MHz partially allocated NR waveforms MPR or power boost
	type
	BW
[MHz]
	nbRB-RBstart
-SCS
	modulation
	NR ACLR
	SEM
	Pout¸
[dBm]
	NR MPR /PB

	DFT-s-OFDM
	20
	18RB0-15kHz
	QPSK
	limit
	OK
	31.7
	1dB PB

	CP-OFDM
	20
	18RB0-15kHz
	QPSK
	limit
	OK
	30.2
	0.5dB MPR

	CP-OFDM
	20
	18RB0-15kHz
	QPSK clipped
	limit
	OK
	30.7
	0dB MPR

	DFT-s-OFDM
	20
	18RB0-15kHz
	Pi/2 BPSK shaped
	limit
	OK
	33.7
	3dB PB

	DFT-s-OFDM
	20
	18R18-15kHz
	QPSK
	OK
	limit
	33
	2dB PB

	CP-OFDM
	20
	18R18-15kHz
	QPSK
	OK
	limit
	32.4
	1.5dB PB

	CP-OFDM
	20
	18R18-15kHz
	QPSK clipped
	OK
	limit
	32.1
	1.5dB PB



ACLR and SEM measurements were performed for a number of 20MHz partially allocated NR waveforms and are displayed in table 6. The following observation can be made:
· All partial waveform show reduced MPR and most of the time Power boost
· QPSK Partial allocations at channel edge are SEM limited and allow 1-2dB higher power than full allocations
· QPSK Partial allocations in channel are SEM limited and show 2-5dB higher power than full allocations
· Spectrally shaped PI/2 BPSK DFT-s-OFDM allows 3dB power boost
Since simulations have shown that in-band emission may limit the output power for these partial allocations the MPR reduction can be deducted from simulation results. Nevertheless power boost options may be studied further especially within the scope of setting in-band emission requirement for NR versus the different Sub Carrier spacing.
3	Conclusion
Simulation and measurement results presented in this paper show that there are QPSK CP-OFDM waveforms that do not require MPR or may enable power boost and can be used in extreme coverage situations if 256-QAM capable UE Tx assumptions are used and PA linearity is slightly increased compated to LTE.
Standard LTE In-band emissions requirement is limiting factor for many of the waveforms (and more specifically for partial allocations) and RAN4 need to consider proper definition for NR in-band emissions as also discussed in [8].
It was also observed that fully allocated DFt-s-OFDM waveforms shall be allocated with a symmetrical position to channel center and not aligned with the CP-OFDM RB0 position.
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