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1. Introduction
In the scope of NR specification development for both sub-6GHz, UL channel bandwidths of up to 400MHz are considered which is significantly larger than the current LTE 20MHz UL bandwidth and maximum of 3CC in UL. In [1] we provided input on PA output power capability both in terms of types of waveforms and channel bandwidths. In this contribution we come back to the different types of waveforms and related PA back-off in order to propose sub-6GHz power class including power boost options that enables the HPUE concept within the 23dBm power class definition.
2. Discussion
2.1. Reference LTE Waveform Measurement
In order to set the 0dB MPR position 18RB and 100RB QPSK SC-FDMA waveforms have been measured. The two measurements are shown in Figure 2.
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Figure 1: 18RB and 100RB reference LTE measurements

Observation 1: 18RB max Pout is 27dBm limited by UTRA1 ACLR and 100RB max Pout is 26.7dBm limited by EUTRA ACLR: 1dB MPR PA Pout is 27dBm once corrected for 0.3dB evaluation board losses.
2.2. PA Back-off for Different 20MHz NR Waveforms Relative to LTE 
2.2.1. Waveforms PAPR

A key aspect of PA dimensioning is for a given power class is related to the waveform used to define the 0dB MPR condition and more specifically the PAPR parameter which at a defined linearity level (either ALCR or EVM related) dictates the amount of back-off from saturation. Figure 2 shows the CCDF of the different NR waveforms CCDF compared to the LTE SC-FDMA QPSK 100RB reference. On the left side the different modulation orders and bandwidths of CP-OFDM NR waveform are presented where on the right side the lower PAPR DFT-s-OFDM with or without spectral shaping are presented.
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Figure 2: PAPR CCDF of CP-OFDM (left) and DFT-s-OFDM NR waveforms with LTE SC-FDMA reference

When comparing NR CP-OFDM waveforms to the reference LTE UL SC-FDMA QPSK signal it can be seen that NR waveforms exhibit up to 3dB higher PAPR pushing higher linearity for the PA which will require further back-off, on the positive side though higher order modulations and wider signal bandwidth does not increase further the PAPR, as such any CP-OFDM waveform has similar PAPR to SC-FDMA 64QAM waveform.

This higher PAPR still has a consequence in worst case link conditions as one will have to either decide for 3dB lower output power capability at cell edge of accept a more than doubled battery current as was already discussed in [1].

This is why it is very important to agree on the waveform used for sub-6GHz NR UE power class definition, in this context it is useful to also evaluate the benefit of DFT-s-OFDM lower PAPR waveforms in such link limited scenarios and understand their impact on cell range and achievable UL (and thus DL) data rates at cell edge.
RAN1 already approved the use of DFT-s-OFDM waveforms and is also evaluating the benefits of introducing PI/2 BPSK and spectral shaping techniques for reduced PAPR. First thing to note is that QPSK DFT-s-OFDM waveform has the same PAPR behavior that the reference LTE SC-FDMA QPSK waveform has. Furthermore, spectral shaping techniques enable 2dB PAPR improvement for QPSK and 5dB improvement for PI/2 BPSK DFT-s-OFDM waveforms when compared to LTE UL signal. Although this has been introduced primarily for mm-wave NR we believe their benefit for sub-6GHz should also be evaluated.

Observation 2:

· CP-OFDM waveforms exhibit 3dB higher PAPR than LTE UL signal

· CP-OFDM waveform PAPR is independent from modulation order or signal BW
· DFT-s-OFDM QPSK waveform has equivalent PAPR than LTE UL signal

· Spectrally shaped QPSK and PI/2 BPSK DFT-s-OFDM cam provide 2dB and 5dB better PAPR than LTE UL signal respectively.
2.2.2. 20MHz and 100MHz CP-OFDM Waveforms Measurements
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Figure 3: QPSK (left) and 64QAM (middle) 105RB/15kHz 20MHz and QPSK 263RB/30kHz 100MHz (right) CP-OFDM waveforms ACLR back-off measurements
Figure 3 displays the measured output power capability of power amplifier using a -30dBc ACLR criteria when using CP-OFDM waveforms
2.2.3. 20MHz DFT-s-OFDM Waveforms Measurements
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Figure 4: Unfiltered PI/2 BPSK (left) and QPSK (right) 100RB 20MHz DFT-s-OFDM waveforms ACLR back-off measurements
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Figure 5: Filtered PI/2 BPSK (left) and QPSK (right) 100RB 20MHz DFT-s-OFDM waveforms ACLR back-off measurements
Figure 4 displays the measured output power capability of power amplifier using a -30dBc ACLR criteria when using unfiltered DFT-s-OFDM waveforms

Figure 5 displays the measured output power capability of power amplifier using a -30dBc ACLR criteria when using filtered DFT-s-OFDM waveforms.
2.2.4. PA Back-off Summary Versus Waveforms 
Table 1: PA back-off versus LTE baseline versus measured waveforms

	Waveforms
	ACLR
	Pout
	back-off
	MPR
	Boost

	Type
	Mod.
	BW-RB/SCS
	limit
	dBc
	dBm
	dB
	dB
	dB

	LTE SC-FDMA
	QPSK
	20MHz-18/15kHz
	UTRA1
	-33.2
	27.3
	0.0
	0
	 

	
	QPSK
	20MHz-100/15kHz
	EUTRA
	-30.3
	27.0
	0.3
	1
	 

	NR CP-OFDM
	QPSK
	20MHz-105/15kHz
	EUTRA
	-30.1
	24.3
	3.0
	3.5
	 

	
	64QAM
	20MHz-105/15kHz
	EUTRA
	-30.3
	24.1
	3.2
	3.5
	 

	
	QPSK
	100MHz-263/30kHz
	100MHz
	-30.1
	24.2
	3.1
	3.5
	 

	NR unfiltered DFT-s-OFDM
	Pi/2 BPSK
	20MHz-100/15kHz
	EUTRA
	-30.2
	27.7
	-0.4
	 
	1

	
	QPSK
	20MHz-100/15kHz
	EUTRA
	-30.2
	26.6
	0.7
	1
	 

	NR filtered DFT-s-OFDM
	Pi/2 BPSK
	20MHz-100/15kHz
	EUTRA
	-30.0
	30.0
	-2.7
	 
	3

	
	QPSK
	20MHz-100/15kHz
	EUTRA
	-30.0
	28.0
	-0.7
	 
	1

	
	Pi/2 BPSK
	20MHz-18/15kHz
	EUTRA
	-32.3
	30.0
	-2.7
	 
	3

	
	QPSK
	20MHz-18/15kHz
	EUTRA
	-30.2
	29.3
	-2.0
	 
	2


Table 1 provides MPR and power boost values using the LTE 0dB MPR reference which is 18RB QPSK SC-FDMA waveform. Using this reference to define the NR 23dBm power class for sub-6GHz, the CP-OFDM waveforms would need up to 3.5dB MPR thus transmit at less than 20dBm significantly reducing their usability to 80% of the cell range, at the same time the current LTE PA dimensioning can be directly reused. In the next chapter, we will look at a number of possible 0dB MPR references and their impact to power capability and efficiency
Observation 3: Using the legacy LTE 0dB MPR definition for 23dBm NR power class the CP-OFDM waveforms would require more than 3dB MPR.
2.3. Possible Approaches for Power Class Definition
In Table 2 below a few options for defining sub-6GHz NR power class in terms of 0dBMPR waveform and its consequences in terms of PA sizing and power added efficiency are discussed. The X axis is the output power, the applicable ACLR and SAR related limitations by regulation or UL duty cycle. The different scenarios and the relative size of the PA versus LTE PC3 or PC3 PA are then listed horizontally, showing up to which output power each waveform, bandwidth/RB allocation and modulation order is usable. The first two scenarios are the reference PC3 and PC2 for LTE. Then NR scenarios (NR1 to NR4) are displayed with possibilities for CP-OFDM, unfiltered QPSK DFT-s-OFDM and filtered PI/2 BPSK DFT-s-OFDM. In these scenarios we introduce the concept of power boost where output power can >23dBm for some waveforms provided some duty cycle limit is fulfilled for SAR. 
Table 2: Maximum output power vs waveforms and PA sizing
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2.3.1. Discussion on the Different NR Power Class Scenarios
It is to be noted that from [1] QPSK CP-OFDM PAE is 20% lower than for QPSK DFT-s-OFDM and ACLR limited power is 3dB lower with only 5% higher data rate.

Observation 4: QPSK CP-OFDM PAE is 20% lower than for QPSK DFT-s-OFDM and ACLR limited power is 3dB lower with only 5% higher data rate.

Table 3: NR power class scenarios comparisons

	Scen.
	PA size vs LTE
	Battery current impact
	Comment

	NR1
	1xPC3
	Same battery current than LTE PC3 at 23dBm out, same in average for filtered PI/2 BPSK if power boost is applied
	CP-OFDM waveforms can only be used up to 20dBm reducing the applicable cell radius by 20% compared to LTE

	NR2
	1.3xPC3
	130% of LTE PC3 at 23dBm out, same in average for filtered PI/2 BPSK if power boost is applied
	Fully allocated 20MHz QPSK DFT-s-OFDM usable at 23dBm. Power boost possibility with filtered PI/2 BPSK outside Japan => Good compromise between system performance and UE battery life for a PC3 definition 

	NR3
	1xPC2
2xPC3
	240% of LTE PC3 at 23dBm out. Power boost average current is FFS
	20MHz partial allocation QPSK or fully allocated f PI/2 BPSK DFT-s-OFDM usable at 26dBm. CP-OFDM waveform usable up to 23dBm. Power boost up to 28dBm with feasible at low duty cycle => flexible solution where power boost is only allowed outside Japan that covers both normal and HPUE with good compromise between system performance and UE battery life for a PC3 definition

	NR4
	2xPC2
4xPC3
	240% of LTE PC2 at 25dBm out. Power boost average current is FFS
	Fully allocated 20MHz QPSK DFT-s-OFDM usable at 26dBm. CP-OFDM usable up to 25dBm, 6dB Power boost possibility with filtered PI/2 BPSK outside Japan => seems oversized with limited system improvement since DFT-s-OFDM waveforms can be used at cell edge.


Table 3 discusses a few different options for sub-6GHz power class definition and, it shows that using DFT-s-OFDM waveforms for cell edge condition is very important to enable a good compromise between system performance (throughput, cell coverage) and UE battery life and cost. Also, using filtered PI/2 BPSK DFT-s-OFDM waveform allows further power boost and would enable higher RB allocations than unfiltered QPSK.
Observation 5: It is key that the low PAPR waveforms can be used since they will allow improved throughput at cell edge which is key to DL performance at cell edge (UL data rate needs to be at least 5% of DL data rate)
Proposal 1: Include unfiltered QPSK DFT-s-OFDM waveforms in sub-6GHz NR power class definition and use them for challenging link situation (cell edge) for optimum system performance and similar UE battery life than LTE

Proposal 2: Include filtered PI/2 BPSK DFT-s-OFDM QPSK waveforms for sub-6GHz NR as an optional feature to enable further power boost for cell edge performance. Inform RAN1 of this.
Similarly, Table 3 introduces the concept of power boost beyond 23dBm which enables higher transmitted power provided that SAR limit is met via a maximum duty cycle. This concept may allow defining a single power class and HPUE only being related to enabling power boost or not. Also, it allows higher granularity in output power depending on waveforms. In countries where the 23dBm power limit cannot be exceeded power boost can just be disabled
Proposal 3: Further study the concept of a UL duty cycle related power boost as an alternative to HPUE definition. Study if optional power boost beyond 3dB can be beneficial and understand its ACLR implications.

3. Conclusion
In this contribution, we provided an exhaustive study of PA capability for different NR waveforms and discussed how sub-6GHz NR power class definition can make use of it to find the right balance between system performance and UE battery life and cost, as NR needs to be competitive to LTE in sub-6GHz range. This allowed a few observations and proposals on a way forward for power class definition:
Observation 2:

· CP-OFDM waveforms exhibit 3dB higher PAPR than LTE UL signal

· CP-OFDM waveform PAPR is independent from modulation order or signal BW

· DFT-s-OFDM QPSK waveform has equivalent PAPR than LTE UL signal

· Spectrally shaped QPSK and PI/2 BPSK DFT-s-OFDM cam provide 2dB and 5dB better PAPR than LTE UL signal respectively.
Observation 3: Using the legacy LTE 0dB MPR definition for 23dBm NR power class the CP-OFDM waveforms would require more than 3dB MPR.
Observation 4: QPSK CP-OFDM PAE is 20% lower than for QPSK DFT-s-OFDM and ACLR limited power is 3dB lower with only 5% higher data rate (and even less for lower RB allocations needed at cell edge).

Observation 5: It is key that the low PAPR waveforms can be used since they will allow improved throughput at cell edge which is key to DL performance at cell edge (UL data rate needs to be at least 5% of DL data rate)
Proposal 1: Include unfiltered QPSK DFT-s-OFDM waveforms in sub-6GHz NR power class definition and use them for challenging link situation (cell edge) for optimum system performance and similar UE battery life than LTE

Proposal 2: Include filtered PI/2 BPSK DFT-s-OFDM QPSK waveforms for sub-6GHz NR as an optional feature to enable further power boost for cell edge performance. Inform RAN1 of this.
Proposal 3: Further study the concept of a UL duty cycle related power boost as an alternative to HPUE definition. Study if optional power boost beyond 3dB can be beneficial and understand its ACLR implications.

It is to be noted that similar discussions on waveforms and power class is also needed for >24GHz
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Center 2.55 GHz Video BW 10.000 kHz* Span 100 MHz| JAuto Scaling
#Res BW 100 kHz Sweep Time 248 ms (1001 pts)
2 Metrics v
Total Car Pwr | 26.970 dBm/18.00 MHz
Total PSD —
Lower Upper
ACP Ref Carrier ACP Ref Carrier
OffsFreq  IntegBW  dBc  dBm dBm Car# dBc  dBm dBm  Car# Filter
A 2000MHz 1800MHz -3260 -5629 2697 1 -47.39 -2042 2697 1 OFF
B 1250MHz 3.840MHz -3324 6270 | 2697 1 -47.79 2082 | 2687 1 ON
C A750MHz 3840MHz 4317 1620 | 2697 1 -56.05 -2008 | 2697 1 ON
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