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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction & Background
Both DFT-S-OFDM and CP-OFDM are supported as uplink waveform from previous RAN1 meetings. 
RAN1#86 (August 2016)[1]
· 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.)  
· …
RAN1#86bis (October 2016)[2]
· NR Support DFT-S-OFDM based waveform complementary to CP-OFDM waveform, at least for eMBB uplink for up to 40GHz
· …

DFT-S-OFDM with QPSK/16QAM/64QAM has good PAPR value (almost 7-7.5dB @0.001%) from practical experience. However, supporting CP-OFDM may lead to higher PAPR (>10dB).  
For UE supporting both DFT-S-OFDM and CP-OFDM, additional power backoff for CP-OFDM transmission is needed in order to avoid driving the PA into saturation. 
This contribution measures the power amplifier efficiency (PAE) by considering additional power backoff from practical PA model which has been used for the current smartphone supporting LTE/UMTS/GSM.
2. Practical Power Amplifier Efficiency (PAE)
For any PA, power is supplied to the circuit, and a signal is produced. The output will always be less than the DC input power, the ratio of output to DC input being the efficiency.
The measurement was done by investigating some latest state-of-art power amplifiers which are used in practical high-end smartphones in the global market. And different band are considered. 
Table 1. Power backoff and PAE
	Power
	B1-FDD-1950MHZ
	B8-FDD- 900MHZ
	B39-TDD-1900MHZ
	B40-TDD-2350MHZ
	B41-TDD-2595MHZ

	POUT
(dBm)
	Backoff
(dB)
	P_DC
(mW)
	PAE
(%)
	P_DC
(mW)
	PAE
(%)
	P_DC
(mW)
	PAE
(%)
	P_DC
(mW)
	PAE
(%)
	P_DC
(mW)
	PAE
(%)

	27
	0
	2.1888
	22.90 
	1.4668
	34.17 
	0.6346
	78.98 
	0.76
	65.95 
	0.6802
	73.68 

	25
	2
	2.0748
	15.24 
	1.3224
	23.91 
	0.57
	55.48 
	0.57
	55.48 
	0.6004
	52.67 

	23
	4
	1.5504
	12.87 
	1.0944
	18.23 
	0.4826
	41.34 
	0.437
	45.66 
	0.4408
	45.26 

	21
	6
	1.3148
	9.58 
	0.8322
	15.13 
	0.4066
	30.96 
	0.342
	36.81 
	0.3344
	37.65 

	19
	8
	1.1438
	6.94 
	0.6802
	11.68 
	0.3382
	23.49 
	0.266
	29.86 
	0.2394
	33.18 

	17
	10
	0.9918
	5.05 
	0.5396
	9.29 
	0.2926
	17.13 
	0.228
	21.98 
	0.1824
	27.48 

	15
	12
	0.8284
	3.82 
	0.4142
	7.63 
	0.2432
	13.00 
	0.171
	18.49 
	0.133
	23.78 

	13
	14
	0.76
	2.63 
	0.3458
	5.77 
	0.2166
	9.21 
	0.1406
	14.19 
	0.1102
	18.11 

	11
	16
	0.7106
	1.77 
	0.2698
	4.67 
	0.171
	7.36 
	0.114
	11.04 
	0.076
	16.56 
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For LTE DFT-S-OFDM, LTE define the Maximum Power Reduction (MPR) in order to support higher order modulation and higher bandwidth (Table 2). For CP-OFDM, additional MPR compared to DFT-S-ODFM is needed. 
Table 1 shows that the PAE is largely decreased for backoff>10dB. For some extreme case, the PAE of CP-OFDM is even 1/3 ~1/4 than DFT-S-OFDM. This assumes that CP-OFDM is 2 times power backoff of that of  DFT-S-OFDM.
Table 2. MPR for 3GPP LTE spec 
	Modulation
	Channel bandwidth / 
Transmission bandwidth (NRB)
	MPR (dB)

	
	10MHz
	15MHz
	20MHz
	

	QPSK
	> 12
	> 16
	> 18
	≤ 1

	16 QAM
	≤ 12
	≤ 16
	≤ 18
	≤ 1

	16 QAM
	> 12
	> 16
	> 18
	≤ 2

	64 QAM
	≤ 12
	≤ 16
	≤ 18
	≤ 2

	64 QAM
	> 12
	> 16
	> 18
	≤ 3


Observations[footnoteRef:2]: [2:  Note: 
[1] 10MHz, QPSK is used for the measurement. (PAE<15% are marked red)
[2] PA1 is used for B1/B8/B39, and PA2 is used B40/B41] 

The PAE is largely decreased for backoff>10dB. For some extreme case, the PAE of CP-OFDM is even 1/3 ~1/4 of the PAE of DFT-S-OFDM. This is considering CP-OFDM has 2 times power backoff than DFT-S-OFDM.
In RAN1#86 meeting, it is agreed that 
· 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
Therefore, we propose to 
Proposal 1: In order to improve the usage of CP-OFDM, additional low-PAPR/CM technique(s) for CP-OFDM shall be considered for uplink.
3. PAPR and large bandwidth
For a traditional power amplifier, during the peaks, the amplifier requires the full voltage to be able to deliver the required power without running into compression, but during the periods of lower signal, this voltage is not required and means that power is dissipated in the device. The amplifier only requires a smaller voltage to deliver the lower levels of power and therefore running with the higher voltage all the time, unnecessarily wastes power.
Several current state-of-art techniques can be employed in order to improve efficiency, e.g., 
· DC Tracking: The PA voltage is adjusted in line with the modulation level, often using protocol commanded power supply voltage level changes
· Envelope Tracking: Envelope tracking, has the PA supply voltage that tracks the RF envelope. This enables the amplifier to be run at a voltage that gives the optimum efficiency or other performance level at any instantaneous power level.
RAN1 is discussing UE operating for a wider BW CC, i.e., CC BW greater than X (e.g., 100 MHz) [3]. And for sub6GHz, LTE-Advanced Pro (Rel14) is developing MPR Requirements for 3UL. Therefore, we expect NR could also support at least 60MHz for UL transmission from practical use.
From practical consideration, ET (Envelope Tracking) beyond 60MHz BW would be more challenge. ET beyond 60MHz would be much sensitive to amplitude-phase delay mismatch. Also DC consumption for Lossy ET tracker increases with BW.
Therefore, it would not be so ideal to tracking the envelope for a large BW transmission. Additional power efficiency loss will be possible (Figure 1). 
Proposal 2: Overcoming additional PAE loss due to larger BW transmission for high PAPR waveform shall be taken into account when considering future state-of-art techniques for improving PA efficiency. 

[image: ]		[image: ]
(1) ET with X MHz (small BW)			(2) ET with Y MHz (large BW)
Figure 1. Additional PAE loss in a large BW transmission


4. Conclusion
In this contribution, we analyse PAPR and power amplifier efficiency (PAE) issues based on actual measured data by investigating some latest state-of-art power amplifiers which are used in practical high-end smartphones in the global market. We further propose:
Proposal 1: In order to improve the usage of CP-OFDM, additional low-PAPR/CM technique(s) for CP-OFDM shall be considered for uplink.
[bookmark: _GoBack]Proposal 2: Overcoming additional PAE loss due to larger BW transmission for high PAPR waveform shall be taken into account when considering future state-of-art techniques for improving PA efficiency. 
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