3GPP TSG-RAN WG4 Meeting # 82bis
R4-1703535
Spokane, Washington, USA, 03 - 07 April 2017
Source: 
Skyworks Solutions, Inc.
Title: 
Discussion on Relative sub-6GHz PA Performance with NR Waveforms Compared to LTE
Agenda Item:
10.4.2.2
Transmitter characteristics
[NR_newRAT]
Document for:
Discussion
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. Also new waveforms are agreed for NR including low PAPR waveforms. This contribution provides input on how current LTE PA behaves when comparing NR and LTE waveforms for various modulation schemes and channel bandwidths.
2. Discussion
2.1. Evaluation Waveforms
2.1.1. 20MHz Modulation Scheme Evaluation Waveforms

Similar to the work in [2] almost one year ago, we first evaluate the effect of different modulation at the well-established LTE channel bandwidth of 20MHz and 15kHz sub-spacing. Table 1 below show the different 20MHz waveforms used for the evaluation.
Table 1: 20MHz BW waveforms used for modulation impact evaluation 
	Parameter
	LTE REF
	NR

	waveform
	SC-FDMA
	CP-OFDM
	DFTS-OFDM

	RB
	100
	105
	100

	modulation
	QPSK
	QPSK
	64QAM
	QPSK
	PI/2 BPSK
	Filtered PI/2 BPSK


2.1.2. 100MHz to 400MHz Scaled LTE UL 3CC Waveforms
In the scope of work on 3CC UL [1] a set of 1CC, 2CC and 3CC waveforms were measured and simulated. In order to understand the behavior of the power amplifier for larger bandwidth, a simple scaling of two types of 64QAM 3CC SC-FDMA waveforms have been used by oversampling the waveforms. Table 2 below summarizes the scaled waveforms used and their resulting bandwidth and sub-carrier spacing. The fully allocated 3CC waveforms have 90% bandwidth occupancy.
Table 2: Scaled LTE 3CC UL waveforms used for evaluation

	CC configuration
	Bandwidth / sub-carrier spacing

	CC1
	CC2
	CC3
	

	100RB
	100RB
	100RB
	60MHz /15kHz
	100MHz /25kHz
	200MHz /50kHz
	300MHz /75kHz
	400MHz /100kHz

	1RB0
	0RB
	1RB99
	
	
	
	
	


2.1.3. 100MHz to 400MHz Scaled NR UL Waveforms

In order to compare with some wide band NR waveforms, some scaled single carrier NR QPSK CP-OFDM waveforms were also measured. These waveforms have 95% bandwidth occupancy.
Table 3: Scaled NR maximum allocation waveforms used for evaluation

	Bandwidth [MHz]
	100
	200
	400

	number of RB
	263
	263
	263

	Sub-carrier spacing [kHz]
	30
	60
	120


2.1.4. CCDF of Waveforms
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Figure 1: CCDF of measured 20MHz and wideband NR waveforms
As can be seen from the CCDF plots in Figure 1, the lowest to the highest PAPR order is: 

· Filtered DTFS PI/2 BPSK

· Non-filtered DTFS PI/2 BPSK
· Non-filtered DTFS QPSK (very similar to LTE SC-FDMA QPSK)

· All CP-OFDM waveforms have very similar CCDF regardless of modulation order or Bandwidth and are higher than LTE SC-FDMA
It is to be noted that further pulse shaping of PI/2 BPSK can result into an even lower PAPR as discussed in [3] , the CDDF of such waveforms is shown in Figure 3 below. Unfortunately we could not measure the 2dB PAPR filtered PI/2 BPSK waveform, but will try to evaluate for further contribution. 
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Figure 2: CCDF of filtered PI/2 BPSK and QPSK waveforms
2.2. Comparison measurements
2.2.1. Specification Criteria Used for Comparison

In order to evaluate the impact of different waveforms and bandwidths, a simple criterion is used: Constant ACLR. The PC2 EUTRA ACLR of 31dBc is scaled in frequency accordingly to the bandwidth. This is used as being quite generic and potentially applicable to NR sub-6GHz HPUE. 

In order to provide interesting input on PA capability, MPR and relative PAE are analyzed. Since we are discussing large transmitted bandwidths, the 0dB MPR reference was chosen to be the LTE QPSK fully allocated 100RB signal.
2.2.2. Power Amplifier Used for Test
The measurements were done on a reference Band 41 PA in HPUE PC3 mode, which has been used for many 3GPP submissions. It is representative of state of the art power amplifier performance supporting:

· PC2 and PC3 modes

· High linearity and PAE 

· Wide bandwidth: supports 3CC UL and close to 200MHz band

· Low EVM floor: supports 256QAM
2.3. Measured MPR and PAE
2.3.1. Versus 100-400MHz Bandwidth

Figures 3 through 5 shows the 100MHz, 200MHz and 300MHz spectrums at -31dBc ACLR of a scaled LTE 3CC 64 QAM fully allocated waveform, a scaled LTE 3CC 64 QAM 1RB-0RB-RB waveform and a scaled QPSK CP-OFDM NR 263RB/30KHz sub-carrier spacing respectively.
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Figure 3: 100MHz, 200MHz and 400MHz scaled LTE 3CC fully allocated waveform measurements
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Figure 4: 100MHz, 200MHz and 400MHz scaled LTE 3CC 1RB-ORB-1RB waveform measurements
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Figure 5: 100MHz, 200MHz and 400MHz scaled NR 263RB/30KHz waveform measurements

Table 4: comparison of output power capability, associated MPR and relative PAE for -31dBc ACLR

	BW 
	20MHz
	100MHz
	200MHz
	300MHz
	400MHz

	System
	LTE
	LTE
	NR
	LTE
	NR
	LTE
	LTE
	NR

	Waveform
	SC-FDMA
	SC-FDMA
	CP-OFDM
	SC-FDMA
	CP-OFDM
	SC-FDMA
	SC-FDMA
	CP-OFDM

	modulation
	QPSK
	64QAM
	QPSK
	64QAM
	QPSK
	64QAM
	64QAM
	QPSK

	RB
	100
	1-0-1
	3x100
	263
	1-0-1
	3x100
	263
	1-0-1
	3x100
	1-0-1
	3x100
	263

	ACLR [dBc]
	-31.9
	-31.1
	-31.0
	-30.6
	-31.2
	-31.1
	-31.2
	-31.1
	-31.1
	-31.1
	-31.0
	-31.2

	Pout [dBm]
	29.0
	27.8
	27.0
	26.4
	24.9
	26.7
	25.8
	22.1
	25.3
	19.6
	23.1
	23.0

	MPR [dB]
	0.3
	1.5
	2.3
	2.9
	4.4
	2.6
	3.5
	7.2
	4
	9.7
	6.2
	6.3

	Rel. PAE [%]
	100%
	87%
	81%
	75%
	63%
	79%
	70%
	41%
	67%
	29%
	49%
	49%


2.3.2. Versus Modulation at 20MHz

Figure 6 show the different DTFS OFDM measured waveforms, while Figure 7 shows the different measured CP-OFDM waveforms.
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Figure 6: Measured DTFS OFDM 20MHz waveforms, filtered Pi/2 BPSK (left), unfiltered PI/2 BPSK (middle), unfiltered QPSK (right)
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Figure 7: Measured CP- OFDM 20MHz waveforms, QPSK (left), 64QAM (right)
Table 5: comparison of output power capability, associated MPR and relative PAE for -31dBc ACLR
	BW 
	20MHz/15kHz sub-carrier spacing

	System
	LTE
	NR

	Waveform
	SC-FDMA
	DFTS-OFDM
	CP-OFDM

	modulation
	QPSK
	filtered PI/2 BPSK
	PI/2 BPSK
	QPSK
	QPSK
	64QAM

	RB
	100
	100
	100
	100
	105
	105

	ACLR [dBc]
	-31.9
	-31.2
	-31.1
	-31
	-31
	-31.1

	Pout [dBm]
	29
	31.8
	30
	28.9
	26.8
	26.6

	MPR [dB]
	0.3
	-2.5
	-0.7
	0.4
	2.5
	2.7

	Rel. PAE [%]
	100%
	131%
	113%
	100%
	83%
	81%


2.3.3. Analysis

Although using -31dBc ACLR across the board may seem arbitrary it is consistent with the fact that the measured PA is a Band 41 PC2 HPUE and the fact that current LTE approach with UL 2CC and 3CC is to maintain the same ACLR with a scaled bandwidth. This also allows for a good understanding of how the PA behaves using different waveforms.

Analysis versus Modulation at 20MHz:

· As expected DFTS-OFDM QPSK waveform having very similar CCDF than current LTE SC-FDMA QPSK waveform results in same PA performance.
· NR QPSK CP-OFDM waveform requires 2.5dB higher power capability than LTE QPSK SC-FDMA and result in 20% efficiency loss.
· NR QPSK CP-OFDM QPSK and 64QAM waveform having very similar CCDF results in comparable PA performance.
· Non filtered PI/2 BPSK provides marginal gain in output power capability and PAE.
· Filtered PI/2 BPSK provide close to 3dB gain in power capability and 30% gain in efficiency, this makes it suitable for narrow allocations UL feedback at cell edge assuming less than 25% duty cycle. Lower PAPR pulse shaping should be further evaluated.
Analysis versus Bandwidth:
· Fully allocated 3x100RB LTE 3CC and 263RB/30kHz scaled waveform show similar MPR vs BW with up to 6dB (power divide by 4) needed at 400MHz BW and PAE divided by two.
· For all BW QPSK NR waveform shows worse MPR than same BW 64QAM 3CC LTE waveform confirming the higher PAPR impact of CP-OFDM waveform even when comparing QPSK to 64QAM.
· Consequently NR QPSK PAE is lower than LTE 64QAM PAE.
· Non-contiguous narrow allocation requires further MPR at larger bandwidth; this should be avoided for NR.
Observation at constant ACLR:
· CP-OFDM NR waveform although providing 5% increase in spectrum usage result in 20% lower UE efficiency and/or cell range compared to LTE SC-FDMA or NR DFTS-OFDM at same BW.
· Use of NR DFTS-OFDM QPSK and filtered PI/2 BPSK for UL cell range extension makes sense.

· NR QPSK CP-OFDM waveform show worse MPR and PAE than LTE 64QAM SC-FDMA.
· 100MHz/200MHz/400MHz QPSK NR CP-OFDM require 3/4/6dB MPR respectively.
2.4. Implications for Sub-6GHz NR UE Power Class Definition and Associated MPR
We believe this work provides good insights for defining sub-6GHz NR power class definition and associated UE and network performance. We welcome input from other companies on the subject and believe that some improvement is feasible compared to current measurements using some of the techniques already applied for 5GHz WiFi 160MHz power amplifiers. Nevertheless these will not change current observations significantly thus the following aspects should be considered when defining NR UE power class and MPR approach versus waveforms, bandwidth and duty cycle.
Recommendations for power class and MPR definition:

· If only CP-OFDM waveforms are used in this definition it could impact significantly the UL/DL cell range and/or UE power efficiency (battery current).

· Extra bandwidth come at the expense of output power capability (cell range) and/or UE power efficiency thus UL bandwidth used to define UE power class should be chosen carefully
· Use of lower PAPR DFTS-OFDM QPSK and filtered PI/2 BPSK shall be considered in power class and MPR definition

· Variable Maximum power versus duty cycle and use of HPUE can mitigate some of those issues

· Requirement scaling versus transmitted bandwidth may reveal complex.
· Use of constant ACLR vs BW may not be the right approach to enable low MPR for large UL bandwidths.
3. Conclusion
This discussion paper provides an extensive set of NR waveforms measurements and associated UE power amplifier performances, which, we believe will help RAN4 to understand the UE and Network performance aspects when defining sub-6GHz UE power class and MPR specification. This work allowed us to make the following observations and recommendations. 
Observation at constant ACLR:

· CP-OFDM NR waveform although providing 5% increase in spectrum usage result in 20% lower UE efficiency and/or cell range compared to LTE SC-FDMA or NR DFTS-OFDM at same BW.
· Use of NR DFTS-OFDM QPSK and filtered PI/2 BPSK for UL cell range extension makes sense.

· NR QPSK CP-OFDM waveform show worse MPR and PAE than LTE 64QAM SC-FDMA,
· 100MHz/200MHz/400MHz QPSK NR CP-OFDM require 3/4/6dB MPR respectively.
Recommendations for power class and MPR definition:

· If only CP-OFDM waveforms are used in this definition it could impact significantly the UL/DL cell range and/or UE power efficiency (battery current).

· Extra bandwidth come at the expense of output power capability (cell range) and/or UE power efficiency thus UL bandwidth used to define UE power class should be chosen carefully.
· Use of lower PAPR DFTS-OFDM QPSK and filtered PI/2 BPSK shall be considered in power class and MPR definition.
· Variable Maximum power versus duty cycle and use of HPUE can mitigate some of those issues.
· Requirement scaling versus transmitted bandwidth may reveal complex.

· Use of constant ACLR vs BW may not be the right approach to enable low MPR for large UL bandwidths.
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