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Introduction
This document presents PC2 power amplifier (PA) measurements to investigate power boosting using Pi/2 BPSK shaped waveforms and discusses technological constraints for PAs targeting smartphone designs.
Discussion
	Test Parameters and Assumptions
The measurements are performed in band n41 using a standalone PA calibrated to meet -31dBc ACLR at PC2 1dB MPR with the 20 MHz channel bandwidth (CBW), SCS 15 kHz, DFT-S-OFDM QPSK 100RB0 waveform.
We assume the following waveform and RF Front-End (RF-FE) parameters:
· Post PA losses: 4dB;
· Waveform impairments:
· Local Oscillator (LO) leakage: -28dBc;
· IQ Image rejection: -28dB; and
· C-IM3: -60dBc, C-IM5: -70dBc. 
· Waveform parameters:
· DFT-s-OFDM Pi/2 BPSK with REL-16 DMRS;
· Pulse shaping filter coefficients: [-0.28 0.91 -0.28]. This filter provides waveforms with 2.1dB PAPR at 0.01% CCDF probability;
· CBW (MHz)/SCS (kHz): 5/15, 40/30, 100/30; and
· RB allocations: a limited selection of Edge/Outer and Inner allocations.
· ACLR and NR general SEM are measured at each output power level. EVM/In-band Emissions could not be verified in due time and may be analyzed at the next meeting.

Originally, the intention was to sweep the PA output power level from 1dB below to 3dB above the PC2 0dB MPR reference power level. However, it was found during the PA calibration procedure that the device’s sharp compression characteristics restricted the power excursion to a maximum of 2dB above the PC2 0dB MPR power level. This is despite injecting input waveforms with power levels in the range of +10dBm. 

Observation 1: The device under test could not deliver output power levels greater than 2dB above the PC2 0dB MPR despite injecting input waveform power levels in the range of +10dBm. At such input levels, the RF transceiver performance and impact on overall system performance should be carefully evaluated. PA technology should be carefully reviewed.

Beyond considerations of compression, PA saturation characteristics, PA peak power, PA technology and PA thermal dissipation concerns, we believe that the potential for power boosting offered by shaped Pi/2 BPSK waveforms may also pose several additional technological challenges to the remaining RF-FE components of a PC2 PA module:
· The impact of the higher peak current on DC-DC converters needs to be analyzed;
· The impact of higher PA output peak power onto the RF filters, couplers, detectors and antenna switches need to be further analyzed; and
· As the PA output power is increased, the impact of higher PA heat dissipation on the filter frequency response needs to be further analyzed. In particular, thermal runway situations that may impact component lifetime/reliability should be further studied.

Observation 2: The impact of higher PA output power levels on the RF-FE components technology (e.g. thermal dissipation considerations, peak power impact on filters, couplers, power detectors, antenna switches, peak current impact on DC-DC converters…etc.) should be further studied.

	Measurement Results
Measurement data is sorted per allocation type (edge/outer/inner) and presented in Table 1, Table 2 and Table 3 for 5, 40 and 100MHz CBW respectively. In each table, the worst ACLR and SEM margins are reported. A negative margin means the requirement is failed. We use S0/S1/S2/S3 to report the limiting SEM segment, with S0/S1/S2/S3 representing the first, second, third and fourth SEM segment respectively.
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Overall, these initial measurements confirm some of the findings reported in the exhaustive simulation data presented at the last RAN4 meeting in [1]: there are large RB allocation regions where the power boosting is limited to small values, say <1 dB, and some allocations where no power boosting can be applied.  The region where maximum power boosting may be delivered is restricted to a subset of the current PC2 MPR Inner RB allocations. Here is a short list of observations that support these initial findings:
· Edge allocations: for all measured CBW, at best, 0dB MPR is achievable; at worst, some power back-off is needed to pass SEM. From these measurements, no power boosting seems possible for edge allocations despite the very low PAPR of these filtered waveforms. Example: the 1RB0 waveform fail SEM at 0dB MPR, meaning that some back-off is needed. 2RB0 waveforms pass SEM with very small margin.
· Outer allocations: there are several allocations which behave similarly to edge allocations, i.e. many allocations may only benefit from little power boosting. For example, the 4RB0, 6RB0, 6RB2 waveforms provide margin only at 0dB MPR, and are failing or passing with near zero margin at power levels 1dB above the PC2 0dB MPR reference level. Outer allocations close to the center of the MPR triangles may benefit from power boosting. That is the case of 15RB6 for 5MHz CBW (Table 1), 54RB25 for 40MHz CBW (Table 2) and 144RB67 (Table 3).
· Inner allocations: there are several allocations that have near identical performance limitations than edge allocations, i.e., limited power boosting can be delivered. This is the case for example of 1RB4, 2RB2, 2RB4 for 40MHz CBW (Table 2) and 100MHz CBW (Table 3). Some RB allocations in the center of the inner allocation region deliver comfortable margins even when the PA is driven 2dB above the PC2 0dB MPR level. This is the case for example of 6RB50 at 40MHz CBW (Table 2).
Observation 3: With reference to the PC2 0dB MPR power level, preliminary measurements indicate that:
· Edge allocations may not be power boosted. 1RB0 may need some power back-off;
· Several outer and inner allocations may enjoy only very low or no power boosting; and
· Up to 2dB power boosting for RB allocations in the center of the PC2 inner region may be achieved. This is also the case for a limited set of outer allocations.


Proposal 1: Based on observations 1 and 2, we propose to further study RF-FE technological limits to Pi/2 BPSK power boosting. 

Proposal 2: Based on measurement observation 3 and simulation results from [1], we propose to further study new definitions of the Edge/Outer/Inner region contours to define PC2 Pi/2 BPSK MPR tables:
1. FFS expanding the Edge RB allocation region; and
2. FFS redefining/shrinking the Inner RB allocation region that may benefit from optimal power boosting.

Conclusions
In this contribution, we present PA measurement data using shaped Pi/2 BPSK waveforms with REL-16 DMRS and make several observations and proposals:

Observation 1: The device under test could not deliver output power levels greater than 2dB above the PC2 0dB MPR despite injecting input waveform power levels in the range of +10dBm. At such input levels, the RF transceiver performance and impact on overall system performance should be carefully evaluated. PA technology should be carefully reviewed.

Observation 2: The impact of higher PA output power levels on the RF-FE components technology (e.g. thermal dissipation considerations, peak power impact on filters, couplers, power detectors, antenna switches, peak current impact on DC-DC converters, etc.) should be further studied.

Observation 3: With reference to the PC2 0dB MPR power level, preliminary measurements indicate that:
· Edge allocations may not be power boosted. 1RB0 may need some power back-off;
· Several outer and inner allocations may enjoy only very low or no power boosting; and
· Up to 2dB power boosting for RB allocations in the center of the PC2 inner region may be achieved. This is also the case for a limited set of outer allocations.

Proposal 1: Based on observations 1 and 2, we propose to further study RF-FE technological limits to Pi/2 BPSK power boosting. 

Proposal 2: Based on measurement observation 3 and simulation results from [1], we propose to further study new definitions of the Edge/Outer/Inner region contours to define PC2 Pi/2 BPSK MPR tables:
1. FFS expanding the Edge RB allocation region; and
2. FFS redefining/shrinking the Inner RB allocation region that may benefit from optimal power boosting.
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ACLR Margin (dB)
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SEM segment

ACLR Margin (dB)

SEM margin (dB)

SEM segment

ACLR Margin (dB)

SEM margin (dB)

SEM segment

1 0 5.8 -2.9 S0L 2.2 -5.0 S0L -2.2 -9.3 S2L

2 0 9.3 1.8 S0L 5.1 -1.6 S2L 2.1 -4.2 S2L

4 0 8.3 4.0 S0L 4.2 0.1 S0L 1.1 -2.9 S0L

6 0 7.6 3.3 S0L 3.5 -0.8 S0L 0.1 -4.0 S0L

6 2 8.5 6.3 S2L 4.4 3.7 S2L 1.3 -1.0 S2L

144 67 16.1 20.8 S2H 13.6 14.8 S1H 12.8 13.0 S1H

270 0 3.7 7.3 S2L 0.4 3.0 S2L -1.2 1.1 S2L

1 2 6.6 1.7 S2L 2.9 -4.0 S2L -0.9 -8.1 S2L

1 4 7.8 1.9 S2L 4.2 -2.8 S2L 1.0 -6.9 S2L

2 2 6.8 1.9 S2L 3.0 -2.3 S2L -0.8 -6.3 S2L

2 4 8.2 3.2 S2L 4.0 -1.1 S2L 0.8 -5.1 S2L

6 3 7.2 5.2 S2L 3.3 2.1 S2L -0.1 -2.3 S2L

6 135 20.5 27.1 S3L 21.5 26.9 S3L 22.5 27.1 S3L

10 57 9.8 7.8 S2L 5.5 6.9 S2L 0.9 -1.2 S2L

10 58 8.0 6.4 S2L 6.7 2.1 S2L 3.7 -1.3 S2L

10 59 10.5 8.1 S2L 3.9 1.7 S2L 1.9 1.1 S2L

10 60 9.5 7.3 S2L 6.2 3.2 S2L 2.6 -1.4 S0L

10 61 9.9 7.2 S2L 5.4 2.7 S2L 2.2 -0.8 S2L

10 62 10.4 7.1 S2L 5.8 2.4 S2L 2.6 -1.1 S2L

10 63 12.4 9.4 S2L 6.4 2.4 S2L 3.1 -1.1 S2L

10 64 12.5 8.9 S2L 8.5 4.5 S2L 4.9 0.4 S2L

10 65 10.4 6.7 S2L 8.5 3.8 S2L 5.2 -0.3 S0L

135 67 18.6 26.3 S1H 17.4 20.3 S0H 15.5 15.7 S1L
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ACLR Margin (dB)

SEM margin (dB)

SEM segment

ACLR Margin (dB)

SEM margin (dB)

SEM segment

ACLR Margin (dB)

SEM margin (dB)

SEM segment

1 0 5.3 -2.1 S0L 2.1 -3.3 S0L -0.3 -4.5 S1L

2 0 5.6 0.8 S0L 2.3 -1.4 S1L -0.3 -4.4 S1L

4 0 6.2 3.8 S0L 2.6 0.4 S1L 0.4 -2.7 S0L

6 0 5.4 5.8 S0L 2.0 0.7 S1L -0.2 -2.4 S1L

6 2 7.8 6.2 S1L 4.3 2.8 S1L 2.1 -0.2 S1L

15 6 14.4 13.7 S0L 9.9 8.9 S0L 7.2 5.4 S0H

25 0 7.0 6.4 S1H 3.7 1.3 S1H 1.4 -1.1 S1L

1 2 6.6 3.8 S1L 2.9 -0.6 S1L 0.8 -3.6 S1L

1 4 5.6 2.7 S1L 2.6 -1.1 S1L 0.2 -4.4 S1L

2 2 5.6 2.9 S1L 2.4 -1.0 S1L 0.0 -4.4 S1L

2 4 8.1 3.7 S1L 4.7 -0.6 S1L 2.6 -3.7 S1L

6 3 8.9 7.2 S1L 5.6 3.8 S1L 3.4 0.6 S1L

6 4 10.7 10.6 S1L 7.8 5.0 S1L 5.6 1.7 S1L

6 10 33.7 30.4 S3L 34.1 29.4 S3L 32.8 28.2 S3H

12 6 25.0 18.1 S0L 21.2 13.4 S0L 18.6 10.0 S0L
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ACLR Margin (dB)

SEM margin (dB)

SEM segment

ACLR Margin (dB)

SEM margin (dB)

SEM segment

ACLR Margin (dB)

SEM margin (dB)

SEM segment

1 0 5.2 -1.0 S2L 1.8 -5.4 S2L -2.4 -9.8 S2L

2 0 6.2 0.1 S2L 2.6 -2.9 S2L -1.3 -7.1 S2L

4 0 7.7 6.1 S2L 3.7 0.6 S2L 0.3 -3.5 S2L

6 0 7.1 4.8 S0L 3.2 -0.1 S0L -0.3 -3.5 S0L

6 2 7.0 7.3 S2L 3.3 1.8 S2L -0.3 -2.6 S2L

54 25 17.5 15.2 S0L 14.7 10.8 S0L 12.6 7.4 S0L

100 0 6.8 7.9 S0L 3.7 3.1 S0L 0.3 -0.4 S0L

1 2 8.9 2.9 S2L 4.7 -2.5 S2L 1.7 -6.4 S2L

1 4 4.6 -2.0 S2L 1.6 -5.9 S2L -0.7 -8.4 S2L

2 2 7.6 1.4 S2L 3.6 -3.6 S2L 0.0 -6.0 S2L

2 4 7.8 1.5 S2L 3.9 -1.8 S2L 0.4 -6.0 S2L

2 10 6.9 0.8 S2L 3.4 -1.9 S2L -0.2 -6.0 S2L

6 3 8.4 8.6 S2L 4.2 2.6 S2L 1.0 -1.6 S2L

6 18 8.0 5.6 S2L 4.2 1.5 S2L 1.2 -1.9 S2L

6 19 8.0 5.4 S2L 4.1 1.3 S2L 1.3 -2.0 S2L

6 20 7.8 5.1 S2L 4.1 1.1 S2L 1.3 -2.1 S2L

6 21 6.4 3.1 S2L 3.1 -0.5 S2L 0.0 -4.1 S2L

6 22 8.8 4.4 S2L 5.0 0.2 S2L 2.0 -3.2 S2L

6 23 9.4 4.7 S2L 5.6 0.5 S2L 2.6 -3.1 S2L

6 24 9.6 4.5 S2L 5.9 0.6 S2L 2.6 -3.0 S2L

6 50 24.6 28.3 S3L 25.5 28.5 S3L 26.5 28.6 S3L

50 25 18.9 16.7 S0L 16.5 12.0 S0L 14.5 8.5 S0L
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