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1  Introduction 
This contribution provides our considerations on the pi/2 BPSK improvement study item. Simulation results exploring the limits of power boost are provided and analysed. Considerations on ACLR requirements are made for the case of boosting output power up to 32dBm.  Additionally, hardware implications are discussed and finally signalling aspects are laid out.
2  Discussion
2.1 Introduction
Pi/2 BPSK was introduced in REL-15 due to its low PAPR properties. Almost no MPR is required for this modulation and therefore allows to nearly reach full power potential of a certain power class. Power boosting was defined to increase the output power of a PC3 amplifier by 3dB with deploying a low PAPR DMRS. It is believed that with applying additional shaping filter which further reduce PAPR that the power boost can considerably increase beyond 3dB. 
In the following we want to share our considerations on various aspects such as shaping filter, EQ ripple, ACLR, hardware limitations and provide our simulations results. We conducted simulation in bands n41 and n77. For both bands PC2 power amplifier models were deployed. The typical 3GPP calibration and the agreed waveform configuration from [1] was used. The simulation setup is summarized below:
· Single Power Class 2 PA
· Calibration: 1dB MPR: DFT-s-OFDM QPSK 20MHz, 100RB with 4 dB post PA loss
· Carrier Leakage: 28dBc
· Image: 28dBc
· CIM3: 60dBc
· CIM5: 70dBc
· Modulation: pi/2 BPSK with Rel-16 DMRS
· Number of DMRS symbols/slot set to 2
2.2 Shaping filter
Three different shaping filter are considered for simulations. Before presenting the MPR results we want to discuss the spectral flatness properties of the shaping filter. Figure 1 displays the spectral curvature for the positive frequency side. Two of the three shaping filter ([0.17 1 0.17] and [0.28 1 0.28]) comply to the spectral flatness requirements. The third filter [0.4 1 0.4] using the most aggressive shaping coefficients does not stay within the limits of the equaliser ripple requirements. If such a filter would be chosen for reducing PAPR and maximising output power, then the spectral flatness requirements would have to be relaxed to accommodate the increased ripple need. 
[image: ]
Figure 1: Spectral flatness of shaping filter used for MPR simulations
2.3 MPR and output power
This section provides simulation results for 20MHz CBW and SCS of 30kHz. The simulations were done with two different PA models. One for band n41 and one for band n77. Three different shaping filter are used to analyse the performance gain with using more or less aggressive filter coefficients. The 0dB reference used to plot the MPR is 32dBm.
The first observation is that both power amplifier models feature some kind of “MPR floor”. This can be observed as the inner allocations having a minimum MPR of 2.5 – 3.5dB. A detailed investigation showed that this is due to the amplifier simply cannot deliver higher output power beyond a certain level. This is caused as the Pin-Pout curvature flattens out at high saturation and the gain decreases. In total with the models for n41 and n77, we found that a power amplifier properly set up with 3GPP calibration maxes out its power around 29 to 30dBm. Therefore, we propose that the maximum considered output power of 29dBm is selected as this power level should be reachable by a large amount if different amplifiers.
Observation 1: Inner allocations feature a minimum MPR of 2.5 – 3.5dB with 32dBm as 0dB MPR reference. This is caused as the Pin-Pout curvature flattens out at high saturation and the gain considerably decreases. Due to this effect a calibrated power amplifier typically does not deliver power beyond 29 to 30dBm.
Proposal 1: Limit the maximum output power to 29dBm for PC2 amplifiers and use this as 0dB MPR reference.
The second observation is that the strongest limiting factor the spectral emission mask. Only allocations which are small in LCRB size and close to the channel centre are not limited by SEM. When PC2 was introduce edge allocations turned out to challenge the emission requirements of the first SEM bin directly adjacent to the channel edge. We can also observe that allocation with small LCRB located some RBs away from channel edge also require higher power backoff. This is caused due to strong intermodulation products falling into the mask region. 
Observation 2: The limiting factor for almost all outer allocations and some inner allocations is the spectral emission mask.
The third observation is that the power backoff need generally reduces with applying more aggressive shaping filter. Especially, outer allocation with larger LCRB sizes benefit from more aggressive waveform shaping and the need for power backoff can reduce by one or two dB. However, for small LCRB sizes there is no decrease in power backoff due to strong intermodulation products falling into the SEM region. 
Observation 3: Outer allocation with larger LCRB sizes benefit from more aggressive waveform shaping while the power backoff need does not decrease for smaller LCRB sizes due to strong IMDs.


	n41 with [0.17 1 0.17]
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	n77 with [0.17 1 0.17]
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	n41 with [0.28 1 0.28]
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	n77 with [0.28 1 0.28]
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	n41 with [0.4 1 0.4]
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	n77 with [0.4 1 0.4]
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2.4 ACLR requirements
Despite the power limitation discussed in last section we want to briefly raise some awareness on ACLR requirements. The discussion showed that there is a demand to considerably increase the output power up to 32dBm. In 38.101-1 the ACLR requirements are defined according to power class. The specification is provided below:
Table 6.5.2.4.1-2: NR ACLR requirement
	
	Power class 11
	Power class 1.5
	Power class 2
	Power class 3

	NR ACLR
	37 dB1
	31 dB
	31 dB
	30 dB

	NOTE 1:	Applicable for power class 1 UE operating in Band n14.



It can be observed that a power class with higher output power generally features tighter ACLR limits. The high requirement for PC1 is kind of a special requirement but follows the principle that ACLR requirements rise with increasing power. An exception is PC1.5 as it is designed for dual Tx operation with two PC2 amplifiers. Regarding the Rel-15 discussion on power boost for PC3, it does not seem that ACLR requirements have been considered an issue. This may have been due to the power boost being limited to 3dB. If output power is boosted by more than 3dB up to 32dBm then it would even surpass PC1 while having less stringent ACLR requirements.
Observation 4: Boosting PC2 up to 32dBm would surpass PC1 but with the less stringed ACLR requirements.
Proposal 2: Discuss whether ACLR requirements need to be adjusted if power is boosted by more than 3dB.
2.5 Hardware consideration
This section discusses implications on hardware. Increasing the output power up to 32dBm creates tough design challenges. The most prominent challenges are power dissipation, heating and current draw. As the UE must comply to SAR requirements the duty cycle will be no more than 1/8 so that the average output power is same as PC3 or lower. 
Due to the low duty cycle the average power dissipation and heating could be similar to 26dBm under the condition that the power amplifier efficiency only slightly deviates. However, during the transmission the amplifier delivers a maximum of 32dBm at antenna port. With 4dB post-PA loss, up to 36dBm average power will be created. Considering the PAPR of the waveform then peak power of 40dBm could be reached. One challenge is to deploy power amplifiers with good enough efficiency and to achieve good heat spreading. Even with good efficiency and heat spreading strong temperature variations in the junction of the power amplifier are expected due to the high-power delivery during ‘on’ state and cooling during ‘off’ state along the duty cycle. Such variations typically led to increased memory effects, which might require more complex DPD for predistortion. Another concern are the components along the Tx path. Filter and switches should experience strong temperature rise during the ‘on’ state. It is well known that filter components change their behaviour with temperature and their performance typically degrades. 
Another challenge related to high instantaneous power is the burden placed on power supply. Raising the amplifier power by a factor of four from 26dBm to 32dBm increases the current consumption by a similar amount. The actual change is dependent on the amplifier efficiency deviation though. Increasing the voltage level to offset current draw is in most cases not favourable or not even possible. The current consumption of power amplifiers is typically buffered with a capacitor bank in near proximity of the device. The dimensioning of the bank requires correct adjustments to achieve similar current draw from power supply/battery. If this cannot be achieved, then the PCB traces must be able to withstand increased self-heating created by the higher current flow. Furthermore, in this case the power supply/battery must be able to deliver those peak currents without dropping the power supply voltage level.   
Observation 5: While the average output power will be no more than PC3 due to low duty cycle, the heating during transmission can be challenging for hardware implementation. With 4dB post-PA loss and PAPR up to 40dBm instantaneous power is expected to be delivered by the power amplifier and send through the Tx chain. Memory effects might increase and demand higher DPD complexity. Furthermore, component performance of filters and switches might degrade due to strong heating during transmission.
2.6 Signalling
As observed in prior discussions related to boosting the power of PC3 pi/2 BPSK transmissions, there is a clear benefit to the network being aware of UEs which implement enhanced spectrum shaping techniques [3]:
	3	Accommodating shaped pi/2-BPSK transmissions
Up to a point, the increased UE transmit power (“negative” MPR) enabled by shaping compensates for the sensitivity degradation at the BS due to the spectral shaping. For shaped pi/2-BPSK transmissions, the results presented in [3] suggest that an EVM equaliser flatness mask that allows
(3.1)	X1 = [6] dB (as agreed earlier)
X2 = [10 to 12 dB] 
including other TX chain variability (e.g. from RF front-end filters) would allow net link gains for partial PRB allocations relevant for the coverage scenario at a limited UL performance loss. It has been suggested that the BS receiver apply additional compensation known a priori in order to reduce the degradation caused by spectral shaping.



Observation 6: Both a UE capability and a network configuration signal are needed to enable shaped pi/2 BPSK enhancements.
Due to the benefit of signalling new capability and signalling options were introduced in Rel-15 when the concept of power boosting was standardized. The UE can signal powerBoosting-pi2BPSK to the network to indicate its power boosting capability. The capability is signalled with IE RF-Parameters. It is a per band capability and does not distinguish between power classes. The network has the possibility to configure the UE with power boosting using powerBoostPi2BPSK belonging to IE ServingCellConfig. Details on the IEs are provided below:
	RF-Parameters information element
RF-Parameters ::=                                   SEQUENCE {
    supportedBandListNR                                 SEQUENCE (SIZE (1..maxBands)) OF BandNR,
}
BandNR ::=                          SEQUENCE {
     powerBoosting-pi2BPSK               ENUMERATED {supported}                          OPTIONAL
}
ServingCellConfig information element
-- ASN1START
-- TAG-SERVINGCELLCONFIG-START
ServingCellConfig ::=               SEQUENCE {
    uplinkConfig                        UplinkConfig                                                            OPTIONAL,   -- Need M
    supplementaryUplink                 UplinkConfig                                                            OPTIONAL,   -- Need M
}
UplinkConfig ::=                    SEQUENCE {
    powerBoostPi2BPSK                   BOOLEAN                                                                 OPTIONAL,   -- Need M
}
powerBoostPi2BPSK
If this field is set to true, the UE determines the maximum output power for PUCCH/PUSCH transmissions that use pi/2 BPSK modulation according to TS 38.101-1 [15], clause 6.2.4.


 
The network configuration for power boost is a boolean flag with general meaning in RAN2. The details on how to interpret powerBoostPi2BPSK was left to RAN4. It is up to RAN4 on how to define and interpret the network signalling in case of different power classes. To our understanding if we define power boost for PC2 and do not change the agreed mechanic for PC3 then the existing powerBoostPi2BPSK signal could be reused. There would be no need to define and implement new capabilities and network signalling.
Observation 7: A UE capability and network signalling for PC3 power boost was defined in Rel-15. The implementation seems to be generic and powerBoostPi2BPSK could be reused if power boost is only defined for PC2 and existing boosting mechanics for PC3 are not changed.
Proposal 3: Reuse existing UE signalling and network configuration signal to boost output power beyond 26dBm for PC2.
Conclusions
This contribution discussed the of output power, hardware implications, ACLR requirements and signalling aspects. The observations and proposals are summarised below:
Observation 1: Inner allocations feature a minimum MPR of 2.5 – 3.5dB with 32dBm as 0dB MPR reference. This is caused as the Pin-Pout curvature flattens out at high saturation and the gain considerably decreases. Due to this effect a calibrated power amplifier typically does not deliver power beyond 29 to 30dBm.
Proposal 1: Limit the maximum output power to 29dBm for PC2 amplifiers and use this as 0dB MPR reference.
Observation 2: The limiting factor for almost all outer allocations and some inner allocations is the spectral emission mask.
Observation 3: Outer allocation with larger LCRB sizes benefit from more aggressive waveform shaping while the power backoff need does not decrease for smaller LCRB sizes due to strong IMDs.
Observation 4: Boosting PC2 up to 32dBm would surpass PC1 but with the less stringed ACLR requirements.
Proposal 2: Discuss whether ACLR requirements need to be adjusted if power is boosted by more than 3dB.
Observation 5: While the average output power will be no more than PC3 due to low duty cycle, the heating during transmission can be challenging for hardware implementation. With 4dB post-PA loss and PAPR up to 40dBm instantaneous power is expected to be delivered by the power amplifier and send through the Tx chain. Memory effects might increase and demand higher DPD complexity. Furthermore, component performance of filters and switches might degrade due to strong heating during transmission.
Observation 6: Both a UE capability and a network configuration signal are needed to enable shaped pi/2 BPSK enhancements.
Observation 7: A UE capability and network signalling for PC3 power boost was defined in Rel-15. The implementation seems to be generic and powerBoostPi2BPSK could be reused if power boost is only defined for PC2 and existing boosting mechanics for PC3 are not changed.
Proposal 3: Reuse existing UE signalling and network configuration signal to boost output power beyond 26dBm for PC2.
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