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1.	Introduction
With the agreed WF [1], the corresponding TP for TR 38.868 is proposed below:
Reference
[1] R4-2202386, “WF on optimization of Pi/2 BPSK UL power in NR and agreements”, RAN4#101-bis-e, Huawei, HiSilicon, Qualcomm
Start of TP
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5.6 Vivo link level simulation results
we provide link level simulation results for pi/2 BPSK based on the below parameter list in table 5.6.1.

	Parameter
	Value

	Pulse shaping filter
	Filter configuration conforms to 38.101-1

	Channel model
	TDL-C300ns, TDL-A30, TDL-D30

	MCS
	0

	Waveform
	DFTS OFDM with pi/2 BPSK filtered by same filter as for Rel-16 DMRS

	# of DMRS symbols/slot
	2

	# of data symbols/slot
	12

	# of RBs
	[2, 4, 8, 16, 64]

	TX/RX configuration
	1TX/4RX

	BW
	100 MHz

	UE speed
	3 km/h

	SCS 
	30 kHz

	HARQ configuration
	No retransmissions


Table 5.6.1: Recommended Parameter list

The Bler curves for different configuration parameters of three-tap filter are shown is figure 5.6.1.
The frequency domain characteristic curves are shown in figure 1. It can be observed that for the more aggressive spectral shape filter, the curve is narrower in the frequency domain. And it also shows that the correlation between time-domain data would be greater and the PAPR would be smaller. Therefore, it is helpful to boost the power of UE output. 
However, for the spectral shape filter, the receive demodulation performance would also be reduced compared with no filter since the FDSS would cause non-uniform distribution of SNR on each subcarrier and impact the channel equalization. 
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Figure 1: Frequency characteristics of different spectral shape filters
Observation 1: For the more aggressive spectral shape filter, the PAPR would be smaller
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Figure 5.6.1: Bler performance of different spectrum shape filters
It can be observed that for all channel model (e.g., TDL-A, TDL-C, TDL-D) and RBs (2RB and 8RB), for the more aggressive spectral shape filter (e.g., [0.33 1 0.33]), the Bler performance would be worse. In addition, the maximum SNR difference between no-filter and FDSS filter when the Bler is 10% is about is 1dB.
Observation 2: For all channel model (e.g., TDL-A, TDL-C, TDL-D) and RBs (2RB and 8RB), for the more aggressive spectral shape filter (e.g., [0.33 1 0.33]), the Bler performance would be worse.
Observation 3: The maximum SNR difference between no-filter and FDSS filter when the Bler is 10% is about 1dB.
Based on the above analyse, we can see that it is very necessary to select the appropriate filter, PAPR performance and Bler performance must be taken into consideration at the same time. 
Observation 4: PAPR performance and Bler performance must be taken into consideration at the same time for FDSS filter selection.
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6.2.4 Qualcomm Net link margin analysis
The below table shows the average output power above MPR0 observed for various filter shapes for edge, inner and outer PRB allocations using a DFT-S-OFDM pi/2 BPSK waveform with pi/2 BPSK DMRS.  Results indicate that the output power above MPR0 increases with the aggressiveness of the shaping filter and this increase in output power is not limited to less aggressive filters.  This table also gives the delta increase in output power between no filtering i.e. [0 1 0] and a filter with [X 1 X] coefficients where X=0.1, 0.2 and 0.3. Measurements indicated that the worst-case output power increase above MPR0 for filter coefficients [0.28 0.91 0.28] was 0.9 dB. This difference can be attributed to a more conservative PA model compared to the actual measured hardware.


	Filter coefficients  [X 1 X]
	Average output power above MPR0
	
	[0 1 0]  [X 1 X]  Delta power 

	X
	edge
	outer
	inner
	
	edge
	outer
	inner

	
	(dB)
	(dB)
	(dB)
	
	(dB)
	(dB)
	(dB)

	0 – No filtering
	0.2
	0.1
	0.2
	
	
	
	

	0.1
	0.3
	0.35
	0.3
	
	0.1
	0.3
	0.1

	0.2 
	0.35
	0.42
	0.4
	
	0.2
	0.3
	0.2

	0.3
	0.37
	0.45
	0.45
	
	0.2
	0.4
	0.3


Table 6.2.4.1 – Output power increase above MPR0 and output power increase from [0 1 0]  [X 1 X]

Observation1: The output power above MPR0 increases with the aggressiveness of the shaping filter 

The table below shows the SNR @0.1 BLER as a function of the #PRBs and the filter coefficient X for TDLA 30ns. Results indicate that for a given #PRB the SNR @0.1BLER changes at most by 0.2 dB as the aggressiveness of the shaping filter is increased. Results do not show any significant benefit with less aggressive shaping filter profiles for narrow RBs.

	
	SNR @0.1 BLER
	
	
	[0 1 0]  [X 1 X]  Delta SNR

	
	X=0
	X=0.1
	X=0.2
	X=0.3
	
	X=0 0.1
	X=0 0.2
	X=0 0.3

	RB#
	(dB)
	(dB)
	(dB)
	(dB)
	RB#
	(dB)
	(dB)
	(dB)

	2
	-6.8
	-6.75
	-6.7
	-6.6
	2
	0.0
	-0.1
	-0.2

	4
	-8.75
	-8.7
	-8.6
	-8.8
	4
	-0.1
	-0.2
	0.1

	8
	-9.85
	-9.85
	-9.8
	-9.75
	8
	0.0
	0.0
	-0.1

	16
	-10.85
	-10.85
	-10.85
	-10.8
	16
	0.0
	0.0
	0.0

	64
	-11.95
	-12
	-12
	-12
	64
	0.1
	0.1
	0.1


Table 6.4.2.2 – SNR @0.1 BLER for various filter coefficients and SNR change when comparing [0 1 0] to [X 1 X]

Observation2: Simulation results indicate that for a given #PRB the SNR @ 0.1BLER changes very little with the aggressiveness of the shaping filter profile

Observation3: Our results do not show any significant benefit with less aggressive shaping filter profiles for narrow RBs
Net gain is defined as:



Taking the reference filter as the no filtering case of [0 1 0] the net gain can be calculated for all other filter coefficients in comparison to this reference. The results of this comparison is given below:

	Net gain comparing [0 1 0] to [0.1 1 0.1]

	RB#
	edge
	outer 
	inner

	2
	0.05
	0.2
	0.05

	4
	0.05
	0.2
	0.05

	8
	0.1
	0.25
	0.1

	16
	0.1
	0.25
	0.1

	 
	 
	 
	 

	Net gain comparing [0 1 0] to [0.2 1 0.2]

	RB#
	edge
	outer 
	inner

	2
	0.05
	0.22
	0.1

	4
	0.00
	0.17
	0.05

	8
	0.1
	0.27
	0.15

	16
	0.15
	0.32
	0.2

	 
	 
	 
	 

	Net gain comparing [0 1 0] to [0.3 1 0.3]

	RB#
	edge
	outer 
	inner

	2
	-0.03
	0.15
	0.05

	4
	0.22
	0.4
	0.3

	8
	0.07
	0.25
	0.15

	16
	0.12
	0.3
	0.2



Table 6.3.2.3 – comparison of net gain using a reference filter of [0 1 0]
Observation 4: Results indicate that the net gain increase is not larger for less aggressive filters.
Observation 5: Based on results it is seen that the net gain increase is marginal for all filter shapes 
Observation 6: Results indicate that there is no significant net gain increase for narrow RBs for less aggressive filters. 
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8.6 Skyworks results for power enhancement
Measured PA current consumption increase vs consumption at PC2 0dB MPR and gain compression for 1,2,3 dB boosting above the PC2 0dB MPR reference level is given in Table 8.6.1.
	Boosting level(dB)
	1
	2
	3

	Current consumption increase (mA)
	12%
	27%
	61%

	Gain compression (dB)
	0.0
	-0.4
	-2.9


Table 8.6.1: Measured PA current consumption
PA consumption increases from 12% for 1dB boost to 61% for 3dB boost. Its gain drops by 2.9dB when operated at 3dB boost.
From a PMU/PA thermal management perspective:
It may be assumed that 12% current consumption increase could be supported without impacting current technology. However, at 2dB boost, 27% increase represents a challenge, and at 3dB boost, it is considered impractical, if not impossible to support a 61% increase in current consumption and maintain economy of scale with UEs designed to support PC2. At 3dB boost, it is also considered impractical to drive the PA at such high levels of compression due to thermal runaway considerations that may impact the component lifetime and reliability. We were unable to monitor PA temperature for this measurement campaign, but as an indication of the severity of the thermal issues, we’ve had to attach heatsinks to the PA evaluation board to stabilize the PA behaviour on one of our test benches. Beyond the thermal issue, a 3dB power boosting at 3dB gain compression, creates potential reliability issues (breakdown) but also questions the design robustness against worst-case process, temperature and voltage (PVT conditions) and becomes very sensitive to load line design and antenna VSWR.
From a transceiver perspective:
The tested band n41 PA represents somehow a best-case scenario since the tested part exhibits a high small signal gain. From an RF transceiver perspective, band n77 or n79 represents a worst-case scenario since these PA typically deliver 6dB lower small signal gain than the part tested in this campaign. Based on gain compression data and if we put aside the PA heavy compression operation, we estimate that, in order to deliver 3dB boost with 4dB post PA losses, the RF transceiver would have to deliver approximately +9dBm rms output power level; and this does not consider worst case PVT corners. At such output levels, the RF transceiver performance and impact on overall system performance should be carefully evaluated. Note that the PA gain reported here is for APT PAs and the issue may be exacerbated when operated in Envelope-Tracking mode. It may also be further problematic for operation in band n79 where PA small-signal gain may be further reduced.
From an RF-FE component technology perspective:
As previously mentioned in [4], metrics observed in Table 1 at 3dB boosting level present two types of challenges for RF-FE components: thermal runway situations and component reliability. Unstable thermal runaway situations may occur due to the PA higher current consumption which leads to higher operating temperatures, which, in turn, may shift the filters cut-off frequencies; which may increase the filter’s insertion loss; which may require driving the PA further into compression; which may further increase the current consumption and therefore further increase the device temperature etc. As for component reliability, we have serious concerns regarding how components directly interfacing with the antenna ports where the VSWR presented to these components may result in very high voltages that may lead to component destruction. In any case for the RF FE components between the PA and the antenna, the increased power will lead to larger designs and thus impair the possibility to build on the PC2 ecosystem.
For all these reasons, we consider that 3dB power boosting may not be sustained and we consider a maximum of 2dB boost at best. For restrictions on uplink transmission slots, we propose to adopt a restriction of 25% at 2dB boost above PC2 0dB MPR since this is equivalent to the agreed power-class 3 restriction of 40% at 0.2dB MPR referenced to 26dBm 0dB MPR (Inner RB allocations Table 6.2.2-1).

Key results are highlighted and mapped onto simulation results reproduced from [R4-2117473] in Figure 8.6.1 and in Figure 8.6.2 below for 50MHz CBW, SCS30kHz. Figure 8.6.3 shows the results for 50MHz CBW SCS15kHz. The simulated V-shaped lines for which simulation data indicates a drop in boosting levels are highlighted with overlaid orange lines. Power boosting is explored by varying RBstart for allocations with LCRB equal to 1,2,4,20,50,100,120,125,128 RBs for 50MHz SCS30, and with LCRB =1,2,4,20,180,200,216,250,270 for 50MHz SCS15. For each RB allocation, ACLR, SEM, EVM and IBE is verified for 0,1,2,3 dB boosting above the PC2 0dB MPR power level. Red boxes and red arrows indicate RB allocations where the SEM margin suddenly drops. In Figure 8.6.1, the blue boxes are used to show the measured ACLR and SEM margins at LCRB =50RB on each side of the V-shaped line for 1 and 2dB boost, while in Figure 2 and in Figure 3 they indicate RB allocations for which up to 2dB boosting may be achieved considering solely 3GPP gating factors, and no practical PA/PMU considerations/limitations.
[image: ]
[bookmark: _Ref92232085]Figure 8.6.1: 50MHz SCS30kHz Edge and Outer RB allocation measurement results (right) vs simulation data reproduced from [2].
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[bookmark: _Ref92232156]Figure 8.6.2: 50MHz SCS30kHz Inner RB allocation measurement results (right) vs simulation data reproduced from [2].
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[bookmark: _Ref92233764]Figure 8.6.3: 50MHz SCS15kHz Edge, Outer (left) and Inner (right) RB allocation measurement results.
The measurement results confirm the presence of sudden drops in power boosting capability as simulated in [R4-2117473, R4-2117968]. For example, Figure 8.6.1 shows that at 2dB boost, the worst-case SEM margin for LCRB =50 RBstart 15,16,17,20 is approximately 3dB, but at RBstart 18 and 19 SEM is failed by -4.8dB, meaning that for 50RB18 and 50RB19 a maximum of 1dB boost may be achieved only. Measurements also confirm that for small LCRB (<5), the “new-inner” region, a region in which maximum power boosting may be supported, is bounded by RB allocations where a sudden drop in boosting capability occurs. 
In Figure 8.6.2, the zoom on simulation results from [R4-2117473] for small LCRB indicate that the boosting “drop” affects the 1RB43 allocation, while maximum boosting may be supported for 1RB44. This is more visible on simulation results from [R4-2117968] where the sharp color contrast clearly highlights this transition. Simulation results indicate that at LCRB =1, maximum boosting may be supported over the range 44 RBstart 88 (Figure 8.6.1, Figure 8.6.2). In our measurements, we did not select 1RB43 and 1RB44 as candidate waveforms for SCS30kHz 50MHz CBW. We have however observed a similar drop at LCRB =1RB88 for 50MHz SCS15kHz – refer to Figure 8.6.3. This allocation may be considered equivalent to 1RB43 at SCS30kHz.
Observation 1: V-shaped lines are confirmed by measurements. These lines bound the width of the “new-inner” allocation region where maximum power boosting may be achieved. They also restrict the maximum of boosting that may be achieved for “outer” RB allocations.
The contours of a tentative “new-inner” region triangle are explored in Figure 8.6.4 and Figure 8.6.5 using 50MHz SCS30kHz measurement results. The tentative “new-inner” triangle summit is LCRB=80RB, i.e., 3/5 NRB for SCS30, and its base is 44RB wide, i.e., 1/3 NRB, where NRB is the maximum number of RBs for a given Channel bandwidth and sub-carrier spacing defined in Table 5.3.2-1 (TS38.101-1). The “new-inner” region is bounded in width by the V-shaped lines as discussed in the previous section. In both figures:
· The red boxes and red arrows indicate allocations where boosting ranges from 0 to 1 dB. For LCRB less than 4, they indicate allocations for which 1dB boosting is not feasible since SEM margins are close to zero. Example 1RB1,1RB2…1RB40. It is worth reminding that 1RB43 may only support 0dB boosting (Figure 2).
· The blue boxes highlight RB allocations where up to 2dB may be supported. These allocations are located within the tentative inner triangle or at the border of this triangle.
· The orange boxes indicate allocations where 1dB maximum boosting may be supported with sufficient margin.
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[bookmark: _Ref92270851]Figure 8.6.4: 50MHz SCS30kHz Edge and Outer RB allocation measurement results (right) vs simulation data reproduced from [2].
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[bookmark: _Ref92270853]Figure 8.6.5: 50MHz SCS30kHz Edge and Outer RB allocation measurement results (right) vs simulation data reproduced from [2].
From Figure 8.6.4, up to 2dB boosting may be achieved for fully centered allocations with LCRB ranging from 1 to 50 (1RB66,2RB65,4RB64,20RB56,50RB41). In Figure 5, data collected at 50MHz CBW SCS30 indicate 1dB boost may be supported with for fully centered allocations of LCRB greater than 100RB (100RB16,120RB6, 128RB2). Additional data points have been overlaid with dark blue filled boxes by extrapolating data from other CBW measurement data. For example, from data collected at:
· 50MHz CBW SCS15kHz (Figure 3 – left), 2dB boosting may be supported with low margin on SEM for 90RB22;
· 10MHz CBW SCS 30kHz (Annex Figure 8), 2dB boost may be supported for 80RB25; and,
· 40MHz CBW SCS30kHz (Annex Figure 7), 2dB boost may be supported for 60RB36.

8.7 Apple results for power enhancement
The typical 3GPP calibration and the agreed waveform configuration from [R4-210818] was used. The simulation setup is summarized below:
· Single Tx with power class 2
· 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

Simulations have been conducted for several CBW from 10MHz to 100MHz. Selected simulation results can be found in the Table 8.7.1 with SCS of 30kHz and a shaping filter with the coefficients [0.28 1 0.28]. The results are displayed in a quantitative manner. Dark colours indicate large power boost capability while bright colours imply low to no power enhancement. The assigned dark and bright colour association was chosen as it simply allows to slightly better identify the new RB regions compared to the case where the association is inverted.
With observing Table 8.7.1 the aim is to identify features which exist for all channel bandwidth. Most prominent is the dark patch located in the middle indicating high power boost. The patch overlaps with the conventional inner and outer MPR regions. The limiting factor is either EVM/IBE (most likely belonging to inner allocations), SEM/ACLR (most likely belonging to outer allocations) or the power limitation of the calibrated PC2 power amplifier.  The second distinct feature consists of a region with low LCRB number located at the lower and upper third of RB_Start. The intermodulation products are falling into the mask region and SEM is strongly limiting the power enhancement. For this region the power boost is very low for small LCRB but tends to rise with increasing LCRB number. The third feature typically appears for


	CBW = 10 MHz
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	CBW = 20 MHz
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	CBW = 40 MHz
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	CBW = 50 MHz
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	CBW = 80 MHz
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	CBW = 100MHz
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Table 8.7.1: Quantitative plots for identifying RB regions
channel bandwidth of 50 MHz and above. The locations resemble V-shaped lines with the root starting at LCRB of one. The lines thickness is typically one or two adjacent RB_start positions with 30kHz SCS. The lines are created by intermodulation products falling into the very first SEM bin directly adjacent to the channel.
In general, the available power boost of an individual RB allocation is dependent on the applied shaping filter. In most cases this means that with increasing the aggressiveness of the shaping filter the power boost for certain RB allocations increases. For example, several allocations with LCRB sizes above NRB/2 benefit from more aggressive shaping. This can be observed in table 8.7.2 where the power enhancement is displayed for different filter setups. However, there are certain RB allocations which do not benefit from applying more aggressive shaping filter. Those are mostly RB allocations with small number of LCRB located at the lower and upper third of RB_start. This is due to the intermodulation products falling into the mask region are not affected by the spectral shaping and the SEM remains a limiting factor. 

	CBW
(MHz)
	[0.17 1 0.17]
	[0.28 1 0.28]
	[0.4 1 0.4]
	[1+D]

	20
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	50
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Table 8.7.2: Quantitative power enhancement comparison for several shaping filter
Observing the behaviour regarding different CBW (Table 8.7.1) and the effect of the shaping filter setup (Table 8.7.2) we identified several distinctive regions. Those regions are mimicked by abstract shapes efficiently covering the diverse needs of power boosting. The selected shapes can be described by a certain set of conditions while keeping the complexity in a reasonable range. The proposed shapes for classifying the different regions are displayed in figure 8.7.1.
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Fig. 8.7.1: Visualizing regions featuring different properties for power enhancement
The RB allocations with highest power boost are located inside region A3. The RB regions A1, A2 and A4 include allocations which only feature small boost or even no boost at all. The V-shaped lines are summarised with A4. Further region is A5 which shall provide the possibility to define specific MPR for the top part. The remaining allocations which are not part of A1 to A5 are considered to belong to A6.
The proposed shapes are chosen to allow efficient coverage while still having reasonable complexity for setting up the conditions. The goal is to have a description which fits for all channel bandwidths and subcarrier spacings so that one set of parameters is sufficient. Table 8.7.3 contains the proposed conditions for each region. The conditions are parameterised to allow easy tuning to explore different setups. A set of parameters is provided in the table 8.7.4. The parameters have been tested for several channel bandwidths and subcarrier spacings. The targeted shaping filter coefficients are [0.28 1 0.28]. 


	RB Region
	Conditions
	Notes

	A1
	1) RB_start <= c1
2) RB_start >= N_RB – c8
with LCRB <= c0
	A1 consists of two sections bordering the lower and upper edges of the channel.

	A2
	1) c0 + RB_start < LCRB <= c3
2) c0 + (N_RB – LCRB – RB_start) < LCRB <= c3


Alternative:
1) RB_start <= c2
2) RB_start >= N_RB – LCRB – c2
with c0 < LCRB <= c3
	A2 consists of two sections bordering the lower and upper edges of the channel.
Alternative has rectangular shape instead of triangular.

	A3
	if c14 < LCRB < c9:
floor(N_RB*c11- LCRB*c4 – c6 + c7) < RB_start < floor(N_RB*c12 – LCRB*c5 + c13 – c6)

if LCRB <= c14: 
c1 <  RB_start < N_RB – c8
	

	A4
	1) floor(N_RB*c11 – LCRB*c5 – c6)   <=  RB_start  <=  floor(N_RB*c11 – LCRB*c5 – c6 + c7)
2) floor(N_RB*c11 – LCRB*c4 – c6)   <=  RB_start  <=  floor(N_RB*c11 – LCRB*c4 – c6 + c7)
3) floor(N_RB*c12 – LCRB*c5 + c13 – c6)  <=  RB_start  <=  floor(N_RB*c12 – LCRB*c5 + c13 – c6 + c7)
4) floor(N_RB*c12 – LCRB*c4 + c13 – c6)  <=  RB_start  <=  floor(N_RB*c12 – LCRB*c4 + c13 – c6 + c7)
with c0 < LCRB < c10
	A4 consists of four sections to cover the V-shaped lines

	A5
	LCRB >= c10
	

	A6
	All RB allocations which are not part of A1, A2, A3, A4 and A5
	


Table 8.7.3: Conditions for RB regions

	c0  =  6
c1  =  ceil(N_RB/3)
c2  =  ceil(N_RB/20)
c3  =  ceil(N_RB/8)
c4  =  0.25
c5  =  0.75
c6  =  3
c7  =  3
	c8  =  c1 + 4
c9  =  floor(N_RB/2)
c10 = N_RB-3
c11  =  0.25
c12  =  0.75
c13 = 4
c14 = ceil(N_RB/10)


Table 8.7.4: Parameter set for RB region conditions
9	 Agreements, conclusions and recommendations

9.1 RAN4 and RAN agreements
The following has been agreed in this study item:
1. There is no need to update ACLR requirements for PC2 (R4-2202386)
2. Maintain the spectral flatness specifications established in the Rel-16 specifications (R4-2202386)
3. There is no need to specify a minimum LCRB value for net gain (R4-2202386).
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