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Introduction
In RAN #91e a new SI on Optimizations of pi/2 BPSK uplink power in NR [1] was approved with the following objectives:
	[bookmark: _Hlk66085574]The objective of this study is to evaluate the feasibility of increasing the UE’s uplink power in TDD bands for pi/2 BPSK modulation assuming use of existing UE power classes as indicated per band or band combination. The objectives are applicable to FR1 TDD bands n34, n39, n40, n41, n77, n78 and n79.
1. Identify achievable UE Tx power for pi/2 BPSK with the pulse shaping filter studied in this study item. 
2. Evaluate SAR-related duty-cycle restrictions and reporting mechanisms
3. Identify shaping filter characteristics necessary to enable the new power capability while ensuring good and robust BS receiver performance.
a. Justify specification of a pulse shaping filter for this new identified UE power capability if it differs from filter impulse response specification in TS38.101-1 clause 6.4.2.4.1.E
b. Evaluate possible pulse shaping filter requirement applicable to the identified new UE power capability if achievable 
c. Identify if necessary, changes are needed to EVM equalizer flatness mask requirements to capture necessary filter shaping. Changes to the existing 14 dB p-p baseline to be assessed in relation to any potential gains in UL link performance while still ensuring robust BS receiver performance for all UEs in a cell. 



In the WF [2][3] it was agreed that all companies would initially study 1 PA designs and interested companies can subsequently study multi-PA designs.  This contribution utilizes a single PC2 PA for MPR analysis.  All MPR data is referenced to 29dBm maximum output power as the 0dB MPR reference.  
MPR analysis
In Figure 1, the frequency response of the three filters being considered is shown.  The maximum attenuation is 7dB , 11dB and 14dB for [0.2 1 0.2], [0.28 1 0.28] and [0.335 1 0.335] respectively meeting the TS 38.101-1 attenuation mask in all cases.
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Figure 1 – Three Pulse Shaping Filters Used
The assumptions used in simulation are given in Table 1. 
Table 1. MPR simulations assumptions
	Parameter
	Value

	Power Amplifier
	Single PC2 PA

	Pulse shaping filters
	[0.2 1 0.2]
[0.28 1 0.28] 
[0.335 1 0.335]

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

	DMRS configuration
	Rel-16 low PAPR DMRS sequence

	# of DMRS symbols/slot
	2

	# of Data symbols/slot
	12

	CBW
	20, 40 MHz

	SCS 
	30 kHz



MPR Simulation results for BW = 20MHz are shown in Figures 2,3,4.  The 0dB MPR reference point is 29dBm. For the QPSK case, Figure 2a, there is a significant MPR for all the edge RB cases. Comparing the three filters [0.2 1 0.2], [0.28 1 0.28] and [0.335 1 0.335] in Figure 2b, 3a, and 3b, we see that each of the filters allows for higher UE PA power output compared to QPSK. For the inner RBs, there is negligible difference between the MPR achieved with any of the three filters.
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Figure 2 – (a) MPR for QPSK,          (b) MPR for Pi/2BPSK Filter [0.2 1 0.2]
both figures use BW=20MHz, SCS=30kHz
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Figure 3 – (a) MPR for Pi/2BPSK Filter [0.28 1 0.28],            (b) MPR for Pi/2BPSK Filter [0.335 1 0.335]
both figures use BW=20MHz, SCS=30kHz
Figure 4 shows a cross sectional slice of the 2-D plots from Figure 2,3 for the LCRB = 16 line.  The simulation result of Pi/2BPSK with no filter is also shown for comparison.  Here again, we see that for inner RBs, (11 to 25 in this example), the MPR for the three filters is nearly the same.  
Observation 1: For Inner RBs, the MPR is nearly identical for the three filters considered [0.2 1 0.2], [0.28 1 0.28] and [0.335 1 0.335]. 
For the inner RBs, the improvement over QPSK is 0.8dB.  This is consistent with MPR results comparing against PC2 MPR0 power level shown in [4].
Observation 2: For Inner RBs, the MPR for filtered Pi/2BPSK represents 0.8dB additional power that the UE PA can deliver compared to QPSK.
For the outer RBs, the three filter cases differ.  The sharpest, most aggressive roll-off filter [0.335 1 0.335], achieves the best MPR.  It is approximately 0.7dB better than the least aggressive roll-off filter [0.2 1 0.2].  The middle filter, [0.28 1 0.28], is a compromise in MPR between the other two filters for the outer RBs.
[image: ] 
Figure 4 – Comparison between filters for MPR using BW = 20MHz, LCRB = 16

Although the most aggressive roll-off filter achieves higher output power for outer RBs than the other filters, it is worth considering the trade-off to using the most aggressive filter. Link level analysis shown in [6] and [7] shows an SNR loss of between 0.3dB and 2.2dB between the filters at different PRB levels.  This is because the sharper more aggressive filter makes for more loss in the BS Rx equalizer.   When comparing MPR between [0.2 1 0.2] and [0.28 1 0.28] in Figure 4, there is a 0.5dB MPR improvement at RBinit =1, but when coupled with the additional 1.37dB loss in the BS Rx the benefit is negated.  For RBs not on the edge, i.e. RBinit 5 through 32, the two more aggressive filters actually reduce link performance when adding PA gain with Rx loss. Since a majority of RB locations are not on the edge they will not benefit from the aggressive filters. 
Observation 3: More aggressive roll-off filters only improve UE PA output power for the RBs near the edge.  For inner RBs and non-edge RBs the sharper filter does not provide significant increase in output power.
Further comparison can be made by averaging the MPR gain for each filter across all RBinit values as is shown in Table 2 in the first column for each filter.  In the second column the SNR loss in the BS Rx averaged for the given channel models in [7] is shown.  In the third column, the total combined performance gain from increase UE PA output power and decreased SNR in BS Rx is given.  These results show that the least aggressive filter [0.2 1 0.2] gives the best overall combined performance.  The results further show that PRB ≥ 16 show the performance gain, whereas smaller PRB < 8 show some performance loss, even with the least aggressive filter.

Table 2. Total SNR performance gain from increased UE PA output power and decreased SNR in BS Rx.
	Number of PRBs
	BW
(MHz)
	Filter [0.2 1 0.2]
	Filter [0.28 1 0.28]
	Filter [0.335 1 0.335]

	
	
	Link-level loss
	Avg MPR gain
	Total
(dB)
	Link-level loss
	Avg MPR gain
	Total
(dB)
	Link-level loss
	Avg MPR gain
	Total (dB)

	2
	20
	1.1
	0.28
	-0.82
	1.5
	0.30
	-1.20
	2.2
	0.30
	-1.90

	4
	20
	0.40
	0.29
	-0.11
	0.80
	0.31
	-0.49
	1.63
	0.31
	-1.32

	8
	20
	0.27
	0.49
	0.22
	0.73
	0.52
	-0.21
	1.63
	0.54
	-1.09

	16
	20
	0.43
	1.39
	0.96
	0.83
	1.55
	0.72
	1.70
	1.60
	-0.10

	64
	40
	0.76
	2.10
	1.31
	1.07
	2.70
	1.6
	1.70
	2.72
	1.02



Observation 4: Since BS Rx show additional SNR loss for more aggressive roll-off filters the small improvement in UE PA output power is cancelled out.  Overly aggressive roll-off filters decrease total link performance.  Therefore, a less aggressive filter such as [0.2 1 0.2] is optimal. 
Proposal 1: Filtered Pi/2BPSK analysis should emphasize less aggressive filters such as [0.2 1 0.2] in the future.
Further Discussion
Based on the measurement and analysis in the previous section several conclusions can be drawn relating to the WF
Tx Placement in the channel bandwidth
In comparing any of the three filter responses to DFT-S-OFDM QPSK, there is a net gain in UE PA output power for all RB locations.  Thus, a RB placement restriction is not necessary.
Adjustment of ACLR requirements
The PC2 ACLR requirement of 31dBc is sufficient to achieve improved performance with Pi/2BPSK.  In this study we used a single PC2 PA.  When using 2x PC2 PAs, the ACLR requirement may need to be revisited.
Spectral Flatness requirements
Since analysis in this contribution has shown that the less aggressive filters achieve the best overall link performance, there does not appear to be a strong reason to further relax the spectral flatness requirement for more aggressive roll-off filters.  Furthermore, the flatness requirement could be tightened without loss of link performance.

Conclusion
In this contribution MPR simulations were presented for a single PC2 PA to evaluate UE PA power enhancement with different pulse shaping filters.  Additionally, comparisons were made utilizing link simulations to get total performance gain from UE PA combined with BS Rx.
Observation 1: For Inner RBs, the MPR is nearly identical for the three filters considered [0.2 1 0.2], [0.28 1 0.28] and [0.335 1 0.335]. 
Observation 2: For Inner RBs, the MPR for filtered Pi/2BPSK represents 0.8dB additional power that the UE PA can deliver compared to QPSK.
Observation 3: More aggressive roll-off filters only improve UE PA output power for the RBs near the edge.  For inner RBs and non-edge RBs the sharper filter does not provide significant increase in output power.
Observation 4: Since BS Rx show additional SNR loss for more aggressive roll-off filters the small improvement in UE PA output power is cancelled out.  Overly aggressive roll-off filters decrease total link performance.  Therefor a less aggressive filter such as [0.2 1 0.2] is optimal. 
Proposal 1: Filtered Pi/2BPSK analysis should emphasize less aggressive filters such as [0.2 1 0.2] in the future.
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Appendix
Additional MPR plots for 40MHz
[image: ]
Figure 5 – (a) MPR for QPSK,          (b) MPR for Pi/2BPSK Filter [0.2 1 0.2]
both figures use BW=20MHz, SCS=30kHz
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Figure 6 – (a) MPR for Pi/2BPSK Filter [0.28 1 0.28],            (b) MPR for Pi/2BPSK Filter [0.335 1 0.335]
both figures use BW=20MHz, SCS=30kHz
[image: ]
Figure 7 – (a) MPR for Pi/2BPSK no Filter, BW=20MHz,    (b) MPR for Pi/2BPSK no Filter, BW=40MHz

Additional MPR comparisons for single LCRB line
In Figure 8, the BW=20MHz, LCRB = 8 case is shown.  Here there is almost no separation between the QPSK and the filtered Pi/2BPSK plots, which again emphasizes the limited UE PA power improvement for small PRBs at inner RBinits.
[image: ]
Figure 8 – Comparison between filters for MPR using BW = 20MHz, LCRB = 8
In Figure 9, the BW=40MHz, LCRB = 64 case is shown.  Here the separation between the QPSK and the filtered Pi/2BPSK plots is greater than in the BW = 20MHz, LCRB = 16 case.  The filtered Pi/2BPSK achieves more significant UE PA power improvement for larger PRBs.
[image: ]
Figure 9 – Comparison between filters for MPR using BW = 40MHz, LCRB = 64





3/4
image1.emf
5 10 15 20 25 30 35 40 45

Positive side band, subcarrier

-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

P

o

w

e

r

,

 

d

B

[0.2 1 0.2]

[0.28 1 0.28]

[0.335 1 0.335]

TS 38.101-1 Attenuation Mask


image2.emf

image3.emf

image4.emf
-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

QPSK

Pi2 BPSK no filter

[0.2]

[0.28]

[0.35]

QPSK

[0.28]

RB Init

MPR (dB)( 

29dBm max power as 0dB ref

)

[0.335]

[0.2]

Pi2BPSK

no filter


image5.emf

image6.emf

image7.emf

image8.emf
-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43

QPSK

Pi2 BPSK no filter

[0.2]

[0.28]

[0.35]


image9.emf
QPSK

[0.28]

RB Init

MPR (dB)( 

29dBm max power as 0dB ref

)

[0.335]

[0.2]

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

QPSK

Pi2 BPSK no

filter

[0.2]

[0.28]

[0.335]

Pi2BPSK

no filter


