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1.	Introduction
With the agreed WF [1], the corresponding TP for TR 38.868 is proposed below:
Reference
[1] R4-2120057, “WF on optimization of Pi/2 BPSK UL power in NR and agreements”, RAN4#101-e, Huawei, HiSilicon, Qualcomm, Intel
Start of TP
[bookmark: _Toc36034742][bookmark: _Toc42537337][bookmark: _Toc46356402][bookmark: _Toc52566316][bookmark: _Toc89782206]4	Background
[bookmark: _Toc70427189][bookmark: _Toc89782207]4.1	Justification
Coverage enhancement is a study item led by RAN1 for Rel-17. It has been identified that uplink channels are the bottleneck in many of the evaluated scenarios in terms of the coverage achieved. Given a fixed number of antennas and fixed MCS choices, an improvement in the uplink link budget is only possible through an increase in the UE’s UL power. 

The current MPR tables may not fully exploit spectrum shaping of pi/2 BPSK waveforms. Meaningful reduction in MPR for certain waveforms could be achieved if UEs exclusively rely on ‘strong’ shaping. Increase in maximum achievable power may also be feasible relative to the MPR0 power level. For PC2 devices MPR1 is the output power level at which the ACLR=31 dBc obtained with a QPSK full RB DFT-S_OFDM waveform. The output power MPR0 is defined as, MPR0=MPR1+1dB.

Using precedent in Rel-15 and Rel-16 for high power transmissions, duty cycle restrictions will help maintain average power levels at 23 dBm for compliance with SAR requirements.

In this study item, we propose to exploit strong spectrum shaping to realize UL power gains for pi2BPSK waveforms. 

[bookmark: _Toc72864513]5	 Evaluation of link level simulation 
[bookmark: _Toc89782212]5.4 IITH, IITM, CEWiT, Reliance Jio, Tejas Networks link level simulation results
	Parameter
	Value

	Pulse shaping filter
	1+D

	Channel model
	TDL-D 30, TDL-A30

	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
	1,4,16

	TX/RX configuration
	1TX/4RX

	BW
	100 MHz

	SCS 
	30 kHz

	HARQ configuration
	No retransmissions


Table 5.4.1 Simulation parameters

	Allocation Size
	W/O Filter
	With 1+D Filter
	Delta (dB)

	1 PRB
	-4.68
	-4.39
	0.29

	4 PRB
	-9.667
	-9.55
	0.117

	16 PRB
	-10.49
	-10.484
	0.006


Table 5.4.2: SNR comparison with and without 1+D spectrum shaping at 10^-1 BLER in TDLD-30
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Figure 5.4.1: BLER for 1 PRB allocation with and without 1+D spectrum shaping in TDLD-30
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Figure 5.4.2: BLER for 4 PRB allocation with and without 1+D spectrum shaping in TDLD-30
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Figure 5.4.3: BLER for 16 PRB allocation with and without 1+D spectrum shaping in TDLD-30

Simulation results for TDLA-30ns is given in the following table

	Allocation Size
	W/O Filter
	With 1+D Filter
	Delta (dB)

	1 PRB
	-3.7
	-3.5
	0.2

	4 PRB
	-8.05
	-7.95
	0.1

	16 PRB
	-8.24
	-8.24
	0


Table 5.4.3: SNR comparison with and without 1+D spectrum shaping at 10^-1 BLER in TDLA-30

Observation: The loss due to 1+D spectrum shaping does not exceed 0.3 dB.

5.5 Intel link level simulation results
Table 1 provides a summary of link-level simulation assumptions. The results of analysis of pulse-shaping filtering impact on PUSCH demodulation performance are summarized in Tables 2-5, which provide estimated PUSCH SNR loss @ 10% BLER due to pulse shaping, and detailed results are also provided in Annex A. 

	Parameter
	Value

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

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

	MCS
	0 (MCS Table 1)

	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

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

	TX/RX configuration
	1TX/4RX (low correlation)

	CBW
	100 MHz

	SCS 
	30 kHz

	HARQ configuration
	No retransmissions


Table 5.5.1. Simulation assumptions

	Allocation size
	Pulse-shaping filters

	
	[0.2 1 0.2]
	[0.28 1 0.28]
	[0.335 1 0.335]

	2 PRB
	1.1
	1.7
	2.2

	4 PRB
	0.3
	0.9
	1.5

	8 PRB
	0.4
	1.1
	1.6

	16 PRB
	0.5
	1.1
	1.7

	64 PRB
	0.7
	1.3
	1.8


Table 8.5.1. SNR loss compared to scenario without pulse-shaping in AWGN, dB

	Allocation size
	Pulse-shaping filters

	
	[0.2 1 0.2]
	[0.28 1 0.28]
	[0.335 1 0.335]

	2 PRB
	1.2
	1.2
	2.2

	4 PRB
	0.3
	0.3
	1.5

	8 PRB
	0.1
	0.1
	1.5

	16 PRB
	0.5
	0.5
	1.8

	64 PRB
	0.7
	0.7
	1.8


Table 8.5.2. SNR loss compared to scenario without pulse-shaping in TDLA30, dB

	Allocation size
	Pulse-shaping filters

	
	[0.2 1 0.2]
	[0.28 1 0.28]
	[0.335 1 0.335]

	2 PRB
	1.0
	1.6
	2.2

	4 PRB
	0.8
	1.5
	1.9

	8 PRB
	0.6
	1.5
	2.2

	16 PRB
	0.4
	1.1
	1.9

	64 PRB
	0.8
	1.3
	1.7


Table 8.5.3. SNR loss compared to scenario without pulse-shaping in TDLC300, dB

	Allocation size
	Pulse-shaping filters

	
	[0.2 1 0.2]
	[0.28 1 0.28]
	[0.335 1 0.335]

	2 PRB
	1.1
	1.7
	2.2

	4 PRB
	0.1
	0.6
	1.2

	8 PRB
	0.1
	0.6
	1.2

	16 PRB
	0.4
	0.9
	1.4

	64 PRB
	0.8
	1.2
	1.6


Table 8.5.4. SNR loss compared to scenario without pulse-shaping in TDLD30, dB
Based on the obtained results we make the following observations:
Observation #1:
1. Pulse shaping result in PUSCH demodulation performance loss with larger performance degradation observed for more aggressive filters. Up to 2.2 dB SNR loss is observed for [0.335 1 0.335] filter.
1. The largest degradation is observed for small PRB allocations and the reduces in case of using larger PRB allocations
1. There is a negligible performance loss dependency on channel model at least with practical receive processing

[bookmark: _Toc36034747][bookmark: _Toc42537342][bookmark: _Toc46356407][bookmark: _Toc52566321][bookmark: _Hlk70426160][bookmark: _Toc72864514]6	 Evaluation of Pulse shaping filters
[bookmark: _Toc89782218]6.2.1 Nokia simulation results for net gain analysis of combined Tx and Rx impacts (w.r.t 1+D) DMRS not shaped
6.2.2 Nokia simulation results for net gain analysis of combined Tx and Rx impacts (w.r.t [0.2 1 0.2])
6.2.2.1 Net gain simulation results for TDL-C300ns
For 2 and 4 PRB, the two less aggressive filters tested (Triang B and 0.2) show the best performance for all the allocations within the channel.
For 8 and 16 PRB, Triang B is the best filter, providing gain for most of the possible allocations within the channel, except in the edge allocations, where more aggressive filters offer gains of up to 1 dB.
For 64 PRB, in central allocations, the performance is the best for Triang B. In edge band allocations, the 0.335 filter provides up to 1 dB gain.
For small allocation sizes, it must be noted that less aggressive filters perform better than aggressive filters.
Results are given in the below figures
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Figure 6.2.2.1.1 2 PRB
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Figure 6.2.2.1.2 4 PRB
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Figure 6.2.2.1.3 8 PRB
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Figure 6.2.2.1.4 16 PRB
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Figure 6.2.2.1.5 64 PRB
6.2.2.2 Net gain simulation results for TDL-A 30ns

For 2 and 4 PRB, the two less aggressive filters tested (Triang B and 0.2) show the best performance for all the allocations within the channel.
For 8 and 16 PRB, Triang B is the best filter, providing gain for most of the possible allocations within the channel, except in the edge (or outer) allocations, where more aggressive filters offer gains of up to 1.3 dB.
For 64 PRB, in central allocations, Triang B offers the best performance, with the rest of the filters offering the same net gain. In edge band allocations, the 0.335 filter provides up to 0.8-1.1 dB gain.
For small allocation sizes, it must be noted that less aggressive filters perform better than aggressive filters.
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Figure 6.2.2.2.1 2 PRB
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Figure 6.2.2.2.2 4 PRB
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Figure 6.2.2.2.3 8 PRB
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Figure 6.2.2.2.4 16 PRB
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Figure 6.2.2.2.5 64 PRB
6.2.2.3 Net gain simulation results for TDL-D 30ns
For 2 and 4 PRB, the two less aggressive filters tested (Triang B and 0.2) show the best performance for all the allocations within the channel.
For 8 and 16 PRB, Triang B is the best filter, providing gain for most of the possible allocations within the channel, except in the edge (or outer) allocations, where more aggressive filters offer gains of up to 1.4 dB.
For 64 PRB, in central allocations, Triang B offers the best performance, with the rest of the filters offering the same net gain. In edge band allocations, the 0.335 filter provides up to 0.7-1 dB gain.
For small allocation sizes, it must be noted that less aggressive filters perform better than aggressive filters.
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Figure 6.2.2.3.1 2 PRB
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Figure 6.2.2.3.2 4 PRB
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Figure 6.2.2.3.3 8 PRB
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Figure 6.2.2.3.4 16 PRB
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Figure 6.2.2.3.5 64 PRB

[bookmark: _Toc72864516]8	 Feasibility analysis of power enhancement 
8.2 Nokia results for power enhancement

The following figure shows the tested filters

[image: ]
Figure 8.2.1 – Tested filters
8.2.1 Power enhancement with respect to [1+D] filter with DMRS shaped
The following slides show the delta in output power for all the filters, CBW and allocations with respect to the [1+D] filter with the DMRS shaped. 
Green colors mean more output power for the compared filter with respect to the [1+D], red colors mean less output power for the compared filter with respect to the [1+D].
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Figure 8.2.1.1 -10 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.1.2 -15 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.1.3 -20 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.1.4 -30 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.1.5 -40 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.1.6 -50 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.1.7 -60 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.1.8 -80 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.1.9 -90 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.1.10 -100 MHz CBW. Delta w.r.t. [1+D]

Observation 1: For all the tested channel bandwidth, and allocation configurations, there are filters that conform to 38.101-1 Rel-16 requirements that offer larger or same output power than the [1+D] filter with DMRS shaping.

8.2.2 Power enhancement with respect to [1+D] filter with DMRS not shaped
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Figure 8.2.2.1 -10 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.2.2 -15 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.2.3 -20 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.2.4 -30 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.2.5 -40 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.2.6 -50 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.2.7 -60 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.2.8 -80 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.2.9 -90 MHz CBW. Delta w.r.t. [1+D]
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Figure 8.2.2.10 -100 MHz CBW. Delta w.r.t. [1+D]
Observation 2: For all the tested channel bandwidth, and allocation configurations, there are filters that conform to 38.101-1 Rel-16 requirements that offer larger or same output power than the [1+D] filter without DMRS shaping.
Observation 3: When comparing [1+D] results with and without DMRS shaping, it can be noted that in most of the cases DMRS without shaping offers smaller output power. 
8.2.3 Best filters per channel bandwidth
10 MHz: For central and small-medium size transmission, 0.2 and Triang B (less aggressive filters) offer best performance. For edge transmission, 0.335 and 0.28 (more aggressive than Triang B and 0.2) are best. For the small allocations, less aggressive filters perform better.
[image: ]
Figure 8.2.3.1-10 MHz CBW
15 MHz: Central and small-medium allocations, 0.2 and Triang B are best. For edge and medium-large allocations, small difference between 0.335, 0.28.
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Figure 8.2.3.2-15 MHz CBW
20 MHz: Small and medium allocations, less aggressive filters perform better (0.2 and Triang B). For larger (and edge) allocations, more aggressive filters (0.28, 0.335 and Triang A). [1+D] is barely ever the best filter.
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Figure 8.2.3.3-20 MHz CBW
30 MHz: Small and medium allocations, less aggressive filters perform better (0.2 and Triang B). For larger allocations, closer to the edge, 0.335 is best, and 0.28 for allocations further from the edge. 
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Figure 8.2.3.4-30 MHz CBW
40 MHz: For small and central allocations, 0.2 and Triang B are the best. For 1 PRB allocation, closer to the edges, [1+D] is the best. Again, for larger allocations, and edge allocations, more aggressive filters perform better.
[image: ]
Figure 8.2.3.5-40 MHz CBW
50 MHz: For small and central allocations, 0.2 and Triang B are the best. Again, for larger allocations, and edge allocations, more aggressive filters perform better.
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Figure 8.2.3.6-50 MHz CBW
60 MHz: For small and central allocations, 0.2 and Triang B are the best. For 1 PRB allocation, closer to the edges, 0.335 is the best. Again, for larger allocations, and edge allocations, more aggressive filters perform better.
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Figure 8.2.3.7-60 MHz CBW
80 MHz: For small and central allocations, 0.2 and Triang B are the best. Again, for larger allocations, and edge allocations, more aggressive filters perform better.
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Figure 8.2.3.8-80 MHz CBW
90 MHz: For small and central allocations, Triang B and 0.2 are the best. Again, for larger allocations, and edge allocations, more aggressive filters perform better.
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Figure 8.2.3.9-90 MHz CBW
100 MHz: For small and central allocations, 0.2 and Triang B are the best. Again, for larger allocations, and edge allocations, more aggressive filters perform better. For closer to the edge allocations, 0.335 is the best, then 0.28 and Triang A are better for large allocations not next to the edge of the channel.
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Figure 8.2.3.10-100 MHz CBW

8.3 IITH, IITM, CEWiT, Reliance Jio, Tejas Networks results for power enhancement
Following are the results from measurements using a commercial PC2 PA

	Power class of the PA
	PC2

	Band support
	N78

	Rated Gain
	30-32 dB



[image: Output_Power_AA]
[bookmark: _Ref85656187][bookmark: _Ref85656182]Figure 8.3.1 : Output power of the PA versus Input power to the PA.
In  8.3.1, the output power is plotted as a function of input power for CP-OFDM waveform with QPSK modulation, DFT-S-OFDM waveform with QPSK modulation, and DFT-s-OFDM waveform with Pi/2 BPSK with spectrum shaping using a 2-tap 1+D filter. We see that the gain is about 32 dB and the saturation level is about 32 dBm. The vertical dotted lines in the plot show the IP1dB compression points. 

[image: Output_power_ACLR_Upper_AA][image: Output_power_ACLR_Lower_AA]
Figure 8.3.2: The left figure shows the ACLR for the upper end of the spectrum and the right figure shows the ACLR fort the lower end of the spectrum.  
Observations:
· For the ACLR limit of 31 dB, we see that the maximum output power of QPSK CP-OFDM is about 25.5 dBm. 
· For the ACLR limit of 31 dB, we see that the maximum output power of QPSK DFT-s-OFDM is about 29.2 dBm. 
· For the ACLR limit of 31 dB, we see that the maximum output power of Pi/2 BPSK with 2-tap (1+D) spectrum shaping is about 31.8 dBm. 
· MPR0=30.2 dBm and maximum output power is 31.8 dBm for an ACLR=-31 dB. Therefore, gain boost =1.6 dB. MPR0 is defined in section 4.1.
8.4 Intel results for power enhancement
The following figure shows the MPR requirements for different filtering profiles as a function of RB init.
[image: ]
Figure 8.4.1 – Comparison between filters for MPR using BW = 20MHz, LCRB = 16

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.
Further comparison can be made by averaging the MPR gain for each filter across all RBinit values as is shown in Table 8.5.1 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.
	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



Table 8.4.1. Total SNR performance gain from increased UE PA output power and decreased SNR in BS Rx.

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. 
8.5 Huawei results for power enhancement
The common MPR simulation assumptions are used. More explicitly, they are:
  - Single power class 2 PA
  - PA Calibration: 1 dB MPR@20MHz DFT-s-OFDM QPSK 100RB0 with 4 dB insertion loss
  - Carrier Leakage: 28 dBc
  - Image: 28 dBc
  - CIM3: 60 dBc
  - Modulation: Pi/2 BPSK with R16 DMRS, 2 DMRS symbols/slot
  - BW: 20MHz, SCS: 30 kHz
Both 3-tap FIR filters and RRC filters (implemented in frequency domain) are used in the simulations. For the purpose of comparison, the differences of the MPR values are shown in the figures below. Note that negative values indicate MPR improvement, while positive values imply MPR degradation.
· 3-tap FIR filters
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Figure 8.5.1: MPR Comparison: [0.3, 1, 0.3] vs [0.2, 1, 0.2]
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Figure 8.5.2: MPR Comparison: [0.4, 1, 0.4] vs [0.3, 1, 0.3]

· RRC filters with different roll-offs (a: roll-off factor, b: truncation factor)
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Figure 8.5.3: MPR Comparison: T-RRC (a=2/3, b=5/6) vs T-RRC (a=1/3, b=2/3)
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Figure 8.5.4: MPR Comparison: T-RRC (a=1, b=1) vs T-RRC (a=2/3, b=5/6)

· FIR [0.4, 1, 0.4] and 1+D
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Figure 8.5.5: MPR Comparison: [0.4, 1, 0.4] vs 1+D (Note: The frequency response of 1+D is equivalent to that of T-RRC (a=1, b=1))

From the above figures, it can be observed that:
Observation 2: For the majority of the inner region, the power capability is not affected much by the spectral shaping filters.
Observation 3: Increasing the filter attenuation might boost the power for the outer region, but the power capability of the inner region, especially the small RB allocations near the channel edges could be reduced.
Observation 4: The MPR performance difference caused by different spectral filters is small, no more than around 1 dB.
8.6 Skyworks results for power enhancement

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.

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 data is sorted per allocation type (edge/outer/inner) and presented in Table 8.6.1, Table 8.6.2 and Table 8.6.3 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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[bookmark: _Ref85728145][bookmark: _Ref85728171]Table 8.6.1: 5MHz CBW results
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[bookmark: _Ref85728188]Table 8.6.2: 40MHz CBW results
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Table 8.6.3: 100MHz CBW results

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.
9	 Agreements, conclusions and recommendations

9.1 RAN4 and RAN agreements
The following has been agreed in this study item:
1. PA architecture (R4-2107897, RAN4#99-e):
· All companies to initially study 1 PA designs
· Interested companies can subsequently study multi-PA designs
2. Adjustment of ACLR requirements (R4-2115064, RAN4#100-e):
· Companies agreed that if the output power is increased beyond PC1 levels, the ACLR would have to be re-evaluated.
3. UE type considered for power enhancement (R4-2115064, RAN4#100-e):
· Companies agreed to initially address UE handhelds with PC2 as a baseline
· Other power classes are not precluded (moderator comment)
4. Use of net gain for evaluating candidate filters (R4-2120057, RAN4#101-e):
· Net gain that combines both the transmitter and receiver performances should be the deciding criterion for filter evaluation 
5. Both data and DMRS are filtered. The choice of filters is up to UE implementation and transparent to the network (RP-213655, RAN#94e)


END of TP
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