3GPP TR 38.868 V0.0.4 (2022-02)
4
Release 17

[bookmark: page1]3GPP TR 38.868 V0.0.4 (2022-02)
Technical Report
3rd Generation Partnership Project;
Technical Specification Group Radio Access Network;
Optimizations of pi/2 BPSK uplink power in NR;
User Equipment (UE) radio transmission and reception;
(Release 17)

  [image: 5G-logo_175px]	[image: 3GPP-logo_web]
The present document has been developed within the 3rd Generation Partnership Project (3GPP TM) and may be further elaborated for the purposes of 3GPP.
The present document has not been subject to any approval process by the 3GPP Organizational Partners and shall not be implemented.
This Report is provided for future development work within 3GPP only. The Organizational Partners accept no liability for any use of this Specification.
Specifications and Reports for implementation of the 3GPP TM system should be obtained via the 3GPP Organizational Partners' Publications Offices.



[bookmark: page2]
Keywords
<NR V2X (vehicle-to-everything), Sidelink, Public safety, Proximity based Services>

3GPP
Postal address

3GPP support office address
650 Route des Lucioles - Sophia Antipolis
Valbonne - FRANCE
Tel.: +33 4 92 94 42 00 Fax: +33 4 93 65 47 16
Internet
http://www.3gpp.org

Copyright Notification
No part may be reproduced except as authorized by written permission.
The copyright and the foregoing restriction extend to reproduction in all media.

[bookmark: copyrightaddon]© 2021, 3GPP Organizational Partners (ARIB, ATIS, CCSA, ETSI, TSDSI, TTA, TTC).
All rights reserved.

UMTS™ is a Trade Mark of ETSI registered for the benefit of its members
3GPP™ is a Trade Mark of ETSI registered for the benefit of its Members and of the 3GPP Organizational Partners
LTE™ is a Trade Mark of ETSI registered for the benefit of its Members and of the 3GPP Organizational Partners
GSM® and the GSM logo are registered and owned by the GSM Association

Contents
Foreword	4
1	Scope	5
2	References	5
3	Definitions, symbols and abbreviations	5
3.1	Definitions	5
3.2	Symbols	5
3.3	Abbreviations	5
4	Background	6
4.1	Justification	6
4.2	Objective	7
5	 Evaluation of link level simulation	7
5.1 Qualcomm link level simulation results	7
5.2 Huawei link level simulation results	10
5.3 Nokia link level simulation results	11
6	 Evaluation of Pulse shaping filters	12
6.1 Pulse shaping filter simulation results	12
6.1.1 Huawei simulation results for pulse shaping filter	12
6.1.2 Nokia simulation results for pulse shaping filters	14
6.2  Net gain analysis of combined Tx and Rx impacts	15
6.2.1 Nokia simulation results for net gain analysis of combined Tx and Rx impacts	15
6.2.1.1 Net gain simulation results for TDL-C300ns	15
6.2.1.2 Net gain simulation results for TDL-A 30ns	17
6.2.1.3 Net gain simulation results for TDL-D 30ns	19
7	 SAR mitigation solutions	22
8	 Feasibility analysis of power enhancement	22
8.1 Qualcomm results for power enhancement	22
9	 Conclusion and recommendations	23
Annex A: Change history	24

[bookmark: _Toc535240008][bookmark: _Toc36034735][bookmark: _Toc42537330][bookmark: _Toc46356395][bookmark: _Toc52566309][bookmark: _Toc89782199]
Foreword
This Technical Report has been produced by the 3rd Generation Partnership Project (3GPP).
The contents of the present document are subject to continuing work within the TSG and may change following formal TSG approval. Should the TSG modify the contents of the present document, it will be re-released by the TSG with an identifying change of release date and an increase in version number as follows:
Version x.y.z
where:
x	the first digit:
1	presented to TSG for information;
2	presented to TSG for approval;
3	or greater indicates TSG approved document under change control.
y	the second digit is incremented for all changes of substance, i.e. technical enhancements, corrections, updates, etc.
z	the third digit is incremented when editorial only changes have been incorporated in the document.



[bookmark: _Toc535240009][bookmark: _Toc36034736][bookmark: _Toc42537331][bookmark: _Toc46356396][bookmark: _Toc52566310][bookmark: _Toc89782200]1	Scope
This document is a technical report for optimization of pi/2 BPSK NR uplink power in Rel-17. The purpose 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. The justification and objectives of this work item are outlined in section  4.1 and section  4.2.

[bookmark: _Toc36034737][bookmark: _Toc42537332][bookmark: _Toc46356397][bookmark: _Toc52566311][bookmark: _Toc89782201]2	References

The following documents contain provisions which, through reference in this text, constitute provisions of the present document.
-	References are either specific (identified by date of publication, edition number, version number, etc.) or non‑specific.
-	For a specific reference, subsequent revisions do not apply.
-	For a non-specific reference, the latest version applies. In the case of a reference to a 3GPP document (including a GSM document), a non-specific reference implicitly refers to the latest version of that document in the same Release as the present document.
[1]	3GPP TR 21.905: "Vocabulary for 3GPP Specifications".
[2]	3GPP TR 30.007: "Guideline on WI/SI for new Operating Bands".
[3]	3GPP TS 38.101-1: "NR; User Equipment (UE) radio transmission and reception; Part 1: Range 1 Standalone".
[4]	3GPP TS 38.101-2: "NR; User Equipment (UE) radio transmission and reception; Part 2: Range 2 Standalone".
[5]	3GPP TS 38.101-3: "NR; User Equipment (UE) radio transmission and reception; Part 3: Range 1 and Range 2 Interworking operation with other radios".

[bookmark: _Toc36034738][bookmark: _Toc42537333][bookmark: _Toc46356398][bookmark: _Toc52566312][bookmark: _Toc89782202]3	Definitions, symbols and abbreviations
[bookmark: _Toc36034739][bookmark: _Toc42537334][bookmark: _Toc46356399][bookmark: _Toc52566313][bookmark: _Toc89782203]3.1	Definitions
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]For the purposes of the present document, the terms and definitions given in 3GPP TR 21.905 [1] and the following apply. A term defined in the present document takes precedence over the definition of the same term, if any, in 3GPP TR 21.905 [1].
[bookmark: _Toc36034740][bookmark: _Toc42537335][bookmark: _Toc46356400][bookmark: _Toc52566314][bookmark: _Toc89782204]3.2	Symbols
For the purposes of the present document, the following symbols apply:
[bookmark: _Toc36034741][bookmark: _Toc42537336][bookmark: _Toc46356401][bookmark: _Toc52566315][bookmark: _Toc89782205]3.3	Abbreviations
For the purposes of the present document, the abbreviations given in 3GPP TR 21.905 [1] and the following apply. An abbreviation defined in the present document takes precedence over the definition of the same abbreviation, if any, in 3GPP TR 21.905 [1].
[bookmark: OLE_LINK85]ACLR	Adjacent Channel Leakage Ratio
ACS	Adjacent Channel Selectivity
AGC	Automatic Gain Control
A-MPR	Additional Maximum Power Reduction
BLER	BLock Error Rate
BS	Base Station
CBW	Channel Bandwidth
CDF	Cumulative Distribution Function
CP-OFDM	Cyclic Prefix-OFDM
DMRS	Demodulation Reference Signal
DSRC	Dedicated Short-Range Communications
EIRP	Equivalent Isotropically Radiated Power
EVM	Error Vector Magnitude
FDD	Frequency Division Duplex
FDM	Frequency Division Multiplexing
FR1	Frequency Range 1
FR2	Frequency Range 2
ITS	Intelligent Transportation System
LDPC	Low Density Parity Check
LTE	Long Term Evolution
LOS	Line-Of-Sight
MPR	Maximum Power Reduction
NF	Noise Figure
NLOS	Non-Line-Of-Sight
[bookmark: OLE_LINK87]NR	New Radio
OLPC	Open Loop Power Control
PC	Power Control
[bookmark: OLE_LINK86]PRB	Physical Resource Block
PRR	Package Reception Ratio
ProSe	Proximity-based Services
PSCCH	Physical Sidelink Control CHannel
PSSCH	Physical Sidelink Shared CHannel
REFSENS	Reference Sensitivity
RF	Radio Frequency
SCS	Sub-Carrier Spacing
SINR	Signal to Interference plus Noise Ratio
SL	Sidelink
SNR	Signal-to-Noise Ratio
TDD	Time Division Duplex
TDM	Time Division Multiplexing
UE	User Equipment
UL	Uplink
V2V	Vehicle to Vehicle
V2X	Vehicle to Everything
[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: _Toc70427190][bookmark: _Toc89782208]4.2	Objective
[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. [RAN4]
1. Evaluate SAR-related duty-cycle restrictions and reporting mechanisms [RAN4]
1. Identify shaping filter characteristics necessary to enable the new power capability while ensuring good and robust BS receiver performance. [RAN4]
2. 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 [RAN4]
2. Evaluate possible pulse shaping filter requirement applicable to the identified new UE power capability if achievable [RAN4]
2. Identify if necessary, changes that 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. [RAN4]
Note: whether or not a new UE power class will be introduced for the identified achievable UE Tx power for pi/2 BPSK will be decided at the drafting stage of the following WI.

[bookmark: _Toc89782209]5	 Evaluation of link level simulation 

The company contributions for link level simulations are given below:

[bookmark: _Toc89782210]5.1 Qualcomm link level simulation results
The following table gives the link level parameters that were considered in the simulations:

	Parameter
	Value

	Pulse shaping filter
	Filter configuration conforms to 38.101-1

	Channel model
	 TDL-A30ns

	MCS Code rate
	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

	TX/RX configuration
	1TX/4RX

	BW
	100 MHz

	UE speed
	3 km/h

	SCS 
	30 kHz

	HARQ configuration
	No retransmissions


Table 5.1.1 – Link level simulation parameters


Below are the link simulation results for 2, 4, 8 and 16 RBs
[image: Chart

Description automatically generated]
Figure 5.1.1: Waveform with number of  RB=2
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Figure 5.1.2: Waveform with number of RB=4
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Figure 5.1.3: Waveform with number of RB=8
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Figure 5.1.4: Waveform with number of RB=16

For a BLER=10-1   the following is observed from the simulation results:

	Waveform RB #
	SNR @ BLER=10-1   No filter
	SNR @ BLER=10-1   with filter
	Delta (dB)

	2
	-6.9
	-6.5
	0.4

	4
	-8.7
	-8.5
	0.2

	8
	-9.9
	-9.7
	0.2

	16
	-10.8
	-10.7
	0.2


Table 5.1.2: Filter degradation as a function of RB# 
Based on this data the maximum degradation due to pulse shaping is seen to be 0.4 dB.
[bookmark: _Toc89782211]5.2 Huawei link level simulation results
The Table 2 below is the recommended parameter list for link level simulation.

	Parameter
	Value

	Pulse shaping filter
	Filter configuration conforms to 38.101-1

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

	MCS
	0

	Code rate
	1/8, 1/4, 1/3, 1/2, 2/3

	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 5.2.1: Recommended Parameter list
With the simulation assumptions in Table 2, Figure below shows the BLER performance for NLoS channel with narrow (100MHz, 8 PRB) and large bandwidth allocation (100MHz, 64 PRB), respectively.  
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1. Small RB allocation (8PRB)						(b) Large RB allocation (64PRB)
Figure 5.2.1: BLER performance of different shaping filters
[bookmark: _Toc89782212]5.3 Nokia link level simulation results
Simulation parameters are shown in Table 3 and the link simulation results for 2-64 PRB bandwidths in the below figures.

	Carrier frequency
	4GHz

	Channel BW
	100MHz

	SCS
	30kHz

	Channel model
	TDL-C 300ns, TDL-A 30ns, TDL-D 30ns

	UE speed
	3km/h

	Channel estimation
	Frequency domain

	Number of Tx antennas
	1

	Number of Rx antennas
	4

	DMRS config
	Low PAPR sequence type 2, 2 symbols

	Waveform
	DFT-S-OFDM

	HARQ config
	No retransmissions

	Num PRBs
	2,4,8,16,64

	MCS
	0

	Channel 
	PUSCH, 14 OFDM symbols 

	Frequency hopping 
	No

	BLER
	10%

	Spectral shaping filter
	3-tap, FD implementation
1+D (not used for DMRS symbols)
Triangular filters


Table 5.3.1 Simulation assumptions
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Figure 5.3.1 Required SNR for 10% BLER for different channel profiles
Based on company results the maximum degradation due to pulse shaping is seen to be up to 0.87dB for all 3 channel models.
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: _Toc89782213]6	 Evaluation of Pulse shaping filters

[bookmark: _Toc89782214]6.1 Pulse shaping filter simulation results
[bookmark: _Toc89782215]6.1.1 Huawei simulation results for pulse shaping filter
Figure 6.1 illustrates the evaluated FDSS filter in term of the spectrum shape for the example of allocation of 20 PRBs. 
[image: ]
Figure 6.1.1: Spectrum shape of the FDSS filters
To further elaborate our consideration and understanding of shaping filter, the comparison of different implementation is provided in figures below.
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Figure 6.1.2: PAPR of different shaping filters (CBW 100MHz, 64RB)
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Figure 6.1.3: PAPR of different shaping filters (CBW 10MHz, 8RB)
These results indicate that the PAPR for a given CCDF is lower for more aggressive pulse shaping filtering.
[bookmark: _Toc89782216]6.1.2 Nokia simulation results for pulse shaping filters
The following figure shous the tested filters.

[image: ]
Figure 6.2.1 Tested filters
0.335 is the most aggressive 3-tap filter that meets the current spectral flatness requirements, less aggressive 3-tap filters are included too (0.2 and 0.28). Triang A is the most aggressive triangular window that meets the current spectral flatness requirements, and Triang B is a less aggressive triangular window, with similar frequency shape as the 0.2 3-tap filter.
A subset of the results for the evaluation of the pulse shaping filters from the transmitter point of view from [3] is shown in the following figures, where the filter that provides the highest output power is selected for each allocation configuration.
[image: ] [image: ]
Figure 6.2.2 Shaping filter that provides the maximum output power for (left) 10 MHz channel BW, and (right) 50 MHz channel BW

Conclusions of the simulations (all available results are not included here due to vast amount of them but they can be found in [3],):
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 when the DMRS are shaped.
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 when the DMRS are not shaped.
[bookmark: _Toc89782217]6.2  Net gain analysis of combined Tx and Rx impacts
[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
[bookmark: _Hlk94081638]Note: The LS from RAN to RAN4 [RP-213655] states that both the data and DMRS should be filtered. The results in this section were generated prior to this decision and therefore do not conform to the instruction provided in this LS
In order to characterize the filters, it is needed to consider both the transmitter performance (i.e., the achievable output power) from our paper [3], and the link level performance obtained in [4]. With that information, it is possible to compute the net gain with respect to a reference filter as:

Where  is the output power of the filter being compared against the reference filter,  is the output power of the reference filter,  is the required SNR to achieve 10% BLER of the reference filter, and  is the required SNR to achieve 10% BLER of the filter being compared against the reference filter.
The following slides show the net gain of the filters with respect to the [1+D] filter with DMRS not shaped, for pi/2 BPSK considering the transmitter [3] and link level [4] performance for the following allocations and channels:
	2, 4, 8, 16 and 64 PRB
	TDL-C 300 ns, TDL-A 30 ns and TDL-D 30 ns
Filters tested:
	[-0.2 1 -0.2], [-0.28 1 -0.28], [-0.335 1 -0.335], Triang A [6 14] and Triang B [6 8]
The tested filters assume that the filter is transparent to the gNB, and the DMRS are shaped. For the [1+D], matched filter is used in reception.
[bookmark: _Toc89782219]6.2.1.1 Net gain simulation results for TDL-C300ns
For 2 and 4 PRB, [1+D] without DMRS shaped performs better than all the filters in center allocations (0.1-0.2 dB better than the 0.2 filter and 0-0.1 dB better than Triang B).
For 8 and 16 PRB, [1+D] without DMRS shaped is never the best for any allocation. Triang B is the best filter, providing gain for most of the possible allocations within the channel.
For 64 PRB, in central allocations, the performance is the same as Triang B. In edge band allocations, the 0.335 filter provides up to 0.9 dB gain.
For small allocation sizes, it must be noted that less aggressive filters perform better than aggressive filters in central band allocations.
There is not a single best solution for all the evaluated cases. Depending on the allocation configuration, different filters (i.e., more or less aggressive) perform differently.
Results are given in the below figures
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Figure 6.2.1.1.1 2 PRB
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Figure 6.2.1.1.2 4 PRB
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Figure 6.2.1.1.3 8 PRB

[image: ]
Figure 6.2.1.1.4 16 PRB

[image: ]
Figure 6.2.1.1.5 64 PRB

Observation: For allocation sizes ≤ 16 PRB, less aggressive filters perform better than aggressive filters in central band allocations.
[bookmark: _Toc89782220]6.2.1.2 Net gain simulation results for TDL-A 30ns
For 2 and 4 PRB, [1+D] without DMRS shaped performs better than all the filters in all allocations (0.1-0.2 dB better than the Triang B filter).
For 8 and 16 PRB, [1+D] without DMRS shaped is never the best for any allocation position. 
For 64 PRB, in central allocations, the performance is the same as Triang B. In edge band allocations, the 0.335 filter provides up to 0.8-0.9 dB gain.
For small allocation sizes, it must be noted that less aggressive filters perform better than aggressive filters in central band allocations.
There is not a single best solution for all the evaluated cases. Depending on the allocation configuration, different filters (i.e., more or less aggressive) perform differently.
Results are given in the below figures
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Figure 6.2.2.1 2 PRB
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Figure 6.2.2.2 4 PRB
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Figure 6.2.2.3 8 PRB

[image: ]
Figure 6.2.2.4 16 PRB

[image: ]
Figure 6.2.2.5 64 PRB

[bookmark: _Toc89782221]6.2.1.3 Net gain simulation results for TDL-D 30ns
For 2 and 4 PRB, [1+D] without DMRS shaped performs better than all the filters in all allocations (0.1-0.2 dB better than the Triang B filter)
For 8 and 16 PRB, [1+D] without DMRS shaped is never the best for any allocation. In central band allocations, Triang B provides gain. 0.335 filter provides up to 1 dB gain in edge band allocations.
For 64 PRB, in central band allocations Triang B provides gain. In edge allocations, Triang A, 0.28 and 0.335 filters provide up to 0.8 dB gain.
For small allocation sizes, it must be noted that less aggressive filters perform better than aggressive filters in central band allocations.
There is not a single best solution for all the evaluated cases. Depending on the allocation configuration, different filters (i.e., more or less aggressive) perform differently.
Results are given in the below figures
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Figure 6.2.3.5 64 PRB
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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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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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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[bookmark: _Toc89782223]8	 Feasibility analysis of power enhancement 
[bookmark: _Toc89782224]8.1 Qualcomm results for power enhancement
Investigations were done at f=3450MHz using the parameters given in the following table. 

	Parameter
	Value

	Pulse shaping filter
	[0.28 0.91 0.28]

	Waveform
	DFTS OFDM with pi/2 BPSK with Rel-16 DMRS

	Start RB
	[10 30 50 70 90]

	LCRB
	[2 4 8 16 64]

	BW
	40 MHz

	SCS
	30 kHz



Table 8.1.1: Measurement parameters
Each Pi/2 BPSK waveform was filtered using a 3-tap filter given in table 1. This filter was selected to give waveforms with PAPRs around 2dB which is was thought to be a good compromise between achieving higher output power and limiting excessive filtering of the signal. For each start RB/LCRB combination the PA output was analyzed for IBE, EVM, ACLR, SEM and output power. The table below gives the measured results based on one PA sample. The increase in output power for various pi/2 BPSK waveforms above the PC2 MPR0 power level is given along with the SEM and IBE margins. The pi/2 BPSK output power is constrained by practical implementation considerations.
	Waveform
	Output Power above PC2 MPR0
	SEM margin
	IBE margin

	 
	(dBm)
	(dB)
	(dB)

	2RB10
	1.4
	10.7
	16.4

	2RB30
	1.2
	12.3
	15.5

	2RB50
	1.3
	26.6
	22.7

	2RB70
	1.1
	22.3
	15.6

	2RB90
	1.0
	11.9
	16.3

	4RB10
	1.2
	12.3
	15.8

	4RB40
	1.1
	16.7
	15.9

	4RB50
	1.0
	28.4
	22.2

	4RB70
	1.0
	17.4
	15.7

	4RB90
	1.0
	13.9
	15.6

	8RB10
	1.1
	14.0
	15.7

	8RB30
	1.0
	18.0
	15.4

	8RB50
	1.0
	28.3
	23.8

	8RB70
	0.9
	21.1
	14.8

	16Rb10
	1.1
	16.3
	16.6

	16RB30
	1.2
	26.9
	22.4

	16RB50
	1.0
	28.4
	22.9

	16RB70
	1.1
	19.2
	16.4

	64RB10
	1.0
	8.4
	20.1

	64RB30
	1.3
	10.9
	20.9


Table 8.1.2: Measured PA results
The IBE, EVM, ACLR and SEM were all seen to pass with sufficient margin for these waveforms.
Observation 1: Measurements on a PC2 PA revealed that Pi/2 BPSK waveforms can deliver approximately 1 dB of extra power compared to PC2 MPR0 power
8.2 Nokia results for power enhancement

The following figure shows the tested filters
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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
Note: The LS from RAN to RAN4 [RP-213655] states that both the data and DMRS should be filtered. The results in this section were generated prior to this decision and therefore do not conform to the instruction provided in this LS
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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
Note: The LS from RAN to RAN4 [RP-213655] states that both the data and DMRS should be filtered. The results in this section were generated prior to this decision and therefore do not conform to the instruction provided in this LS
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.
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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.
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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
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[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.
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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.

[bookmark: _Toc89782225][bookmark: historyclause]9	 Agreements, conclusion 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)
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