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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. 



[bookmark: _Hlk85812132]In RAN4 #99e it was agreed to perform link-level simulations for Pi/2BPSK with pulse shaping to assess the impact on UL demodulation performance [2]. In this contribution we provide the simulation results for different scenarios. Corresponding MPR analysis and pi/2 BPSK net gain are discussed in our companion paper [3].
Discussion
Pulse-shaping impacts on pi/2 BPSK performance
Current NR design assumes that pi/2 BPSK spectral shaping on UE side is performed on both data and DMRS symbols and, hence, the filtering is transparent to the gNB receiver. To ensure good and robust BS receiver performance it was agreed to perform link-level analysis to further assess the impact of pulse shaping on UL pi/2 BPSK demodulation performance. 
According to the simulation assumptions agreed in RAN4 #99e pulse-shaping filters should conform to specific spectrum flatness requirements for pi/2 BPSK transmission requirements defined in TS 38.101-1 [2]. In Figure 1 we illustrate the set of evaluated pulse-shaping filters.
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	Figure 1. Pulse-shaping filter characteristics


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. 
Table 1. Simulation assumptions
	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 2. 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
	1.1
	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 3. 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
	1.2
	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 4. 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
	1.0
	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 5. SNR loss compared to scenario without pulse-shaping in TDLD30, 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



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.
2) The largest degradation is observed for small PRB allocations and the reduces in case of using larger PRB allocations
3) There is a negligible performance loss dependency on channel model at least with practical receive processing
Transparent vs Non-transparent processing
To perform channel estimation gNB needs to estimate UE channel propagation parameters including delay spread and the respective estimates can be obtained using DMRS or SRS. Typically, wideband SRS transmissions allow more accurate channel parameter estimation comparing to DMRS. Same time pulse-shaping filter is not expected to be applied for SRS and, hence, there can be a mismatch between channel parameters observed on SRS and PUSCH/DMRS. In Table 6 we compare the performance difference for the following two cases:
A. [bookmark: _Hlk85716508]Channel estimation without mismatch between estimated channel characteristics and effective channel (i.e., gNB is aware that UE applies pulse-shaping).
B. Channel estimation with mismatch between estimated channel characteristics and effective channel (i.e., gNB is not aware whether UE applies pulse-shaping)
TDLC300 channel model was used for evaluations and SNR @ 10% BLER was used as a test metric. The results show that for small RB allocations there is a big performance gap between the two cases and use of SRS for channel parameter estimation can lead notable performance loss. For larger RB allocations, the performance gap between the two cases is reduced and SRS can be used to predict channel characteristics on PUSCH. 
Table 6. Performance loss of Scenario B compared to Scenario A in TDLC300 
	
	[0.2 1 0.2]
	[0.335 1 0.335]

	
	2 PRB
	4 PRB
	8 PRB
	64 PRB
	2 PRB
	4 PRB
	8 PRB
	64 PRB

	Performance loss, dB
	2.2
	0.5
	0.1
	-0.1
	2.2
	0.6
	0.1
	-0.3


Observation #2: If gNB is not aware whether UE applies pulse-shaping or not, PUSCH performance may degrade up to 2.2 dB for small RB allocations.
pi/2 BPSK vs QPSK
In general, both pi/2 BPSK and QPSK modulation can be used to ensure robust NR performance for the coverage limited conditions and the pi/2 BPSK pulse shaping performance may need to be compared vs QPSK as well. In Figure 2 we illustrate BLER vs SNR performance in TDLC300 channel model for 2 and 16 PRBs allocation sizes. Results for QPSK and pi/2 BPSK with and without pulse-shaping filtering are presented. Table 7 provides summary of absolute performance at 10% BLER. The results show that under evaluated scenarios QPSK transmissions achieve better performance under same data rate constraints. Therefore, we recommend including QPSK without filtering as one of the baseline reference schemes in the overall analysis of pi/2 BPSK pulse shaping performance.
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	Figure 2. pi/2 BPSK vs QPSK



Table 7. SNR at 10% BLER in TDLC300 channel model
	
	QPSK
	Pi/2 BPSK w/o pulse-shaping
	Pi/2 BPSK 
[0.2 1 0.2]
	Pi/2 BPSK 
[0.335 1 0.335]

	2 PRB
	-5.6
	-5.2
	-3.8
	-2.7

	16 PRB
	-6.8
	-6.6
	-6
	-4.8


Observation #3: Under same spectral efficiency assumptions QSPK schemes slightly outperforms pi/2 BPSK without pulse-shaping.  pi/2 BPSK with pulse-shaping may have > 2 dB link-level performance loss comparing to QPSK.
Conclusions
In this contribution we provide analysis on Pi/2 BPSK performance with pulse shaping filtering to assess the impact on UL demodulation performance. 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.
2) The largest degradation is observed for small PRB allocations and the reduces in case of using larger PRB allocations
3) There is a negligible performance loss dependency on channel model at least with practical receive processing
Observation #2: If gNB is not aware whether UE applies pulse-shaping or not, PUSCH performance may degrade up to 2.2 dB for small RB allocations.
Observation #3: Under same spectral efficiency assumptions QSPK schemes slightly outperforms pi/2 BPSK without pulse-shaping.  pi/2 BPSK with pulse-shaping may have > 2 dB link-level performance loss comparing to QPSK.
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Annex A
Below we provide some BLER vs SNR curves that are discussed in section 2.
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