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Introduction
As part of an UL EVM requirement, RAN4 need to establish certain calculation details pertaining to PTRS processing. In this contribution, we share some details on the calculation procedure and its impact on EVM. 
Discussion
Impact of PTRS based correction on EVM
Baseline assumptions
RAN4 previously agreed [2] that:
· The DMRS based channel estimate in the PTRS-ready EVM calculator shall utilize CPE-corrected DMRS symbols.
· The PTRS extraction and correction stage in the PTRS-ready EVM calculator is the final refinement of the received signal.
It is necessary to converge on the calculation method for PTRS corrections, otherwise MPR cannot be accurately predicted. This in turn will result in artificially high MPRs to accommodate the uncertainty in impact of PTRS, an undesired outcome.
Observation 1: The MPR simulation activity for UEs is gated by agreement on the PTRS correction method employed in the EVM calculator.
To evaluate the impact of PTRS corrections, we constructed an EVM calculator consistent with the agreements above. The overall signal flow is generalized and captured in figure 2.1.1, also discussed in [3]. For CP-OFDM, the DFT and IDFT blocks are replaced by unity blocks. For DFT-s-OFDM, rank 2 UL is out of scope, so all blocks pertaining to layer 2 signals are disabled.
We used rank1 UL with no diversity in the transmit path, to ensure that any diversity related gains did not interfere with the effort to isolate the impact of PTRS. Different levels of AWGN were added to the UL signal, and the EVM was calculated with PTRS corrections turned on, and then turned off. 
No phase noise was added to the waveform. It is expected that PTRS will help with phase noise impact, but this specific exercise has been constructed to highlight the tax levied on the EVM by PTRS-based corrections. Adding phase noise would obscure the penalty with some variable benefit.
No other types of impairments (image, LO leakage, nonlinear products) were added to the waveform, also motivated by ease of isolation of impact of PTRS based corrections.
The impact was studied over waveforms with 4, 16 and 64 contiguous RBs to identify any sensitivity to allocation.



Figure 2.1.1-1: EVM calculation flow with PTRS
CP-OFDM correction method
For CP-OFDM, PTRS was inserted into every symbol, and with one PTRS tone every 4 RBs. The correction process involves estimation of a phase parameter followed by de-rotation related to that estimate. The estimated parameter is the CPE (common phase error) for each OFDM symbol based on phase of PTRS tones in that symbol. 
An important aspect is how to determine CPE for each OFDM symbol. In case of the UL EVM test where no doppler is expected, the EVM calculator can assume that the CPE rotation applies equally to all subcarriers in the allocation. The estimated parameter can therefore be determined by frequency domain averaging of PTRS tones in that CP-OFDM symbol. The process is graphically shown in figure 2.1.2-1. The correction comprises a de-rotation by the estimated CPE which is applied to all subcarriers in the symbol. The CPE de-rotation is intended to be performed in the frequency domain of the receiver, post FFT.
frequency
time
OFDM symbols
PTRS tones
CPE for this symbol is calculated as the arithmetic mean of phase errors in all PTRS tones
Figure 2.1.2-1: symbol-by-symbol CPE determination for CP-OFDM using PTRS. Process shown for L-PTRS (Time density) = 1 (every 1 symbol)
slot

It is possible to discuss more sophisticated techniques that suppress ICI, these can be added as further refinement based on detailed company proposals. In the interim, a correction method is needed for MPR studies. The CPE-removal method described above can be used as the standardized PTRS correction method for CP-OFDM for this purpose.
Proposal 1: For CP-OFDM, PTRS correction is implemented by de-rotation of each sub carrier in an OFDM symbol. The de-rotation angle is estimated as the frequency domain average of the phase rotation of all the PTRS tones in the allocation.

DFT-s-OFDM correction method
For DFT-s-OFDM, PTRS is accessible only in the time domain (unlike in CP-OFDM). In our studies PTRS was nominally configured for 8 groups in head-and-tail configuration, with 4 PTRS symbols per group. Note that the 32 PTRS symbols so configured compete with PUSCH symbols, so the number of groups must be reduced for narrow allocations. For our study we turned down the number of groups so the number of PTRS symbols was maximized while ensuring that the number of PUSCH symbols exceed or equal the number of PTRS symbols. This is an arbitrary rule to ensure PTRS overhead does not exceed 50%.
The correction process involves estimation of a phase parameter followed by de-rotation related to that estimate. The estimated parameter is the instantaneous phase deviation at each group. It is derived as the mean phase deviation for each PTRS symbol in the group.  The phase deviation over the duration of the OFDM symbol is determined by linear interpolation between the phase deviations calculated for each group. The de-rotation step applies to each data symbol by the amount estimated at the interpolation step for that symbol. See figure 2.1.3-1 for a graphical representation of the process.
PTRS groups, head and tail config. shown
OFDM symbols after IDFT
time
PTRS symbols in group
Phase error for this PTRS group is calculated as the arithmetic mean of phase errors in the PTRS symbols
Phase variation over duration of symbol derived by linear interpolation between PTRS group phase errors
Figure 2.1.2-2: Instantaneous phase variation derivation method for DFT-s-OFDM using PTRS. Process shown for L-PTRS (Time density) = 1 (every 1 symbol)

Like the arguments expressed for proposal 1, ICI based corrections can be studied based on company proposals, but a method is needed for MPR studies in this WI. We propose that phase deviation estimation and correction method described above be used as the standardized PTRS correction method for DFT-s-OFDM.
Proposal 2: For DFT-s-OFDM: 
· PTRS correction is implemented by de-rotation of each time-domain symbol by the estimated instantaneous phase deviation. 
· The instantaneous phase deviation impacting a data symbol due to DUT phase noise is estimated by linearly interpolating between the phase deviations determined for the nearest neighbouring PTRS groups. The phase deviation for each PTRS group is determined as the time domain arithmetic mean phase deviation of all PTRS symbols in the group.


PTRS processing penalty
Method
The tables also shows that for EVM ranges relevant for compliance, the penalty is additive in the dB scale and is insensitive to EVM level. The desired waveform with 120 kHz SCS was used as the test signal with only added AWGN, but no phase noise. The penalty is the degradation in EVM when PTRS processing is turned on.
CP-OFDM
Table 2.1.4.2-1 summarizes the penalty associated with PTRS based corrections for CP-OFDM. PTRS assumption is	L-PTRS (Time density) = 1 (every 1 symbol) and K-PTRS (Freq density) = 4 (every 4 RBs)
	EVM penalty (dB) for CP-OFDM
	SNR from AWGN (dBc)

	
	5
	15
	25
	35

	LCRB
	4
	1.9
	1.6
	1.7
	1.7

	
	16
	0.6
	0.5
	0.5
	0.5

	
	64
	0.1
	0.1
	0.1
	0.1


Table 2.1.4.2-1: EVM penalty for CP-OFDM with PTRS correction
Results show significant noise injection when the number PTRS-bearing sub carriers is low. As more PTRS-bearing tones are added, there is a noise-suppressing benefit from averaging across multiple PTRS tones. DFT-s-OFDM penalty
DFT-s-OFDM
Table 2.1.4.3-1 summarizes the penalty associated with PTRS based corrections for DFT-s waveforms. PTRS assumption is L-PTRS (Time density) = 1 (every symbol), N_group = 8, N_samp = 4, head and tail configuration.
	EVM penalty (dB) for DFT-s-OFDM
	SNR from AWGN (dBc)

	
	5
	15
	25
	35

	LCRB
	4
	0.1
	0.0
	0.0
	0.0

	
	16
	0.2
	0.2
	0.2
	0.2

	
	64
	0.4
	0.3
	0.3
	0.3


Table 2.1.5-1: EVM penalty for DFT-s-OFDM with PTRS correction
Results show that the penalty is small. We note however that deployments typically switch to CP-OFDM to enable rank2 UL prior to increasing MCS, so the high MCS DFT-s case may be an atypical condition.


EVM benefit from PTRS for waveforms with phase noise
Method
The penalties from PTRS corrections work against any benefit the PTRS brings in reducing the impact of phase noise. The benefit is a strong function of the phase noise profile, due to the nature of PTRS corrections. The variable benefit cannot be generalized across implementations. The net benefit is the EVM benefit when PTRS processing is enabled despite the penalties discussed previously. The phase noise profiles used below are merely examples for calibration across companies, neither seems particularly worthy of 256QAM. 
In the presence of phase noise, the DMRS symbols themselves have some CPE associated with them. The EVM algorithm can either ignore them and find the best channel estimate despite the phase noise, or it can de-rotate each DMRS symbol to nominal phase, along with the PUSCH symbols around the DMRS symbol. This latter variant is termed ‘DMRS based CPE removal’ in the tables below. 
CP-OFDM 
Tables 2.1.5.2-1 and -2 shows the net impact of PTRS calculations in the presence of phase noise for CP-OFDM with 64 RBs. 
	CP-OFDM w/ phase noise, 64 RBs, 256QAM, 120k SCS, DMRS based CPE removal

	Phase noise profile from TR38.803
	EVM (dB) with PTRS 
	EVM (dB) with no PTRS corrections
	Net benefit of PTRS

	UE example 2 @ 45 GHz
	-21.8
	-20.6
	1.2

	UE example 1 @ 45 GHz
	-24.8
	-24.5
	0.3


Table 2.1.5.2-1: Net benefit for CP-OFDM with PTRS correction, DMRS based CPE removal

	CP-OFDM w/ phase noise, 64 RBs, 256QAM, 120k SCS, no DMRS based CPE removal

	Phase noise profile from TR38.803
	EVM (dB) with PTRS 
	EVM (dB) with no PTRS corrections
	Net benefit of PTRS

	UE example 2 @ 45 GHz
	-20.8
	-19.1
	1.7

	UE example 1 @ 45 GHz
	-23.8
	-23.0
	0.8


Table 2.1.5.2-2: Net benefit for CP-OFDM with PTRS correction


	CP-OFDM w/ phase noise, 64 RBs, 256QAM, 120k SCS, DMRS based CPE removal

	Phase noise profile from TR38.803
	EVM (dB) with PTRS 
	EVM (dB) with no PTRS corrections
	Net benefit of PTRS

	UE example 1 @ 30 GHz
	-30.1
	-29.7
	0.4

	UE example 2 @ 30 GHz
	-25.5
	-24.2
	1.3


Table 2.1.5.2-3: 30 GHz EVM floor in relation to -29.2 dB EVM requirement for 256QAM

DFT-s-OFDM benefit with phase noise
Tables 2.1.5.3-1 and -2 shows the net impact of PTRS calculations in the presence of phase noise for DFT-s-OFDM. These projections are somewhat revised from earlier estimates [4] due to algorithm development.
	DFT-s-OFDM w/ phase noise, 64 RBs, 256QAM, 120k SCS, DMRS based CPE removal

	Phase noise profile from TR38.803
	EVM (dB) with PTRS 
	EVM (dB) with no PTRS corrections
	Net benefit of PTRS

	UE example 2 @ 45 GHz
	-24.6
	-20.5
	4.1

	UE example 1 @ 45 GHz
	-23.5
	-24.6
	-1.1


Table 2.1.5.3-1: Net benefit for DFT-s-OFDM with PTRS correction, DMRS based CPE removal

	DFT-s-OFDM w/ phase noise, 64 RBs, 256QAM, 120k SCS, no DMRS based CPE removal

	Phase noise profile from TR38.803
	EVM (dB) with PTRS 
	EVM (dB) with no PTRS corrections
	Net benefit of PTRS

	UE example 2 @ 45 GHz
	-23.8
	-19.2
	4.6

	UE example 1 @ 45 GHz
	-22.5
	-23.0
	-0.5


Table 2.1.5.3-2: Net benefit for DFT-s-OFDM with PTRS correction


	DFT-s-OFDM w/ phase noise, 64 RBs, 256QAM, 120k SCS, DMRS based CPE removal

	Phase noise profile from TR38.803
	EVM (dB) with PTRS 
	EVM (dB) with no PTRS corrections
	Net benefit of PTRS

	UE example 1 @ 30 GHz
	-28.9
	-29.7
	-0.8

	UE example 2 @ 30 GHz
	-28.0
	-24.2
	3.8


Table 2.1.5.3-3: 30 GHz EVM floor in relation to -29.2 dB EVM requirement for 256QAM

Some conclusions on impact of PTRS
From the observations on penalty, it appears that narrow allocation CP-OFDM waveforms have significant sensitivity to PTRS corrections. The data on benefit from PTRS (despite penalty) suggests that the net impact of PTRS corrections is a function of the specific net phase noise profile, and there is no ‘optimal level’ of PTRS that is applicable to all UEs. 
Observation 2: The EVM benefit due to PTRS-based corrections depends on phase noise profile of the UE and modulation type (DFT-s or CP-OFDM). No single fixed PTRS configuration can be assumed to be beneficial for all UEs for all RB conditions and all MCSs.
Observation 3: The phase noise profiles included in TR38.803 are not suitable for UL256QAM.
Also noteworthy is how PTRS processing can be counterproductive to signal quality for some phase noise profiles.
Observation 4: Some phase noise profiles can result in degradation after PTRS processing.
In the EVM calculator, the second stage of refinement is data-aided which is not practical for field applications. It is useful to cross-check the impact of PTRS corrections on a receiver with just DMRS based channel estimation, for relevance to practical receivers. To do so, we modified the EVM calculator to disable the second layer of channel estimate refinement. The penalties were within 0.1 dB of those observed with the 2-stage refinement, which suggest that obs.1-3 are relevant for the field also, rather than to merely address some compliance quirk.
Only the UE designers can determine what types of waveforms and MCS benefit from inclusion of PTRS for their UEs. This problem has been foreseen by RAN1, and RAN2 signalling already exists (PTRS-DensityRecommendationSetUL) to allow a UE to convey to the network its PTRS preferences in terms of preferred MCS/BW thresholds. We propose that the UE’s recommendation be followed by the TE for the EVM requirement.
Proposal 4: For UL 256QAM in FR2, the PTRS configuration shall be aligned with the UE’s recommended PTRS configuration (IE PTRS-DensityRecommendationSetUL).
Proposal 4 is relevant for the field also, rather than to merely address some compliance quirk. Some UEs may be perceived to have degraded UL signal quality if the PTRS processing is specified anyway
EVM calculation method documentation
The EVM calculation method is as important as the EVM requirement itself. Previously, for SISO systems it was possible to verbally describe the signal flow and steps for EVM calculation. With the introduction of the twin-receiver topology for OTA applications, and now, introduction of PTRS, it would be advantageous to record the method in the annex.
Proposal 4: The EVM calculation signal flow including PTRS processing shall be included in the annex of TS38.101-2.
Phase noise profile proposal
In section 2.1.5, we demonstrated that neither of the phase profile in TR38.803 can be expected to support 256QAM. UE vendors are free to use their projected phase noise profiles for analysis. One way to manufacture an UL256QAM-worthy phase noise profile out of the TR profiles is as follows:
Fhybrid(f) = min[Fex1(f),Fex2(f)]
Figure 2.3-1 shows the proposed profile in relation to the phase noise profile in the TR. This type of profile is feasible to achieve in competitive UEs, and can be a realistic target for UEs to support UL256QAM.
Figure 2.3-1: Hybrid phase noise profile for UL256QAM

Using the hybrid noise profile, the projected phase noise contribution to EVM due to the lower bound hybrid profile can be calculated as:
	30GHz, 64 RBs, 256QAM, 120k SCS, DMRS based CPE removal

	Modulation type
	EVM (dB) with PTRS 
	EVM (dB) with no PTRS corrections
	Net benefit of PTRS

	CP-OFDM
	-33.5
	-32.7
	0.8

	DFT-s-OFDM
	-32.7
	-32.8
	-0.1



	40GHz, 64 RBs, 256QAM, 120k SCS, DMRS based CPE removal

	Modulation type
	EVM (dB) with PTRS 
	EVM (dB) with no PTRS corrections
	Net benefit of PTRS

	CP-OFDM
	-30.1
	-29.2
	0.9

	DFT-s-OFDM
	-29.4
	-29.2
	0.2



Observation 5: Even with the proposed hybrid phase noise profile, UL256QAM looks infeasible for 40 GHz, but it appears feasible for n257, n258 and n261. 
Proposal 5: Adopt min(example1, example2) as the phase noise profile for UL256QAM, where ‘example’ refers to the example phase noise profiles in TR38.803
Without an assumption like in the proposal above there is no UL256QAM feature, because no amount of MPR granted to the UE will ever let it make an UL with adequate signal quality.
Tx dynamic range with UL256QAM
In context of UL256QAM, at the high end of the EIRP range, the power is expected to be limited by EVM, itself limited by nonlinear products generated in the Tx chain. This mechanism is typically addressed by allowable back off (MPR). At the low end of the EIRP 



Conclusions
[bookmark: _Hlk503780345]Observation 1: The MPR simulation activity for UEs is gated by agreement on the PTRS correction method employed in the EVM calculator.
Proposal 1: For CP-OFDM, PTRS correction is implemented by de-rotation of each sub carrier in an OFDM symbol. The de-rotation angle is estimated as the frequency domain average of the phase rotation of all the PTRS tones in the allocation.
Proposal 2: For DFT-s-OFDM: 
· PTRS correction is implemented by de-rotation of each time-domain symbol by the estimated instantaneous phase deviation. 
· The instantaneous phase deviation impacting a data symbol due to DUT phase noise is estimated by linearly interpolating between the phase deviations determined for the nearest neighbouring PTRS groups. The phase deviation for each PTRS group is determined as the time domain arithmetic mean phase deviation of all PTRS symbols in the group.

Observation 2: The EVM benefit due to PTRS-based corrections depends on phase noise profile of the UE and modulation type (DFT-s or CP-OFDM). No single fixed PTRS configuration can be assumed to be beneficial for all UEs for all RB conditions and all MCSs.
Observation 3: The phase noise profiles included in TR38.803 are not suitable for UL256QAM
Observation 4: Some phase noise profiles can result in degradation after PTRS processing.
Proposal 3: For UL 256QAM in FR2, the PTRS configuration shall be aligned with the UE’s recommended PTRS configuration (IE PTRS-DensityRecommendationSetUL).
Proposal 4: The EVM calculation signal flow including PTRS processing shall be included in the annex of TS38.101-2.
Observation 5: Even with the proposed hybrid phase noise profile, UL256QAM looks infeasible for 40 GHz, but it appears feasible for n257, n258 and n261. 
Proposal 5: Adopt min(example1, example2) as the phase noise profile for UL256QAM, where ‘example’ refers to the example phase noise profiles in TR38.803.
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Annex1: 256QAM constellations with phase noise
DFT-s:
	
	Uncorrected
	Corrected

	45 GHz ex1
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	45 GHz ex 2
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CP-OFDM:
	
	Uncorrected
	Corrected

	45 GHz ex1
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