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1. Introduction
The WID “NR RF requirements enhancement for frequency range 2 (FR2), Phase 3” [1] describes the need to “investigate and enable UL 256QAM for FR2-1, including “study the gain, operating SNR, phase noise model and implementation aspects”.
The lower frequency part of the phase noise causes a common phase error (CPE) which affects all the subcarriers within a multicarrier symbol similarly, which allows simple CPE compensation based on PTRS. The higher frequency part of the phase noise causes inter-carrier interference (ICI), which can be mitigated by using higher SCS, while ICI compensation even based on PTRS is much more complex.
At the RAN4 #104-bis-e and #105 meetings, there were some contributions [2][3] regarding UL EVM requirement and the use of PTRS processing to calculate the EVM minimizing the effect of CPE due to phase noise in FR2.
The aim of this contributions is to reiterate some of the simulations performed in [2][3] and to check if PTRS-based corrections benefit to EVM and their dependency on UE phase noise profile of the UE and waveform type (DFT-s-OFDM or CP-OFDM).
While it is acknowledged that more simulations are necessary and ideally different companies should perform those to confirm findings.
2. Discussion
The simulations are performed based on the two different phase noise profiles defined in [4] and already simulated in [2][3].
2.1. Issue for UL 256QAM of the use of non-data aided EVM measurement in presence of phase noise
In Annex F.2 of [6] is specified how the EVM should be calculated and it can be seen that “i(v) is the ideal signal reconstructed by the measurement equipment”. “Reconstructed by the measurement equipment” should be understood that based on the recovered source data, modulation scheme, etc, the TE generates by calculation an ideal reference signal, it is sometimes referred as non-data aided.
[bookmark: _Toc124296756][bookmark: _Toc124296286][bookmark: _Toc123086962][bookmark: _Toc115257642][bookmark: _Toc114537374]F.2	Basic Error Vector Magnitude measurement
The EVM is the difference between the ideal waveform and the measured waveform for the allocated RB(s)

,
where


 is a set of  modulation symbols with the considered modulation scheme being active within the measurement period,

 are the samples of the signal evaluated for the EVM,
 is the ideal signal reconstructed by the measurement equipment, and


 is the average power of the ideal signal. For normalized modulation symbols  is equal to 1.
The basic EVM measurement interval is defined over one slot in the time domain for PUCCH and PUSCH and over one preamble sequence for the PRACH.


That is however problematic for higher order modulation, particularly 256QAM, “In case of a non-data-aided transmission system, the EVM calculation may be biased to lower error values in case of wrong constellation mapping. When the equalized signal is mapped to a wrong constellation point, the error vector is calculated with respect to the wrong constellation point. This means that the maximum EVM value is bounded by half the distance of the modulation scheme’s constellation points. Figure 1(b) visualizes this effect for a 16-QAM modulation. The received signal (red cross) is mapped to the closest constellation point, leading to smaller (i, q) error vector than that of the actually transmitted constellation point (longer arrow). Without data aid it is, however, not possible to determine the right constellation point for the calculation.”[5]
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Figure 1- Illustration of the non-data aided receiver issue: the measured EVM value is expected to be less than its actual value as the symbol estimator tends to assign received symbols to their closest possible constellation point [5]
Observation 1: The way the reference signal used for the EVM calculation is currently derived in the 38.101-2 is problematic as it underestimates the EVM by using assumed ideal/reference constellation points closer to the measurement points than the true ideal/reference constellations points actually are.
Observation 2: UL 256QAM particularly in FR2-1 makes recovering the ideal reference signal difficult under some RF impairments such as phase noise.
Observation 3: It is assumed that making the EVM requirement more stringent in order to use non-data aided EVM is not an option.
[bookmark: _Hlk127538559]Proposal 1: It should be studied if the EVM requirement for UL 256QAM FR2-1 allows the use non-data aided EVM without the risk of underestimation. If not the definition of i(v)as the “ideal signal reconstructed by the measurement equipment” should be modified in the 38.101-2 to mean the true ideal/reference signal, reflecting the use of data aided EVM.
2.2. Simulation parameters
In Table 1 is listed the simulation parameters used in the simulations.
	Parameter
	Value

	Sampling rate
	122.88MSps

	Frequency
	45GHz, simulated on baseband signal

	SCS
	120kHz

	Phase noise
	Added.
Phase noise profile from TR38.803 6.1.10, 45GHz

	AWGN
	No added.
Then, Tx EVM and Rx EVM is assumed as 0%.

	Modulation
	256QAM

	Waveform type
	CP-OFDM / DFT-s-OFDM

	DMRS
	3 symbols per slot (UL DMRS add-pos = 2)

	PTRS configuration
	OFF/ON
For CP-OFDM
· L-PTRS (Time density) = 1 (every 1 symbol)
· K-PTRS (Freq density) = 4 (every 4 RBs)

For DFTs-OFDM
· L-PTRS (Time density) = 1 (every symbol)
· N_group = 8, N_samp = 4

	EVM measurement
	Data aided EVM measurement


[bookmark: _Ref127291596]Table 1 - Simulation parameters
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Figure 2- UE Example 1 and Example 2 Phase noise profiles – LO frequency of 45GHz
In the presence of only phase noise as an RF impairment, the EVM can be approximated particularly for CP-OFDM by integrating the phase noise from starting at about 10% of the subcarrier spacing to the total signal bandwidth [7]:

Where:
·  is the single sideband phase noise density.
·  is the subcarrier spacing.
·  is the signal bandwidth.
As it can be seen from the UE Example 1 Phase noise profile and the UE Example 2 Phase noise profile, it can be expected that the EVM for UE Example 2 should be much worse than for the UE Example 1.
2.3. UE Example 1 Phase noise profile
[bookmark: _Hlk127300551][bookmark: _Hlk118645639]The phase noise level of the UE example 1 phase profile is significantly lower than the one from the UE example 2 phase profile for the phase noise affecting the CPE (higher frequency part of the close-in phase noise and lower frequency part of the broadband phase noise). 
After CPE correction based on PTRS, the EVM improvement is quite low: around 0.7dB (CP-OFDM) and 0.8dB (DFT-s-OFDM), it can be explained as the CPE being quite low there is not much to that the CPE correction can compensate and the remaining EVM due to ICI is not corrected.
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Figure 3- UE example 1 phase profile - PTRS, 256 QAM, CP - (Left) Raw constellation after frequency error correction, (Right) Correct phase error using PTRS
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Figure 4- UE example 1 phase profile - PTRS, 256 QAM, DFT-s-OFDM - (Left) Raw constellation after frequency error correction, (Right) Correct phase error using PTRS

	CP-OFDM with phase noise, 256QAM, DMRS based CPE correction (by default)

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

	UE example 1 @ 45 GHz
	-21.3
	-20.6
	0.7

	DFT-s-OFDM with phase noise, 256QAM, DMRS based CPE correction (by default)

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

	UE example 1 @ 45 GHz
	-21.7
	-20.9
	0.8


Table 2 - Simulation results for UE example 1 phase noise profile
Observation 4: UE phase noise profile having low phase noise, the CPE correction based on PTRS can still give some EVM improvement.
2.4. UE Example 2 Phase noise profile
The phase noise level of the UE example 2 phase profile is particularly ideal for seeing significant improvement due to CPE correction based on PTRS, it has indeed:
· High phase noise in the frequency region affecting CPE (higher frequency part of the close-in phase noise and lower frequency part of the broadband phase noise).
· Low phase in the frequency region affecting ICI, resulting in an EVM almost not affected by ICI.
As a result, the improvement is high: around 4.7dB for CP-OFDM and 5.9dB for DFT-s-OFDM).

[image: ]					[image: ]
Figure 5- UE example 2 phase profile - PTRS, 256 QAM, CP - (Left) Raw constellation after frequency error correction, (Right) Correct phase error using PTRS
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Figure 6- UE example 2 phase profile - PTRS, 256 QAM, DFT-s-OFDM - (Left) Raw constellation after frequency error correction, (Right) Correct phase error using PTRS
	CP-OFDM with phase noise, 256QAM, DMRS based CPE correction (by default)

	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
	-18.6
	-13.9
	4.7

	DFT-s-OFDM with phase noise, 256QAM, DMRS based CPE correction (by default)

	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
	-19.6
	-13.7
	5.9


Table 3 - Simulation results for UE example 2 phase noise profile.
Observation 5: UE phase noise profiles having high phase noise in the frequency region affecting CPE (higher frequency part of the close-in phase noise and lower frequency part of the broadband phase noise) and low phase in the frequency region affecting ICI high phase noise, can show significant EVM improvement when CPE correction based on PTRS is applied.
2.5. Comparison of simulations and the need for further simulations
[image: ]
Figure 7- Comparison of simulation results
[image: ]
Figure 8- Comparison of simulation results – 2nd set of results
[bookmark: _Hlk118570239]Observation 6: The deterioration of 0.8dB of the “UE Example 1 PN profile” DFT-s-OFDM 256QAM EVM after CPE compensation based on PTRS has not been reiterated in other simulations. 
Proposal 2: It is necessary to perform further simulations and ideally using different simulation setups to have more confidence in the actual impact of using CPE compensation based on PTRS in EVM test setups.
There are major differences between simulations in this contributions and previous contributions [2][3]. Those difference could perhaps be explained by the different SCS used, but it would be more insightful if simulations could be performed:
· By more companies (including Anritsu), as simulation errors are possible.
· Using both 60kHz SCS and 120kHz SCS.
· Using agreed phase noise profiles based on set of phase noise values.
· Using data aided systems such that there is no issue of wrong reference constellation points, which 256QAM is particularly sensitive.
· Correction done over per OFDM symbol????
Observation 7: No deterioration was visible. Is deterioration of the EVM following CPE correction using PTRS correction an actual possibility? More simulations are necessary (using 60kHz SCS), it would be beneficial if more companies can perform simulations. 



3. Conclusion
Based on the discussion above, the following can be noted:
Observation 1: The way the reference signal used for the EVM calculation is currently derived in the 38.101-2 is problematic as it underestimates the EVM by using assumed ideal/reference constellation points closer to the measurement points than the true ideal/reference constellations points actually are.
Observation 2: UL 256QAM particularly in FR2-1 makes recovering the ideal reference signal difficult under some RF impairments such as phase noise.
Observation 3: It is assumed that making the EVM requirement more stringent in order to use non-data aided EVM is not an option.
Observation 4: UE phase noise profile having low phase noise, the CPE correction based on PTRS can still give some EVM improvement.
Observation 5: UE phase noise profiles having high phase noise in the frequency region affecting CPE (higher frequency part of the close-in phase noise and lower frequency part of the broadband phase noise) and low phase in the frequency region affecting ICI high phase noise, can show significant EVM improvement when CPE correction based on PTRS is applied.
Observation 6: The deterioration of 0.8dB of the “UE Example 1 PN profile” DFT-s-OFDM 256QAM EVM after CPE compensation based on PTRS has not been reiterated in other simulations. 
Observation 7: No deterioration was visible. Is deterioration of the EVM following CPE correction using PTRS correction an actual possibility? More simulations are necessary (using 60kHz SCS), it would be beneficial if more companies can perform simulations. 
Proposal 1: It should be studied if the EVM requirement for UL 256QAM FR2-1 allows the use non-data aided EVM without the risk of underestimation. If not the definition of i(v)as the “ideal signal reconstructed by the measurement equipment” should be modified in the 38.101-2 to mean the true ideal/reference signal, reflecting the use of data aided EVM.
Proposal 2: It is necessary to perform further simulations and ideally using different simulation setups to have more confidence in the actual impact of using CPE compensation based on PTRS in EVM test setups.
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