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Introduction
The approved WID [1] contains the following objectives:
Investigate and enable UL 256QAM for FR2-1 [RAN4]
· Study the gain, operating SNR, phase noise model and implementation aspects
· Specify the UE RF requirements
· First priority: Targeted power classes are PC1, PC2 and PC5 
· Second priority: Targeted power class is PC3
We share our views on some implementation considerations as well as on the groundwork necessary for a future RF requirement.
Discussion
The Tx signal quality ‘budget’
EVM remains the primary challenge for UL in high modulation orders. It is customary to start from the EVM goal for any transmission and evaluate the hardware’s capabilities for signal quality in that context. The high-level picture is derived from an accumulation of EVM floors (minimum EVM) attributable to each impairment mechanism. Legacy UEs were designed with 64QAM in mind, where the EVM requirement is -21.9 dB (8%). To achieve this target, each mechanism is assigned an upper limit and they must all aggregate up to a number smaller than the EVM allowance. 
Avenues to improve EVM
Contribution due to device non-linearities
This component is well understood, if not always well behaved. The impairment due to this mechanism can generally be reduced by progressively backing-off the PA, which translates to ‘by sufficient MPR’. Simulation studies with PA models can be used to determine reasonable MPR allowance for the UE.
Observation 1: Additional MPR compared to UL 64QAM is expected to help a legacy UE become EVM compliant at the high end of the EIRP range.
Contribution due to modulator non-idealities
For UL 256QAM, image injection, LO leakage etc. may need further suppression from legacy designs that only targeted 64QAM in UL.  These improvements are not as easy as reducing the power and must be tackled at a design level. Legacy UEs may have to accommodate existing design limits.
Contribution due to thermal noise
Like the modulator non-ideality case, improvements in SNR require design level considerations. This parameter is always present even under backed-off conditions. The transmit signal EVM get significant contribution from thermal noise as the transmit power is reduced. Recall that for 64 QAM, the lower EIRP limit for PC3 is already -6 dBm, where Pmin is -13 dBm. The best possible outcome for legacy UE and a legacy 256QAM EVM requirement is a lower EIRP limit that degrades (increases) from the 64QAM value by the difference in EVM requirements between 64 and 256 QAM. This number can be tentatively considered to be 0 dBm for UL256QAM, where Pmin is -13 dBm.
Observation 2: An elevated minimum EIRP level compared to UL 64QAM is expected to help a legacy UE become EVM compliant at the low end of the EIRP range.
Observations 1 and 2 taken together suggest that a legacy UE is expected to lose Tx dynamic range at both extremities. 
Contribution due to phase noise
One component of the breakdown is phase noise impact, which is usually a small contributor to the 64QAM UL budget, but starts to become a prominent contributor for 256QAM, where the EVM requirement is -29.2 dB.
Just as MPR can mitigate impact of device non-linearity, inserting pilot tones for phase tracking (PTRS) at the transmitter can mitigate the impact of phase noise. From a requirement standpoint, there are two new aspects that need to be specified in RAN4: how to calculate EVM with PTRS, and how PTRS is configured.
Without a common understanding of the calculation method, the discussion on RF considerations for UL256QAM may not be fruitful.
EVM calculation with PTRS.
The Rel-17 SI on Enhanced FR2 Test Method identified an EVM calculation strategy for a dual Rx TE as would be appropriate for OTA reception, see TR38.884. This topology assumed that the impact of phase noise was not significant in relation to the other impairments in an UL waveform. The CPE (common phase error) of the DMRS symbol was ignored as was PTRS processing.
Figure 2.3-1 shows a generalized EVM calculator signal flow based on the agreed topology in TR38.884, but developed further to include PTRS. For CP-OFDM, the DFT and IDFT blocks are replaced by unity blocks. For DFT-s-OFDM, RAN1 has not introduced rank 2 UL, so all blocks pertaining to layer 2 signals are disabled.



Figure 4.1.1.1-1 A generalized 2-Rx EVM calculator with PTRS processing
Several of the EVM calculation details in the PTRS-ready EVM calculator need further discussion.
A key aspect is the DMRS-based channel estimate which also serves to perform preliminary layer separation. The UL waveform is specified in the standard with 3 DMRS symbols (2, 7 and 11). Even with a perfect OTA channel, each of these symbols will be rotated by some independent random phase, which is the common phase error. This CPE affects each DMRS symbol. Fortunately, after front end RF correction, it can be assumed that CPE rotates the symbols carried by all subcarriers equally. This allows for a high-quality estimate of each DMRS symbol’s CPE. The estimated CPEs can then be used to de-rotate the DMRS samples. In the presence of phase noise, the channel estimate can benefit from averaging across the CPE-corrected DMRS symbols, rather than the un-corrected DMRS symbols. 
[bookmark: _Hlk110948894]Proposal 1: The DMRS based channel estimate in the PTRS-ready EVM calculator shall utilize CPE-corrected DMRS symbols
It is the TE’s option to refine further, for example assigning some CPE for the PUSCH symbols based on the CPEs of the DMRS symbols.
A second aspect is where in the signal flow if PTRS is extracted. PTRS-based corrections work on the principle of estimating phase deviation, and then correcting the received data symbols appropriately. A noisy PTRS symbol has the effect of injecting noise into the signal and degrading the EVM. It is therefore essential to extract PTRS only after the best possible layer separation.
Proposal 2: The PTRS extraction and correction stage in the PTRS-ready EVM calculator is the final refinement of the received signal.
PTRS Configuration
PTRS configuration has as much impact on phase noise mitigation as the phase noise profile itself. This aspect is not related to the EVM calculator, but it in effect is a discussion on the side conditions for the EVM test. RAN2 signalling already exists (PTRS-DensityRecommendationUL) to allow a UE to convey to the network, what its PTRS preferences are in terms of preferred MCS/BW thresholds. We propose that the UE’s recommendation be followed by the TE for the EVM requirement.
Proposal 3: (PTRS Configuration) For UL 256QAM in FR2, the PTRS configuration shall be aligned with the UE’s recommended PTRS configuration.
Furthermore, the EVM calculation method would be general enough to accommodate any reasonable UE implementation. In this context, it means not penalizing a UE that uses independent LOs for each layer. This in turn means specifying 2L UL with 2 PTRS ports. 
Proposal 4: (PTRS Configuration) For UL 256QAM in FR2, 2 port PTRS is configured for 2L UL.
Phase noise profile
Since PTRS-based corrections are a new development for the EVM calculator, it would be beneficial as a calibration step to assume a common phase noise profile before examining specific implementations. This calibration step would entail using an ideal waveform with just the phase noise injected into the time domain OFDM waveform as the only impairment. Ideally company implementations of the EVM calculator would be well aligned. While the choice of calibration profile is not important, it is preferable to use a profile that is closer to practical implementations. Of the profiles in TR38.803, we find example 2 more relevant.
Proposal 5: RAN4 to decide between the example 1 example 2 PN profiles from TR38.803 as a calibration waveform for the EVM calculator
Company studies on EVM impact due to their respective specific phase noise profile can meaningfully be compared after the calibration step.
Conclusions
[bookmark: _Hlk503780345]Observation 1: Additional MPR compared to UL 64QAM is expected to help a legacy UE become EVM compliant at the high end of the EIRP range.
Observation 2: An elevated minimum EIRP level compared to UL 64QAM is expected to help a legacy UE become EVM compliant at the low end of the EIRP range.
Proposal 1: The DMRS based channel estimate in the PTRS-ready EVM calculator shall utilize CPE-corrected DMRS symbols
Proposal 2: The PTRS extraction and correction stage in the PTRS-ready EVM calculator is the final refinement of the received signal.
Proposal 3: (PTRS Configuration) For UL 256QAM in FR2, the PTRS configuration shall be aligned with the UE’s recommended PTRS configuration.
Proposal 4: (PTRS Configuration) For UL 256QAM in FR2, 2 port PTRS is configured for 2L UL.
Proposal 5: RAN4 to decide between the example 1 example 2 PN profiles from TR38.803 as a calibration waveform for the EVM calculator
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