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1 Background
At the 3GPP RAN #95 meeting, the Work Item on “NR RF requirements enhancement for frequency range 2 (FR2), Phase 3” was approved for Rel-18 [1]. The objectives of the core part in the Work Item includes:

UL 256QAM
· 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 

Beam correspondence requirements for RRC_INACTIVE and initial access
· Specify UE beam correspondence requirements for initial access and RRC_INACTIVE state, for SSB-based beam correspondence without UL beam sweeping [RAN4 RF]
· For RRC_INACTIVE specify at least requirements for Random Access SDT and Configured Grant SDT
· Requirements for other transmission within RRC_INACTIVE state are not precluded.
· For initial access, specify requirements and verification of beam correspondence requirements based on msg1 spherical coverage (at least) 
· Study the potential impact on testability aspects (i.e., test time).


In this Tdoc, we will discuss the performance gain of UL 256QAM under the impact from phase noise, and its feasibility in FR2-1 . 
2 Discussion
RF HW implementation
Phase noise in the RF front end has a significant impact on the EVM performance. The contribution to EVM performances from the RF part to a large extent depends on the choice of RF components. It can also be expected that the phase noise of the RF chain will be higher with increased operation frequencies. Good EVM performance is crucial for high order modulation schemes. To improve the EVM performance the RF chain can be designed with better RF components, and it is also a matter of current consumption in the RF part. Therefore, his can be feasible particularly for PC1/2/5 considering better performing RF components are usually adopted in those devices and they usually operate on power supply rather than battery, compared to handheld UEs. Especially, the power amplifier (PA) could contribute to the PN. In the below analysis, it is assumed the PA is biased in a way it is not contributing to the PN.
Phase noise model
It is critical to exam how 256 QAM would perform under a realist phase noise model. We, therefore, compare the models described in TR 38.803 sections 6.1.10 and 6.1.11 [2] and also the model proposed in [3]. Phase noise from those models is shown in Figure 1. (Note that the PN shown in Figure 1 does not include any contribution from the PA).
[bookmark: _Ref110598530][image: ]Figure 1. Phase noise as a function of offset frequency from phase noise models described in TR 38.803 and R1-2003851.
The model proposed in [3] is based on extensive literature reviews and is more pessimistic (compared to the TR 38.803 models) but was not agreed. Among the models described in [2], the “Example 2”-model (described in section 6.1.11) best suits our needs. This is because it models both BS and UE PLLs.
[bookmark: _Ref95583289][bookmark: _Ref110615612]Observation 1	The phase noise model, “Example 2”, described in TR 38.803, section 6.1.11, is best suited for simulation of FR2-1 256QAM performance.
Effect of phase noise
Phase noise has two main effects in OFDM systems:
· A rotation, by the same amount, of the phases of all transmitted symbols, i.e., a common phase error (CPE).
· A dispersion of the transmitted symbols about the original modulation symbols, which is the result of inter-carrier interference (ICI). (This is similar to the effect of thermal noise).
These two effects are illustrated in Figure 2.
[bookmark: _Ref110603592]Figure 2[image: ]. 256-QAM constellation with EVM (1000 points). Left: Common phase error (rotation) and ICI (dispersion). Right: Only dispersion (no rotation).
We assume that phase rotations can be estimated and compensated. Thus, we focus on the dispersion of the transmitted symbols, quantized by the error vector magnitude (EVM) metric:

The EVM metric is further defined in TS 38.101-1, Appendix F.2, and the averaged EVM is described in Appendix F.6.
Using the previously discussed “Example 2” model [2] (aka Ex-2 BS, Ex-2 UE) for BS (Ex-2 BS) and UE (EX-2 UE), respectively, we run link-level simulations using the setup in Figure 3, where  is a CP-OFDM baseband waveform, and  and  are the phase noises of the up- and down-converters, respectively.
[image: ]
[bookmark: _Ref111037881]Figure 3	 The setup used for link-level simulations of UL 256-QAM, including phase noise.
Simulating and averaging the EVM over 1000 OFDM symbols for different modulations, we obtain:
	Modulation order
	QPSK
	64-QAM
	256-QAM

	Average EVM [%]
	4.66 ± 1.05
	4.72 ± 1.06
	5.55 ± 1.62

	Relative error power [dB]
	-26.8 ± 1.9
	-26.7 ± 1.9
	-25.4 ± 2.3


Table 1 Average EVM and Error Power for QPSK, 64-QAM, and 256-QAM using the Ex-2 BS, Ex-2 UE model, averaged over 1000 OFDM symbols.

[bookmark: _Ref110615688]It could be seen that the average EVM is very similar regardless of the modulation order.
The EVM requirement is specified in TS 38.101-1 [3] as 
Table 6.4.2.1-1: Requirements for Error Vector Magnitude
	
Parameter
	Unit
	Average EVM Level

	Pi/2-BPSK 
	%
	30

	QPSK
	%
	17.5

	16 QAM 
	%
	12.5

	64 QAM 
	%
	8

	256 QAM
	%
	3.5



Even though this table specifies FR1 UE behavior, there is no reason the 256 QAM value can’t be re-used for FR2 in Table 6.4.2.1-1 in TS 38.101-2 [5].
Note that the simulated value is somewhat larger than 3.5 %. On one hand, the EVM performances can be improved if a lower phase noise can be achived than in the proposed model. As discussed previously this is feasible for PC1/2/5 considering the better RF components and possibility for higher current consumption for those devices. On the other hand, the EVM performance can also be improved without extra RF hardware cost but more delicatecd Inter Carrier Interference (ICI) compensation technologies.  therefore, it is also suggested that RAN4 looks into some compensation for ICI. 
[bookmark: _Ref95583335][bookmark: _Ref110615724]Observation 2	High performance RF components or Compensation for Inter Carrier Interference (ICI) would possibly be needed to reach an average EVM level of 3.5 % for 256 QAM in FR2-1.
[bookmark: _Ref95492320]Spectral efficiency of 256-QAM in FR2-1 considering impact of phase noise
To address whether 256-QAM will work in FR2-1 and demonstrate its performance gain, we look at the spectral efficiency of an AWGN channel with QAM-modulated symbols, including the impact of phase noise (PN). The spectral efficiency gives us an upper limit to the system’s throughput.
We use the set up
The Ex-2 PN model in TR 38.803 [2] is selected to differentiate between PN at the UE and PN at the BS. Further, we assume that Common Phase Error (CPE) is compensated but Inter Carrier Interference (ICI) is not. 
To analyze the impact of PN, we treat the EVM arising from PN as receiver noise. From our previous discussion,

If  is Gaussian and independent of , one can write the receive signal-to-noise ratio (SNR) as

with .
Further, if all modulation symbols experience the same amount of phase noise and receiver noise, we finally arrive at the formulas

and

 where  for QPSK, 16-QAM, 64-QAM, and 256-QAM, respectively.

It is now possible to generate a diagram showing spectral efficiency, including PN, using well-known methods, such as those described in [6]. The result is shown in Figure 4:
[image: ]
[bookmark: _Ref110611124]Figure 4 Spectral efficiency of QPSK, 16-QAM, 64-QAM, and 256-QAM considering the impact of PN. Solid lines: PN + AWGN. Dashed lines: Only AWGN (no PN). 
Figure 4 allows us to compare the spectral efficiency including PN (PN + AWGN), with spectral efficiency with only AWGN (thermal noise). We can see that for constellation sizes smaller than 256-QAM there is only a marginal contribution of PN. For 256-QAM, the spectral efficiency saturates at about 7.6 bits/s/Hz. 
[bookmark: _Ref110616503]Observation 3	For 256-QAM, the spectral efficiency saturates at about 7.6 bits/s/Hz.

The SNR loss at high SNR values is 7dB (7dB better SNR is required for the same throughput compared to no PN). 
[bookmark: _Ref110616517]Observation 4	The SNR loss at high SNR values is about 7dB.

However, at large SNR values the throughput of 256-QAM is still higher than for 64-QAM and the spectral efficiency also reaches the specified MCS Index 27 value IMCS = 7.4063 as specified in Table 5.1.3.1-2 in TS 38.214 [7]. Better performance may be possible if ICI compensation techniques are deployed.
[bookmark: _Ref110616530]Observation 5	Better performance is possible if high performances RF component or ICI compensation techniques are deployed.

Finally we can conclude that there are clear benefits of introducing 256-QAM for FR2-1 in the high SNR range. And that 256-QAM is well suited for PC1, PC2, and PC5 where higher EIRP is assumed and devices aiming for those power classes usually are designed for better RF performance.
[bookmark: _Ref110949087]Observation 6	There are clear benefits of introducing 256-QAM for FR2-1 in the high SNR range.
[bookmark: _Ref110949095]Observation 7	256-QAM is well suited for PC1, PC2, and PC5 where higher EIRP is assumed.
[bookmark: _Ref110949285]Proposal 1	It is proposed that RAN4 continue to look into 256-QAM for PC1, PC2, and PC5.

3 Conclusion
In this contribution, we have derived the spectral efficiency performance of 256-QAM for FR2-1. It is seen that there are clear benefits of introducing 256-QAM for FR2-1 in the high SNR range, and 256-QAM is, therefore, well suited for PC1, PC2, and PC5 where higher EIRP is assumed. The following observations and proposal have been made:
Observation 1	The phase noise model, “Example 2”, described in TR 38.803, section 6.1.11, is best suited for simulation of FR2-1 256QAM performance.
Observation 2	High performance RF components or Compensation for Inter Carrier Interference (ICI) would possibly be needed to reach an average EVM level of 3.5 % for 256 QAM in FR2-1.
Observation 3	For 256-QAM, the spectral efficiency saturates at about 7.6 bits/s/Hz.
Observation 4	The SNR loss at high SNR values is about 7dB.
Observation 5	Better performance is possible if high performances RF component or ICI compensation techniques are deployed.
Observation 6	There are clear benefits of introducing 256-QAM for FR2-1 in the high SNR range.
Observation 7	256-QAM is well suited for PC1, PC2, and PC5 where higher EIRP is assumed.
Proposal 1	It is proposed that RAN4 continue to look into 256-QAM for PC1, PC2, and PC5.
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