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1.	Introduction
In RAN#83, a WI on “Add support of NR DL 256QAM for FR2” was approved. As part of the WI objectives is study the feasibility and performance of 256QAM for FR2 as following:
[bookmark: _GoBack]Phase 1:  Continue and complete the feasibility and performance benefit study to identify applicable scenarios
1) Both system and link simulations as well as RF and baseband implementation need to be considered in the Rel-16 evaluation to study the benefits of FR2 DL 256QAM.
In this paper, a summary of link simulation analysis performed during the NR Rel-15 as well as a discussion around the transmitter linearity and ACLR in relation to output power is presented.
In addition, some system simulation results for FR2 Uma scenario is presented.
2.	Discussion
As phase noise degrades by 6 dB for every doubling in frequency, extensive analysis around the phase noise and its impact for mm-wave frequencies was performed during NR SI and WI. The effect of phase noise was shown in [1] & [2] implying that the effect of phase noise is two-folded. The first consequence is that the phase noise rotates the phases of all the subcarriers in the transmitted/received signal by a common value which is known as common phase error (CPE). With efficient CPE compensation the impact due to CPE can be mitigated. The second consequence is, as result of loss of orthogonality in the OFDM signal where each subcarrier is interfered by every other adjacent subcarrier and this is termed as intercarrier interference (ICI). The impact of ICI is more accentuated for higher order modulation compared to lower order modulation.
In Figure 1, the scatter plots 256QAM modulation both before and after the CPE compensation (if implemented in the receiver) is shown. Thus despite the CPE compensation removing the common phase error, the remaining part still would affect the signal quality. It should be noted that the receiver in the UE depending on the phase noise performance will still pose a degradation to signal quality.
It should be noted that RAN4 specifications at this stage contain no requirement which would require CPE compensation in the UE.
                
      [image: ] [image: ]
Figure 1: 256QAM before (left) and after CPE compensation (right)
Thus, for higher order modulations and specifically in 256QAM, the performance is limited by the amount of ICI present after CPE compensation implying that for BS EVM, phase noise is an essential parameter to consider.  It should be noted that for BS EVM, in addition to phase noise with assumed CPE compensation, there are other contributions such as PA non-linearities and possibly the distortion induced by CFR or other peak reduction algorithms.
Using the simulation assumptions below: 
· 30GHz carrier frequency is considered
· Phase noise models as described in TR 38.803 v14.2.0
· 1Tx-2Rx antenna configuration
· 50MHz carrier bandwidth 
· 66 PRB allocations for 60kHz SCS 
· Type 1 DM-RS 1+1 DM-RS (2 DM-RS symbols).
· The PT-RS density was set to be in every OFDM symbol.
· A TDL_A channel with rms delay spread of 30 nsec and UE speed of 3km/h is considered.
· Transceiver impairments such as RF distortions sources of EVM (base EVM), other than phase noise, is considered independently (i.e. EVM due to RF impairments + PN). 
· Practical channel estimation and CPE estimation algorithms are employed
· 
Link simulation results for 64QAM and 256QAM modulation is presented in Figure 2.
[image: ]
Figure 2: Throughput comparison of 64 QAM and 256 QAM 
The results presented in Figure 2 show the need for CPE compensation but also that for 256QAM despite CPE compensation and good typical base EVM, ICI still has large impact on the link performance for 256QAM. In addition, the achievable throughput for 256QAM at high SNR regions is better than 64QAM but slightly better so the gain in throughput given practical impairments seems to be quite limited.
As described previously, the BS EVM contains all transmitter impairments consisting of several impairments contributing such as phase noise, CRF/peak reduction distortion and PA non-linearities etc. The complex relation between achievable output power, linearity (ACLR) and efficiency for FR2 has been extensively discussed during NR SI and rel-15 WI. In addition, FR2 base-stations considering the need for highly integrated solutions under limited available size (form factor), the need to consider these dependencies due to thermal aspects is an obvious necessity. 
Figure 3 presents the simulated relationship between the ACLR achieved at the output of a 30GHz CMOS PA and a GaN PA, respectively, and the EVM. The figure indicates that to achieve a given EVM level, the PA must be dimensioned such that it would be capable to meet an ACLR of around 7dB greater than the SNR implied by the EVM.
The EVM expressed in dB is a measure of achievable SNR and is calculated as:
EVMdB = 20*log (EVM%)
Figure 4 which describes the relation between output power and EVM indicates that for 8% EVM (64QAM), the SINR is 22dB and thus to avoid PA non-linearity compromising the EVM, the PA must have an operating point that achieves an ACLR of ~29dB which is aligned with current ACLR requirements for FR2 bands (n257 and n258 based on 30 GHz proxy frequency). For 3.5% EVM (256QAM), the corresponding SNR is 30dB, implying a PA operating with an ACLR of around 37dB.
[image: ]
Figure 3: Relationship between ACLR achieved at 30GHz CMOS PA and GaN PA, respectively and EVM.
Figure 4 is presenting the estimated output power vs EVM for the BS array considered during the NR. As can be seen from the curves, EVM for 256QAM becomes the dimensioning requirement for the PA instead of ACLR, with the consequence that the achievable output power would require a reduction by around 5dB in terms of needed power back off. [image: ]
Figure 4 Simulation of 30 GHz CMOS and GaN power amplifier models showing output power as a function of EVM.
The needed EVM for 256QAM compared to 64QAM would imply a significant degradation (reduction by a factor 2) of PAE (power added efficiency as shown in Figure 5. 
[image: ]
Figure 5 Simulation of 30 GHz CMOS and GaN power amplifier models showing PAE as a function of EVM.
The analysis above only consider the PA non-linearity aspect contributing to EVM and thus taking to account other impairments such as phase noise in addition, would require additional power back-off as well as degraded power efficiency [3].
To analyse the system impact and benefit of 256QAM for FR2, the difference in user throughput between 64QAM and 256QAM (for 5th, 50th and 95th percentile) was simulated and is presented in Figure 6.
[image: cid:image001.jpg@01D4F046.CCAA0B20]

Figure 6 user throughput for 64QAM and 256QAM users
As indicated in Figure 6, there is very limited system gain for 256QAM compared to 64QAM in UMa network scenario.
3.	Conclusions
In this paper, analysis of link level performance under phase noise including the CPE compensation and other RF distortions for 256QAM in FR2 as well as system simulation results for UMa scenario in combination with in-depth analysis of EVM requirements in combination of other PA important metrics were presented.
Limited gain for 256QAM was observed both considering the link and system simulations.
Given the EVM requirement for 256QAM for FR2, it was shown that only due to PA non-linearities, the EVM would dominate the dimensioning of the PA instead of current ACLR requirements where the 256QAM modulation would need ~9 dB more stringent ACLR corresponding to 5 dB reduced power and an efficiency reduction of factor 2.
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