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1.	Introduction
The discussion to support 256QAM for Release 15 in NR for FR2 is still undergoing. In the previous RAN4 meetings, performance of 256QAM for various EVM levels has been discussed. While the EVM level for 256QAM in FR1 has been set [1], for FR2 RAN4 is currently studying the feasibility 256QAM and whether to support this MCS for release 15. Given the severity of RF impairments in FR2 and its impact on 256QAM modulation compared to lower modulation schemes, we bring further analysis to illustrate some RF impairments including phase noise.
2.	Discussion
The effect of phase noise at the Tx/Rx has two consequences. The first one is that it rotates the phases of all the subcarriers in the transmitted/received signal by a common value which is known as common phase error (CPE). The second consequence is, as result of loss of orthogonality in the OFDM signal, each subcarrier is interfered by every other adjacent subcarrier and this is termed as intercarrier interference (ICI). In [4], it is shown that performance degradation due to ICI is severe at lower SCSs (15kHz SCS) compared to higher SCSs (60kHz, 120kHz SCS). Even though CPE correction, provides a good amount of performance gain, there remains ICI which can not be removed, and which can in some cases, such as high modulation orders and high carrier frequencies, can cause performance degradation. For lower order modulation transmission, the CPE correction algorithm is the limiting aspect of the performance.
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Figure 1a: 16QAM before (left) and after CPE compensation (right)
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Figure 1b: 256QAM before (left) and after CPE compensation (right)
At higher order modulations and specifically in 256QAM, the performance is limited by the amount of ICI present after CPE compensation.  The remainder of this contribution will focus on the analysis of the impact of ICI after and before CPE compensation.   This can be observed in the Figure 1 above where 16QAM and 256QAM constellations are shown before and after CPE compensation. Since phase noise is the dominant source of RF distortion in FR2 and therefore a large contributing factor to the overall EVM budget, the remainder of this contribution evaluates performance of 256QAM and considers EVM contributions from phase noise as the dominant source and additional contributions from other RF distortions.
2.1 CPE correction, PT-RS and DM-RS
In order, to be able to do proper phase error correction, phase tracking reference signals (PT-RS) are defined to provide reference and aid in CPE estimation. In NR, several PT-RS patterns are supported where each pattern has different density in time (number of occupied OFDM symbols). It has been shown in [2] that 256QAM is more sensitive to phase noise and other sources of EVM in general. The DM-RS pattern employed for channel estimation and equalization also needs a good deal of consideration. In addition to causing CPE, phase noise also affects the channel estimation performance, therefore, robust DM-RS pattern needs to be considered together with PT-RS. 
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           PTRS every OFDM symbol      PTRS every 2nd OFDM symbol    PTRS every 4th OFDM symbol            		                   
Figure 2a: TYPE-1 Pattern with 1+1 DM-RS (2 DM-RS symbols)
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                                Figure 2b: TYPE-1 Pattern with 1+2 DM-RS (3 DM-RS symbols)
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In Figures 2a. and 2b, DR-RS patterns of Type-1 with two and three symbols DM-RSs respectively are shown together with PT-RS patterns of different densities. Depending on the severity of the phase noise and the fading channel, for a given EVM value, the receiver performance is dependant on the DM-RS and PT-RS patterns used. In addition to the RF distortion, 256QAM is also sensitive to channel estimation performance and therefore requires a denser DM-RS pattern compared to lower MCSs, where at low speeds, a single symbol (front loaded only) DM-RS pattern is sufficient. The balance between performance gain and DM-RS/PT-RS overhead is even more critical since it can hit a threshold beyond which the use of 64QAM, instead of 256QAM, is more beneficial. 
Even though phase noise is the dominant source of EVM in FR2, other sources of RF distortions need to be considered. Therefore, in addition to phase noise EVM, a “base” EVM is modelled as part of the analysis in Section 2.2 for all other RF distortions.
2.2 Link Level Simulation Results 
The objective of the link level simulation here is to study performance of 256QAM under range of EVM values considering phase noise and other EVM sources. The EVM performance is compared relative to 0% EVM. In [1], link level evaluation in FR2 was done for lower order MCSs below and including 64QAM where a range of EVM values were proposed as requirement for QPSK, 16QAM and 64QAM. In [2], evaluation of impact of phase noise on 256QAM in FR2 compared to lower MCSs was presented while in [3], performances of 64QAM and 256QAM in FR2 are studied for a given EVM value (2%) corresponding to a given phase noise level relative to 0% EVM confirming the severity of the impact of phase noise on 256QAM compared to 64QAM. 
In this study, simulations are done for 256QAM in FR2 for various levels phase noise corresponding to a range of % EVM values. The simulation takes the following assumptions into account 
1. 30GHz carrier frequency is considered
2. 1Tx-2Rx antenna configuration
3. 50MHz carrier bandwidth 
4. 66 PRB allocations for 60kHz SCS 
5. Type 1 DM-RS patterns shown in Figure 2a.
6. The PT-RS density was set to be in every OFDM symbol.
7. A TDL_A channel with rms delay spread of 30nsec and UE speed of 3km/h is considered.
8. 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). 
9. Practical channel estimation and CPE estimation algorithms are employed
 An empirical model based on the phase noise PSD, shown in Figure 3 [5] below was used to generate the phase noise in the following analysis. The PSD indicates that phase noise increases with carrier frequency and therefore, with higher carrier frequencies, such as 70 GHZ, ICI will be more dominant than CPE and requires ICI mitigation in addition to CPE correction. 
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Figure 3: Phase noise models [TR 38.803 v14.2.0]

In Figure 4, throughput curve of 256QAM under PN and 2.5% base EVM for various DM-RS densities is presented showing for the given channel scenario at 3km/h, a DM-RS pattern shown in Figure 2a provides a better balance between channel estimation performance gain and added over-head compared to the DM-RS pattern shown in Figure 2b. Therefore, a 2 symbol DM-RS would provide a slightly higher throughput compared to 3 symbol DM-RS. 
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Figure 4: Throughput curve for 256QAM in TDL_A channel with 30ns delay spread for various DM-RS pattern densities
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Figure 5: Throughput comparison of 64 QAM and 256 QAM 

Figure 5 shows comparison of throughput performance under PN between 256QAM and 64QAM for 60KHz SCS with and without CPE correction where a 2 DM-RS symbol pattern is used. The performance curves show the apparent limitation of performance in 256QAM even after CPE correction compared to 64QAM due to the remaining ICI after CPE compensation. That is, a transmission scheme under PN and CPE correction would provide a throughput performance in a 64QAM modulation which is comparable to 256QAM for 30GHz carrier. At higher carrier frequencies, it is observed that 256QAM would perform worse than 64QAM even after CPE correction due to the level of ICI. It should be noted that after CPE correction, the remaining sources of EVM are ICI and other RF distortion sources.
The analysis in this paper only cover the Phase noise aspect which is given a generous budget for total 256QAM EVM. The combined consideration taking to account the analysis in [6] analyzing the relation between ACLR and EVM and possible impact, also indicate that inclusion of 256QAM for FR2 in rel 15 is not motivated.
Based on the evaluations, this contribution proposes not to include 256 QAM within release 15 and in possible future releases further studies of performance of 256QAM in FR2 under PN and for a range EVM values could be performed.  The evaluations also show that at reasonable SINR levels, 64 QAM is a more practical MCS to use.
3.	Conclusions
This paper presented analysis of link level performance under phase noise and other RF distortions for 256QAM in FR2 for different DM-RS densities. It is shown that for the low speed scenario considered, a pattern with 2 DM-RS symbols is the optimal density for throughput performance. Moreover, based on the analysis of the throughput performance under PN and base EVM, this paper also presented performance comparison of 256QAM and 64QAM showing that, for 30GHz carrier frequency performance of 256QAM is comparable to 64QAM. Thus, 256 QAM for FR2 should not be included in release 15 and possibly for further evaluation of performance of 256QAM in FR2 could be performed for future releases.
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