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5.2.1.2
Results from company A [5]

The key parameter of EVM is constructed of two values dependent on different kinds of distortions. One is fixed EVM which reflects the impairment by the component non-linearity attribute contributed from the full transmitter chain and the other one is derived EVM based on the phase noise of transmitter/receiver. So in the simulation, the EVM variable is defined as fixed EVM + explicit derived EVM by PN model, and then we evaluate the SE performance with 0%, 3% and 4% EVM valuesto find if any performance benefit for 256QAM by comparing to 64 QAM, in which the case for 0% EVM is as baseline for reference.
Figure 5.2.1.2-1 depicts the spectrum efficiency performance by comparing 256QAM to 64QAM. 

The curve with red colour represents the performance for 256QAM without PTRS.

The curve with blue colour represents the performance for 64QAM without PTRS.
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Figure 5.2.x.1-1: Spectrum efficiency performance by comparing 256QAM to 64QAM

It is worth to note that all the EVM values in the figure have included the impact due to the phase noise which will contribute the -35dBc EVM in typically. Based on the figure above, we can observe that the phase noise will cause the SE performance degradation, the higher modulation order the more severe degradation. Although the PTRS is mandatory with UE capability signalling, but it is necessary for transmitter/receiver to apply PTRS to remove the CPE, which will not only benefit for 256QAM but also for lower order modulation. On the other side, 256QAM is an optional feature for FR2, but it shall be more applicable with PTRS supporting.

On the other side, even without PTRS which means no phase noise compensation, 256QAM still can achieve higher spectrum efficiency than 64QAM when SINR is larger than 25dB with the total EVM is less than 4%.
5.2.1.3
Results from company B [6](Nokia)

Simulation results obtained with parameters in table 5.2.1.1-2 are shown in Figure 5.2.1.3-1.
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Figure 5.2.1.3-1: Link level simulation results

In figure 5.2.1.3-1 it can be seen that the throughput with 256QAM exceeds throughput with 64QAM approximately at 28 dB SNR. 

One important aspect to be taken into account when analysing the results is the used phase noise model. As shown in Figure 2, the phase noise performance is significantly worse that what is actually achievable with reasonable silicon area and power consumption [2]. On average the phase noise model is 6.5 dB worse than performance in [2]. Therefore with realistic phase noise assumptions more gains are expected.

One should also note that it may be overly optimistic to compare 64QAM and 256QAM with the same baseline EVM on Tx side, as 64QAM EVM budget is more relaxed and this can be utilized by heavier crest factor reduction.
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Figure 5.2.1.3-2: Comparison of the used phase noise model and published results
In addition, the results in Figure 5.2.1.3-1 are obtained using 3% Tx EVM, excluding the EVM impact from the phase noise. It should be noted the gain is observed with total EVM of the Tx chain of approximately 5.3 %, excluding the benefits from PT-RS based equalization. Further gains would be observed using EVM contribution which keeps the total EVM similar to FR1 requirement.

Based on the results and analysis the following observation is made.

Observation 1: Even with the used pessimistic phase noise and EVM assumptions throughput gains over 64QAM can be observed with 256QAM.
Observation 2: TR 38.803 config 1 PN model is too pessimistic compared to currently achievable performance. Therefore a [6.5] dB downscaling of the corresponding PN model should be considered.
5.2.1.4
Results from company C [7](DoCoMo)

Figure 5.2.1.4-1 shows link level simulation results compared between 64QAM and 256QAM. On static channel with antenna configuration 2x2 and Rank 2, even with  3% Tx EVM and 3% Rx EVM, the performance gain compared to 64QAM modulation is obtained over 21dB SNR. This SNR is a realistic value that can be achieved in the expected deployment (e.g., Small cell scenario). 

Observation 1: From the evaluation results, FR2 DL 256QAM modulation has a better performance than 64QAM modulation with realistic SNR.
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a) Tx EVM 0% and Rx EVM 0%





 b) Tx EVM 3% and Rx EVM 3%

Figure 5.2.1.4-1: Simulation results on static channel

From above evaluations, we can conclude that DL 256QAM in FR2 can provide certain system performance gain in realistic network. Therefore, we propose to introduce the requirement of FR2 DL 256QAM.
Regarding Tx EVM, our simulation assumed 3% considering the feasible value. As a requirement for BS Tx EVM, it is sufficient to define 3.5% which is the same requirement as FR1. Therefore, it is proposed to define 3.5% as a requirement for BS Tx EVM for 256QAM modulation.
5.2.1.5
Results from company D [8](Huawei)

Option d): PN model config2: example2 (BS) + PN model config1: example1(UE)
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Figure 5.2.1.5-1: simulation results (Option d PN model)

Option a): PN model config1: example1 (BS) + example1(UE)
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Figure 5.2.1.5-2: simulation results (Option a PN model)
From the simulation results, it is shown that support 256 QAM can provide significant performance gain over 64QAM where the UE is in good propagation condition. It is also found that the performance is more sensitive to RF impairment for 256 QAM

Observation 1: Support 256QAM can provide significant performance gain over 64QAM where the UE is in good propagation condition.
5.2.1.6
Results from company E [9](E///)

As part of the study a companion paper [2] discusses further the complications on testability for this feature when it comes to receiver demodulation and the required SINR.  Looking at the parameters, the higher order MCS (256 QAM MCS 25 and 27) are not presented here as initial results yielded little to no throughput.  Although, to keep ease in simulation time, HARQ was not applied and it may be possible to see more tangible throughput numbers.

The following results show the throughput performance at 256 QAM.
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Figure 5.2.1.6-1: SCS 60 kHz, MCS 23
Comparably, when looking at 64 QAM throughput performance is better than 256 QAM when the expected EVM at transmitter and receiver is 5%.  The overall performance of 256 QAM at low SNR is rather sensitive to any added receiver and/or transmitter noise.  The fading channel conditions also provide some aspects to the results below.  Further simulations using HARQ could help this aspect; no link adaptation was simulated for this scenario.
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Figure 5.2.1.6-2: 256 QAM and 64 QAM throughput performance comparison
5.2.1.7
Results from company F [10](CATT)

From the Figure 5.2.1.7-1(a) and 5.2.1.7-1(b), the achievable throughput for 256QAM is worse than 64QAM at 3.5% TX EVM and 3.5% RX EVM at SNR 40dB under TDL-A and TDL-D fading channel. The results for TDL-A and TDL-D fading channel indicate that the FR2 256QAM is hard to be deployed in scenarios include Homes, Roof-above or indoor, Commercial centre or official building. From the Figure 5.2.1.7-1(c), the achievable throughput for 256QAM is better than 64QAM at 3.5% TX EVM and 3.5% RX EVM in the SNR range form 30dB to 40dB in static channel. However there may be very limited scenarios with static channel condition in practice. 
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c) Static channel


    Figure 5.2.1.7-1 performance comparison of 64QAM and 256QAM in TDL-A in option b phase noise model

5.2.1.8
Results from company G [11](Intel)

In Table 5.2.1.8-1 andTable 5.2.1.8-2 we provide summary of simulation results and compare performance of 64QAM and 256QAM for 25, 30 and 35 dB SNR point. The table shows the relative throughput improvement in case of using 256QAM comparing to 64QAM.
Table Table 5.2.1.8-1. Performance improvement of 256QAM over 64QAM for CF 29 GHz

	CF, GHz
	Rank configuration
	Channel model
	Tx/ Rx EVM
	Phase noise model C
	Phase noise model D

	
	
	
	
	25 dB
	30 dB
	35 dB
	25 dB
	30 dB
	35 dB

	29 GHz
	Rank 1
	Static
	1%
	19%
	21%
	24%
	19%
	19%
	21%

	
	
	
	2%
	15%
	19%
	20%
	11%
	19%
	20%

	
	
	
	3%
	11%
	19%
	19%
	11%
	18%
	19%

	
	
	TDL-A
	1%
	5%
	11%
	19%
	5%
	10%
	18%

	
	
	
	2%
	5%
	9%
	16%
	4%
	9%
	13%

	
	
	
	3%
	3%
	7%
	11%
	1%
	5%
	10%

	
	
	TDL-D
	1%
	4%
	13%
	17%
	2%
	9%
	16%

	
	
	
	2%
	2%
	9%
	15%
	2%
	8%
	12%

	
	
	
	3%
	1%
	7%
	10%
	2%
	5%
	9%

	
	Rank 2
	Static
	1%
	10%
	19%
	19%
	10%
	19%
	19%

	
	
	
	2%
	8%
	15%
	19%
	4%
	12%
	19%

	
	
	
	3%
	0%
	11%
	17%
	0%
	11%
	15%

	
	
	TDL-A
	1%
	-2%
	-9%
	5%
	-2%
	-10%
	0%

	
	
	
	2%
	-1%
	-8%
	0%
	-1%
	-6%
	-10%

	
	
	
	3%
	0%
	-6%
	-11%
	0%
	-5%
	-14%

	
	
	TDL-D
	1%
	-7%
	3%
	9%
	-13%
	3%
	6%

	
	
	
	2%
	-12%
	2%
	6%
	-12%
	0%
	2%

	
	
	
	3%
	-12%
	-3%
	3%
	-12%
	-9%
	2%

	
	Adaptive Rank
	Static
	1%
	10%
	19%
	19%
	10%
	19%
	19%

	
	
	
	2%
	8%
	15%
	19%
	4%
	12%
	19%

	
	
	
	3%
	0%
	11%
	17%
	0%
	11%
	15%

	
	
	TDL-A
	1%
	-2%
	-9%
	5%
	-2%
	-10%
	0%

	
	
	
	2%
	-1%
	-8%
	0%
	-1%
	-6%
	-10%

	
	
	
	3%
	0%
	-6%
	-11%
	0%
	-5%
	-14%

	
	
	TDL-D
	1%
	-7%
	3%
	9%
	-13%
	3%
	6%

	
	
	
	2%
	-12%
	2%
	6%
	-12%
	0%
	2%

	
	
	
	3%
	-12%
	-3%
	3%
	-12%
	-9%
	2%


Table 5.2.1.8-2. Performance improvement of 256QAM over 64QAM for CF 39 GHz

	CF, GHz
	Rank configuration
	Channel model
	Tx/ Rx EVM
	Phase noise model C
	Phase noise model D

	
	
	
	
	25 dB
	30 dB
	35 dB
	25 dB
	30 dB
	35 dB

	39 GHz
	Rank 1
	Static
	1%
	11%
	16%
	16%
	11%
	11%
	11%

	
	
	
	2%
	11%
	11%
	14%
	10%
	11%
	11%

	
	
	
	3%
	9%
	11%
	11%
	1%
	11%
	11%

	
	
	TDL-A
	1%
	5%
	9%
	11%
	3%
	6%
	11%

	
	
	
	2%
	3%
	6%
	10%
	1%
	6%
	9%

	
	
	
	3%
	0%
	2%
	8%
	-4%
	3%
	4%

	
	
	TDL-D
	1%
	1%
	8%
	10%
	2%
	6%
	9%

	
	
	
	2%
	1%
	2%
	9%
	2%
	1%
	7%

	
	
	
	3%
	1%
	2%
	7%
	-2%
	1%
	2%

	
	Rank 2
	Static
	1%
	0%
	10%
	10%
	0%
	10%
	10%

	
	
	
	2%
	0%
	10%
	10%
	0%
	9%
	10%

	
	
	
	3%
	0%
	4%
	8%
	0%
	0%
	9%

	
	
	TDL-A
	1%
	-3%
	-12%
	-2%
	-1%
	-7%
	-18%

	
	
	
	2%
	-1%
	-7%
	-10%
	0%
	-5%
	-14%

	
	
	
	3%
	0%
	-6%
	-16%
	0%
	-6%
	-8%

	
	
	TDL-D
	1%
	-14%
	1%
	2%
	-12%
	-6%
	1%

	
	
	
	2%
	-12%
	-3%
	2%
	-12%
	-16%
	-2%

	
	
	
	3%
	-11%
	-14%
	1%
	-11%
	-15%
	-14%

	
	Adaptive Rank
	Static
	1%
	0%
	10%
	10%
	0%
	10%
	10%

	
	
	
	2%
	0%
	10%
	10%
	0%
	9%
	10%

	
	
	
	3%
	0%
	4%
	8%
	0%
	0%
	9%

	
	
	TDL-A
	1%
	-3%
	-12%
	-2%
	-1%
	-7%
	-18%

	
	
	
	2%
	-1%
	-7%
	-10%
	0%
	-5%
	-14%

	
	
	
	3%
	0%
	-6%
	-16%
	0%
	-6%
	-8%

	
	
	TDL-D
	1%
	-14%
	1%
	2%
	-12%
	-6%
	1%

	
	
	
	2%
	-12%
	-3%
	2%
	-12%
	-16%
	-2%

	
	
	
	3%
	-11%
	-14%
	1%
	-11%
	-15%
	-14%


Observations: From link level results we can conclude
· Static channel model

· 29 GHz carrier frequency: 

· Sufficient performance improvement of 256QAM over 64QAM (> 5%) is observed for MIMO Rank 1 and 2 transmissions and all considered SNR operating points for most of considered scenarios.

· 39 GHz carrier frequency 

· MIMO rank 1: sufficient performance improvement is observed for almost all considered SNR points.

· MIMO rank 2: sufficient performance improvement is observed for SNR > 30 dB only 

· Fading channel models

· Sufficient performance improvement of 256QAM over 64QAM (> 5%) is observed for scenarios with Rank 1 transmission and high SNR conditions (i.e. ≥ 30dB)

· Limited or no performance improvement of 256QAM over 64QAM is observed for Rank 2 transmission

· For phase noise model (i.e. model D), significant performance improvement of 256QAM over 64QAM (> 10%) is observed only for scenarios with 29 GHz carrier frequency, Rank 1 transmission and 35dB SNR
5.2.1.9
Results from company H [12](Qualcomm)

Table 5.2.1.9-1 compares the SNR points at 90% of peak throughput for two cases under AWGN conditions.

Table 5.2.1.9-1: Comparison of RAN4 and Internal IPN models under AWGN channel condition

	Test Cases
	SNR (dB) at 90% of peak throughput using RAN4 IPN model
	SNR (dB) at 90% of peak throughput using internal IPN model
	Peak Throughput (Mbps)

	64QAM, MCS 26, 2x2, Rank2
	20.51
	19.30
	700.72

	64QAM, MCS 27, 2x2, Rank2
	21.93
	20.27
	731.60

	64QAM, MCS 28, 2x2, Rank2
	24.10
	21.30
	762.95

	256QAM, MCS 21, 2x2, Rank2
	23.38
	20.94
	762.95

	256QAM, MCS 22, 2x2, Rank2
	27.03
	22.27
	809.97


Based on above results, we have following observations:

Observation 1: Peak Throughput for 64QAM MCS28 is exactly equal to that for 256QAM MCS21.

Observation 2: RAN4 IPN models are very pessimistic. SNR needed to achieve 256QAM regime is very high.

Observation 3: SNR needed to achieve 90% of peak throughput for 64QAM MCS28 is slightly higher than that for 256QAM MCS21 under AWGN conditions.

As RAN4 IPN model is very pessimistic, we now focus on our internal IPN model for the rest of the simulations.

Simulation Results without EVM

In this section, we compare the 64QAM and 256QAM performance under different channel conditions and carrier frequencies to determine whether 256QAM can provide gains over 64QAM under FR2. Here, we look at 70% and 90% of peak throughput since most of the RAN4 fixed MCS requirements are defined at 70% of peak throughput. For all simulations, we assumed our internal IPN model.

Table 2 and Table 3 list the SNRs required to achieve 70% and 90% of peak throughput under different channel conditions with carrier frequency of 29GHz and 39GHz, respectively without considering any Tx/Rx EVM.

Table 5.2.1.9-2: SNR required to achieve 70% and 90% of peak throughput without EVM, carrier frequency = 29GHz

	Test Cases
	AWGN SNR (dB)
	TDL-D 30ns 35Hz SNR (dB)
	TDL-A 30ns 35Hz SNR (dB)

	% of Peak Throughput
	70%
	90%
	70%
	90%
	70%
	90%

	64QAM, MCS 26, 2x2, Rank2
	18.90
	19.30
	20.72
	22.15
	25.49
	28.03

	64QAM, MCS 27, 2x2, Rank2
	19.81
	20.27
	21.53
	23.18
	27.00
	29.60

	64QAM, MCS 28, 2x2, Rank2
	20.90
	21.30
	22.90
	24.28
	28.93
	32.15

	256QAM, MCS 20, 2x2, Rank2
	19.89
	20.30
	21.56
	23.25
	26.30
	28.59

	256QAM, MCS 21, 2x2, Rank2
	20.12
	20.94
	22.34
	24.00
	27.22
	29.72

	256QAM, MCS 22, 2x2, Rank2
	21.78
	22.27
	23.72
	25.58
	28.77
	31.50


Table 5.2.1.9-3: SNR required to achieve 70% and 90% of peak throughput without EVM, carrier frequency = 39GHz

	Test Cases
	AWGN SNR (dB)
	TDL-D 30ns 35Hz SNR (dB)
	TDL-A 30ns 35Hz SNR (dB)

	% of Peak Throughput
	70%
	90%
	70%
	90%
	70%
	90%

	64QAM, MCS 26, 2x2, Rank2
	18.90
	19.30
	21.01
	22.34
	26.01
	28.59

	64QAM, MCS 27, 2x2, Rank2
	19.90
	20.30
	21.80
	23.62
	27.55
	30.33

	64QAM, MCS 28, 2x2, Rank2
	20.94
	21.37
	23.32
	24.91
	29.87
	-

	256QAM, MCS 20, 2x2, Rank2
	19.91
	20.32
	21.80
	23.65
	26.88
	29.42

	256QAM, MCS 21, 2x2, Rank2
	20.87
	21.31
	22.87
	24.29
	27.87
	30.43

	256QAM, MCS 22, 2x2, Rank2
	22.00
	22.53
	24.41
	26.18
	29.79
	-


Based on above results, we have following observations:

Observation 5: SNR needed to achieve high throughput regime using 64QAM or 256QAM is very high for TDL-A channel model.

Observation 6: For AWGN, 256QAM shows gains for SNR > ~20dB and for TDL-D, 256QAM shows gains for SNR > ~22dB over 64QAM without considering EVM.

Observation 7: There is < 0.5dB degradation in performance when going from carrier frequency of 29GHz to 39GHz for lower MCS for 256QAM regime under AWGN and TDL-D channel conditions without considering EVM.
Simulation Results with EVM

In previous sections, we focused on best case scenarios to determine the upper limit of performance. In this section, we present simulation results with EVM since that will be more practical scenario.

As shown in above, very high SNR is needed to achieve high throughput regime under TDL-A condition. Therefore, we will only focus on AWGN and TDL-D channels in this section. We assume Tx EVM of 3% (current RAN4 assumption for 256QAM) for both 64QAM and 256QAM. Rx EVM is assumed as per our internal UE implementation.

Table 5.2.1.9-4 and Table 5.2.1.9-5 list the SNRs required to achieve 70% and 90% of peak throughput under different channel conditions with carrier frequency of 29GHz and 39GHz, respectively with Tx/Rx EVM.

Table 5.2.1.9-4: SNR required to achieve 70% and 90% of peak throughput with EVM, carrier frequency = 29GHz

	Test Cases
	AWGN SNR (dB)
	TDL-D 30ns 35Hz SNR (dB)

	% of Peak Throughput
	70%
	90%
	70%
	90%

	64QAM, MCS 26, 2x2, Rank2
	18.90
	19.30
	21.18
	22.50

	64QAM, MCS 27, 2x2, Rank2
	19.90
	20.30
	22.02
	23.84

	64QAM, MCS 28, 2x2, Rank2
	20.95
	21.40
	23.54
	25.35

	256QAM, MCS 20, 2x2, Rank2
	19.91
	20.32
	22.06
	23.89

	256QAM, MCS 21, 2x2, Rank2
	20.91
	21.33
	23.09
	24.58

	256QAM, MCS 22, 2x2, Rank2
	21.99
	22.48
	24.78
	26.40


Table 5.2.1.9-5: SNR required to achieve 70% and 90% of peak throughput with EVM, carrier frequency = 39GHz

	Test Cases
	AWGN SNR (dB)
	TDL-D 30ns 35Hz SNR (dB)

	% of Peak Throughput
	70%
	90%
	70%
	90%

	64QAM, MCS 26, 2x2, Rank2
	18.95
	19.39
	21.42
	23.12

	64QAM, MCS 27, 2x2, Rank2
	19.98
	20.46
	22.54
	24.14

	64QAM, MCS 28, 2x2, Rank2
	21.68
	22.25
	24.06
	25.96

	256QAM, MCS 20, 2x2, Rank2
	20.09
	20.87
	22.55
	24.21

	256QAM, MCS 21, 2x2, Rank2
	21.02
	21.63
	23.55
	25.47

	256QAM, MCS 22, 2x2, Rank2
	22.85
	23.38
	25.60
	27.79


Based on above results, we have following observations:

Observation 8: For AWGN, 256QAM shows gains for SNR > ~21dB and for TDL-D, 256QAM shows gains for SNR > ~23dB over 64QAM with EVM consideration.
5.2.1.10
Conclusion

Editor Note: this conclusion is an initial conclusion based on the initial results provided in RAN4#91meeting.Further update will be made based on the results updated in the next meeting.

Based on the simulation results and observations provided above, the following table summarizes the SNR ranges in which 256QAM shows benefit by comparing to 64QAM below intable 5.2.1.10-1.

Table 5.2.1.10-1 SNR required to achieve gains for 256QAM
	Contributor
	AWGN SNR (dB)
	TDL-D SNR (dB)
	TDL-A SNR (dB)

	Company A
	
	
	> 25dB

	Company B
	
	> 28dB
	

	Company C
	> 21dB
	
	

	Company D
	
	> 24dB
	

	Company E
	
	
	 No benefit

	Company F
	> 21dB
	> 27dB
	> 31dB

	Company G
	> 25dB
	> 30dB
	> 35dB

	Company H
	> 21dB
	> 23dB
	

	Average
	> 21dB
	> 26.4dB
	



<end of TP >
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