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1. Introduction
In WF [1], simulation assumptions were agreed to study the feasibility of 256QAM for FR2. In this paper, we discuss our views on that topic. 
2. RAN4 IPN Model
To evaluate the feasibility of 256QAM in FR2, we looked at SNR needed to achieve 90% of peak throughput for Rank 2 since that is the regime where UE will operate in practice.
We first assume the following to look at the best possible scenario:

· Carrier frequency: 29GHz 
· Channel: AWGN

· BW/SCS: 100MHz/120kHz

· IPN Model: 

· Case 1: The best (based on lowest noise floor) combination of RAN4 UE and BS IPN models defined in TR38.803 (Example 1 for BS and Example 2 for UE)
· Case 2: RAN4 Example 2 BS model at gNB + RAN4 Example 2 BS model at UE
· Case 3: We also compare it with our internal IPN model based on our implementation.
· No Tx/Rx EVM

Observation 1: Among all possible combinations of BS and UE IPN models defined in TR38.803, the best combination of IPN models based on lowest noise floor is Example 2 BS model for gNB and Example 2 BS model for UE.

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

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

	Test Cases
	SNR (dB) at 90% of peak throughput for Case 1
	SNR (dB) at 90% of peak throughput for Case 2
	SNR (dB) at 90% of peak throughput for Case 3
	Peak Throughput (Mbps)

	64QAM, MCS 26, 2x2, Rank2
	20.51
	19.31
	19.30
	700.72

	64QAM, MCS 27, 2x2, Rank2
	21.93
	20.31
	20.27
	731.60

	64QAM, MCS 28, 2x2, Rank2
	24.10
	21.38
	21.30
	762.95

	256QAM, MCS 21, 2x2, Rank2
	23.38
	21.25
	20.94
	762.95

	256QAM, MCS 22, 2x2, Rank2
	27.03
	22.50
	22.27
	809.97


Based on above results, we have following observations:

Observation 2: Peak Throughput for 64QAM MCS28 is exactly equal to that for 256QAM MCS21.
Observation 3: RAN4 IPN model with example 2 BS on both gNB and UE side is the closest to practical implementation.
Observation 4: SNR needed to achieve 90% of peak throughput for 64QAM MCS28 is slightly higher than that for 256QAM MCS21 under AWGN conditions.

As Case 1 is very pessimistic, we now focus on Case 2 and Case 3 for the rest of the simulations.
3. 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. 
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 for Case 2. Table 4 and Table 5 list the same for Case 3.
Table 2: SNR required to achieve 70% and 90% of peak throughput without EVM, carrier frequency = 29GHz, Case 2
	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
	19.31
	20.78
	22.12
	26.04
	28.77

	64QAM, MCS 27, 2x2, Rank2
	19.88
	20.31
	21.60
	23.29
	27.58
	30.51

	64QAM, MCS 28, 2x2, Rank2
	20.94
	21.38
	23.14
	24.46
	30.00
	-

	256QAM, MCS 20, 2x2, Rank2
	19.91
	20.32
	21.71
	23.49
	26.94
	29.65

	256QAM, MCS 21, 2x2, Rank2
	20.70
	21.25
	22.81
	24.24
	28.00
	30.99

	256QAM, MCS 22, 2x2, Rank2
	21.98
	22.50
	24.44
	26.17
	30.11
	-


Table 3: SNR required to achieve 70% and 90% of peak throughput without EVM, carrier frequency = 39GHz, Case 2
	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
	19.05
	19.80
	21.26
	22.63
	27.06
	30.22

	64QAM, MCS 27, 2x2, Rank2
	20.09
	20.91
	22.27
	24.06
	28.88
	-

	64QAM, MCS 28, 2x2, Rank2
	21.55
	22.37
	23.98
	26.09
	-
	-

	256QAM, MCS 20, 2x2, Rank2
	20.17
	21.07
	22.54
	24.22
	28.09
	-

	256QAM, MCS 21, 2x2, Rank2
	21.11
	22.03
	23.62
	25.75
	29.58
	-

	256QAM, MCS 22, 2x2, Rank2
	22.93
	24.30
	26.07
	-
	-
	-


Table 4: SNR required to achieve 70% and 90% of peak throughput without EVM, carrier frequency = 29GHz, Case 3
	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: SNR required to achieve 70% and 90% of peak throughput without EVM, carrier frequency = 39GHz, Case 3
	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 for internal UE IPN model.
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 for internal UE IPN model.
4. 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 Section 3, 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 6 and Table 7 list the SNRs required to achieve 70% and 90% of peak throughput for Case 2 under different channel conditions with carrier frequency of 29GHz and 39GHz, respectively with Tx/Rx EVM. Table 8 and Table 9 list the same for Case 3.
Table 6: SNR required to achieve 70% and 90% of peak throughput with EVM, carrier frequency = 29GHz, Case 2
	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
	19.40
	21.22
	22.46

	64QAM, MCS 27, 2x2, Rank2
	19.97
	20.43
	22.19
	23.94

	64QAM, MCS 28, 2x2, Rank2
	21.39
	22.17
	23.86
	25.80

	256QAM, MCS 20, 2x2, Rank2
	20.02
	20.64
	22.46
	24.10

	256QAM, MCS 21, 2x2, Rank2
	20.98
	21.46
	23.53
	25.41

	256QAM, MCS 22, 2x2, Rank2
	22.72
	23.40
	25.69
	28.05


Table 7: SNR required to achieve 70% and 90% of peak throughput with EVM, carrier frequency = 39GHz, Case 2
	Test Cases
	AWGN SNR (dB)
	TDL-D 30ns 35Hz SNR (dB)

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

	64QAM, MCS 26, 2x2, Rank2
	19.55
	20.26
	21.68
	23.57

	64QAM, MCS 27, 2x2, Rank2
	20.68
	21.35
	23.11
	24.89

	64QAM, MCS 28, 2x2, Rank2
	22.12
	23.14
	25.22
	27.85

	256QAM, MCS 20, 2x2, Rank2
	20.82
	21.42
	23.32
	25.42

	256QAM, MCS 21, 2x2, Rank2
	21.78
	22.53
	24.73
	27.32

	256QAM, MCS 22, 2x2, Rank2
	23.84
	25.60
	28.23
	-


Table 8: SNR required to achieve 70% and 90% of peak throughput with EVM, carrier frequency = 29GHz, Case 3

	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 9: SNR required to achieve 70% and 90% of peak throughput with EVM, carrier frequency = 39GHz, Case 3

	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 for internal UE IPN model.

In our paper [2], we have presented lab measurements using commercially available products and shown that test equipment can achieve 1% EVM for both Tx and Rx. Therefore, EVM and phase noise in the test equipment are not the bottleneck for FR2 DL 256QAM testing. Based on all above observations and simulation results, we propose the following.
Proposal 1: It is feasible to test 256QAM for FR2 at least in SDR test conditions and RAN4 will define such tests.

Proposal 2: 256QAM performance under LOS channels can be tested and RAN4 will define such tests.
5. Conclusions
This paper studies the feasibility of 256QAM in FR2 under different conditions. Following has been observed and proposed:
Observation 1: Among all possible combinations of BS and UE IPN models defined in TR38.803, the best combination of IPN models based on lowest noise floor is Example 2 BS model for gNB and Example 2 BS model for UE.
Observation 2: Peak Throughput for 64QAM MCS28 is exactly equal to that for 256QAM MCS21.

Observation 3: RAN4 IPN model with example 2 BS on both gNB and UE side is the closest to practical implementation.

Observation 4: SNR needed to achieve 90% of peak throughput for 64QAM MCS28 is slightly higher than that for 256QAM MCS21 under AWGN conditions.

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 for internal UE IPN model.

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 for internal UE IPN model.
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 for internal UE IPN model.

Proposal 1: It is feasible to test 256QAM for FR2 at least in SDR test conditions and RAN4 will define such tests.

Proposal 2: 256QAM performance under LOS channels can be tested and RAN4 will define such tests.
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