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1 Introduction

The performance gain from using 256QAM over 64QAM depends on the level of RF impairments at BS and UE sides. With no RF impairments, from theoretical point of view, 256QAM achieves 33% throughput gain over 64QAM at high SNR values. This throughput gain decreases as the levels of RF impairments increase, and at some RF impairments levels this throughput gain could vanish.

In this paper, we provide our views on FR2 256QAM and present detailed simulation results comparing between the performance of FR2 64QAM and the performance of FR2 256QAM.

2 Discussion
2.1 General

For FR2, phase noise (PN) is one of the main RF impairments that affects the TX/RX signal quality (e.g., EVM). Phase noise is carrier frequency dependent, and according to 3GPP studies PN could increase by 6dB every time when oscillation frequency f0 doubles [1]. Therefore, the impact of PN is much higher in FR2 than that in FR1.
The PN results in two effects. The first effect is common phase error (CPE). The second effect is inter carrier interference (ICI). At RX side, CPE can be compensated using the phase estimates obtained using the phase tracking reference signal (PT-RS). For higher order modulations (256QAM), denser PT-RS pattern is needed to estimate and track CPE more accurately. In Figure 1 we illustrate the phase noise impact on 16QAM modulation and show impact from both effects: CPE and ICI.
	CPE + ICI
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	ICI only (after CPE compensation)
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	Figure 1. Phase noise impact on signals


Other factors such as RF TX/RX non-linearity, IQ imbalance, filter distortion, ADC/DAC provide additional EVM. These factors are not band dependent. For FR2 UE is supposed to support very high aggregated channel bandwidth which could substantially increase the RF non-linearity and IQ imbalance impacts on the EVM. Certain EVM tightening is typically possible but always comes at the cost of substantially increased power consumption and should be sufficiently justified.
For BS side, less non-linear distortion is needed in order to reduce non-phase noise EVM and support 256QAM. This can be achieved by applying power backoff at BS side, which could reduce the coverage, and this could make 256QAM feasible only for favourable channel conditions (e.g., static, LOS channels). 
UE EVM value is typically higher than BS EVM value. Therefore, the reasonable lowest UE EVM value including Rx phase noise is in the range from 4% to 5%,
Observations #1:
· For higher order modulations (256QAM), denser PTRS pattern is needed to estimate and track CPE more accurately.

· For BS side, less non-linear distortion is needed in order to reduce non-phase noise EVM and support 256QAM. This can be achieved by applying power backoff at BS side, which could reduce the coverage, and this could make 256QAM feasible only for favourable channel conditions (e.g., static, LOS channels).
· UE RX EVM for FR2 is substantially affected by a phase noise component and also RF RX non-linearity, IQ imbalance, filter distortion, ADC components.

· For FR2 UE is supposed to support very high aggregated channel bandwidth which could substantially increase the RF non-linearity and IQ imbalance impacts on the EVM. Certain EVM tightening is typically possible but always comes at the cost of substantially increased power consumption and should be sufficiently justified.
· UE RX EVM value is typically higher than BS TX EVM value. Therefore, the reasonable lowest UE RX EVM value including Rx phase noise is in the range from 4% to 5%.
Under assumption of presence of practical BS and UE RF impairments it is expected that the performance benefits of using 256QAM will reduce comparing to the ideal case. Before proceeding with requirements definition, sufficient studies on the achievable performance benefits of 256QAM should be conducted with the goal to identify the conditions where the DL 256QAM may provide certain performance benefits and make the judgement on the overall benefits of the technology. Next, we provide our view on simulation assumptions and analyse the performance of 256QAM.
2.2 Simulation assumptions for feasibility study
During Rel-15 study of 256QAM modulation feasibility for FR2, many companies provided link level simulation results to analyse performance of 256QAM [2-7]. However, different companies used different simulation assumptions and, as result, observations and conclusions from different companies were different. Therefore, we suggest to start feasibility study from alignment of simulations assumptions between the companies.

As a part of Rel-15 demodulation requirements definition, there was a lot of discussion on practical tests setups. We suggest to reuse part of these parameters for feasibility study of 256QAM.
In Table 1 we provide our view on simulation assumptions.

Table 1. Simulation assumptions for feasibility study

	Parameter
	Value

	Carrier frequency
	29 GHz (n257) and 39 GHz (n260)

	CBW/SCS
	Baseline: 100 MHz CBW + 120 kHz SCS

50 MHz CBW + 60 kHz SCS

	TDD UL/DL pattern
	120 kHz SCS: DDDSU, S = 10D+2G+2U
60 kHz SCS: DDSU, S = 11D+3G

	PDSCH configuration
	Type A mapping, Start symbol 1, Duration 13 (for D slots)

	DMRS configuration
	Type 1, Single symbol, 1 additional DMRS

	PTRS configuration
	KPTRS = 2 (every 2nd RB), LPTRS = 1 (each OFDM symbol)

	Propagation conditions
	Case 1: Fading NLOS: TDL-A 10 ns, Doppler Spread 75Hz

Case 2: Fading LOS: TDL-D 10 ns, Doppler Spread 75Hz

Case 3: Static channel

	Antenna configuration
	Fading channel: 2x2, Low correlation
Static channel: 1x2 for Rank1, 2x2 for Rank2

	FRC configuration
	Rank 1 and Rank 2

64QAM: MCS 18, 20, 22, 24, 26, 28 corresponding to CQI 10-15
256QAM: MCS 23, 25, 27 corresponding to CQI 13-15 (CQI 12 with MCS21 was excluded because it has same spectral efficiency as CQI 15 for 64QAM)

	UE Receiver assumptions
	Realistic/practical channel estimation 
Practical phase noise compensation based on PTRS
MMSE equalizer

	Impairments assumptions
	TX: 
· Option 1: Phase noise (TR 38.803, section 6.1.11, Example 2 model, BS side) + EVM 1/2/3% 
· Option 2: EVM 2/2.5/3/3.5%
RX: EVM 4.0-5.0 %


Proposal 1:
Use simulation assumptions from Table 1 for further study of 256QAM feasibility for FR2 scenarios.
2.3 Initial link-level performance analysis
In Figure 2 we provide link level simulation results using the following assumptions:
1) Carrier frequency 39 GHz

2) 100 MHz CBW + 120 kHz SCS

3) 64QAM curve is envelope of throughput curves for MCS 18, 20, 22, 24, 26, 28; 256QAM curve is envelope of throughput curves for MCS 23, 25, 27
4) Impairments models:
a. Model #1: 
i. TX Side: Phase noise (TR 38.803, section 6.1.11, Example 2 model, BS side) + EVM 1% = 2.3% Total EVM after CPE compensation
ii. RX Side: EVM 4.0 %
b. Model #2: 
i. TX Side: Phase noise (TR 38.803, section 6.1.11, Example 2 model, BS side) + EVM 3% = 3.6% Total EVM after CPE compensation
ii. RX Side: EVM 4.0 %
5) Other parameters are based on Table 1
	Static channel model

	Rank 1
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FR2, CBW 100 MHz, SCS 120 kHz, 1x2, Rank 1, AWGN

64QAM, No Impairments

256QAM, No Impairments

64QAM, Total Tx EVM 2.3%

256QAM, Total Tx EVM 2.3%

64QAM, Total Tx EVM 3.6%

256QAM, Total Tx EVM 3.6%


	Rank 2
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FR2, CBW 100 MHz, SCS 120 kHz, 2x2, Rank 2, AWGN

64QAM, No Impairments

256QAM, No Impairments

64QAM, Total Tx EVM 2.3%

256QAM, Total Tx EVM 2.3%

64QAM, Total Tx EVM 3.6%

256QAM, Total Tx EVM 3.6%



	TDL-A channel model

	Rank 1
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FR2, CBW 100 MHz, SCS 120 kHz, 2x2, Rank 1, TDL-A 10ns

64QAM, No Impairments

256QAM, No Impairments

64QAM, Total Tx EVM 2.3%

256QAM, Total Tx EVM 2.3%

64QAM, Total Tx EVM 3.6%

256QAM, Total Tx EVM 3.6%


	Rank 2
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FR2, CBW 100 MHz, SCS 120 kHz, 2x2, Rank 2, TDL-A 10ns

64QAM, No Impairments

256QAM, No Impairments

64QAM, Total Tx EVM 2.3%

256QAM, Total Tx EVM 2.3%

64QAM, Total Tx EVM 3.6%

256QAM, Total Tx EVM 3.6%



	TDL-D channel model

	Rank 1
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FR2, CBW 100 MHz, SCS 120 kHz, 2x2, Rank 1, TDL-D 10ns

64QAM, No Impairments

256QAM, No Impairments
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256QAM, Total Tx EVM 2.3%
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256QAM, Total Tx EVM 3.6%


	Rank 2
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FR2, CBW 100 MHz, SCS 120 kHz, 2x2, Rank 2, TDL-D 10ns

64QAM, No Impairments
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	Figure 2. Simulation results for 39 GHz


Observations #2:
· Under static channel model conditions and no Tx/Rx impairments, 256QAM allows to achieve performance improvement over 64QAM in case SNR is higher than 18 dB for Rank 1 transmission and 21 dB for Rank 2 transmission

· Under fading channel model conditions and no Tx/Rx impairments, 256QAM allows to achieve performance improvement over 64QAM in case SNR is higher than 20 dB for Rank 1 transmission and 25-30 dB for Rank 2 transmission
· Under different rank transmission and impairments models, the following performance improvement of 256QAM over 64QAM is observed for various SNR operating points
	Rank configuration
	Channel model
	Impairments model #1
	Impairments model #2

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

	Rank 1
	Static
	11%
	19%
	19%
	11%
	17%
	17%

	
	TDL-A
	0%
	11%
	19%
	-5%
	10%
	13%

	
	TDL-D
	2%
	9%
	16%
	0%
	8%
	11%

	Rank 2
	Static
	-16%
	11%
	15%
	-73%
	10%
	10%

	
	TDL-A
	N/A
	-25%
	-16%
	N/A
	-25%
	-16%

	
	TDL-D
	N/A
	-8%
	7%
	N/A
	-18%
	0%


· Under fading channel model and practical SNR (<=30 dB) conditions, performance benefits of 256QAM over 64QAM (8-10%) can be observed only for Rank 1 transmission
3 Conclusion

In this paper we provide our views on 256QAM performance in FR2. In summary we make the following observations and proposals:
Observations #1:
· For higher order modulations (256QAM), denser PTRS pattern is needed to estimate and track CPE more accurately.

· For BS side, less non-linear distortion is needed in order to reduce non-phase noise EVM and support 256QAM. This can be achieved by applying power backoff at BS side, which could reduce the coverage, and this could make 256QAM feasible only for favourable channel conditions (e.g., static, LOS channels).
· UE RX EVM for FR2 is substantially affected by a phase noise component and also RF RX non-linearity, IQ imbalance, filter distortion, ADC components.

· For FR2 UE is supposed to support very high aggregated channel bandwidth which could substantially increase the RF non-linearity and IQ imbalance impacts on the EVM. Certain EVM tightening is typically possible but always comes at the cost of substantially increased power consumption and should be sufficiently justified.
· UE RX EVM value is typically higher than BS TX EVM value. Therefore, the reasonable lowest UE RX EVM value including Rx phase noise is in the range from 4% to 5%.
Observations #2:
· Under static channel model conditions and no Tx/Rx impairments, 256QAM allows to achieve performance improvement over 64QAM in case SNR is higher than 18 dB for Rank 1 transmission and 21 dB for Rank 2 transmission

· Under fading channel model conditions and no Tx/Rx impairments, 256QAM allows to achieve performance improvement over 64QAM in case SNR is higher than 20 dB for Rank 1 transmission and 25-30 dB for Rank 2 transmission
· Under different rank transmission and impairments models, the following performance improvement of 256QAM over 64QAM is observed for various SNR operating points

	Rank configuration
	Channel model
	Impairments model #1
	Impairments model #2

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

	Rank 1
	Static
	11%
	19%
	19%
	11%
	17%
	17%

	
	TDL-A
	0%
	11%
	19%
	-5%
	10%
	13%

	
	TDL-D
	2%
	9%
	16%
	0%
	8%
	11%

	Rank 2
	Static
	-16%
	11%
	15%
	-73%
	10%
	10%

	
	TDL-A
	N/A
	-25%
	-16%
	N/A
	-25%
	-16%

	
	TDL-D
	N/A
	-8%
	7%
	N/A
	-18%
	0%


· Under fading channel model and practical SNR (<=30 dB) conditions, performance benefits of 256QAM over 64QAM (8-10%) can be observed only for Rank 1 transmission
Proposal 1:
Use simulation assumptions from Table 1 for further study of 256QAM feasibility for FR2 scenarios.
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