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1 Introduction

NR physical layer design supports 256QAM for the DL/UL operation. The performance benefits from using 256QAM depends on the achievable level of RF impairments and is typically frequency dependent. So far, RAN4 did not make any studies on the feasibility of 256QAM in application to FR2. In the RAN4 AH 1801 meeting 256QAM requirements for FR2 were discussed and the following agreements were reached: 

	· Feasibility of DL 256QAM for FR2 is FFS including feasible TX and RX EVM assumptions and performance benefits

· Companies are encouraged to bring inputs on

· Performance comparison of 64QAM and 256QAM for FR2
· Focus on link-level performance comparison
· Interested companies can bring system-level evaluation results
· Feasible TX and RX EVM assumptions for 256QAM FR2

· RF implementation aspects in TX/RX such as PA efficiency aspects should also be considered towards feasibility of 256 QAM

· Timelines

· Aim to make decision on the introduction of 256QAM FR2 requirements in Rel-15 timeframe RAN4 #86 (Feb’18) 

· Note: this does not preclude introduction of 256QAM in the future in release-independent way


Further discussion took place in RAN4 #86 and RAN4 agreed that the per-band UE capability signalling shall be introduced and the “RAN4 will continue to discuss whether to introduce the requirements”.

In RAN4 #86bis additional discussion took place and 2 candidate WFs were discussed:

	WF1 (R4-1805882)

· In Rel-15, introduce 256QAM BS Tx EVM requirement in core spec 38.104. Required EVM value is [3.5%].
· It is noted that the value [3.5%] may be reconsidered/revisited in later Release based on the detail analysis in RAN4.
· Not to introduce UE RX requirements (RF and/or perf) in Rel-15.
· FFS how to introduce 256QAM related UE Rx requirements (RF and/or perf) in later release.

	WF1 (R4-1805882)

· Background
· There has not been consensus on the benefit of introducing 256 QAM for FR2 over 64 QAM
· Some companies show link level gain with a certain phase noise model for the BS (no UE phase noise). Other companies show no gain at link level
· No consensus on link conditions
· Impact of antenna aspects (e.g. leakage between polarizations) has not been considered
· Power back off for 256QAM may be needed
· 256QAM with any needed power back off should be compared with 64QAM at full power
· No evaluation of system gains shown
· No consensus on EVM levels for lower MCS (QPSK, 16 QAM, 64 QAM) 
· EVM window not agreed
· Poor EVM window may imply reduced SINR due to channel delay spread
· Practical CPE compensation to assume in the requirement not agreed
· Further study for 256 QAM in FR2 needs to be carried out, considering the following:
· Whether and how much BS transmit power back off needed
· UE phase noise, noise floor, UE demodulation performance assumptions
· Consensus on phase noise model for UE and BS to assume for the requirement and real UE operation
· System scenarios (deployments, traffic etc.)
· Realistic antenna array assumptions for BS and UE
· Agreement
· Evaluation of 256QAM should be considered for release 16 
· No requirements for 256QAM in FR2 are defined in release 15


In this paper we provide our views on 256QAM in FR2, achievable EVM levels and provide detailed simulation results with the comparison of 64QAM and 256QAM performance. The analysis is based on the out RAN4 #86bis contribution [1]. In section 2.3 we provide additional discussion on the pros/cons proceeding with UE requirements only in Rel-15 timeframe.
2 Discussion

2.1 TX and RX EVM assumptions

It is well known that the performance of high-order modulations (256QAM, 1024QAM) depends on the achievable RF impairments (TX/RX EVM) at both BS and UE sides. For FR2, one of the key factors which has impact on the TX and RX EVM quality is phase noise. The phase noise impairments are frequency dependent and in accordance to 3GPP studies “PN could increase by 6 dB every time when f0 doubles” [2]. Therefore, the impact on the FR2 is much higher comparing to FR1. In Figure 1 we illustrate the phase noise PSD for different frequencies for the phase noise models provided in the 3GPP TR 38.803 [2]. 
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Figure 1. Phase noise models (TR 38.803)

Phase noise has negative impact on both TX and RX signal quality and in general leads to two main effects: 1) Common phase error (CPE) and 2) Inter-carrier interference (ICI). The CPE impacts can be compensated at the RX side based using the phase offset estimates obtained using dedicated phase tracking reference signals (PTRS). In Figure 2 we illustrate an example of the phase noise PSD before and after ideal common phase error compensation for the PN model in [2]. It may be observed that after the compensation the residual components are still present in the signal and would result in non-negligible TX/RX EVM. 
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Figure 2. Phase noise PSD before and after CPE compensation
In Table 1 we provide the estimates of the EVM after CPE compensation for models described in [2]. Therefore, it may be observed that even under assumption that the CPE impacts can be compensated using the PTRS, the residual ICI will be non-negligible.

Table 1. Phase noise residual EVM after CPE compensation

	Phase noise Model
	EVM [%]
	EVM, dB

	
	29 GHz
	39 GHz
	29 GHz
	39 GHz

	TR 38.803 Example 1 model (section 6.1.10)
	3.6
	4.7
	-28.9
	-26.5

	TR 38.803 Example 2 model (section 6.1.11) 
	BS side
	2.1
	2.8
	-33.5
	-31.1

	
	UE side
	5.5
	7.3
	-25.2
	-22.7


Observation #1: For FR2 phase noise will result in non-negligible TX/RX EVM even after CPE compensation at the RX side. For the phase noise models defined in the TR 38.803, the effective TX/RX EVM after CPR compensation is in the range from 2.1% to 5.5% for 29GHz and from 2.8% to 7.3% for 39GHz.
Overall, phase noise is just one of the factors contributing to the TX/RX EVM. Other factors like ADC/DAC, RF Tx/Rx nonlinearity, I/Q imbalance and others will provide additional EVM. These factors are typically non band dependent can be assumed constant. For FR2 it may be expected that the residual non PN EVM could be in the range from 3 % to 5%. Therefore, for further analysis EVM in the range of 4% can be assumed (-28dB).
Observation #2: For FR2 the non-phase noise related EVM can be expected to be in the range from 3% to 5%.

Therefore it may be observed that overall EVM budget is substantially tightened comparing to the FR1 and, hence, feasibility of 256QAM shall be carefully analysed.

2.2 Link-level performance analysis
In this section we present the summary of link-level simulation results with the performance comparison of 64QAM and 256QAM in the mmWave scenarios based on the analysis in [1]. The analysis is done with the purpose to illustrate the performance under practical RF impairments conditions. 
The selected simulation results are provided in the figures below.
	Channel model TDL-A

	PN model 1, EVM 1%
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	PN model 2, EVM 1%
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	PN model 1, EVM 2%
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	PN model 2, EVM 2%
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	PN model 1, EVM 4%
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	PN model 2, EVM 4%
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The simulation results summary is provided in Table 2 and Table 3. 

Table 2. Simulation results summary (60 kHz SCS)
	Carrier Frequency
	Channel model
	Impairments
	256QAM throughput gain (%) vs 64QAM @ SNR, dB

	
	
	
	30dB
	35dB
	40dB

	29 GHz
	TDL A model
	No impairments
	7%
	21%
	33%

	
	
	PN Model 1 
	1% EVM
	1%
	1%
	6%

	
	
	
	2% EVM
	0%
	0%
	1%

	
	
	
	4% EVM
	-7%
	-1%
	0%

	
	
	PN Model 2
	1% EVM
	-8%
	-5%
	-5%

	
	
	
	2% EVM
	-11%
	-5%
	-5%

	
	
	
	4% EVM
	-25%
	-15%
	-13%

	
	TDL D model
	No impairments
	6%
	12%
	26%

	
	
	PN Model 1 
	1% EVM
	-1%
	-1%
	-1%

	
	
	
	2% EVM
	-2%
	-1%
	-1%

	
	
	
	4% EVM
	-6%
	-5%
	-4%

	
	
	PN Model 2
	1% EVM
	-7%
	-5%
	-3%

	
	
	
	2% EVM
	-8%
	-7%
	-5%

	
	
	
	4% EVM
	-14%
	-12%
	-12%

	39 GHz
	TDL A model
	No impairments
	7%
	20%
	33%

	
	
	PN Model 1 
	1% EVM
	-8%
	-2%
	-2%

	
	
	
	2% EVM
	-10%
	-4%
	-2%

	
	
	
	4% EVM
	-30%
	-18%
	-16%

	
	
	PN Model 2
	1% EVM
	-39%
	-32%
	-30%

	
	
	
	2% EVM
	-39%
	-39%
	-37%

	
	
	
	4% EVM
	-37%
	-41%
	-41%

	
	TDL D model
	No impairments
	5%
	10%
	24%

	
	
	PN Model 1 
	1% EVM
	-7%
	-5%
	-3%

	
	
	
	2% EVM
	-8%
	-6%
	-5%

	
	
	
	4% EVM
	-15%
	-14%
	-14%

	
	
	PN Model 2
	1% EVM
	-29%
	-27%
	-27%

	
	
	
	2% EVM
	-32%
	-31%
	-31%

	
	
	
	4% EVM
	-32%
	-34%
	-34%


Table 3. Simulation results summary for 120 kHz SCS

	Carrier Frequency
	Channel model
	Impairments
	256QAM throughput gain (%) vs 64QAM @ SNR, dB

	
	
	
	30dB
	35dB
	40dB

	29 GHz
	TDL A model
	No impairments
	9%
	28%
	33%

	
	
	PN Model 1 
	1% EVM
	0%
	0%
	0%

	
	
	
	2% EVM
	-7%
	1%
	0%

	
	
	
	4% EVM
	-30%
	-22%
	-17%

	
	
	PN Model 2
	1% EVM
	-25%
	-11%
	-9%

	
	
	
	2% EVM
	-36%
	-19%
	-16%

	
	
	
	4% EVM
	-34%
	-38%
	-38%

	39 GHz
	TDL A model
	No impairments
	9%
	28%
	33%

	
	
	PN Model 1 
	1% EVM
	-21%
	-7%
	-7%

	
	
	
	2% EVM
	-31%
	-18%
	-18%

	
	
	
	4% EVM
	-27%
	-31%
	-31%

	
	
	PN Model 2
	1% EVM
	-39%
	-40%
	-40%

	
	
	
	2% EVM
	-36%
	-40%
	-40%

	
	
	
	4% EVM
	-36%
	-36%
	-36%


Observations #3 (link-level performance):

· No TX/RX RF impairments:

· 256QAM provides performance improvement over 64QAM in high SNR region only ( > 28 dB)

· Practical TX/RX RF impairments assumptions:

· 256QAM is more sensitive to the RF impairments comparing to 64QAM

· 256QAM transmissions cannot achieve peak throughput
· 64QAM transmissions cannot achieve peak throughput for some scenarios
· 256QAM performance depends on phase noise model. Phase noise model 2 leads to larger performance degradation than Phase noise model 1
· Performance observations are aligned for both 60kHz SCS +50MHz CBW and 120kHz SCS + 100MHz CBW scenarios
Conclusion: Under evaluated scenarios 256QAM does not provide performance improvement over 64QAM for FR2 under practical RF impairments assumptions
2.3 On the next steps
In the previous meeting several approaches for the next steps were discussed. Overall, two key approaches were discussed:

· Option 1: Define at least BS TX EVM requirements for 256QAM in FR2 

· Option 2: Postpone the detailed analysis to the next release

Overall, Option 1 aims to ensure that 256QAM for FR2 could be supported from the very beginning to ensure forward compatibility. Same time, we would like to note that the overall 256QAM performance will depend on the overall TX/RX EVM budget and, hence, introduction of certain TX EVM requirements in Rel-15 timeframe could imply the constraints on the UE RX EVM in the future once the feature is considered in application to UE. In our view, additional studies on the reasonable split of the EVM budget between the gNB/UE should be conducted before deriving conclusions on the respective TX EVM requirements.

In addition, we note that at current stage RAN4 has not conducted sufficient studies on the topic and it may difficult to come up with data-driven conclusions on the benefits of 256QAM operation. In particular, the following open items were identified:

· Performance gains over 64QAM are FFS: RAN4 has not conducted detailed studies on the benefits of 256QAM for FR2. Several companies show that link-level gain over 64QAM cannot be achieved under practical RF impairments conditions. No system-level evaluations for 256QAM have been conducted and system-level benefits are unclear. Therefore, additional studies under common evaluation assumptions are needed to justify 256QAM operation.
· Coverage impact is FFS: Several companies raised an issues that power back off for 256QAM may be needed which would result in reduced coverage. The respective impact should be carefully studied in order to derive conclusions on the 256QAM benefits.
· Feasible TX/RX EVM is FFS: No consensus on the feasible Tx/Rx EVM level for FR2 256QAM performance have been reached and the respective requirements shall be further discussed taking into account the phase noise impacts for different frequency bands.
Taking into account these factors and limited time to complete the Rel-15 Core and Performance requirements it is suggested not to define 256QAM requirements in Rel-15 timeframe. Same time, it is still possible to keep the already define UE capability signalling to ensure that the feature could be introduced in the future in the release independent manner if needed.
Proposal #1:
Do not introduce 256QAM DL/UL performance requirements for FR2 in Rel-15.
3 Conclusion

In this paper we provide our views on 256QAM performance in FR2. In summary we make the following observations and proposals:
Observation #1: For FR2 phase noise will result in non-negligible TX/RX EVM even after CPE compensation at the RX side. For the phase noise models defined in the TR 38.803, the effective TX/RX EVM after CPR compensation is in the range from 2.1% to 5.5% for 29GHz and from 2.8% to 7.3% for 39GHz.

Observation #2: For FR2 the non-phase noise related EVM can be expected to be in the range from 3% to 5%.

Observations #3 (link-level performance):

· No TX/RX RF impairments:

· 256QAM provides performance improvement over 64QAM in high SNR region only ( > 28 dB)

· Practical TX/RX RF impairments assumptions:

· 256QAM is more sensitive to the RF impairments comparing to 64QAM

· 256QAM transmissions cannot achieve peak throughput

· 64QAM transmissions cannot achieve peak throughput for some scenarios

· 256QAM performance depends on phase noise model. Phase noise model 2 leads to larger performance degradation than Phase noise model 1

· Performance observations are aligned for both 60kHz SCS +50MHz CBW and 120kHz SCS + 100MHz CBW scenarios

Proposal #1:
Do not introduce 256QAM DL/UL performance requirements for FR2 in Rel-15.
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Annex – Simulation assumptions

The following link-level simulations were used for the analysis in Section 2.2:

· Carrier frequency: 29 GHz (n257) and 39 GHz (n260)
· BW/SCS: 

· 50 MHz CBW + 60 kHz SCS

· 100 MHz CBW + 120 kHz SCS
· Number of allocated PRBs: 66 PRBs

· Adaptive MCS and MIMO rank (rank 1/2) selection

· 64 QAM: Throughput curves envelope for MCS index Table 1 (TS 38.214 Table 5.1.3.1-1)

· 256 QAM: Throughput curves envelope for MCS index Table 2 (TS 38.214 Table 5.1.3.1-2)

· Propagation conditions: 

· TDL-A, 30 ns delay spread, UE speed 5 km/h;

· TDL-D, 30 ns delay spread, UE speed 5 km/h;

· 2x2 Low MIMO correlation 

· DMRS configuration: Type 2, DL-DMRS-len = 1, DL-DMRS-add-pos = 2 (i.e. 3 DMRS symbols per slot)

· High density PTRS: KPTRS = 2 (every 2nd RB), LPTRS = 1 (each OFDM symbol)

· Receiver:
· Realistic/practical channel estimation 
· Practical phase noise compensation based on PTRS

· RF impairments:

· Scenario #1: No RF impairments (i.e. TX/RX EVM = 0%) (for reference purposes)

· Scenario #2: Practical RF impairments which include 2 components for TX and RX

· EVM model: Fixed EVM level + Explicit phase noise

· Fixed TX/RX EVM: {1%, 1%}, {2%, 2%}, {4%, 4%}

· Phase noise models for analysis: 

· PN Model 1: TR 38.803 Example 1 model (section 6.1.10)
· PN Model 2: TR 38.803 Example 2 model (section 6.1.11)
PAGE  
1/8

