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1	Introduction
A work item on 256QAM DL support for frequency range 2 was agreed in [1]. The work was started in RAN4#91 where parameters for link level simulations were agreed and initial simulation results were provided in RAN4#92 in [3]. In this contribution further simulation results are provided. 
2	Discussion
The work on FR2 DL 256QAM aims at enhancing the network throughput especially for scenarios with very high data rate demand and for UEs in favourable channel conditions. Being able to serve these UEs in less time also frees resources and therefore enhances also the overall network capacity.
Work item objectives in [1] include two phases, first a feasibility and performance benefit study to confirm that FR2 DL 256QAM provides gains over 64QAM and then the actual setting of requirements. In this contribution link level simulation results on performance gains of 256QAM over 64QAM are presented. Used simulation parameters have been gathered in Table 1.
Table 1: Link level simulation parameters
	Parameter ​
	Value ​

	Carrier frequency​
	29 GHz ​

	CBW​
	100MHz​

	SCS​
	60kHz​

	Allocated RBs​
	Full allocation​

	Propagation​
	TDL-D 30ns delay spread, 35Hz Doppler frequency

	MCS​
	
	Rank-1
	64QAM: MCS 26, 28 in TS 38.214 Table 5.1.3.1-1

	
	256QAM: MCS 21, 23, 25, 27 in TS 38.214 Table 5.1.3.1-2

	Rank-2
	Link adaptation up to 64 or 256QAM enabled by CSI-RS as in 38.101-4 with OLLA correction factor up to +/- 3 dB.




	Precoding​
	Rank-1: Fixed precoder applying direct spatial domain multiplexing
Rank-2: Based on maximum SINR codebook

	Symbol type ​
	CP-OFDM ​

	HARQ ​
	Rank-1: None ​
Rank-2: With 3 re-transmissions

	Antenna configuration​
	Fading channel: 2x2 for Rank-1 and Rank-2

	Channel estimation ​
	Practical ​

	Receiver type​
	MMSE​

	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 2 RBs), LPTRS : 1 (every 1 symbol)​

	Phase noise model​
	Phase noise profile from [2], scaled to match the frequency difference
modelled Phase noise for TX and RX​

	TX EVM / RX EVM
 excluding phase noise 
	TX EVM: 2%, 3%
RX EVM: 2..5%



Results in [1] were for rank-1 transmissions using the phase noise model from 38.803, section 6.1.10. These results have now been updated with the phase noise model from [2]. The updated results have been reported in Figures 1 and 2. Figure 1 shows rank-1 results with 2.0% EVM for Tx and Rx excluding the impact of phase noise. When the phase noise is calculated in, the total Tx EVM equals 3.0%. Figure 2 shows rank-1 results with 3.0% EVM for Tx and Rx excluding the impact of phase noise. When the phase noise is calculated in, the total Tx EVM equals 3.7%.
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Figure 1: Link level simulation results for rank-1 with 2% EVM for Tx and Rx excluding EVM from phase noise
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Figure 2: Link level simulation results for rank-1 with 3% EVM for Tx and Rx excluding EVM from phase noise
It can be seen that throughput with 256QAM exceeds throughput with 64 QAM at 23 dB SNR in Figure 1 and 24 dB SNR in Figure 2. It can also be seen that the very highest coding rate which theoretically should achieve highest throughput fails to improve the performance in Figure 2. This means that in the field link adaption needs to work properly to maximise the throughput.
Observation 1: With Rank-1 transmissions 256QAM provides performance gain over 64 QAM when SNR is better than 23..24 dB depending on Tx and Rx EVM.
To complete the evaluation using simulations were done also using rank-2 transmissions. It was also decided to use link adaptation instead of fixed MCS to observe whether Tx and Rx EVM impact link adaptation. The results are reported in Figures 3 and 4. Figure 3 shows rank-2 results with 2.0% EVM for Tx and Rx excluding the impact of phase noise. When the phase noise is calculated in, the total Tx EVM equals 3.0%. Figure 4 shows rank-2 results with 3.0% EVM for Tx and Rx excluding the impact of phase noise. When the phase noise is calculated in, the total Tx EVM equals 3.7%.
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Figure 3: Throughput for rank-2 transmissions with 2% EVM for Tx and Rx excluding EVM from phase noise
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Figure 4: Throughput for rank-2 transmissions with 3% EVM for Tx and Rx excluding EVM from phase noise
It can be seen that throughput with 256QAM exceeds throughput with 64 QAM at 25 dB SNR in Figure 3 and 28 dB SNR in Figure 4. It can also be seen that link adaptation works properly and similar effect as with fixed MCS is not observed.
Observation 2: With Rank-2 transmissions 256QAM provides performance gain over 64 QAM when SNR is better than 25..28 dB when Tx and Rx EVM vary from 2% to 3% excluding the impact of phase noise.
Finally we did also simulations to see the impact of varying Rx EVM when the Tx EVM is kept constant. The Tx EVM was kept at 2.0% excluding phase noise and total Tx EVM was therefore 3.0%. The results are shown in Figure 5. 
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Figure 5: Throughput for rank-2 transmissions with total Tx EVM of 3% and varying Rx EVM.
It can be seen in Figure 5 that when Rx EVM is 5%, throughput gains are obtained only at SNRs above 30 dB, and overall Rx EVM has significant impact on the SNR level where 256QAM starts to provide gain over 64QAM. For this reason it is important that sufficiently strict Rx EVM needs to be assumed when setting the requirements.
Observation 3: Rx EVM has significant impact on SNR level where 256QAM start to provide gain over 64QAM, preferably 2% Rx EVM excluding phase noise needs to be assumed when setting the requirements.
3	Conclusion
In this contribution link level simulation results were provided for both rank-1 and rank-2 transmissions. Following observation was made
Observation 1: With Rank-1 transmissions 256QAM provides performance gain over 64 QAM when SNR is better than 23..24 dB when Tx and Rx EVM vary from 2% to 3% excluding the impact of phase noise.
Observation 2: With Rank-2 transmissions 256QAM provides performance gain over 64 QAM when SNR is better than 25..28 dB when Tx and Rx EVM vary from 2% to 3% excluding the impact of phase noise.
Observation 3: Rx EVM has significant impact on SNR level where 256QAM start to provide gain over 64QAM, preferably 2% Rx EVM excluding phase noise needs to be assumed when setting the requirements.
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5.2.1	Link level simulation
Link level simulation is targeted as mainstream way to evaluate if FR2 256QAM can achieve benefit by comparing to 64QAM. The simulation results from companies are listed as below.
5.2.1.1	Simulation assumptions
The link level simulation assumptions are listed as in table 5.2.1.1-1, based on which, to evaluate the throughput difference between 64QAM and 256QAM. The study aims to identify conditions where DL 256QAM provides performance benefits.
Table 5.2.1.1-1 link level simulation assumptions
	Parameter
	Value 

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

	CBW
	50 MHz, 100MHz

	SCS
	60kHz, 120 kHz; 

	Allocated RBs
	Full allocation

	Propagation
	TDL-A  30ns delay spread, 35Hz Doppler frequency 
TDL-D 30ns delay spread, 35Hz Doppler frequency
Static (AWGN)

	MCS
	64QAM: MCS 23, 24, 26, 28 in TS 38.214 Table 5.1.3.1-1, and other MCSs are not precluded
256QAM: MCS 21, 23, 25, 27 in TS 38.214 Table 5.1.3.1-2, and other MCSs are not precluded
Baseline: fixed MCSs

	Precoding
	Precoding configuration defined in 38.101-4 Section 7.2 for fading channels and Section 7.5 for static channel; follow PMI

	Symbol type 
	CP-OFDM 

	HARQ 
	8, None 

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

	Channel estimation 
	Practical 

	Receiver type
	MMSE

	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 2 RBs), LPTRS : 1 (every 1 symbol)

	Phase noise compensation
	Practical based on PTRS

	Phase noise model
	TR 38.803 model (in section 6.1.10 and section 6.1.11)
modelled Phase noise for TX and RX
Option a): example1 (BS) + example1(UE)
Option b): example2 (BS) + example2(UE)
Option c): example2 (BS) + example2(BS)
Option d):example2 (BS) + PN model config1: example1(UE)
Option e): Other phase noise models, e.g. ones extracted from commercially available components or published results, are not excluded

	txEVM + rxEVM excluding phase noise for 256QAM
	txEVM: [1.0%-5.0%], rxEVM: [1.0%-5.0%]
Option 1: txEVM <= rxEVM; Option2: no restriction

	Other parameters
	follow assumptions in 38.101-4 Section 7.2 for fading channels (e.g., case 2-6) and Section 7.5 for static channels



The assumptions adopted by each company are shown as following table 5.2.1.1-2 which are down-selected based on the table 5.2.1.1-1.
Table 5.2.1.1-2 link level simulation assumptions down-selected by companies
	Parameter 
	CTC[5]
	Nokia[6][15]
	Docomo[7]
	Huawei[8]
	Ericsson[9]
	CATT[10]
	Intel[11]
	Qualcomm[12]

	Carrier frequency
	29 GHz
	29 GHz
	29 GHz
	29 GHz
	
	29 GHz
	
	

	CBW
	50MHz
	100MHz
	100MHz
	50MHz
	
	50MHz
	50MHz
	100MHz

	SCS
	120kHz
	60kHz
	120kHz
	120kHz
	
	60kHz
	60kHz
	120kHz

	Allocated RBs
	
	
	
	
	
	
	
	

	Propagation
	TDL-A
	
	
	
	
	
	
	
	

	
	TDL-D
	
	
	
	
	
	
	
	

	
	Static
	
	
	
	
	
	
	
	

	MCS
	64QAM
	28
	26,28
	24,25,26,28
	23,24,26,28
	23,24,26,28
	23
	23,24,26,28
	26,27,28

	
	256QAM
	27
	21,23,25,27
	21,23,25,27
	21,23,25,27
	21,23,25,27
	21
	21,23,25,27
	20,21,22

	Precoding
	
	　
	
	
	
	
	
	

	Symbol type 
	
	
	
	
	
	
	
	

	HARQ 
	None  
	None  
	8
	
	None  
	8
	8
	8

	Antenna configuration
	Fading
	2x2 for Rank1
	2x2 for Rank1
	
	
	1x2 for Rank1
	2x2 for Rank1
	
	2x2 for Rank2

	
	Static
	
	
	2x2 for Rank2
	
	1x2 for Rank1
	1x2 for Rank1
	
	2x2 for Rank2

	Channel estimation 
	
	
	
	
	
	
	
	

	Receiver type
	
	
	
	
	
	
	
	

	PDSCH configuration
	
	
	
	
	
	
	
	

	DMRS configuration
	
	
	
	
	No additional
	
	
	

	PTRS configuration
	None  
	
	
	
	
	
	
	

	Phase noise compensation
	None  
	
	Ideal
	
	
	
	
	

	Phase noise model
	Option a)
	
	
	
	
	
	
	
	

	
	Option b)
	
	
	
	
	
	
	
	

	
	Option c)
	
	
	
	
	
	
	
	

	
	Option d)
	
	
	
	
	
	
	
	

	
	Option e)
	
	
	
	
	
	
	
	example1BS+example2UE
internal PN model

	txEVM + rxEVM excluding phase noise for 256QAM
	Tx+Rx: 3%, 4%
	txEVM: 2%-3%, 
rxEVM: 2%-35%
	txEVM: 0%, 3%, 
rxEVM: 0%, 3%
	txEVM: 1%-3%, 
rxEVM: 1%-3%
	
	
	txEVM: 1%-3%, 
rxEVM: 1%-3%
	Tx:3%
Rx:internal

	Other parameters
	
	
	
	
	
	
	
	

	Note: The symbol of  means selecting hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhthe parameters corresponding to table 5.2.1.1-1.



5.2.1.2	Results from China Telecom [5]
< Unchanged sections omitted >
5.2.1.3	Results from Nokia [6][15]
Simulation results obtained with parameters in table 5.2.1.1-2 are shown in Figure 5.2.1.3-1.
[image: ]
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 5.2.1.3-2, the phase noise performance is significantly worse that what is actually achievable with reasonable silicon area and power consumption [13]. On average the phase noise model is 6.5 dB worse than performance in [13]. 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.
[image: ]
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.
After providing the results above new simulations were done and reported in [15].
Results in [6] were for rank-1 transmissions using the phase noise model from 38.803, section 6.1.10. These results have now been updated with the phase noise model from [16]. The updated results have been reported in Figures 5.2.1.3-3 and 5.2.1.3-4. Figure 5.2.1.3-3 shows rank-1 results with 2.0% EVM for Tx and Rx excluding the impact of phase noise. When the phase noise is calculated in, the total Tx EVM equals 3.0%. Figure 5.2.1.3-4 shows rank-1 results with 3.0% EVM for Tx and Rx excluding the impact of phase noise. When the phase noise is calculated in, the total Tx EVM equals 3.7%.
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Figure 5.2.1.3-3: Link level simulation results for rank-1 with 2% EVM for Tx and Rx excluding EVM from phase noise
[image: ]
Figure 5.2.1.3-4: Link level simulation results for rank-1 with 3% EVM for Tx and Rx excluding EVM from phase noise
It can be seen that throughput with 256QAM exceeds throughput with 64 QAM at 23 dB SNR in Figure 5.2.1.3-3 and 24 dB SNR in Figure 5.2.1.3-4. It can also be seen that the very highest coding rate which theoretically should achieve highest throughput fails to improve the performance in Figure 2. This means that in the field link adaption needs to work properly to maximise the throughput.
Observation 3: With Rank-1 transmissions 256QAM provides performance gain over 64 QAM when SNR is better than 23..24 dB depending on Tx and Rx EVM.
To complete the evaluation using simulations were done also using rank-2 transmissions. It was also decided to use link adaptation instead of fixed MCS to observe whether Tx and Rx EVM impact link adaptation. The results are reported in Figures 5.2.1.3-5 and 5.2.1.3-6. Figure 5.2.1.3-5 shows rank-2 results with 2.0% EVM for Tx and Rx excluding the impact of phase noise. When the phase noise is calculated in, the total Tx EVM equals 3.0%. Figure 5.2.1.3-6 shows rank-2 results with 3.0% EVM for Tx and Rx excluding the impact of phase noise. When the phase noise is calculated in, the total Tx EVM equals 3.7%.
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Figure 5.2.1.3-5: Throughput for rank-2 transmissions with 2% EVM for Tx and Rx excluding EVM from phase noise
[image: ]
Figure 5.2.1.3-6: Throughput for rank-2 transmissions with 3% EVM for Tx and Rx excluding EVM from phase noise
It can be seen that throughput with 256QAM exceeds throughput with 64 QAM at 25 dB SNR in Figure 5.2.1.3-5 and 28 dB SNR in Figure 5.2.1.3-5. It can also be seen that link adaptation works properly and similar effect as with fixed MCS is not observed.
Observation 4: With Rank-2 transmissions 256QAM provides performance gain over 64 QAM when SNR is better than 25..28 dB when Tx and Rx EVM vary from 2% to 3% excluding the impact of phase noise.
Finally we did also simulations to see the impact of varying Rx EVM when the Tx EVM is kept constant. The Tx EVM was kept at 2.0% excluding phase noise and total Tx EVM was therefore 3.0%. The results are shown in Figure 5.2.1.3-7. 
[image: ]
Figure 5.2.1.3-7: Throughput for rank-2 transmissions with total Tx EVM of 3% and varying Rx EVM.
It can be seen in Figure 5.2.1.3-7 that when Rx EVM is 5%, throughput gains are obtained only at SNRs above 30 dB, and overall Rx EVM has significant impact on the SNR level where 256QAM starts to provide gain over 64QAM. For this reason it is important that sufficiently strict Rx EVM needs to be assumed when setting the requirements.
Observation 5: Rx EVM has significant impact on SNR level where 256QAM start to provide gain over 64QAM, preferably 2% Rx EVM excluding phase noise needs to be assumed when setting the requirements.
5.2.1.4	Results from DoCoMo [7]
< Unchanged sections omitted >
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 in table 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)

	China Telecom
	
	
	> 25dB

	Nokia
	
	> 28dB23dB
	

	DoCoMo
	> 21dB
	
	

	Huawei
	
	> 24dB
	

	Ericsson
	
	
	 No benefit

	CATT
	> 21dB
	> 27dB
	> 31dB

	Intel
	> 25dB
	> 30dB
	> 35dB

	Qualcomm
	> 21dB
	> 23dB
	

	Average
	> 21dB
	> 26.425.6dB
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