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1. Introduction
As a part of the small cell enhancements study item [1], the evaluation of potential spectral efficiency enhancements due to the introduction of higher order modulation schemes (specifically 256QAM) for the downlink was studied in RAN1#73. However, the typical achievable range of the transmitter Error Vector Magnitude (TX EVM) values and receiver EVM (RX EVM) values were not available from RAN4 at that time. In RAN4#68 and as a response to RAN1’s LS, RAN4 has provided the typical values of TX EVM to be in the range of 3~4% and RX EVM to be in the range of 1.5~4% [2]. Accordingly in RAN#61, it was agreed to re-evaluate the potential spectral efficiency enhancements taking into consideration the typical values of TX EVM and RX EVM.  In this contribution, we provide evaluation results using 256QAM modulation via link-level and system level simulations, with emphasis on outdoor small cell deployments (Scenario 2a). We focus on the first SCE deployment model of Scenario 2a, which has 1 cluster and 4 small cells. The evaluation results provide insights into the impact of transmitter and receiver impairments on the potential gains from using 256QAM modulation in small cell deployments. Finally, we analyze the impact of CRS interference on the potential gains of 256QAM. 
2. Spectrum Efficiency and MCS for 256QAM 

In order to evaluate the potential performance gains of 256QAM modulation, ten new Modulation and Coding Schemes (MCSs) with 256QAM modulation order and coding rates in the range 0.7-0.94 are used in the simulation. The achievable spectral efficiencies and coding rates are depicted in Figure 1(a) and 1(b) for all MCSs. In Figure 1 (a), it is shown that 256 QAM may be used when the effective SINR is above 20 dB. It is noted from Figure 1 (a) that the first selected MCS of 256QAM has the same spectral efficiency as the last MCS of 64QAM. 
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(a) Spectral Efficiency                                                             (b) Coding Rate. 
Figure 1 Achievable Spectral Efficiencies and Coding Rates for all MCSs

3. Link Level Simulation (LLS) Results

In this section, we provide LLS results evaluating the potential gains of 256QAM. The LLS is aligned with the agreed LLS simulation parameters [3] with ideal channel estimation. The LLS parameters are briefly listed in Appendix 1 of this contribution. We consider 64QAM and 256QAM with both zero and non-zero TX Error Vector Magnitude (TX EVM) and RX EVM values. According to [2], TX EVM values are in the range of 3~4%, while RX EVM values are in the range of 1.5~4%. In this contribution, we have considered both TX EVM and RX EVM to be equal to 4%  within the typical achievable EVM ranges based on RAN4’s LS feedback [2]. 

The TX EVM is modeled as a zero-mean complex Gaussian random variable with variance of (TX_EVM^2). This random variable is added to the transmitted symbol, which has unity average energy. On the other hand, the RX EVM is modeled as zero-mean complex Gaussian random variable with variance of (RX_EVM^2) and is added to the received symbol after FFT processing. In calculating the effective SINR, we note that the TX EVM effect is multiplied by the channel gain, while the RX EVM is not. 
Figure 2 shows the LLS performance curves for 64QAM and 256QAM with zero and non-zero TX and RX EVM values. At high SNRs and with zero TX/RX EVM values, 256QAM has higher throughput than 64QAM with a maximum gain of 23.1% at SNR = 40 dB. When 4% TX EVM is added, the average throughput values of both modulation orders (64QAM & 256QAM) decrease compared to the zero-EVM case with larger decrease observed for 256QAM due to its higher sensitivity to impairments. As a consequence, the 256QAM gain compared to 64QAM is reduced to 9.4% at SNR = 40 dB when TX EVM is added. Finally, considering both TX EVM and RX EVM at 4%, we observe that the average throughput values of both modulation orders have been significantly degraded while almost no gain is observed for 256QAM over 64QAM. Hence, we conclude that most of the original 256QAM gain over 64QAM under ideal conditions ceases to exist when both TX EVM and RX EVM are equal to the 4%, which is within the achievable EVM range according to [2].
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Figure 2 LLS-based Throughput results for different values of TX EVM and RX EVM.

Observation:
· The achievable throughput gain of 256QAM over 64QAM at high SNRs ceases to exist when both TX EVM and RX EVM are modeled to be equal to 4% which is within the achievable EVM range according to RAN4 LS [2]. 
4. Scenario 2a System Level Simulation (SLS) Results

In this section, we present system level simulation results for Scenario 2a (1 cluster, 4 small cells) which is illustrated in Figure 3. We considered the inter-frequency mode in which a small cell operates at 3.5 GHz. Moreover, the RSRQ-based UE association rule assuming full loading with zero Cell Range Expansion (CRE) is assumed. The rest of the SLS simulation parameters follow the agreed evaluation parameters [3] and are briefly listed in Appendix 2. Based on the RSRQ association rule, 50.36% of the UEs are associated with the Macro cell, while 49.64% of the UEs are associated with the four small cells.  
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Figure 3 Illustration of Scenario 2a (1 cluster and 4 small cells) 

4.1. 256QAM Throughput Gains with TX EVM Only
We consider 4% TX EVM for small cells having 256QAM transmission, while 8% TX EVM is assumed for macro and small cells utilizing 64QAM. Furthermore, a non-full buffer traffic model (FTP model 1) is considered with different packet arrival rates (λ) corresponding to a range of cell resource utilization (RU). 
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Figure 4 Post-processing SINR distribution of small-cell UEs with different arrival rates (λ) for 4% TX EVM
Figure 4 depicts the CDF of the post-processing SINR of small-cell UEs. As shown in Figure 4, the SINR CDF deteriorates as the average packet arrival rate increases because higher loading factors are associated with higher interference. We note that for average packet arrival rate equal to 4 sec-1, 68% of the PDSCH post-processing SINR lie above 20 dB, which may potentially benefit 256QAM transmission; the post-processing SINR is upper-bounded by 28 dB, which is due to the 4% TX EVM assumption. 

[image: image5.emf]4 5 6 7 8 9 10 11 12

0

5

10

15

20

25

30

35

40

Lambda

Throughput in Mbps

Average UE Throughput, TX EVM = 4%

 

 

SC-256QAM

SC-64QAM

Total-256QAM

Total-64QAM

MCN-256QAM

MCN-64QAM


Figure 5 Average UE Throughput values with 4% TX EVM. 
The average UE throughput values are shown in Figure 5 as a function of the FTP model arrival rate. The results are presented for small-cell (SC) UEs, macro-cell (MC) UEs, and all UEs. Comparing the performance of 64QAM and 256QAM in small cells, 256QAM achieves higher UE throughput across all simulated packet arrival rates. For example, at λ = 12 (small cell RU = 23.89%), the SC UE throughput with 256QAM increases by 10.1% compared to 64QAM. The corresponding gain when all UEs (MC UEs and SC UEs) are considered is 10.03% with the average RU across all cells being 37.32%.

The complete set of performance metrics are shown in Table 1 and Table 2. Table 1 presents the UE throughput values with 256QAM and their gains against 64QAM in small cells for different CDF percentile values. The corresponding RU factors per small cell are also provided in Table 1. In Table 2 the corresponding results for all UEs (both MC UEs and SC UEs) are presented. In summary, the average throughput gains of SC UEs lie in the range 10.1%-12.85%, see Table 1, and the average throughput gains of all UEs lie in the range 7.91%-10.27%, see Table 2.
Table 1 Small-Cell UE Throughput (Mbps) for 256QAM and its gain in % over 64QAM when TX EVM= 4% 
	 
	Small-Cell UEs
	SCs 
RU

	Lambda
	0.50
TP (Gain %)
	0.95
TP (Gain %)
	AVG
TP (Gain %)
	

	4
	40.75 (9.14%)
	58.04 (10.67%)
	39.07 (10.86%)
	4.90%

	6
	36.85 (11.33%)
	54.27 (16.14%)
	36.70 (11.76%)
	7.23%

	8
	33.23 (14.27%)
	49.52 (14.41%)
	33.14 (12.85%)
	11.07%

	10
	27.87 (10.18%)
	44.28 (15.31%)
	28.44 (11.33%)
	16.98%

	12
	22.60 (8.24%)
	40.32 (11.29%)
	24.01 (10.10%)
	23.89%


Table 2 All UE Throughput (Mbps) for 256QAM and its gain in % over 64QAM when TX EVM= 4%
	 
	All UEs
	Cells RU

	Lambda
	0.50
TP (Gain %)
	0.95%
TP (Gain %)
	AVG
TP (Gain %)
	MCs 
RU
	1 MC + 4 SCs
RU

	4
	29.42 (3.58%)
	55.10 (11.46%)
	30.19 (7.95%)
	25.58%
	9.04%

	6
	22.78 (4.15%)
	51.27 (14.20%)
	24.01 (7.91%)
	57.12%
	17.21%

	8
	17.06 (3.82%)
	46.14 (14.38%)
	19.36 (10.27%)
	78.86%
	24.63%

	10
	12.61 (-2.89%)
	40.86 (14.45%)
	15.91 (9.33%)
	87.86%
	31.15%

	12
	10.48 (11.56%)
	36.11 (10.38%)
	13.40 (10.03%)
	91.04%
	37.32%


4.2. 256QAM Throughput Gains with both TX EVM and RX EVM
In this section, receiver impairments are considered in addition to transmitter impairments, see Section 4.1, to evaluate the potential gains of 256QAM. The corresponding results to Figure 5 (TX EVM=4% only modelled) are presented in Figure 6 (both TX EVM=4% and RX EVM=4% modelled). As also mentioned in Section 4.1, the TX and RX EVM values of 4% are within the typical achievable EVM range. By comparing Figure 6 with Figure 5, we observe similar behaviour across the different simulated scenarios, although the gains of 256QAM over 64QAM in Figure 6 reduce compared to the ones in Figure 5.  
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Figure 6 Average UE Throughput values with 4% TX EVM and 4% RX EVM. 
Table 3 and Table 4 present the results corresponding to Table 1 and Table 2, respectively; see Section 4.1, when both TX EVM and RX EVM are modelled. Compared to the results in Tables 1 and 2, the results in Tables 3 and 4 show that both the absolute UE throughput values as well as the gains of 256QAM over 64QAM are reduced. In summary, the average throughput gains of SC UEs lie in the range 5.97%-8.59%, see Table 3, and the average throughput gains of all UEs lie in the range 4.38%-7.52%, see Table 4. 

We point out that additional simulations covering the full range of TX and RX EVM would provide a complete evaluation of the impact. We aim to update this contribution by evaluating the other values of TX EVM and RX EVM. 

Table 3 Small-Cell UE Throughput (Mbps) for 256QAM and its gain in % over 64QAM when TX EVM=4% and RX EVM=4%
	 
	Small-Cell UEs
	SCs 
RU

	Lambda
	0.50
TP (Gain %)
	0.95
TP (Gain %)
	AVG
TP (Gain %)
	

	4
	32.20 (7.02%)
	46.71 (5.61%)
	31.11 (6.76%)
	5.65%

	6
	29.49 (5.29%)
	44.35 (10.82%)
	29.68 (6.46%)
	9.25%

	8
	26.30 (6.45%)
	38.96 (6.47%)
	26.48 (5.97%)
	13.63%

	10
	22.84 (6.61%)
	35.43 (7.41%)
	23.45 (8.59%)
	19.66%

	12
	19.03 (10.17%)
	32.15 (7.99%)
	19.71 (8.06%)
	27.23%


Table 4 All UE Throughput (Mbps) for 256QAM and its gains in % over 64QAM when TX EVM=4% and RX EVM=4%
	 
	All UEs
	Cells RU

	Lambda
	0.50
TP (Gain %)
	0.95%
TP (Gain %)
	AVG
TP (Gain %)
	MCs 
RU
	1 MC + 4 SCs
RU

	4
	26.07 (5.36%)
	43.72 (6.45%)
	24.96 (4.39%)
	32.98%
	11.11%

	6
	20.91 (1.28%)
	39.19 (4.72%)
	20.40 (4.38%)
	57.10%
	18.82%

	8
	15.67 (5.13%)
	35.64 (5.15%)
	15.99 (5.61%)
	76.43%
	26.19%

	10
	12.06 (6.19%)
	32.25 (8.92%)
	13.36 (7.33%)
	87.46%
	33.22%

	12
	9.32 (11.36%)
	28.93 (7.62%)
	11.15 (7.52%)
	91.65%
	40.11%


4.3. 256QAM Throughput Gains with CRS Interference
Similar to the TX and RX impairments, which reduce the potential gains of 256QAM, CRS interference can have a similar impact. Figure 7(a) depicts the post-processing SINR distribution for the SC UEs and all UEs with and without CRS modeling. As shown, CRS interference dramatically deteriorates the SINR distribution, which results in lower utilization of 256QAM. The degradation in the throughput values due to the CRS interference is depicted in Figure 7(b).  
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(a) SINR distribution for λ = 4.                                                (b) Average UE throughput.                          
Figure 7 CRS impact on the SINR distribution and average UE throughput of 256QAM. 
The throughput values of the SC UEs and all UEs, taking into consideration the CRS interference only, are shown in Table 5. As shown, the average throughput gains of SC UEs lie in the range 5.3%-6.46% and the average throughput gains of all UEs lie in the range 4.13%-4.99%. 

Table 5 Small-Cell UEs & All UEs Throughput (Mbps) for 256QAM and its gain in % over 64QAM with CRS Interference 
	 
	Small Cell UEs
	All UEs

	Lambda
	0.50
TP
	0.95%
TP
	AVG
TP (Gain %)
	0.50
TP
	0.95
TP
	AVG
TP (Gain %)

	4
	36.44
	69.70
	38.11 (5.88%)
	32.02
	62.23
	33.38 (4.15%)

	6
	35.18
	64.85
	36.58 (5.30%)
	28.00
	59.73
	30.25 (4.13%)

	8
	33.14
	62.28
	35.21 (6.46%)
	23.97
	57.58
	26.67 (4.99%)


Observations:

· The achievable throughput gain of 256QAM over 64QAM is low when both TX EVM and RX EVM are modeled to be equal to 4%. Additional simulations covering the full range of TX and RX EVM would provide a complete evaluation of the impact.
· CRS interference results in lower throughput gains of 256QAM. 
5. Conclusions

In this contribution, we evaluated the potential gains of utilizing 256QAM from a link-level and system-level perspective for Scenario 2a. We have included both transmitter and receiver impairments in order to have a realistic evaluation of the potential 256QAM gains. Moreover, we have shown the impact of CRS interference. The following observations are made:
Observations:

· The achievable throughput gain of 256QAM over 64QAM ceases to exist when both TX EVM and RX EVM are modeled to be equal to 4% . Additional simulations covering the full range of TX and RX EVM would provide a complete evaluation of the impact.
· CRS interference results in lower throughput gains of 256QAM. 
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Appendix 1: LLS Parameters

	Parameters 
	Assumption 

	Bandwidth 
	10 MHz

	Carrier Frequency
	3.5 GHz

	Channel Model and Doppler Frequency
	· EPA 10

· The delay profiles refer to 36.101 Table B.2.1-2

· Maximum Doppler frequency: 10 Hz

	Transmission Mode
	4

	MIMO Configuration
	2x2 with low correlation, Refer to 36.101 B.2.3.2

	CRS Configuration
	Antenna Ports 0,1

	Rank Adaptation 
	ON

	Link Adaptation
	ON

	PMI
	Based on UE measurement and feedback

	HARQ
	ON

	UE Receiver 
	MMSE-IRC

	Channel Estimation
	Ideal

	Received timing delay (us)
	0

	Frequency offset (Hz)
	0 

	Cyclic Prefix
	Normal

	Overhead Assumption
	3 PDCCH symbols

2-Port CRS

	Performance metric
	Throughput (Mbps)

	Feedback Delay (ms)
	8

	Number of PRBs
	5


Appendix 2: Scenario 2a SLS Parameters
	Parameters 
	Assumption 

	Deployment Grid
	Hexagonal

	Number of Sites
	7

	Number of Cells
	21 (3 Cells per Site)

	Macro Frequency
	2.0 GHz

	Macro Modulation
	Up to 64QAM

	Macro Bandwidth
	10 MHz

	SC Frequency
	3.5 GHz

	SC Modulation
	Up to 64QAM / Up to 256QAM

	SC Bandwidth
	10 MHz

	Number of Clusters per Cell
	1

	Number of SCs per Cluster
	4 SCs

	
	

	UE Dropping
	· 1/3 Uniformly Dropped in Macro geographical area (including Hot Zones)

· 2/3 Uniformly Dropped in Hot Spot Zone

· 80% of UEs are considered indoor UEs
· 20% of UEs are considered outdoor UEs

	Antenna Configuration
	2Tx x 2Rx, Cross Polarized 

	CRS Modelling
	· Antenna Ports 0,1

· CRS interference on PDSCH is modelled in all scenarios and follows Alt2 in R1-112856
· Macro cell IDs: Planned
· Small cell IDs: Randomly selected 

	MIMO Mode
	SU-MIMO with Rank Adaptation

	TX EVM
	8% (Macro Cells)  -  4% (Small Cells)

	Cell Association
	RSRQ

	Receiver
	Interference Aware Receiver (MMSE-IRC)

	Traffic Modelling
	FTP traffic model 1: File Size = 0.5 MB

λ = 4,6,8,10,12

	Scheduling
	Proportional Fair

	Beamforming
	Code-book Based

	Channel Estimation
	Ideal
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