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1. Introduction
In RAN #58, the study item “Small Cell Enhancements for E-UTRA and E-UTRAN – Physical-layer Aspects” was approved [1]. The objective of this SI is to identify potential enhancements to improve the spectrum efficiency as well as efficient small cell deployment and operation. One potential enhancement for improved spectral efficiency is introducing higher order modulation scheme (e.g. 256 QAM) for the downlink. In RAN1 LS sent to RAN4 [2], RAN1 asked following. 
· Practically achievable EVM values to assume for DL higher order modulation (for each of the small cell eNB Tx powers in TR 36.814 i.e. 20dBm, 24dBm, 30dBm, 37dBm) 
· The UE receiver impairments (with suitable quantitative values if possible) that should be assumed to be applicable to signal reception in high geometries that are likely to be relevant for DL higher order modulation, and appropriate techniques or methodologies for modelling such impairments
· Any other information that would help RAN1 in its evaluation of higher order modulation for DL operation in small cells 
In RAN4 #67, companies provided simulation or analysis study for Tx EVM [3-6] and Rx impairment [5][7-8]. In this contribution, we provide simulation results to evaluate the effect of eNB Tx EVM and UE Rx impairments on 256-QAM performance. RAN4 identified following Rx impairments. 

· Rx local oscillator phase noise 

· Rx dynamic range

· I/Q imbalance 

· Carrier leakage (DC offset)

· Carrier frequency offset

Among these impairments, we focused on IQ imbalance since it seems to be dominant UE Rx impairments. Performance of 256-QAM in the presence of Tx and Rx impairment is compared with 64-QAM to determine minimum impairment level to allow spectral efficiency improvement of 256-QAM over 64-QAM. 
2.  Simulation Assumptions

In our study we considered both rank 1 and rank 2 cases. Although rank 2 determines spectral efficiency boundary in favorable channel conditions, spectral efficiency improvement in high correlation channel is also very important considering that high correlation channel is more probable for small cell UE than macro cell UE. Simulation assumptions are listed in table 2. It can be noted that 
· For Rank 2 simulation, we swept code rate from 0.5 to 0.8 to get the performance envelope with possible link adaptation. 
· For Rank 1 simulation, we ran simulation only for code rate 0.8 since rank 1 requires lower CINR and thus less stringent EVM and UE Rx impairments.  
· We evaluated rank 2 performances in AWGN and EVA5L channel and rank 1 performance in EVA5H channel.
· Genie channel and noise estimation and LMMSE receiver is used in the simulation
Table 1 Simulation Assumptions
	Rank
	2
	1

	Channel bandwidth
	10MHz
	10MHz

	Duplex mode
	FDD
	FDD

	PDSCH transmission mode
	TM3
	TM6

	RB Allocation
	Full 50RBs
	Full 50RBs

	Scheduled subframes
	1,2,3,4,6,7,8,9
	1,2,3,4,6,7,8,9

	Antenna configuration
	2x2
	2x2

	CP type
	Normal
	Normal

	CFI
	2
	2

	Channel/Doppler
	AWGN, EVA5L
	EVA5H

	Channel Estimation
	Genie
	Genie

	Code Rate
	0.50, 0.58, 0.69, 0.77, 0.8
	0.8


3. Tx impairments
In this section, we provide 256-QAM performance with varying Tx impairments. Tx impairment includes DAC quantization error, LO phase noise, carrier leakage and clipping/saturation in the PA. Tx impairments are collectively represented as Tx EVM and modeled as AWGN noise added at the transmitter output in the simulation. 
3.1. Rank 2 performance
Figure 1 and 3 show rank 2 performances of 64-QAM and 256-QAM in AWGN and EVA5L channel at different code rates. Figure 2 and 4 show performance envelope that is obtained by taking maximum throughput across all code rates, which represents possible throughput when link adaptation (LA) is enabled. In AWGN channel, we can observe that 

· With 6% EVM, 256-QAM can provide higher throughput up to code rate 0.69. When LA is enabled, 256-QAM can outperform 64-QAM beyond CINR 25dB but cannot reach peak throughput due to BLER floor at code rate 0.77 or 0.8. 
· With 4% or lower EVM, 256-QAM can provide higher throughput even at code rate 0.8. With LA, 256-QAM can outperform 64-QAM beyond CINR 21~25dB and can reach the peak throughput. 
In EVA5L channel, we can observe that 

· With 4% EVM, 256-QAM can provide higher throughput even at code rate 0.8. With LA, 256-QAM can outperform 64-QAM beyond CINR 30dB but cannot reach the peak throughput due to BLER floor. 

· With 3% or lower EVM, 256-QAM can provide higher throughput even at code rate 0.8. With LA, 256-QAM can outperform 64-QAM beyond CINR 26~27dB and can reach the peak throughput. 

Observation 1. In order to obtain full rank 2 spectral efficiency gain of 256-QAM, we need to have 4% EVM in AWGN channel and 3% EVM in EVA5L channel. 
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(a) code rate = 0.5                                                             (b) code rate = 0.58
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(c) code rate = 0.69                                                             (d) code rate = 0.77
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(e) code rate = 0.8                                                  
Figure 1. Rank 2 performances in AWGN channel with Tx EVM
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Figure 2. Envelope of rank 2 performance in AWGN channel with EVM
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(a) code rate = 0.5                                                             (b) code rate = 0.58
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(c) code rate = 0.69                                                             (d) code rate = 0.77
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(e) code rate = 0.8

Figure 3.   Rank 2 performances in EVA5L channel with Tx EVM
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Figure 4. Envelope of rank 2 performance in EVA5L channel with EVM                                  
3.2. Rank 1 performance

Figure 5 shows rank 1 performance of 64-QAM and 256-QAM in EVA5H channel at code rate 0.8. From the simulation result, we can observe that 

· With 6% EVM, 256-QAM can provide higher throughput than 64-QAM beyond CINR 25dB but cannot reach peak throughput due to BLER floor at code rate 0.8. 

· With 4% or lower EVM, 256-QAM can outperform 64-QAM beyond CINR 19~21dB and can reach peak throughput. 
Observation 2. In order to obtain full rank 1 spectral efficiency gain of 256-QAM, we need to have 4% EVM in EVA5H channel. 
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Figure 5. Rank 1 performance at code rate 0.8 with EVM
4. Rx impairments
In this section, we provide 256-QAM performance in the presence of Rx impairments in UE Rx. Among various Rx impairments such as LO phase noise, Rx dynamic range, IQ imbalance, carrier leakage and carrier frequency offset, effect of IQ imbalance is evaluated in the simulation. Effect of other impairments will be also investigated in the future. Note that Tx EVM is assumed as 3% in the simulation. IQ imbalance is explicitly modeled by following equation 
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4.1. Rank 2 performance

Figure 6 shows rank 2 performances of 64-QAM and 256-QAM in EVA5L channel at different code rates. Figure 7 shows performance envelope that is obtained by taking maximum throughput across all code rates, which represents possible throughput when link adaptation (LA) is enabled. In EVA5L channel, we can observe that 

· With -30dBc IQ imbalance, 256-QAM can provide higher throughput up to code rate 0.69. When LA is enabled, 256-QAM can outperform 64-QAM beyond CINR 33dB but cannot reach peak throughput due to BLER floor at code rate 0.77 or 0.8. 

· With -33dBc IQ imbalance, 256-QAM can provide higher throughput up to code rate 0.8. When LA is enabled, 256-QAM can outperform 64-QAM beyond CINR 30dB but cannot reach peak throughput due to BLER floor at code rate 0.8.
· With -36dBc or lower IQ imbalance, 256-QAM can provide higher throughput even at code rate 0.8. With LA, 256-QAM can outperform 64-QAM beyond CINR 28dB and can reach peak throughput. 

In EVA5L channel, we can observe that 

Observation 3. In order to obtain full rank 2 spectral efficiency gain of 256-QAM, we need to have -36dBc IQ imbalance in EVA5L channel. 
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(a) code rate = 0.5                                                             (b) code rate = 0.58
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(b) code rate = 0.69                                                             (d) code rate = 0.77
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Figure 6.  Rank 2 performances in EVA5L channel with IQ imbalance
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Figure 7. Envelope of rank 2 performance in EVA5L channel with IQ imbalance
4.2. Rank 1 performance
Figure 10 shows rank 1 performance of 64-QAM and 256-QAM in EVA5H channel at code rate 0.8. From the simulation result, we can observe that 

· With -30dBc IQ imbalance, 256-QAM can provide higher throughput than 64-QAM beyond CINR 24dB but cannot reach peak throughput due to BLER floor at code rate 0.8. 

· With -33dBc or lower IQ imbalance, 256-QAM can outperform 64-QAM beyond CINR 21~23dB and can reach peak throughput. 

Observation 4. In order to obtain full rank 1 spectral efficiency gain of 256-QAM, we need to have -33dBc IQ imbalance in EVA5H channel. 
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Figure 8. Rank 1 performance at code rate 0.8 with IQ imbalance

5. Conclusions

In this contribution, we provided simulation results to evaluate the effect of Tx EVM and Rx IQ imbalance on 256-QAM demodulation performance. From the simulation results, following was observed. 
Observation 1. In order to obtain full rank 2 spectral efficiency gain of 256-QAM, we need to have 4% EVM in AWGN channel and 3% EVM in EVA5L channel. 

Observation 2. In order to obtain full rank 1 spectral efficiency gain of 256-QAM, we need to have 4% EVM in EVA5H channel. 

Observation 3. In order to obtain full rank 2 spectral efficiency gain of 256-QAM, we need to have -36dBc IQ imbalance in AWGN channel and -39dBc IQ imbalance in EVA5L channel. 

Observation 4. In order to obtain full rank 1 spectral efficiency gain of 256-QAM, we need to have -33dBc IQ imbalance in EVA5H channel. 

Observation 5. 256-QAM could provide significant gain in peak throughput and spectral efficiency with realistic Tx and Rx impairments. 

Based on what we observed from simulation study, we would like to propose 
Proposal 1. Consider 3% Tx EVM for 256-QAM deployment in small cell. 
Proposal 2. Consider -39dBc IQ imbalance for 256-QAM deployment in small cell. 

Proposal 3. Send LS to RAN1 to confirm the feasibility of introducing 256-QAM in Rel-12. 
We would like to recommend considering observations from our simulation results and proposals in discussion for 256-QAM for small cell enhancement. 
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