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1 Introduction

In RAN#58, it is agreed that the study for Small Cell Enhancements shall include following areas [1]:
· Study potential enhancements to improve the spectrum efficiency, i.e. achievable user throughput in typical coverage situations and with typical terminal configurations, for small cell deployments, including

· Introduction of a higher order modulation scheme (e.g. 256 QAM) for the downlink.

· Overhead reduction for reference signals, control signals and feedback in downlink and uplink based on existing channels and signals. 

In this contribution, we will provide the evaluation and analysis for 256QAM with respect to the modeling of TX EVM and RX impairments.
2 Operating region of 256QAM
In Figure 1, the theoretical spectral efficiency of Gaussian signal and different QAM modulations up to 256QAM is given. From Figure 1, we can see that 256QAM outperforms lower-level modulation in high SNR region, especially for SNR > 20dB.
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Figure 1: Theoretical spectral efficiencies of Gaussian signal and different QAM modulations
In Figure 2, the practical channel coding (Turbo code) was used to compare the achievable spectral efficiency for various modulations in the AWGN channel (10%BLER is assumed). The 256QAM constellation used in this simulation is shown in Table 2.
[image: image2.emf] 

-10 -5 0 5 10 15 20 25

0

1

2

3

4

5

6

7

8

SNR [dB]

Spectral Efficiency [bit/s/Hz]

BLER target 0.1 vs SNR

QPSK CodeRate in [0.07 ~ 0.92]

16QAM CodeRate in [0.10 ~ 0.90]

 64QAM CodeRate in [0.30 ~ 0.92]

256QAM CodeRate in [0.40 ~ 0.92]

SNR=12.5dB

16QAM CR=0.8750

64QAM CR=0.5833

SNR = 4.5dB

QPSK  CR=0.7250

16QAM CR=0.3625

SNR = 19.2dB

64QAM CR=0.9167

256QAM CR=0.6875


Figure 2: Spectral efficiency when BLER is 0.1 vs SNR.
From Figure 2, the switch point between 64QAM and 256QAM is about 19.2dB, which quite well matches the theoretical performance shown in Figure 1. Therefore, 256QAM could be useful in scenarios where a significant part of the UEs could get an effective SINR exceeding 19.2dB. 

3 EVM modeling in link level simulation 
The practically achievable TX EVM values were discussed extensively in RAN4 #66bis meeting and it was concluded in [2] that improved EVM values compared to existing requirement of 8% can be achieved for low power BS, while no consensus achieved for RX impairments.
Some issues about the modelling of EVM and receiver impairments are clarified in this section. For Tx EVM, it is already well defined in RAN4 requirements [4]. Considering the reference point for Tx EVM measurement defined in Appendix E1 in [4] (as shown in Figure 3), it is relatively simple to model Tx EVM by adding a Gaussian noise before IFFT at transmitter as shown in Figure 4. That is, the EVM noise is added per Tx antenna with the average power proportional to the Tx power per Tx antenna. Note that actually we also observed that it doesn't matter whether the TX EVM noise is put before or after IFFT transforming. 
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Figure 3: Reference point for Tx EVM measurement
At receiver side, the main sources of impairments include [2]
· RX local oscillator phase noise 

· RX dynamic range

· I/Q imbalance
· Carrier leakage

· Carrier frequency offset
For a UE receiver, impairments of above factors contribute independently to the SNR degradation [5], while these impairments could be modeled by receiver EVM generally as shown in Figure 4. However, the receiver EVM has not been clearly defined as Tx EVM. In our understanding, similar to the modelling of Tx EVM, the average power of Rx EVM should scale with the received power of desired signal. That is, the EVM power of a particular OFDM symbol should be proportional to the received power of this symbol. In this sense, the power of Rx EVM would have time fluctuation with the fading channel as well as the power of received signal. Therefore the Rx EVM modelling can not simply follow the mechanism of white noise case which is added in receiver irrespective of the instantaneous channel attenuation. 
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Figure 4 Illustration of Tx EVM & Rx EVM model

Figure 5 further gives an illustrative example to clarify the difference between Tx and Rx EVM noise.  The power density of desired signal, Tx EVM noise, Rx EVM noise as well as white noise within one symbol is plotted. It is clear that the Rx EVM noise performs like a normal white noise which has flat power density over the whole bandwidth. Thus the Rx EVM limits the demodulation performance if the PRB suffering from deep fading (as shown in figure) are scheduled to serve a UE. On the other hand, TX EVM noise experiences the same fading channel as desired signal so that the same frequency-domain fluctuation is observed. In this sense, the impact of TX EVM noise in fading channel is similar as the case in AWGN channel. 
Note that even for RX EVM, with multiple-user scheduling, it is quite reasonable to assume a smart scheduler could easily avoid scheduling a deep fading frequency to UE.  In this sense, the link level simulation results as shown in next section is kind of pessimistic results as whole bandwidth including deep fading PRBs was allocated to one UE and no multiple-user multiplexing is considered.
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Figure 5 Illustration of the power density of desired signal, Tx and Rx EVM

Proposal 1: 
Model Tx EVM as additional white noise at the transmitter side with power level proportional to the average transmit power. Model Rx EVM as additional white noise at the receiver with power level proportional to the average received power of the corresponding OFDM symbol.
4 Link level evaluation of 256QAM 
In this section, we evaluate and analyze the performance of 256QAM with explicit modeling of Tx and Rx impairments of RF implementation in fading channel by link level simulation. The general simulation assumptions refer to Table 1 in Appendix which had been agreed in [3].
Based on EVM modelling given in Section 3, Figure 6 shows the impact of EVM at both Tx and Rx sides. It is very clear that the Tx EVM has much less impact than that of Rx EVM. The reason has been analyzed in Section 3. 
With 4% Tx EVM, 256QAM can provides more than 30% throughput gain over the 64QAM in high SNR region. However, 4% Rx EVM degrades 256QAM performance, though there is still about 5% throughput gain achieved in high SNR region.
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Figure 6: performance of 256QAM and 64QAM with Tx or Rx EVM 

Figure 7 provides further results to show the exact performance with joint TX and RX EVM considered, where 4% Tx EVM is taken into account. It can be observed that about 15% gain is achieved with 4% Tx EVM and 2% Rx EVM, and about 7% gain is achieved with 4% Tx EVM and 3% Rx EVM considered. 
As discussed in [5], the practically achievable EVM for UE side could be as low as 2~3% taking into account the identified impairment factors. Moreover, since 256QAM is a new feature, it is expected that even better EVM can be achieved in the future for more advanced UEs.
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Figure 7: performance of 256QAM with both Tx and Rx EVM

Observation 1:

· Tx EVM has not much impact on the upper bound of 256QAM performance.

· About 30% throughput gain over 64QAM can be achieved with 4% TX EVM in high SNR region.
· Rx EVM has larger impact on 256QAM performance TX EVM 

· About 15% throughput gain with 4% Tx and 2% Rx EVM in high SNR region.
· About 7% throughput gain with 4% Tx and 3% Rx EVM in high SNR region.
5 System level evaluation of 256QAM
In this section, we provide evaluation results of 256QAM in scenario #3 (sparse), scenario #2b(sparse) and scenario #2a. Where in scenario #2a, 1 cluster per macro cell and 4 small cells per cluster are assumed. The gains of small cell UEs of 256QAM over baseline are shown in Figure 8 ~ Figure 11. Tx EVM is assumed as -28dB (4%) in small cells, and 22dB (8%) in macro cells for both baseline and 256QAM. Rx EVM is assumed as zero or -34dB (2%). Other detailed simulation assumptions are same as [3], with updates based on the new agreements achieved in RAN1 #72bis meeting.
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Figure 8: small cell user performance with 4% TX EVM and 0% RxEVM and without CRS interference
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Figure 9: small cell user performance with 4% TX EVM and 2% RxEVM and without CRS interference
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Figure 10: small cell user performance with 4% TX EVM and 0% RxEVM and with CRS interference
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Figure 11: small cell user performance with 4% TX EVM and 2% RxEVM and with CRS interference

From the evaluation results, it can be observed that 
Observation 2:

· In both indoor and outdoor scenarios, 256QAM can provide significant cell-average performance gain for small cell users when only Tx EVM is modeled.
· In both indoor and outdoor scenarios, 256QAM can provide good cell-average performance gain for small cell users with both Tx EVM and Rx EVM modeled.
· If CRS interference is removed or reduced, such as when NCT and/or adaptive small cell on/off operations are applied, the gain of 256QAM will be further improved.
6 Conclusions

In this contribution, the evaluation and standardization impact of 256QAM are given. Based on the evaluation results and analysis, the following observations and proposals are achieved:
Proposal: 
· Model Tx EVM as additional white noise at the transmitter side with power level proportional to the average transmit power. Model Rx EVM as additional white noise at the receiver with power level proportional to the average received power of the corresponding OFDM symbol.
Observations:

· Tx EVM has not much impact on the upper bound of 256QAM performance.

· About 30% throughput gain over 64QAM can be achieved with 4% TX EVM in high SNR region.
· Rx EVM has larger impact on 256QAM performance TX EVM 

· About 15% throughput gain with 4% Tx and 2% Rx EVM in high SNR region.

· About 7% throughput gain with 4% Tx and 3% Rx EVM in high SNR region.
· In both indoor and outdoor scenario, 256QAM can provide significant cell-average performance gain for small cell users when only Tx EVM is modeled.
· In both indoor and outdoor scenario, 256QAM can provide good cell-average performance gain for small cell users with both Tx EVM and Rx EVM modeled).
· If CRS interference is removed or reduced, such as when NCT and/or adaptive small cell on/off operations are applied, the gain of 256QAM will be further improved.
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Appendix

Table 1. Link level simulation parameters assumptions
	Bandwidth
	10MHz

	Carrier frequency 
	3.5G

	Channel model and Doppler frequency
	EPA
- The delay profiles refer to 36.101 Table B.2.1-2

	Transmission mode
	TM10

	MIMO configuration
	2x2 with low correlation
-       refer to 36.101 B.2.3.2

	CRS configuration
	Antenna ports 0,1

	CSI reference signals
	2-port NZP CSI-RS with 5ms period
One CSI-IM configured as ZP CSI-RS with 5ms period

	DMRS
	Port 7&8

	Rank adaptation
	On

	PMI
	Based on UE measurement and feedback

	Link adaptation
	On

	HARQ
	On

	UE receiver
	MMSE-IRC

	Channel estimation
	Practical

	Interference estimation
	Practical

	PDP estimation
	Practical

	Received timing delay (us)
	0

	Frequency offset (Hz)
	0

	UE speed
	3km/h

	Overhead assumption
	2 PDCCH symbols;

	
	

	
	PBCH/PSS/SSS;

	
	2-port CRS;

	
	2-port CSI-RS with 5ms period

	
	One CSI-IM configured as ZP CSI-RS with 5ms period

	
	1 or 2 DMRS ports;

	Metric
	Spectrum efficiency [bps/Hz]
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