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1 Introduction

In 3GPP TSG RAN #58, the study item “Small Cell Enhancements for E-UTRA and E-UTRAN – Physical-layer Aspects” was approved [1]. The objective of this study is to identify potential enhancements to improve the spectrum efficiency as well as efficient small cell deployment and operation in order to meet the requirements targeted for small cell. One potential enhancement for improved spectral efficiency is Introduction of a higher order modulation scheme (e.g. 256 QAM) for the downlink.
RAN1 has sent an LS to RAN4 asking the following [2]
· 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 this contribution we discuss the impairments in transmitter front end and the achievable EVM values for 256QAM in base station.
2 Discussion
2.1 Transmitter EVM
Figure 1 shows a simplified model for transmitter and receiver with the corresponding EVM. The impact of transmitter and receiver impairments on the signal quality is represented by TX EVM and RX EVM, respectively. 
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Figure 1 Simplified model of transmitter and receiver with corresponding EVM
Some of the main sources of impairments at the transmitter are:

· Quantization noise due to digital to analog (D2A) converter, 
· I/Q imbalance in the frequency conversion circuit, 
· Phase noise from the local oscillator,
· Nonlinearity due to clipping and high power amplifier
These imperfections contribute to intermodulation products and distortion of signal constellation. Among the sources of impairment at the transmitter, the contribution from PA nonlinearity in the overall distortion is usually more than the other components.

The main sources of impairments at the UE receiver are discussed in [3].
The distortion in the signal constellation caused by the impairments is measured by Error Vector Magnitude (EVM). More precisely, EVM is a measure of the difference between the ideal symbols and the measured symbols after the equalization, and measured as the square root of the ratio of the mean error vector power to the mean reference power expressed in percent,
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is the original transmit constellation, and 
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is the expectation operator.

Although there are different EVM requirements for different modulation scheme, one should note that EVM values are independent of the modulation scheme, and for equal average constellation power, EVM only depends on the distortion, i.e. the impairments from the hardware. 
Extensive studies prior to LTE Rel-8 on the EVM values were resulted in EVM requirements as in [4]. Such requirements on EVM mean that the hardware design was based on these values, so EVM of 8% can be assumed as the achievable value of EVM in current BS RF front-end.
2.1.1 BS power levels and EVM

Currently according to [4] there are four classes of base station and corresponding rated output power:

· Home BS with maximum rated output power of 20dBm 

· Local area BS with maximum rated output power of 24dBm

· Medium range BS with maximum rated output power 38dBm

· Wide area BS with no limit

Rated output power, PRAT, of the base station is the mean power level per carrier for BS operating in single carrier, multi-carrier, or carrier aggregation configurations that the manufacturer has declared to be available at the antenna connector during the transmitter ON period.
The power levels mentioned in the LS [2] belong to different classes of BS according to RAN4 specifications. However, the required EVM is the same for different BS classes, and therefore independent from power levels. In other words, since the requirement is a maximum EVM of 8%, any type of BS must satisfy this EVM value, and the current achievable EVM is 8%.
Also, if current BS classes are supposed to provide output power levels  as described in the LS, then each output power level can be mapped to one (or several) BS class and power backoff. For example a TX power of 20dBm can be provided by a home BS with no backoff or with a local area BS with 4dB backoff. 
2.1.2 Power backoff and EVM

Assuming the same baseline hardware that results the required EVM of 8%, and noting that most of the distortion is caused by the high power amplifier, lower EVM values can be achieved by introducing more backoff in the clipping and the power amplifier. 

There is no direct relationship between the amount of backoff and the achieved EVM, since it depends on the nonlinearity profile. Higher backoff at the power amplifier means operating the PA more in the linear region which causes less nonlinear distortion. This comes at the cost of lower power efficiency or lower output power.
2.1.3 Power efficiency vs. EVM

As mentioned earlier the achievable EVM is a function of the operating point of the power amplifier and the clipping that is used, and therefore is directly related to power efficiency of the PA. 

A given power efficiency has different implications on the amount of dissipated power for different output power levels. For example power efficiency of 20% for a power amplifier with 200mw output power would mean 800mw power dissipation while for a 5W power amplifier this means 20W power dissipation. Therefore lower power efficiencies can be more affordable at lower output power levels due to limits on the size, cooling, etc. Therefore it might be reasonable for low power base stations to compromise on power efficiency in order to achieve better linearity and therefore lower EVM values.
2.1.4 Out-of-band leakage

Besides increased EVM, nonlinearity of the transmitter can cause increased out-of-band leakage. By increasing backoff it is expected that the out-of-band leakage is reduced the same way the inband distortion (EVM) does. Therefore it is expected that out-of-band leakage is not an issue, although this needs to be investigated.
2.1.5 Coverage
As mentioned in previous sections, in order to be able to use higher order modulation large backoff at the PA is needed to avoid too large EVM. However, increasing backoff in order to serve high geometry UEs with higher order modulations can have an impact on the UEs with lower SINR. Data symbols for different users that are mapped together in PDSCH and also common reference signals such as CRS experience the same backoff. This can have an impact on the coverage and the performance and needs to be studied.
Based on the above discussions the following observations can be made: 

· Observation 1: The achievable EVM with current design is 8%. It can however be lowered by taking larger backoff values at the clipping and high power amplifier, at the cost of lower power efficiency or lower output power.
· Observation 2: In order to achieve lower EVM the coverage and system performance may be affected due to power backoff required in the BS. The impact of lowering EVM on system performance needs to be investigated.
3 Link level evaluations

In this section the impact of transmitter EVM on the DL throughput is shown by means of link simulations. In the following simulations we ccompare DL throughput when 256QAM is used with 64QAM as the highest MCS assuming a receiver EVM of 0%. 
Table 1 shows parameters used for link simulations.
Table 1 Simulations setup
	Parameter
	Value

	System bandwidth
	10 MHz

	Carrier frequency
	3.5 GHz

	Antenna configuration
	2x2, low correlation

	Channel model / Doppler
	EPA, 10 Hz

	Interference model
	With/without CRS-only interference

	HARQ
	On

	Link adaptation
	On (QPSK, 16QAM, 64QAM & 256QAM)

	DMRS
	Port 7, 8

	Channel estimation
	Practical

	Interference estimation
	Practical

	CRS configuration
	2 CRS ports

	Synchronization
	Ideal

	EVM
	TX-EVM (0%, 4%, 6%), Rx-EVM (0%)

	Other Rx impairments
	Off

	UE receiver
	MMSE-IRC
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Figure 2 DL performance of 256QAM vs. 64QAM with different TX-EVM values
As we can see from the figure, the switch point where 256QAM outperforms 64QAM is about 25dB. For high SNRs, 256QAM can provide 5-10 % gain over 64QAM, if TX EVM is below 4%. For 6% TX-EVM, performance advantage of 256QAM over 64QAM is negligible. The performance of 256QAM is highly sensitive to the TX-EVM.

· Observation 3: For high SNRs, 256QAM can provide 5-10 % gain over 64QAM, if TX-EVM is below 4%.
4 Conclusions

· Observation 1: The achievable EVM with current design is 8%. It can however be lowered by taking larger backoff values at the high power amplifier, at the cost of lower power efficiency. 

· Observation 2: In order to achieve lower EVM the coverage and system performance may be affected due to power backoff required in the BS. The impact of lowering EVM on system performance needs to be investigated.
· Observation 3: For high SNRs, 256QAM can provide 5-10 % gain over 64QAM, if TX-EVM is below 4%.
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