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1 Introduction
In the previous RAN1 meeting we presented some initial discussion on potential power savings that can be achieved by introducing lower order modulations[1]. In this contribution we show results for power efficiency for QPSK, π/2-BPSK and GMSK using a commercially available power amplifier model. In addition, we discuss recent development in power amplifier design and the impact of this on the decision. 
2 Estimated power savings (conventional PA)
From a power efficiency perspective, one would like to operate the UE PA with as little back-off as possible. However, the PA linearity is reduced at higher output power levels and since in order to meet EVM and ACLR requirements the required PA linearity increases with the modulation order, higher order modulations require larger back-off in the PA than modulations of lower order. 

In the following we have used a model for a commercially available PA to estimate the PA power consumption reduction for π/2-BPSK and GMSK compared to QPSK at maximum output power. In addition we have estimated the increase in battery time assuming that the PA consumes 80% of the total energy consumption for a typical MTC reference case assuming QPSK. Results are shown in Table 1.
Table 1: Efficiency improvement and increased battery time for different modulations schemes. 

	Modulation
	PA power consumption reduction [%]
	Battery time increase  [%]

	QPSK
	0
	0

	π/2-BPSK
	14.5
	13.1

	GMSK
	24.1
	23.9


From the table we see that there are significant power savings for both π/2-BPSK and GMSK.

Observations:

· Significant power savings can be achieved with lower order modulations. 
3 Advanced PAs

Since the market introduction of LTE, continuous effort has been made to improve the power efficiency of the PA and increase the battery lifetime of LTE UEs. 

As mentioned, the reason for the increased power consumption for higher order modulations is the increased back-off due to higher PAPR. Conventional PAs have a constant supply voltage driving the PA resulting in lower efficiency with higher back-off. Lately, PAs with envelope tracking have been introduced to the market where the PA supply voltage is following the envelope of the transmitted signal. This means that the average supply voltage applied is significantly reduced resulting in lower power consumption since the PA will be operating at a more efficient operating point.  The architecture is shown in Figure 1 and the resulting envelope tracking waveform is shown superimposed on the transmitted signal in Figure 2.
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Figure 2: Envelope tracking power amplifier.
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Figure 3: Envelope tracking waveform.

Envelope tracking is not a new technique, but due to the high sampling rate of the envelope signal, it has traditionally been too complex to implement, but it has been introduced in products during the last few years. 
Envelope tracking will improve the efficiency of QPSK more than for π/2-BPSK while there will be no improvement to GSMK since its envelope is constant. Even though envelope tracking currently is found in high end phone, we see it as applicable also to Rel-13 low cost MTC UEs since the reduced bandwidth of 1.4 MHz requires significantly less processing than for normal LTE UEs supporting 20 MHz BW. Therefore, before considering introducing new lower order modulations schemes for MTC, the power savings with envelope tracking PAs should be investigated. 
Observation:

· Power savings with envelope tracking PAs should be investigated before introducing lower order modulations.
4 Conclusions

Based on the discussions in the contribution we make the following observations:
· Significant power savings can be achieved with lower order modulations assuming conventional receivers.
· Power savings with envelope tracking PAs should be investigated before introducing lower order modulations.
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