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1. Introduction
During presentation of [1], it was commented that BPSK might be less energy efficient than QPSK since a BPSK modulated signal would take twice as long to transmit as a QPSK modulated signal. This is however not the case as the BPSK modulated signal is more robust than the QPSK signal and can be transmitted at a lower coding rate.

This document confirms through simulation that BPSK is indeed as energy efficient as QPSK, in terms of the signal at the transmit antenna terminals. In terms of the energy efficiency from the battery terminals of the device, /2-BPSK is more energy efficient than QPSK due to the lower peak to average power ratio of /2-BPSK. The /2-BPSK modulated signal also provides a coverage improvement for a single chip implementation due to the lower peak to average power ratio of /2-BPSK relative to QPSK.
2. Energy Efficiency of BPSK and QPSK
For low coding rates, the energy efficiency, at the transmit antenna terminal, of BPSK and QPSK modulations is expected to be the same. Although the demodulation decision boundaries of the QPSK constellation are 3dB closer than for the BPSK constellation, the QPSK modulation symbol carries twice the number of coded bits, leading to a repetition coding gain of approximately 3dB for the QPSK modulated information bits. These 3dB factors cancel one another out, leading to an equal performance for BPSK and QPSK in terms of the energy efficiency at the transmit antenna terminal.

In order to confirm this understanding, a simple simulation was performed of a QPSK and BPSK modulated signal. For the sake of simplicity, the PDSCH was adapted to additionally support BPSK and simulated according to the simulation assumptions of Table 1.

Table 1 – Simulation assumptions

	Parameter
	BPSK
	QPSK

	Channel
	PDSCH adapted to support BPSK
	PDSCH

	Transmit mode
	TM2 (2TX, 1RX)
	TM2 (2TX, 1RX)

	Channel
	ETU 
	ETU 

	Channel speed
	0Hz
	0Hz

	System bandwidth
	1.4MHz
	1.4MHz

	Legacy control channel region
	2 OFDM symbols
	2 OFDM symbols

	Mapped resource
	12 OFDM symbols x 6PRB = 792RE
	12 OFDM symbols x 6PRB = 792RE

	Modulation
	BPSK
	QPSK

	CRS Modulation
	QPSK
	QPSK

	Transport block size
	250 bits
	250 bits

	MCS
	BPSK rate 0.34
	QPSK rate 0.17

	Channel estimation
	Realistic (MMSE)
	Realistic (MMSE)


Figure 1 shows the simulation results. The SNR performance of BPSK and QPSK are the same (as per the intuitive understanding above). The same number of bits (250 information bits) are mapped to the same amount of physical resource (1 subframe / 6PRB), therefore the same amount of energy (at the transmit antenna terminals) is required to transmit the same number of information bits: the energy efficiency at the transmit antenna terminals of the BPSK and QPSK information bit stream is the same.
Observation 1: The energy efficiency at the transmit antenna terminals of low rate BPSK and QPSK modulated information bit streams is the same.
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Figure 1 – Simulated performance of PDSCH modulated with BPSK and QPSK
The energy efficiency at the battery terminals of a BPSK modulated signal is superior to that of QPSK due to the 6.5% greater PA efficiency that is possible for a /2-BPSK modulated signal than for a QPSK modulated signal [1]. 

Observation 2: The energy efficiency at the battery terminals of a low rate BPSK modulated information bit stream is better than that for QPSK modulation.

3. Coverage Comparison of /2-BPSK and QPSK
The maximum average transmit power of a single chip LTE implementation (PA integrated with the baseband) is limited by the breakdown voltage of the process used to construct the PA [2]. The breakdown voltage is related to the peak power of the modulated signal. Hence the average transmit power that can be transmitted by a single chip implementation is equal to the peak power capability of the device minus the peak to average power ratio of the transmitted signal. Since the peak to average power ratio of /2-BPSK is 1.3dB lower than QPSK, the average transmit power of the /2-BPSK signal can be 1.3dB higher than that of a QPSK signal. Hence for a single chip implementation, a /2-BPSK modulated signal would be expected to have a 1.3dB better coverage than a QPSK modulated signal.
Observation 3: For a single chip implementation, the coverage of a BPSK modulated information bit stream is approximately 1.3dB better than that for QPSK modulation.

4. Conclusion
This document has shown through simulation that the energy efficiency at the transmit antenna terminals of BPSK and QPSK is the same.

This document also states two advantages of /2-BPSK relative to QPSK: the energy efficiency at the battery terminals of /2-BPSK is superior to that of QPSK and the coverage of a /2-BPSK modulated signal is approximately 1.3dB better than that of a QPSK modulated signal at least for a single chip implementation.

The following observations are made:

Observation 1: The energy efficiency at the transmit antenna terminals of low rate BPSK and QPSK modulated information bit streams is the same.
Observation 2: The energy efficiency at the battery terminals of a low rate BPSK modulated information bit stream is better than that for QPSK modulation.

Observation 3: For a single chip implementation, the coverage of a BPSK modulated information bit stream is approximately 1.3dB better than that for QPSK modulation.
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