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1 Introduction 
This document discusses the PAPR and phase modulation bandwidth properties of the various uplink signals that have been proposed for NB-IoT to-date.

It is clearly desirable to design the uplink signals so as to minimize the transmitter implementation complexity. 

A lower PAPR reduces the linearity specification of the UE power amplifier and allows operating it with better efficiency.

A low phase modulation bandwidth facilitates the use of a low complexity polar modulator transmitter architecture for the UE transmitter, which is simpler than a Cartesian implementation.
1.1 PAPR
1.1.1 Discussion

The illustrations in the sections below show PAPR versus the number of subcarriers for SC-FDMA, TPSK and FDMA, with BPSK, QPSK and 8PSK modulation. We also plot the PAPR of the 80 kHz ZC-based PRACH signals proposed in [2].

TPSK can achieve a low PAPR, as shown in [5], with the right choice of symbol overlap window and pulse shaping filter. FDMA with GMSK has a zero PAPR by design. PAPR for these modulations is not shown in the plots, to avoid cluttering them unnecessarily.

As observed in [4] and [6], PAPR is also low for SC-FDMA with one sub-carrier, and for SC-FDMA with BPSK modulation with two sub-carriers. In fact, these special cases of SC-FDMA modulations are very similar to TPSK modulations using one or two subcarriers.

SC-FDMA PAPR grows quickly when using more than two subcarriers, approaching 6.5 dB for 8 subcarriers, with QPSK and 8PSK. The PAPR of the corresponding FDMA single-carrier modulations does not depend on the number of sub-channels (sub-carriers) bonded, and is less than 4 dB in the worst case (for 8PSK).
The PAPR of the 80 kHz Zadoff-Chu PRACH signals proposed in [2] varies between 2.6 dB and 7 dB, depending on the ZC sequence index.
For SC-FDMA and TPSK simulation we used the 10-tap Gaussian pulse shaping filter recommended in [4] (but because the filter coefficients of this filter are not provided in [4], we read the coefficients from the plot as best we could) and we also applied a symbol-to-symbol phase rotation of pi/2 for BPSK and pi/4 for QPSK according to [4]. For SC-FDMA and TPSK with 8PSK we applied a symbol-to-symbol rotation of pi/8. To reduce peaks at the symbol boundaries (and therefore PAPR), we used windowing and overlap-add as suggested in [5] for both SC-FDMA and TPSK.
1.1.2 SC-FDMA vs FDMA PAPR summary
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Figure 1: SC-FDMA PAPR
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Figure 2: FDMA PAPR
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Figure 3: PAPR of 80 kHz Zadoff-Chu PRACH preambles
1.1.3 PAPR CCDF plots

1.1.3.1 SC-FDMA
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Figure 4: SC-FDMA-BPSK PAPR CCDF
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Figure 5: SC-FDMA-QPSK PAPR CCDF
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Figure 6: SC-FDMA-8PSK PAPR CCDF
1.1.3.2 FDMA
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Figure 7: FDMA PAPR CCDF
1.2 Phase modulation bandwidth

1.2.1 Discussion
This section contains plots of the baseband signal trajectories for SC-FDMA and TPSK. A signal trajectory is considered a good fit for a polar transmitter if it avoids crossing near the origin of the complex plane. This is seen in the plots as a ‘hole’ in the trajectory plot, centered in the origin of the complex plane.

The modulations whose trajectories avoid zero crossings, and therefore have a lower phase modulation bandwidth are:

· All FDMA modulations
· SC-FDMA
· Using a single sub-carrier
· SC-FDMA-BPSK using 2 subcarriers
· TPSK

· TPSK-BPSK with 1, 2 and 4 sub-carriers

· TPSK-QPSK with 1 and 2 sub-carriers

· TPSK-8PSK with 1 subcarrier

Apart from the special cases listed above, SC-FDMA modulation has zero crossings and therefore is not suitable by design for a low cost UE polar modulator transmitter. To transmit these modulations using a polar modulator, techniques (such as described in [8], for example) may be used to reduce the phase modulation bandwidth, possibly in combination with a two-point polar modulator, but at the expense of increased UE complexity.

1.2.2 SC-FDMA BPSK
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Figure 8
1.2.3 SC-FDMA QPSK
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Figure 9
1.2.4 SC-FDMA 8PSK
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Figure 10
1.2.5 TPSK BPSK
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Figure 11
1.2.6 TPSK QPSK
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Figure 12
1.2.7 TPSK 8PSK
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Figure 13
2 Conclusion

In this paper, we have shown the properties of the UL modulations being proposed for NB-IoT, in terms of their PAPR, and baseband signal trajectories (i.e. in terms of zero crossings). We make the following observations:

Observation 1: SC-FDMA uplink modulations impose higher performance requirements on the uplink transmitter, compared with the single-carrier FDMA modulations.

Observation 2: SC-FDMA PAPR increases with the number of sub-carriers used (i.e. with bandwidth). E.g., the PAPR of SC-FDMA-8-PSK is close to 6.5 dB when using 8 sub-carriers.

Observation 3: FDMA PAPR  does not vary with bandwidth.  E.g., the PAPR of FDMA-8PSK signal is less than 4 dB using any number of subcarriers.

Observation 4: The PRACH sequences proposed for use with SC-FDMA uplink have PAPR between 2.6 and 7 dB.

Observation 5: The trajectories of most SC-FDMA modulations have zero crossings that correspond to a high phase modulation bandwidth. 

· FDMA is more suitable for low-cost polar modulator UE transmitter implementation.
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