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1. Introduction
In RAN#69, a new WI called NB-IoT was created [1]. Two uplink NB-IoT modulation schemes should be evaluated: FDMA and SC-FDMA, derived from the technical report TR45.820 [2]. 
In this contribution, we compare FDMA and SC-FDMA uplink schemes’ performance and implementation complexity.


2. Comparison of FDMA and SC-FDMA uplink

2.1 General
Observation 1: The key advantage of FDMA is that it results in a simpler and more energy efficient UE transmitter implementation. FDMA has lower PAPR and a lower phase modulation bandwidth. 
2.2 PAPR
PAPR of FDMA vs SC-FDMA is discussed in detail in [6] and [7]. 

[image: ]
Figure 1: TPSK amplitude vs time

Observation 2: For TPSK waveforms, the low PAPR is misleading in terms of ease of implementation. This is because the dips in signal magnitude at symbol boundaries must be tracked accurately by the PA to avoid spectrum splatter. This prevents the PA being operated with high efficiency in saturation.

Observation 3: While FDMA-GMSK PAPR is 0 dB for all signal bandwidths (all sub-carrier bonding factors), SC-FDMA PAPR can be as high as 6.5 dB. The worst case PAPR with FDMA is 3.8 dB when using 8PSK; however, a low cost UE may use just GMSK and can still achieve higher data rates through sub-carrier bonding, without impacting the 0 dB PAPR property.

Observation 4: SC-FDMA PAPR grows with the modulation bandwidth (number of sub-carriers used), whereas FDMA PAPR does not vary with modulation bandwidth, because it simply scales the symbol rate in order to achieve higher data rates.

Observation 5: The SC-FDMA PRACH has a high PAPR, close to 7 dB for some PRACH sequence indices, whereas the FDMA PRACH reuses the PUSCH modulation formats, so it has the same good PAPR properties.

Observation 6: FDMA and TPSK can both achieve low PAPR, but only FDMA+GMSK provides a genuine constant envelope waveform (exactly 0 dB PAPR), allowing the use of a saturated PA without causing spectral re-growth.

Observation 7: TPSK is not a good replacement ‘zero-PAPR’ scheme for GMSK, because it is not truly constant-envelope.




2.3 Interference with LTE uplink signals
Both FDMA and SC-FDMA sub-carriers are aligned to a 2.5 kHz frequency grid, therefore they cannot be made orthogonal to LTE uplink transmissions in general. The two schemes are similar in this respect.

In addition to this, in the case of SC-FDMA, interference may be created due to signal discontinuities at symbol boundaries creating spectrum splatter. Note that as illustrated in Table 1, the SC-FDMA symbol boundaries cannot be perfectly aligned to LTE uplink symbol boundaries. In comparison, FDMA has no such discontinuities.

	NB-LTE-style IoT UL
	LTE UL
	Difference

	Boundary at end of symbol number
	Sample offset [samples @30.72 MHz]
	Boundary at end of symbol number
	Sample offset [samples @30.72 MHz]
	Samples @30.72 MHz
	us

	1
	13248
	6
	13168
	80 
	2.6

	2
	26400
	12
	26336
	64
	2.08

	3
	39552
	18
	39504
	48
	1.56

	4
	52704
	24
	54672
	32
	1.04

	5
	65856
	30
	65840
	16
	0.5

	6
	79008
	36
	79008
	0
	0

	7
	92160
	42
	92160
	0
	0


[bookmark: _Ref434584588]Table 1: Alignment of LTE and SC-FDMA NB-IoT uplink symbol boundaries




2.4 Suitability for polar modulator transmitter implementation
As discussed in [7], the trajectories of most SC-FDMA modulations have zero crossings that correspond to a high phase modulation bandwidth.
Figure 2 illustrates this, by comparing the trajectories of SC-FDMA BPSK and FDMA-BPSK signals with 20 kHz bandwidth.
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[bookmark: _Ref434595736]Figure 2: Baseband trajectories of SC-FDMA BPSK and FDMA-pi/2-BPSK signals with 20 kHz bandwidth



2.5 Implementation complexity
[bookmark: _Ref430701443]Details of FDMA uplink receiver implementation and its complexity are provided in [8]. 

The FDMA receiver can use single-tap equalization with channel tracking [9], and it can use a polyphase filterbank to efficiently separate the channel into multiple subcarriers, which means that it has a very low Base Station implementation complexity.

Observation 8: Software update of an LTE eNB to support FDMA with GMSK and PSK is easily feasible.
2.6 Battery life
Details can be found in [11], [12] and [13].

Observation 9: Compared with the SC-FDMA uplink, the battery life with FDMA uplink is about 25% better in extreme coverage case (164dB MCL).

Observation 10: Since SC-FDMA draws about 20% higher peak transmit current compared with FDMA, the expected battery life of SC-FDMA transmission may be degraded by much more than 20% if these non-linear battery technology effects are taken into account.
2.7 Spectrum efficiency
Details can be found in [14].

Observation 11: FDMA with GMSK modulation has a comparable spectral efficiency with SC-FDMA including single-tone transmission at MCL=164/154dB whist higher spectral efficiency at MCL=144dB when uplink transmit power back-off is applied. 

2.8 Capacity
The FDMA based uplink solution can achieve higher capacity than the SC-FDMA based uplink solution. One of the reasons is the data rate decrease for SC-FDMA when power back-off is taken into account, as shown in Figure 3. Another reason is the high resource occupation for SC-FDMA in the random access process.


[bookmark: _Ref434657734]Figure 3: Comparison of data rate between FDMA and SC-FDMA

Detail simulation results can be found in [15], [16] and [17].

Observation 12: The FDMA based uplink solution with an introduction of a 2.5kHz sub-channel spacing achieves higher capacity and lower UL report failure probability than the SC-FDMA based uplink solution in standalone, guard-band and in-band operation mode.



3. Conclusions
This document compares the FDMA and SC-FDMA uplink schemes proposed for NB-IoT.
Observation 1: The key advantage of FDMA is that it results in a simpler and more energy efficient UE transmitter implementation. FDMA has lower PAPR and a lower phase modulation bandwidth. 
Observation 2: For TPSK waveforms, the low PAPR is misleading in terms of ease of implementation. This is because the dips in signal magnitude at symbol boundaries must be tracked accurately by the PA to avoid spectrum splatter. This prevents the PA being operated with high efficiency in saturation.

Observation 3: While FDMA-GMSK PAPR is 0 dB for all signal bandwidths (all sub-carrier bonding factors), SC-FDMA PAPR can be as high as 6.5 dB. The worst case PAPR with FDMA is 3.8 dB when using 8PSK; however, a low cost UE may use just GMSK and can still achieve higher data rates through sub-carrier bonding, without impacting the 0 dB PAPR property.

Observation 4: SC-FDMA PAPR grows with the modulation bandwidth (number of sub-carriers used), whereas FDMA PAPR does not vary with modulation bandwidth, because it simply scales the symbol rate in order to achieve higher data rates.

Observation 5: The SC-FDMA PRACH has a high PAPR, close to 7 dB for some PRACH sequence indices, whereas the FDMA PRACH reuses the PUSCH modulation formats, so it has the same good PAPR properties.

Observation 6: FDMA and TPSK can both achieve low PAPR, but only FDMA+GMSK provides a genuine constant envelope waveform (exactly 0 dB PAPR), allowing the use of a saturated PA without causing spectral re-growth.

Observation 7: TPSK is not a good replacement ‘zero-PAPR’ scheme for GMSK, because it is not truly constant-envelope.

Observation 8: Software update of an LTE eNB to support FDMA with GMSK and PSK is easily feasible.
Observation 9: Compared with the SC-FDMA uplink, the battery life with FDMA uplink is about 25% better in extreme coverage case (164dB MCL).

Observation 10: Since SC-FDMA draws about 20% higher peak transmit current compared with FDMA, the expected battery life of SC-FDMA transmission may be degraded by much more than 20% if these non-linear battery technology effects are taken into account.

Observation 11: FDMA with GMSK modulation has a comparable spectral efficiency with SC-FDMA including single-tone transmission at MCL=164/154dB whist higher spectral efficiency at MCL=144dB when uplink transmit power back-off is applied. 

Observation 12: The FDMA based uplink solution with an introduction of a 2.5kHz sub-channel spacing achieves higher capacity and lower UL report failure probability than the SC-FDMA based uplink solution in standalone, guard-band and in-band operation mode.
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