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At GERAN#62, a new feasibility study named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved, see  [1]. At GERAN#67, the FS_IoT_LC study item was completed and the TR 45.820 v2.1.0 [2] approved. Among the candidates included in the TR is the NB-LTE candidate solution.
At RAN#69, a narrow band IOT (NB-IOT) work item is approved, where the uplink design of NB-LTE is included as one of the candidates [3].  In this contribution, we discuss the uplink modulation and the effect on peak to average power ratio. 
NB-LTE Uplink
NB-LTE is based on single-carrier frequency-division multiple-access (SC-FDMA), same as LTE uplink. This allows flexible UE bandwidth allocation including single tone transmission as a special case of SC-FDMA. 
NB-LTE uplink contains three basic channels including M-PRACH, M-PUCCH, and M-PUSCH. Whether M-PUCCH is needed is for further study, as the use of a dedicated PUCCH, as used in LTE for carrying uplink control information, may not be necessary since its function can be integrated to M-PRACH and M-PUSCH.
Uplink Modulation
The two modulation options considered for NB-LTE are pi/2 BPSK and pi/4 QPSK. In these modulations, the constellation is rotated pi/2 or pi/4 radians every symbol. This enables smoother transitions between constellation points, reducing the peak to average power ratio (PAPR). These modulation options are considered for M-PUSCH and M-PUCCH, and this contribution will give the PAPR characteristics of these channels. PAPR of M-PRACH is addressed in [4]. 
Transmit Filters
The amplitude variations of a transmission depend on the transmit filter, and in this contribution two transmit filters will be studied. The first one, filter 1, is a 14-tap filter similar to the one in [5] and is characterized by a rather flat passband. The second one, filter 2, is a 10-tap Gaussian filter. The two filters are presented in Figure 1 and Figure 2, respectively. 
One realization of the transmitter may be to generate symbols of length 128 samples, before concatenating them with a cyclic prefix of 9 samples (10 samples for every seventh symbol). A subcarrier spacing of 2.5 kHz corresponds to transmitting these samples at 320 ksps (kilo-samples per second). For transmit filtering, this signal can be up-sampled a number of times and fed through a transmit filter. Other implementation alternatives are also possible. 
In this contribution, for simplicity, the transmitter is operating directly at 1.28 Msps, the sampling rate at which the transmit filter is applied in the evaluations. With such a setup each OFDM symbol is 512 samples long, excluding the cyclic prefix. At this sampling rate, the length of the two filters are about 11 us and 8 us, respectively, but 95% of the energy is contained within 3-4 us. With an NB-LTE UL with 2.5 kHz subcarrier spacing the cyclic prefix length is 28-31 us long, and the filters are well within the cyclic prefix length.
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[bookmark: _Ref430942368]Figure 1 Filter 1, a 14-tap filter with rather flat frequency response
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Figure 2 Filter 2, 10-tap Gaussian filter

Peak to average power ratio
Random symbols in the two constellation alphabets have been generated and mapped to one subcarrier, and the instantaneous power compared to the average power of the transmitted samples has been measured. Figure 3 shows the complementary cumulative distribution function (CDF) of the instantaneous power to average power ratio for the 72 different subcarriers that are available in NB-LTE uplink when transmitted using filter 1. As we see, pi/2 BPSK at the worst subcarrier has a 1.0 dB PAPR with this transmit filter.

[image: ]
Figure 3 PAPR of pi/2 BPSK with filter 1, without windowing or overlap
By using the windowing and overlap method described in [6] with an overlap of 4 samples (at 1.28 Msps), the PAPR reduces to 0.5 dB. The same 0.5 dB PAPR is achieved also with pi/4 QPSK. 
[image: ]
Figure 4 PAPR of pi/2 BPSK with filter 1, with windowing and 4 sample overlap
If instead filter 2, the Gaussian filter, is used, the PAPR is 1.1 dB for pi/2 BPSK as can be seen in Figure 5.
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Figure 5 PAPR of pi/2 BPSK with filter 2, without windowing or overlap
However, if windowing and a 2 sample overlap is used with filter 2, the PAPR reduces to 0.1 dB. With a 4 sample overlap it reduces further to 0.04 dB. The same PAPR is achieved with pi/4 QPSK.
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Figure 6 PAPR of pi/2 BPSK with filter 2, with windowing and 2 sample overlap
Figure 7 shows an example of the instantaneous relative power of a signal with pi/2 BPSK and filter 2. Most of the time the signal amplitude is constant, but at the symbol boundaries, at the cyclic prefix, the amplitude decreases during a few samples. However, the decrease can be anticipated since it is determined by the OFDM symbol rate. Both the average and the maximum amplitude is close to 1, which leads to a very low PAPR.
[image: ]
Figure 7 Instantaneous relative power
Table 1 summarizes the PAPR results for filter 1, and Table 2 summarizes them for filter 2.

[bookmark: _Ref430943320][bookmark: _Ref430943314]Table 1 Summary of PAPR characteristics with filter 1
	PAPR [dB]
	Windowing and overlap length [samples]

	Modulation
	0
	
	2
	
	4

	pi/2 BPSK
	1.0
	
	0.8
	
	0.5

	pi/4 QPSK
	1.0
	
	0.8
	
	0.5



Table 2 Summary of PAPR characteristics with filter 2
	PAPR [dB]
	Windowing and overlap length [samples]

	Modulation
	0
	
	2
	
	4

	pi/2 BPSK
	1.1
	
	0.10
	
	0.04

	pi/4 QPSK
	1.1
	
	0.10
	
	0.04



 

Conclusions
In this contribution, we show that the NB-LTE uplink design can achieve a PAPR of less than 0.1 dB.
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