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1. Introduction

At RAN #69, a new work item named Narrowband Internet of Things (NB-IOT) was approved to specify a radio access solution for cellular internet of things [1]. In this contribution, detailed design of narrowband physical uplink random access channel (N-PRACH) and narrowband physical uplink shared channel (N-PUSCH) is proposed.
2. Design Principles
2.1. General
Uplink NB-IOT is based on SC-FDMA, which allows flexible UE bandwidth allocation including single tone transmission as a special case of SC-FDMA. One important aspect for uplink SC-FDMA is to time-align multiple co-scheduled UEs so that the difference in arrival time at the eNB is within the cyclic prefix (CP). Ideally, also for UL 15 kHz sub-carrier spacing should be used in the NB-IOT, but considering the time-accuracy that can be achieved when detecting the physical random access channel from UEs in extremely poor coverage condition, the CP duration might need to be increased. One way to increase the CP duration with reasonable overhead is to reduce the subcarrier spacing by a factor of 6 giving rise to 2.5 kHz subcarrier spacing for NB-IOT N-PUSCH. Another motivation for reducing the subcarrier spacing is to allow a higher degree of user multiplexing. For example, one user is basically allocated with one single subcarrier. This is more efficient for users in extreme coverage limited conditions as such users do not benefit from being allocated with higher bandwidth while the system capacity increases due to multiple UEs using their maximum TX power simultaneously. SC-FDMA is used for transmission of multiple tones to support higher data rate when possible with additional PAPR reduction.
NB-LTE uplink contains two basic channels including N-PRACH and N-PUSCH. UL control information is transmitted by N-PUSCH.

2.1.1.1. Time-domain frame and slot structure

Time-domain frame and slot structure are the same as 7A.4.3.2 in [2]. With 2.5 kHz subcarrier spacing, a radio frame and subframe in uplink NB-IOT are 60 ms and 6 ms, respectively. We refer to the frame and subframe as N-frame and N-subframe, respectively. Figure 2.1.1.1-1 visualizes how the uplink numerology is stretched in time domain. The NB-IOT carrier comprises of 6 PRBs in frequency domain. Each NB-IOT PRB contains 12 subcarriers. The resulting uplink frame structure based on 2.5 kHz subcarrier spacing is illustrated in Figure 2.1.1.1-2.
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Figure 2.1.1.1-1: Stretching Uplink Numerology in Time Domain and 
Thereby Reducing Subcarrier Spacing from 15 kHz to 2.5 kHz.
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Figure 2.1.1.1-2: Time Units for Uplink NB-IOT based on 2.5 kHz Subcarrier Spacing.
2.1.1.2. Uplink transport channels

2.1.1.2.1. Physical random access channel
The random access channel we considered is the same as PRACH design described in 7A.4.3.3.1 in [2]. In NB-IOT, random access serves multiple purposes such as initial access when establishing a radio link, scheduling request, etc. Among others, a main objective of random access is to achieve uplink synchronization, which is important for maintaining the uplink orthogonality. Due to the reduced bandwidth in NB-LTE, new Random Access Preambles are designed for NB-LTE. The remaining random access procedure follows its counterpart in LTE (3GPP TS 36.300 [3]).

The multiplexing of N-PRACH with N-PUSCH in NB-IOT is shown in Figure 2.1.1.2.1-1. N-PRACH time-frequency resources can be configured by the base station. When necessary, N-PUSCH can be frequency multiplexed with N-PRACH in N-PRACH slots. In the uplink of NB-IOT, eight 2.5 kHz edge subcarriers are reserved for N-PUSCH. 
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Figure 2.1.1.2.1-1: N-PRACH Multiplexing with N-PUSCH

Zadoff-Chu sequences based preambles are used in the NB-IOT N-PRACH preamble design, and the length is 491. The subcarrier spacing used in NB-IOT N-PRACH is 312.5 Hz. The proposed design is shown in Figure 2.1.1.2.1-2. Furthermore, the same number of preambles as in LTE, i.e., 64 preambles, is assumed to be available for NB-IOT.
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Figure 2.1.1.2.1-2: N-PRACH Preamble Length and Subcarrier Spacing
2.1.1.2.2. Uplink shared channels
2.1.1.2.2.1. Overview

N-PUSCH carries uplink data. The frame and DM-RS structure are the same as LTE [3] except that they are stretched as described in Figure 2.1.1.1-1.

2.1.1.2.2.2. MCS and Resource Allocation
The resource allocated to the N-PUSCH is divided into three coverage classes corresponding to different coupling losses. MCS of each coverage class is proposed in Table 2.1.1.2.2.2-1.
For NB-IOT, the cost of UE is a very critical design constraint and a power amp is one of the dominant factors. If we set all MCSs for PUSCH have low PAPR, cheap power amp (i.e. has low linearity region) can be implemented in UE for NB-IOT. In this point of view, for the coverage classes which require mid- and high data rate (i.e. Robust and Basic, respectively), it should be considered MCS that has lower PAPR than original multi-tone SC-FDMA. Single tone transmission with tone selection (7A.4.3.4 in [2]) and SC-FDMA with PAPR reduction precoding (7A.4.3.4 in [2]) can be good solutions for robust and basic coverage class, respectively.
Table 2.1.1.2.2.2-1: Summary of the three example configurations for N-PUSCH.
	
	Extreme coverage mode
	Robust coverage mode
	Basic coverage mode

	Coding scheme
	Turbo Code
	Turbo Code
	Turbo Code

	Code rate

(per repetition)
	0.21
	0.35
	0.23

	modulation
	BPSK
	Single tone transmission with tone selection (MF=2, MQ=4)
	QPSK, SC-FDMA with PAPR reduction precoding

	# repetition
	1
	1
	1

	# subcarriers
	1
	2
	32

	Total transmission time
	1920 ms (320 M-subf.)
	384 ms (64 M-subf.)
	36 ms (6 M-subf.)

	Effective data rate

(measured above SNDCP)
	354 bps
	1.8 kbps
	18.9 kbps


For SC-FDMA with PAPR reduction precoding in Basic mode, 24-point DFT precoding matrix and PAPR reduction precoding matrix described in Figure 2.1.1.2.2.2-1 are used.
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Figure 2.1.1.2.2.2-1: PAPR Reduction Precoding Matrix for Basic Coverage Class Mode.
The results of performance evaluation can be found in [4].
Proposal 1: For PUSCH, MCS should be decided considering PAPR in order to make all MCS have low PAPR so that cheap power amp can be implemented in UE without performance loss originated from non-linearity of the power amp.

Proposal 2: For Robust coverage class mode in PUSCH, single tone transmission with tone selection is used.

Proposal 3: For Basic coverage class mode in PUSCH, SC-FDMA with PAPR reduction precoding is used.
3. Conclusions
In this contribution, the uplink design options are discussed and overall uplink frame structure is presented. Our proposal is as follows.

Proposal 1: For PUSCH, MCS should be decided considering PAPR in order to make all MCS have low PAPR so that cheap power amp can be implemented in UE without performance loss originated from non-linearity of the power amp.

Proposal 2: For Robust coverage class mode in PUSCH, single tone transmission with tone selection is used.

Proposal 3: For Basic coverage class mode in PUSCH, SC-FDMA with PAPR reduction precoding is used.
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