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Narrowband LTE - Random Access Design
Introduction
At GERAN#62 a new study item named Cellular System Support for Ultra Low Complexity and Low Throughput Internet of Things (WI code: FS_IoT_LC)  was approved to meet the needs of cellular internet of things  [1]. The study is open to both a non-legacy based design, and/or a backward compatible evolution of GSM/EDGE.
A narrowband LTE based solution (called NB-LTE) is proposed in [3]. The document provides a high level description of the random access concept in NB-LTE such as the subcarrier spacing and multiplexing. This contribution provides a more detailed description regarding the random access channel in NB-LTE.
Related performance evaluation can be found in [4].
Random Access Usages and Procedures
In the existing LTE random access design, 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 in LTE. 
LTE random access can be either contention-based or contention-free. The contention-based random access procedure consists of four steps, as illustrated in Figure 1. Note that only the first step involves physical-layer processing specifically designed for random access, while the remaining three steps follow the same physical-layer processing used in uplink and downlink data transmission. For contention-free random access, the UE uses reserved preambles assigned by the base station. In this case, contention resolution is not needed, and thus only Steps 1 and 2 are required.


[bookmark: _Ref424903400]Figure 1: LTE contention-based random access procedure [6]
In NB-LTE, random access procedure follows its counterpart in LTE. Due to the reduced bandwidth in NB-LTE, minor revisions of LTE physical random access channel (PRACH) design are required for NB-LTE PRACH. The revision, however, only affects Step 1 (Random Access Preamble), since it is the only step that involves random access specific physical-layer processing.
Physical Random Access Channel Design
[bookmark: _Ref425152190]Multiplexing of PRACH with PUSCH
The multiplexing of PRACH with PUSCH in NB-LTE is shown in Figure 2. It can be seen that the multiplexing is similar to LTE. PRACH time-frequency resources can be configured by the base station. The configuration depends on factors such as random access load, cell size, etc. PUSCH can be frequency multiplexed with PRACH in PRACH slots. This design is motivated by the fact that users in bad coverage may require long time to finish their packet transmissions. Reserving some edge subcarriers for PUSCH allows continuous traffic transmissions of devices in bad coverage, given that the devices are scheduled on the edge subcarriers. In the uplink of NB-LTE, eight 2.5 kHz edge subcarriers are always reserved for PUSCH [3]. This leaves 160 kHz bandwidth for PRACH.
In Figure 2, PRACH is centered in the channel. Another option could be putting PRACH on one side and PUSCH on the other side when PRACH and PUSCH are frequency multiplexed. This contribution is focused on the former option. 
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[bookmark: _Ref424914760]Figure 2: PRACH multiplexing with PUSCH
PRACH Formats
Preamble Design
In NB-LTE, the subcarrier spacing for PUSCH is 2.5 kHz, reduced by 6 times compared to the LTE 15 kHz subcarrier spacing. In LTE, PRACH subcarrier spacing is 1.25 kHz and the preambles are Zadoff-Chu sequences of length 839. So the total used bandwidth is 1.0488 MHz (excluding guard band). 
A seemingly natural choice for NB-LTE PRACH design is to reduce the 1.25 kHz subcarrier spacing also by 6 times and to reuse the length-839 Zadoff-Chu sequences. There are however some problems with this design. First, the reduced subcarrier spacing is 208.3 Hz, which is relatively small considering the frequency offset between the device and base station and Doppler shift. Second, the total used bandwidth for PRACH would be 208.3*839=174.8 kHz, while the total uplink bandwidth is 180 kHz in NB-LTE. As a result, at most two 2.5 kHz subcarriers can be used for PUSCH, and there is no guard band between PUSCH and PRACH when they are frequency multiplexed. This may limit PUSCH capacity for continuous packet transmissions of users in bad coverage.
In NB-LTE, 160 kHz uplink bandwidth can be used for PRACH. On the one hand, large subcarrier spacing is desirable to make the preamble transmission robust to carrier frequency offset (CFO) and Doppler shift. On the other hand, longer Zadoff-Chu sequences based preambles are preferred. This is because orthogonal preambles are derived by applying cyclic shifts to a base Zadoff-Chu sequence. In LTE, different cyclic shifts are applied to cells to in different size ranges [5]. For a given cell size (i.e., a given cyclic shift), the longer the preambles, the more the orthogonal preambles. With 160 kHz bandwidth for PRACH, a tradeoff exists between PRACH subcarrier spacing and preamble length. Further, the choice should enable PRACH to well fit within the overall frame structure in NB-LTE.
Taking into account all the constraints, it is proposed to reduce 1.25 kHz LTE PRACH subcarrier bandwidth by 4 times for NB-LTE PRACH, i.e., 312.5 Hz subcarrier spacing. Note that it is important to leave some guard band between PUSCH and PRACH to mitigate their mutual interference. After reserving about one data carrier on each side between PUSCH and PRACH, , the actually used bandwidth for NB-LTE PRACH is 155 kHz. The maximum preamble length is thus 155/0.3125=496. To facilitate preamble sequence selection, prime-length Zadoff-Chu sequences are preferred. Since the largest prime number less than 496 is 491, it is proposed to use length-491 Zadoff-Chu sequences as preambles.
In summary, for PRACH in NB-LTE, it is proposed to use length-491 Zadoff-Chu sequences mapped to 312.5 Hz spaced subcarriers. The proposed design is shown in Figure 3. Further, as a working assumption, it is proposed to assume 64 preambles as in LTE are available for NB-LTE. Among the 64 preambles, each cell may configure a subset of them for contention-free random access. 
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[bookmark: _Ref424919550]Figure 3: PRACH preamble length and subcarrier spacing
PRACH Dimensioning
As mentioned in Section 3.1, the PRACH slot duration and period can be configured depending on the load and cell size. In this subsection, we provide one such configuration.
With 312.5 Hz subcarrier spacing, the preamble sequence duration is 3.2 ms. In NB-LTE, the basic scheduling unit is M-subframe of 6 ms. In this example configuration, two M-subframes constitute one PRACH slot of 12 ms. Each 12 ms PRACH slot is further divided into three 4 ms PRACH segments. Since the preamble sequence duration is 3.2 ms, there are 0.8 ms resources remaining for cyclic prefix (CP) and guard time (GT). To maximize coverage, the CP is dimensioned to be 0.4 ms (ignoring the delay spread, which is on the order of a few us and has marginal impact). Figure 4 illustrates the proposed PRACH CP/GT dimensioning. More PRACH configurations (with different durations, CPs, or GTs) may be defined if necessary. 
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[bookmark: _Ref425154421]Figure 4: PRACH cyclic prefix/guard period dimensioning
A CP of 0.4 ms duration can address cell sizes up to 60 km, exceeding the 35 km maximum cell size target in GERAN study [1]. Also, with 512 point IFFT for PRACH preamble generation, the CP size amounts to 64 samples, making adding CP straightforward in baseband processing. Though preambles are defined in frequency domain, devices can directly generate the preambles in time domain and thus can bypass the 512 point IFFT operation.
Based on the above CP/GT dimensioning, three PRACH formats are defined in Table 1. Formats 0, 1, and 2 are respectively used by users in basic, robust, and extreme coverage in NB-LTE. 
· For users in basic coverage, one PRACH segment is sufficient to send their preambles. As there are three segments per 12 ms PRACH slot, users in basic coverage can randomly choose one of the three segments. 
· For users in robust coverage, each preamble transmission is repeated six times and thus occupies two 12 ms PRACH slots. 
· For users in extreme coverage, each preamble transmission is repeated 24 times and thus requires six 12 ms PRACH slots. 
[bookmark: _Ref425155854]Table 1: PRACH formats
	Format
	Tcp (ms)
	Tseq (ms)
	Number of repetitions
	Number of preambles

	0
	0.4
	3.2
	1
	N0

	1
	0.4
	3.2
	6
	N1

	2
	0.4
	3.2
	18
	N2

	Note:  N0+ N1+ N2 <=64. The remaining 64-(N0+ N1+ N2) preambles are reserved for contention-free random access. N0, N1, and N2 can be configured in each cell.



Conclusions
This contribution presents detailed PRACH design for NB-LTE. The general design principles of NB-LTE PRACH follow those of LTE, but certain modifications are proposed to adapt the LTE PRACH design to NB-LTE that operates with a much reduced bandwidth. The NB-LTE PRACH design is flexible and can be configured depending on cell size and system load. A cell size of 60 km is supported by the design, which exceeds the 35 km requirement set by the study.
Simulation results presented in [4] show that the design can meet 164 dB MCL target and enable satisfactory time-of-arrival estimation at the base stations.
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