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[bookmark: _Ref409106980]Introduction
At RAN#69, a new work item named NarrowBand IOT (NB-IoT) was approved, see [1]. The objective is to specify a radio access for cellular internet of things that addresses improved indoor coverage, support for massive number of low throughput devices, low delay sensitivity, ultra-low device cost, low device power consumption and (optimized) network architecture. 
NB-IOT should support 3 different modes of operation: 
1.	“Stand-alone operation” utilizing for example the spectrum currently being used by GERAN systems as a replacement of one or more GSM carriers
2.	“Guard band operation” utilizing the unused resource blocks within a LTE carrier’s guard-band 
3.	“In-band operation” utilizing resource blocks within a normal LTE carrier
Furthermore according to [1], NB-IoT should have a single synchronization signal design for the different modes of operation, including techniques to handle overlap with legacy LTE signals
A narrowband LTE based solution (called NB-LTE) was proposed and included in [3], and is now under investigation under the NB-IoT work item [1]. The document [3] provided an updated high level description of the random access concept in NB-LTE such as the subcarrier spacing and multiplexing. The contribution [5] provided a more detailed description regarding the random access channel in NB-LTE. 
In this contribution, we further show that, with an appropriate interpolation and preamble selection, the PAPR of the Zadoff-Chu sequences based random access preambles (i.e., PRACH Formats 0 and 1) can be reduced to as low as 1.7 dB for the SC-FDMA based uplink design in NB-IoT. 
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 [7]
In the SC-FDMA based uplink design for NB-IoT, random access procedure follows its counterpart in LTE. Due to the reduced bandwidth in NB-IoT, minor revisions of LTE physical random access channel (PRACH) design are required in the SC-FDMA based uplink design for NB-IoT. The revision, however, only affects Step 1 (Random Access Preamble), since it is the only step that involves random access specific physical-layer processing.

[bookmark: _Ref429119571]Physical Random Access Channel Design
[bookmark: _Ref425152190]Uplink Resource Multiplexing
An example of the multiplexing of PRACH with PUSCH for the SC-FDMA based uplink design in NB-IoT is shown in Figure 2. It can be seen that the multiplexing is similar to LTE. PUSCH could be frequency multiplexed with PRACH in PRACH slots. PRACH time-frequency resources can be configured by the base station. The configuration depends on factors such as random access load, cell size, etc. 
In the SC-FDMA based uplink design for NB-IoT, three coverage classes are defined: basic coverage (144 dB MCL), robust coverage (154 dB MCL), and extreme coverage (164 dB MCL) [3]. Accordingly, different preamble formats (to be introduced in Sections 3.2 and 3.3) are used for users in different coverage classes. The concurrent preamble transmissions of users in different coverage class may lead to potential near-far problems. To mitigate this problem, the preamble transmissions of users in different coverage class are time multiplexed in the SC-FDMA based uplink design for NB-IoT, as illustrated in Figure 2.
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[bookmark: _Ref424914760]Figure 2: Multiplexing of Uplink Physical Channels 
[bookmark: _Ref430695182]PRACH Formats 0 and 1
In this subsection, we introduce the preamble design for PRACH Formats 0 and 1, which are used by users with 144 dB MCL and 154 dB MCL respectively.
Preamble Design
For PRACH Formats 0 and 1, we propose that PRACH uses 80 kHz bandwidth. 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 an 80 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 the SC-FDMA based uplink design for NB-IoT.
Taking into account all the constraints, it is proposed to use 312.5 Hz subcarrier spacing. The maximum preamble length is thus 80/0.3125=256. To facilitate preamble sequence selection, prime-length Zadoff-Chu sequences are preferred. Since the largest prime number less than 256 is 251, it is proposed to use length-251 Zadoff-Chu sequences as preambles. The proposed design is shown in Figure 3. 
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[bookmark: _Ref424919550]Figure 3: Preamble length and subcarrier spacing for PRACH Formats 0 and 1
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. We propose to use 4 ms as a basic random access segment. 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: Cyclic prefix/guard period dimensioning for PRACH Formats 0 and 1
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]. Based on the proposed CP/GT dimensioning, PRACH Formats 0 and 1 are respectively defined as follows. 
· For users with 144 dB MCL, one PRACH segment is sufficient to send their preambles. 
· For users with 154 dB MCL, we propose to repeat the basic PRACH segment 12 times.
The formats are summarized in Table 1.
[bookmark: _Ref430705890]Table 1: PRACH Formats 0 and 1
	Format
	Cell size (km)
	Tcp (ms)
	Tseq (ms)
	Number of repetitions
	Number of preambles

	0
	60
	0.4
	3.2
	1
	N0

	1
	60
	0.4
	3.2
	12
	N1



Preamble Generation
In this subsection, we discuss how the preambles can be generated by the devices. Since PRACH subcarrier spacing is 312.5 Hz and uses length 251 ZC sequences, the symbol rate is 78.4375 kHz (=0.3125x251). As a baseline, we use 320 kHz sampling rate for illustration. (If desired, lower baseband sampling rate can be used since the symbol rate is less than 80 kHz). 
The PRACH design is similar to that of LTE. The straightforward way of preamble generation is to follow the commonly used LTE transmitter structure [8], as shown in the upper part of Figure 5. The disadvantage of this approach (referred to as FFT interpolation) is that the PAPRs of the resulting preambles may be large. For example, with this approach the length 251 ZC sequences are sampled at the rate of 320 kHz. The resulting interpolated constellation is illustrated in Figure 6. We can see that the constant envelope property of ZC sequences is destroyed after the FFT/IFFT interpolation. Further, we plot the corresponding PAPR values in Figure 7. The PAPRs range from 2.6 to 6.9 dB, depending on the root index of the sequence. 
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[bookmark: _Ref433897738]Figure 5: Interpolations of ZC sequences for preamble generation 
Another way of generating the preambles is shown in the bottom part of Figure 5. Denote by the length 251 ZC sequence with root  (and certain cyclic shift if needed). The preamble generation goes as follows. 
1) Cyclic extension: Cyclically extend  to the length 256 sequence, denoted as , i.e., . Note that all the elements lie on the unit circle in the complex plane.
2) Mod Pi phase interpolation: Upsample  by 4 times. The upsampling is achieved by linearly interpolating the phases (module Pi) of every two adjacent symbols of . This results in a length 1024 sequence denoted as . The module Pi phase operation is illustrated in Figure 8.
3) Low pass filtering: A linear low pass filter with 80 kHz passband bandwidth is applied to limit the bandwidth of the preamble to 80 kHz. 
4) Repetition and CP insertion: These are usual processing steps. In particular, repetition is applied for PRACH Format 1. The number of inserted CP is 128 samples for the 400 us CP at 320 kHz sampling rate.
The resulting interpolated constellation is illustrated in Figure 6, and the corresponding PAPR values are shown in Figure 7. We can see that the PAPRs are dramatically reduced, ranging from 1.6 dB to 3.2 dB. Further, relatively many sequences with less than 2 dB PAPR are available for PRACH preamble selection. (The set becomes much larger if we further take into account the cyclic shift versions of the base ZC sequences.) 
Observation 1: For PRACH Formats 0 and 1, with an appropriate interpolation and preamble selection, the PAPR can be reduced to as low as 1.7 dB.
Compared to the FFT interpolation, the auto/cross correlation properties of the preambles become slightly worse with mod Pi phase interpolation. However, simulation results presented in [9][10][11] show that they are satisfactory enough to achieve high detection rate, low false alarm rate, and accurate timing estimation. 
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[bookmark: _Ref433901764]Figure 6: Interpolated constellations of preambles: Length-251 ZC sequence with root 10 
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[bookmark: _Ref433898870]Figure 7: Preamble PAPRs with FFT interpolation and mod Pi phase interpolation
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[bookmark: _Ref433903582]Figure 8: Illustration of mod Pi linear phase interpolation
[bookmark: _Ref430695743]PRACH Format 2
In this subsection, we introduce the preamble design for PRACH Format 2, which is used by users with 164 dB MCL. The motivation is that users with 164 dB MCL are power limited and their performance is sensitive to power amplifier efficiency. The special preamble design of PRACH Format 2 theoretically has 0 dB PAPR and is thus power efficient.
The basic idea of the design is to spread the random access preamble in time, instead of spreading it in frequency (as in PRACH Formats 0 and 1). The design is shown in Figure 9. The preamble consists of 100 symbols in time and occupies one tone (of 2.5 kHz) in frequency. The transmission however hops between two adjacent tones from symbol to symbol. The hopping is used to enable satisfactory time-of-arrival estimation performance at the BS.
Since the tone bandwidth is 2.5 kHz, the duration of the data part of a normal OFDM symbol is 400 us. To support cell size up to 60 km, we need a CP of length 400 us to accommodate the maximum round-trip delay. A direct transmission would lead to a 50% CP overhead out of the total resource. To reduce the overhead, we repeat each OFDM symbol four times, resulting in a 1600 us symbol duration. The first copy of the OFDM symbol is treated as CP, while the remaining three copies are treated as data. This design reduces the CP overhead from 50% down to 25%. The BS can coherently combine the three copies of the symbol and obtain about 4.8 dB power gain.
To see the 0 dB PAPR property of the preamble in Figure 9, without loss of generality let us consider the OFDM symbols 1 and 2 that can be written as  

where T=400 us. Within each OFDM symbol of length 4T, the waveform is of constant envelope. At symbol boundary, the phase difference is 

Therefore, sending a constant sequence that alternates between the two tones guarantees phase continuity and yields 0 dB PAPR theoretically. 
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[bookmark: _Ref430764407][bookmark: _Ref430870062]Figure 9: PRACH Format 2
Observation 2: For PRACH Format 2, the PAPR can be close to 0 dB.
Since each preamble effectively only uses one 2.5 kHz subcarrier, different preambles can be multiplexed in the frequency domain (vs. the CDMA type of preamble multiplexing in Formats 0 and 1). For example, Figure 9 shows the multiplexing of two preambles. In general, N2 tones can be configured for users with 164 dB MCL, where the configuration can vary depending on the traffic load. Limiting the PRACH bandwidth to 80 kHz, the maximum value of N2 is 32.
[image: ]
Figure 10: Frequency multiplexing of preambles of Format 2 
The design of PRACH Format 2 shares some commonality with the random access design in NB OFDMA [3], but there are differences in various aspects.
· Commonality: Both designs rely on hopping to enable satisfactory time-of-arrival estimation performance.
· Differences: 
· The two CP lengths (supporting cell size up to 8 km and 35 km respectively) in NB OFDMA are chosen to accommodate the round-trip delays, while here a single CP length is carefully chosen to yield 0 dB PAPR as well as to accommodate the round-trip delay for cell size up to 60 km.
· The random access pilots in NB OFDMA are embedded in data symbols, while the data transmission is not needed here. Also, it can be costly to send data before uplink synchronization is established (since long CP is needed for large cell size to accommodate round-trip delay). 
The PRACH Format 2 is summarized in Table 2.
[bookmark: _Ref430790475]Table 2: PRACH Formant 2
	Format
	Cell size (km)
	Tcp (ms)
	Ts (ms)
	Preamble duration (ms)
	Number of preambles (i.e., number of tones)

	2
	60
	0.4
	1.2
	160
	N2



PRACH Configuration
PRACH resource configuration can be flexible. Figure 11 shows an example random access resource configuration. In Figure 11, there are three PRACH opportunities for basic coverage users in every 320 ms, 1 PRACH opportunity for robust coverage users in every 680 ms, and 1 PRACH opportunity for extreme coverage users in every 1280 ms. Assuming 18 preambles are used by each coverage class, the percentages of resources used by each coverage class are 1.67%, 2.72%, 3.125%, respectively. In total, about 7.5% uplink resources are used by PRACH. The system can configure more or less random access resources depending on the load.
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[bookmark: _Ref434579020]Figure 11: Example PRACH resource configuration
1.1 PRACH Collision Probability
In this section we investigate the PRACH collision probability assuming that 18 preambles are used per coverage level.
We assume a mix of traffic models with a 80/20 distribution between the MAR exception report and 20% Networks Command traffic models where in the latter 50% of the UEs report back to the network resulting in a RACH transmission[3]. The coupling loss distribution is Scenario 2 with 0.75 inter-site correlation coefficient. Table 3 shows the PRACH collision probability.
[bookmark: _Ref425170165]
[bookmark: _Ref434626430]Table 3: PRACH collision probability. 
	Coupling loss
	<144 dB
	[144 dB, 154 dB]
	>154 dB

	Percentage
	88.5%
	8.9%
	2.8%

	Mean arrival rate (/s)
	5.43
	0.54
	0.17

	PRACH resources (/s)
	168.8
	28.1
	14.1

	PCollision 
	0.051%
	0.019%
	0.007%



[bookmark: _GoBack]From the results, it is clear that 18 preambles per coverage level provide more than sufficiently low PRACH collision probability. 
Conclusions
This contribution presents detailed updated PRACH design for the SC-FDMA based uplink design in NB-IoT. The general design principles follow those of LTE, but certain modifications are proposed to adapt the LTE PRACH design to NB-IoT that operates with a much reduced bandwidth. The 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. The preambles also have low PAPR.
Observation 1: For PRACH Formats 0 and 1, with an appropriate interpolation and preamble selection, the PAPR can be reduced to as low as 1.7 dB.
Observation 2: For PRACH Format 2, the PAPR can be close to 0 dB.
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