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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
In RAN#70, the following items have been agreed [2].
· 180 kHz UE RF bandwidth for both downlink and uplink
· OFDMA on the downlink
· 15 kHz sub-carrier spacing for all the modes of operation (with normal or extended CP). 
· For the uplink: 
· Single tone transmissions are supported. Two numerologies should be configurable by the network for single-tone transmission: 3.75 kHz and 15 kHz. A cyclic prefix is inserted. Frequency domain sinc pulse-shaping in the physical layer description.
· Multi-tone transmissions are supported, based on SC-FDMA with 15 kHz UL subcarrier spacing.
· FFS: Additional mechanisms for PAPR reduction.
· The UE shall indicate the support single-tone and/or multi-tone, details to be discussed by RAN WGs
Currently, there are two NB-PRACH designs for NB-IoT with SC-FDMA based uplink: (1) Zadoff-Chu sequences based PRACH, and (2) single tone frequency hopped PRACH [3]. 
· NB-PRACH preambles based on design (1) are used by UEs in normal and robust coverage modes to ensure high detection rate, low false alarm rate, and high uplink timing estimation accuracy. 
· NB-PRACH preambles based on design (2) are used by UEs in extremely coverage limited locations. These preambles are constant-envelope signals, which avoid the needs for PA backoff, and thus aiming at maximizing the coverage.
In this contribution, we focus on design (1) and discuss the various design considerations that should be taken into account for Zadoff-Chu sequences based NB-IoT NB-PRACH design.
Design Considerations
In this section, we discuss how different NB-PRACH design parameters affect the performance including detection, false alarm, timing estimation, collision, and/or supported cell sizes. 
NB-PRACH Bandwidth 
The UE RF bandwidth is 180 kHz in NB-IoT, which limits the maximum NB-PRACH bandwidth to 180 kHz. The choice of NB-PRACH bandwidth has a direct impact on the timing estimation accuracy, as detailed below.
Timing advance is important for SC-FDMA based NB-IoT design to help maintain uplink orthogonality. The timing advance command is based on the estimated timing from NB-PRACH preamble transmission in random access. The timing estimation accuracy should be within the NB-PUSCH cyclic prefix (CP) or at least with a sufficiently high confidence level (e.g., 99%). 
Fundamentally, the timing estimation accuracy is inversely proportional to the NB-PRACH bandwidth. From Figure 1, we can see that the timing estimation accuracy is [-3.5 us, 3.5 us] with 80 kHz NB-PRACH bandwidth. Reducing further the NB-PRACH bandwidth would reduce the timing estimation accuracy. For example, the timing estimation accuracy is expected to be about [-7 us, 7 us] with 40 kHz NB-PRACH bandwidth.  
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[bookmark: _Ref436224900]Figure 1: Distribution of time-of-arrival estimation errors. Blue curve: Format 0 at 0.9 dB SNR; red curve: Format 1 at -9.1 dB SNR. Detailed design description can be found in [3]. Evaluation assumptions and more evaluation results can be found in [4][5][6].
Though the NB-PUSCH CP length for NB-IoT has not been agreed yet, it has been agreed that at least the 15 kHz subcarrier spacing will be used for both single-tone and multi-tone transmissions in the uplink [2]. To support inband deployment with better co-existence with LTE using normal CP, 4.7 us NB-PUSCH CP length is preferred. The timing estimation accuracy with 80 kHz NB-PRACH bandwidth has been shown to be satisfactory for 15 kHz NB-PUSCH subcarrier spacing and 4.7 us CP. 
If less than 80 kHz NB-PRACH bandwidth is used, the impact of the degraded timing estimation accuracy on NB-PUSCH performance should be evaluated. In contrary, if higher than 80 kHz NB-PRACH bandwidth is used, the timing estimation accuracy would be satisfactory for NB-IoT NB-PUSCH transmissions even with a CP as short as 4.7 us.

Proposal 1: Use 80 kHz bandwidth as a benchmark design choice for Zadoff-Chu sequences based NB-PRACH in NB-IoT.
Proposal 2: If less than 80 kHz NB-PRACH bandwidth is used, the impact of the degraded timing estimation accuracy on NB-PUSCH performance should be evaluated.

Preamble Lengths
Zadoff-Chu sequences based NB-PRACH transmission can be considered as a type of multi-tone transmission. The duration of a preamble is inversely proportional to the tone spacing. For example, the basic LTE PRACH subcarrier spacing is 1.25 kHz, translating into a preamble length of 0.8 ms. 
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 in different size ranges. For a given cell size (i.e., a given cyclic shift), the longer the preambles, the more the orthogonal preambles. With a given bandwidth for NB-PRACH, a tradeoff exists between NB-PRACH subcarrier spacing and preamble length. 
Furthermore, for two Zadoff-Chu sequences with roots u1 and u2 and a given length of the sequences, the ratio of the peak autocorrelation and the cross correlation is proportional to the square root of the length of the sequences. This implies that, the longer the sequences, the more resistant the random access performance to the near-far problem.
It has been proposed to use 312.5 Hz tone spacing for Zadoff-Chu sequences based PRACH for FDD NB-IoT [3]. The corresponding preamble length is 3.2 us, as illustrated in Figure 2. With 80 kHz NB-PRACH bandwidth, the maximum preamble sequence 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.
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[bookmark: _Ref436140955]Figure 2: Zadoff-Chu sequences based NB-PRACH design for FDD 
Simulation results have shown that this basic 3.2 ms preamble length can achieve very high detection rate and low false alarm rate at the benchmark 144 dB GPRS coverage, as shown in Table 1. (Simulation assumptions and more results can be found in [3][4][5][6].)
For users in enhanced coverage (e.g., robust coverage with 154 dB MCL), the preamble can consist of a number of repetitions of the basic sequence, as illustrated in Figure 2. For example, Table 1 shows 12 repetitions of the basic 3.2 ms sequence can achieve very high detection rate and low false alarm rate for 10 dB coverage enhancement (relative to 144 dB MCL).
[bookmark: _Ref436139581]Table 1: NB-PRACH Coverage Performance
	Resource
	No. of preambles
	SNR (dB)
	MCL (dB)
	False alarm rate
	Detection rate

	3.2 ms x 80 kHz
	18
	0.9
	144
	0/100,000
	99.70%

	12 x 3.2 ms x 80 kHz
	18
	-9.1
	154
	6/100,000
	98.99%


 
For TDD deployment, it is desirable to limit the preamble length below 1 ms at the cost of reduced coverage performance. A good choice is to adopt the basic LTE NB-PRACH subcarrier spacing 1.25 kHz, translating into a preamble length of 0.8 ms. With 80 kHz NB-PRACH bandwidth, the maximum preamble sequence length is thus 80/1.25=64. To facilitate preamble sequence selection, prime-length Zadoff-Chu sequences are preferred. Since the largest prime number less than 64 is 61, we may use length-61 Zadoff-Chu sequences as preambles. However, length 61 sequences may not be long enough to handle near-far issues. If this is the case, consider using larger than 80 kHz PRACH bandwidth for TDD.
For users in enhanced coverage, the preamble can consist of a number of repetitions of the basic sequence, as illustrated in Figure 3. However, unlike FDD, the repetitions of the basic sequence in TDD may not be contiguous but need to be distributed across several uplink subframes. This non-contiguous transmission introduces additional CP and GT overhead. An illustration is given in Figure 3. 
[image: ]
[bookmark: _Ref436141822]Figure 3: Zadoff-Chu sequences based NB-PRACH design for TDD 
Proposal 3: For FDD deployment of NB-IoT, use 312.5 Hz subcarrier bandwidth as a benchmark design choice for Zadoff-Chu sequences based NB-PRACH.
Proposal 4: For TDD deployment of NB-IoT, use 1.25 kHz subcarrier bandwidth as a benchmark design choice for Zadoff-Chu sequences based NB-PRACH.
Proposal 5: For TDD deployment of NB-IoT, consider larger than 80 kHz PRACH bandwidth if the length of Zadoff-Chu sequences under 80 kHz bandwidth is not long enough to handle near-far issues.
Proposal 6: For both FDD and TDD, the set of repetition numbers should be specified based on the targeted coverage classes.
Number of Preambles 
With a given user arrival rate, the more the preambles are available, the lower the collision rate is. However, having more preambles may increase the false alarm rate (since the base station has more hypotheses to test) and imposes higher NB-PRACH detection computation burden.
In our view, 64 preambles should be sufficient, considering that the traffic arrival rate is likely to be low (e.g., less than 7 devices/s per the GERAN IoT traffic model [7]). A lower number may also be sufficient. Below is a study on the NB-PRACH collision probability assuming that 18 preambles are used per coverage level under the example random access resource configuration in Figure 5.
[bookmark: _Ref425170165]We assume a mix of traffic models with a 80/20 distribution between the MAR exception report (80%) and Networks Command (20%) where in the latter 50% of the UEs report back to the network resulting in a RACH transmission [7]. The coupling loss distribution is Scenario 2 with 0.75 inter-site correlation coefficient. Table 2 shows the NB-PRACH collision probability.
[bookmark: _Ref434626430]Table 2: NB-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

	NB-PRACH resources (/s)
	168.8
	28.1
	14.1

	PCollision 
	0.051%
	0.019%
	0.007%

	Note: Format 2 for greater than 154 dB is not Zadoff-Chu sequences based NB-PRACH design.



From the results, it is clear that 18 preambles per coverage level provide more than sufficiently low NB-PRACH collision probability for contention-based random access. 

Proposal 7: Use no more than 64 preambles per coverage class for NB-IoT NB-PRACH.
Proposal 8: The exact number of preambles supported for NB-IoT should be decided. 

Preamble Sequence Selection
The multi-tone nature of Zadoff-Chu sequences based NB-PRACH transmission leads to non-constant envelope signals. For example, Figure 4 shows the PAPR and cubic metric (CM) for the length-251 Zadoff-Chu sequences as a function of sequence root (without cyclic shifts).
Once the NB-PRACH bandwidth and subcarrier spacing are agreed for NB-IoT NB-PRACH, a careful preamble sequence selection is needed to help reduce UE complexity and save UE battery. In particular, which subset of the available Zadoff-Chu sequences should be selected?

[image: ] [image: C:\local_data\MassiveMTC\Matlab\NB_LTE_RACH\Results\cubicMetric.png]
[bookmark: _Ref436143669]Figure 4: Preamble PAPR and CM with FFT interpolation and mod Pi phase interpolation [8]
It is widely recognized that CM is a better metric than PAPR to measure the required power amplifier backoff. Therefore, in our view, CM should be used when selecting the sequences. A CM threshold can be set when selecting the sequences: Only the sequences with the CMs lower than the threshold should be specified for NB-IoT NB-PRACH. After the down selection, a further selection can be performed to select the sequences with specific root indices and cyclic shifts.

Proposal 9: Use cubic metric to select preamble sequences for NB-IoT.
Proposal 10: The cubic metric threshold used to select preambles should to be decided.
Proposal 11: The set of preambles used for NB-IoT should be specified.

Cyclic Prefix and Guard Time Lengths
The choice of CP lengths is mainly determined by the supported cell sizes of NB-IoT. In particular, the CP length should be long enough to account for the uplink timing uncertainty after downlink synchronization. The largest timing uncertainty can be the sum of (1) maximum round-trip delay, (2) downlink synchronization errors, and (3) channel delay spread (which may also include the transmit/receiver filtering effects). 
The guard time length can be chosen to equal to the CP length. (Some minor optimizations may be further discussed.)
For NB-IoT, the largest supported cell size required in the GERAN study item is 35 km [7], leading to a maximum of 233.3 us round-trip delay. For TDD deployment, assuming 0.8 ms preamble length with 1.25 kHz subcarrier spacing, the CP length and guard time length are 100 us if the transmission is constrained to 1 ms subframe. Therefore, it is necessary to introduce different CP lengths for NB-PRACH. Nevertheless, we should not introduce too many CP lengths for NB-PRACH that may result in a high NB-PRACH configuration signalling overhead. In our view, 2~4 choices should suffice. Example design choices of CP length are given in Table 3.
[bookmark: _Ref436226434]Table 3: PRACH Cyclic Prefix and Guard Time Lengths
	Cell size (km)
	7.5
	15
	30
	60

	CP length (us)
	50
	100
	200
	400

	GT length (us)
	50
	100
	200
	400

	Note: the cell sizes here only account for round-trip delay. The actual supported cell sizes should be slightly smaller than the values in the table to make some margin for DL sync errors and channel delay spread.



Proposal 12: Support 2~4 CP lengths for NB-PRACH design in NB-IoT.

NB-PRACH Resource Configuration
The design of NB-PRACH resource configuration can be flexible. Note that the concurrent preamble transmissions of users in different coverage classes may lead to potential near-far problems. To mitigate this problem, the preamble transmissions of users in different coverage class can be time multiplexed (TDM) in NB-IoT. Depending on the NB-PRACH bandwidth used, frequency multiplexing (FDM) might also be possible.
Figure 5 shows an example random access resource configuration with TDM. The system can configure more or less random access resources depending on the load. Nevertheless, we should not introduce too many configurations that may result in a high NB-PRACH configuration signalling overhead. 
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[bookmark: _Ref436144917]Figure 5: Example PRACH resource configuration
Proposal 13: Use TDM and/or FDM to separate NB-PRACH preamble transmissions from UEs in different coverage classes. 
Proposal 14: Introduce a modest set of NB-PRACH resource configurations for NB-IoT.

NB-PRACH Power Setting
The initial NB-PRACH transmission power can be set based on open-loop power control. In most cases, this is sufficient for the random access to be successful. However, if the first random access attempt fails, power ramping can be applied: The NB-PRACH transmission power for the next attempt is increased by a configuration step size to increase the likelihood of the next attempt to be successful. After a maximum number of attempts, UE may switch to a lower coverage class and restart again. In our view, the eMTC agreements can be largely reused here for NB-IoT. 

Proposal 15: Power ramping should be used by at least the users in the basic coverage class.
Proposal 16: Whether power ramping is necessary for users in enhanced coverage needs further study.
Proposal 17: Reuse eMTC agreements on PRACH power setting for NB-IoT as appropriate.
Conclusions
In this contribution, we have discussed the various design considerations that should be taken into account for Zadoff-Chu sequences based NB-IoT NB-PRACH design.
Proposal 1: Use 80 kHz bandwidth as a benchmark design choice for Zadoff-Chu sequences based NB-PRACH in NB-IoT.
Proposal 2: If less than 80 kHz NB-PRACH bandwidth is used, the impact of the degraded timing estimation accuracy on PUSCH performance should be evaluated.
Proposal 3: For FDD deployment of NB-IoT, use 312.5 Hz subcarrier bandwidth as a benchmark design choice for Zadoff-Chu sequences based NB-PRACH.
Proposal 4: For TDD deployment of NB-IoT, use 1.25 kHz subcarrier bandwidth as a benchmark design choice for Zadoff-Chu sequences based NB-PRACH.
Proposal 5: For TDD deployment of NB-IoT, consider larger than 80 kHz PRACH bandwidth if the length of Zadoff-Chu sequences under 80 kHz bandwidth is not long enough to handle near-far issues.
Proposal 6: For both FDD and TDD, the set of repetition numbers should be specified based on the targeted coverage classes.
Proposal 7: Use no more than 64 preambles per coverage class for NB-IoT NB-PRACH.
Proposal 8: The exact number of preambles supported for NB-IoT should be decided. 
Proposal 9: Use cubic metric to select preamble sequences for NB-IoT.
Proposal 10: The cubic metric threshold used to select preambles should to be decided.
Proposal 11: The set of preambles used for NB-IoT should be specified.
Proposal 12: Support 2~4 CP lengths for NB-PRACH design in NB-IoT.
Proposal 13: Use TDM and/or FDM to separate NB-PRACH preamble transmissions from UEs in different coverage classes. 
Proposal 14: Introduce a modest set of NB-PRACH resource configurations for NB-IoT.
Proposal 15: Power ramping should be used by at least the users in the basic coverage class.
Proposal 16: Whether power ramping is necessary for users in enhanced coverage needs further study.
Proposal 17: Reuse eMTC agreements on PRACH power setting for NB-IoT as appropriate.
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