
	
3GPP TSG-RAN1 NB-IOT Ad Hoc	R1-160093
18-20 January 2016
Budapest, Hungary
[bookmark: _GoBack]
Source:                    	Ericsson
Title:  	NB-IoT - Design Considerations for Single Tone Frequency Hopped NB-PRACH 
Document for:        	Discussion and decision
Agenda Item:         	2.1.2.2		
[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
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 NB-PRACH, and (2) single tone frequency hopped NB-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 (2) and discuss the various design considerations that should be taken into account for Zadoff-Chu sequences based NB-IoT NB-PRACH design.
Basic Design Principles
In this section, we revisit the basic design principles behind the single tone frequency hopped NB-PRACH. The design considerations for selecting the specific parameters are discussed in Section 3. 
The basic idea of the design is to spread the random access preamble in time, instead of spreading it in frequency (as in Zadoff-Chu sequences based NB-PRACH). The design is illustrated in Figure 1. The preamble consists of L symbols in time and occupies one tone (of B kHz) in frequency. The transmission however hops from symbol to symbol between two tones that are D tones away from each other. The hopping is used to facilitate the time-of-arrival estimation at the BS. 
[image: ]
[bookmark: _Ref436229777]Figure 1: An illustration of the single tone frequency hopped NB-PRACH
As shown in [3], with an appropriate selection of the design parameters, the theoretical PAPR of the preamble signal can be as low as 0 dB. UEs in extreme coverage are power limited and their performance is sensitive to power amplifier efficiency. The 0 dB PAPR property of the single tone frequency hopped NB-PRACH is very desirable for this type of UEs.
[bookmark: _Ref436229951]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. 
Usage of Single Tone Frequency Hopped NB-PRACH
The main advantage of single tone frequency hopped NB-PRACH preambles is that they have very low PAPR, which minimizes the needs for PA backoff and thus maximizes the coverage. It however comes at the cost of worse timing estimation accuracy compared to the Zadoff-Chu sequences based NB-PRACH design. This fact can be clearly seen from Figure 2, which shows an example of the achieved timing estimation accuracy under the two designs.
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[bookmark: _Ref436747500]Figure 2: Distribution of time-of-arrival estimation errors: Left subfigure: Zadoff-Chu sequences based NB-PRACH with 80 kHz bandwidth; Right subfigure: 2.5 kHz single tone frequency hopped NB-PRACH. Detailed design description can be found in [3]. Evaluation assumptions and more evaluation results can be found in [4][5][6].
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%).
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 better support inband deployment with better co-existence with LTE using normal CP, 4.7 us NB-PUSCH CP length is preferred. It is unlikely that such stringent timing estimation accuracy can be achieved with a reasonable single tone frequency hopped NB-PRACH design. From this perspective, the usage of the single tone frequency hopped NB-PRACH should be limited to a small set of UEs that are in extreme coverage.

Proposal 1: The usage of the single tone frequency hopped NB-PRACH should be limited to a small set of UEs that are in extreme coverage.

Subcarrier Spacing and Hopping Distance
The choice of the subcarrier spacing has the following implications.
· For a given configured NB-PRACH bandwidth, the larger the subcarrier spacing, the smaller the number of subcarriers. Since different single tone frequency hopped NB-PRACH preambles are effectively separated in the frequency domain, using larger subcarrier spacing implies a smaller number of available preambles. 
· Using larger subcarrier spacing implies shorter symbol duration, which in turn reduces the maximum round trip delay that can be handled by the single tone frequency hopped NB-PRACH. This translates into a smaller cell size that can be supported.
· Using larger subcarrier spacing may help improve the time-of-arrival estimation performance at the BS and is less sensitive to carrier frequency offset in the uplink.
· Using larger subcarrier spacing implies shorter symbol duration, making it easier to pack more symbols into 1 ms subframe and thus possibly enabling better support of TDD deployment. 
The choice of hopping distance has the following implications.
· Since the phase difference of two adjacent received symbols due to hopping is proportional to the hopping distance D, choosing a large hopping distance D makes the observed phase difference at the BS more robust to noise. This may help improve the time-of-arrival estimation performance at the BS.
· The phase difference of two adjacent received symbols caused by hopping is prone to a 2*Pi phase ambiguity, which may cause confusion in the time-of-arrival estimation. To avoid the 2*Pi phase ambiguity, choosing a large hopping distance D reduces the time-of-arrival estimation range. This translates into a smaller cell size that can be supported.

From the above discussions, it is clear that there exist various design tradeoffs in choosing the subcarrier spacing and hopping distance for the single tone frequency hopped NB-PRACH. Table 1 provides some concrete examples on how the choices affect the system performance.
[bookmark: _Ref436730133]Table 1: Impact of Subcarrier Spacing and Hopping Distance on Random Access Preamble Capacity and Supported Cell Sizes 
	Subcarrier spacing
	No. of preambles
(80 kHz NB-PRACH)
	Single symbol duration
	Max cell size 
(D=1)
	Max cell size 
(D=2)

	2.5 kHz
	32
	400 us
	60 km
	30 km

	7.5 kHz
	10
	133.3 us
	20 km
	10 km

	15 kHz
	5
	66.7 us
	10 km
	5 km

	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.



Cyclic Prefix Lengths and Overhead Reduction
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). 
Furthermore, it is desirable to select the CP lengths in a way such that the phase continuity can be guaranteed at the hopping boundaries for the single tone frequency-hopped NB-PRACH design. This would help reduce PAPR (and yields 0 dB PAPR theoretically).
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. Considering the design tradeoffs discussed in the previous section and CP overhead, it is desirable 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. An example design choice of CP lengths is given in Table 2. (Note that the same set of CP lengths can also be used for Zadoff-Chu sequences based NB-PRACH design, as presented in [8].)
For the 2.5 kHz subcarrier spacing, 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 can repeat each OFDM symbol multiple times. The idea is illustrated in Figure 3. Note that similar idea can be used for other subcarrier spacing choices for CP overhead reduction.
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[bookmark: _Ref436733888]Figure 3: Reducing CP Overhead by Repeating OFDM Symbols 
The selection of the number of repetitions is a tradeoff between CP overhead reduction and robustness to Doppler spread and/or TDD support. Some design examples are given in Table 2.
[bookmark: _Ref436731504]Table 2: NB-PRACH Cyclic Prefix Lengths, Hoping Distances, and # of Data Symbol Repetitions for 2.5 kHz Subcarrier Spacing
	Cell size (km)
	7.5
	15
	30
	60

	Hopping distance D
	8
	4
	2
	1

	CP length (us)
	50
	100
	200
	400

	Number of data repetitions
	1
	1
	2
	3

	CP overhead
	11.1%
	20%
	20%
	25%

	Duration of a pair of hopping symbols 
	0.45 ms x2
	0.5 ms x2
	1 ms x2
	1.6 ms x2

	Support of TDD subframe configurations
	All
	All
	Some
	Some

	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.



From Table 2, it can be seen that with D=4 and 100 us CP, or D=8 and 50 us CP, a pair of hopping symbols can be well fit within 1 ms subframe, making the design applicable to all TDD subframe configurations. For the other two choices of hopping distance and CP length, some TDD subframe configurations can also be supported.  
Further, it can be verified that the phase continuity can be guaranteed with the design of hopping distances and CP lengths given in Table 2. Take D=4 and 100 us CP length for example. Without loss of generality let us consider the OFDM symbols 1 and 2 that can be written as  

where T=400 us for the 2.5 kHz subcarrier spacing. Within each OFDM symbol of length 1.25T, the waveform is of constant envelope. At the 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. 

Proposal 2: For the single tone frequency hopped NB-PRACH design, the subcarrier spacing, hopping distance, CP length, and number of data repetitions per symbol should be jointly considered.   
Proposal 3: Use 2.5 kHz subcarrier spacing as a benchmark design for the single tone frequency hopped NB-PRACH, because it well balances many design tradeoffs.

Preamble Lengths
The selection of the preamble length (denoted as L in Figure 1) is relatively straightforward. The length should be long enough to help the BS accumulate enough energy to obtain satisfactory performance including high detection rate, low false alarm rate, and good timing estimation accuracy. Therefore, depending on the coverage target, L can be chosen accordingly. For example, for the design described in [3] (2.5 kHz subcarrier spacing, one-tone hopping distance, 400 us CP, and 3 repetitions in each symbol), L=100 is sufficient to meet the 164 dB MCL target. 
Multiple lengths may be defined if the single tone frequency hopped NB-PRACH is used for different coverage targets. 

Proposal 4: For the single tone frequency hopped NB-PRACH design, specify the preamble length(s) based on the coverage target(s).   

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.
As detailed in [8], 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.
Unlike the Zadoff-Chu sequences based design, the configuration of the number of preambles of single tone frequency hopped NB-PRACH can potentially be more flexible. For specified subcarrier spacing, the system may statically, semi-statically, or dynamically configure a certain amount of bandwidth (up to the 180 kHz system bandwidth) depending on the traffic load. As an example, with 80 kHz NB-PRACH bandwidth and 2.5 kHz subcarrier spacing, 32 preambles are available. If the load is high, the system may configure up to 180 kHz NB-PRACH bandwidth for single tone frequency hopped NB-PRACH, effectively resulting in 72 preambles.

Proposal 5: For the single tone frequency hopped NB-PRACH design, the number of preambles can be statically, semi-statically, or dynamically configured by the system.

NB-PRACH Power Setting
Unlike the Zadoff-Chu sequences based design where preambles are separated in the code domain, the single tone frequency hopped NB-PRACH preambles are separated in the frequency domain. Under perfect frequency synchronization, the preamble transmissions are orthogonal and thus near-far problem is not a concern. However, with imperfect frequency synchronization in practice, the preamble transmissions are not perfectly orthogonal, leading to near-far problem to some extent.
If the single tone frequency hopped NB-PRACH preambles are only used by UEs in extreme coverage, all the deep coverage UEs can send their preambles at the maximum power (a trivial value from the open-loop power control). Otherwise, a power setting mechanism similar to the one described in [8] can be used.

Proposal 6: For UEs in extreme coverage, the transmit power of the single tone frequency hopped NB-PRACH preambles can be set to the maximum power.

Conclusions
In this contribution, we have discussed the various design considerations that should be taken into account for the single tone frequency hopped NB-PRACH design.

Proposal 1: The usage of the single tone frequency hopped NB-PRACH should be limited to a small set of UEs that are in extreme coverage.
Proposal 2: For the single tone frequency hopped NB-PRACH design, the subcarrier spacing, hopping distance, CP length, and number of data repetitions per symbol should be jointly considered.   
Proposal 3: Use 2.5 kHz subcarrier spacing as a benchmark design for the single tone frequency hopped NB-PRACH design, because it well balances many design tradeoffs.
Proposal 4: For the single tone frequency hopped NB-PRACH design, specify the preamble length(s) based on the coverage target(s).   
Proposal 5: For the single tone frequency hopped NB-PRACH design, the number of preambles can be statically, semi-statically, or dynamically configured by the system.
Proposal 6: For UEs in extreme coverage, the transmit power of the single tone frequency hopped NB-PRACH preambles can be set to the maximum power.
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