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1 Introduction

In previous 3GPP RAN1 meetings, following agreements were achieved for PRACH design. 
1.1 RAN1#88, Athens, Feb 2017Agreements:
· Regarding multiple/repeated PRACH preamble formats, NR at least supports option 1

· RAN1 studies other options and consider option 1 as baseline for comparison with other options
· For RACH capacity enhancements, 

· Option 2 with/without OCC and/or option 4 with different sequences can be considered
· Note: for option 4, combination with different sequences can be studied

· Note: for option 4, two-stage or multiple-stage UE detection can be studied for possible complexity reduction for PRACH detection
· All options will consider beam switching time
· FFS : Number of Preambles/Symbols, Length of CP/GT 

· The region for PRACH transmission should be aligned to the boundary of uplink symbol/slot/subframe

Agreements:
· Evaluate designs considering possibility to have larger number of PRACH preamble sequences in a RACH transmission occasion than in LTE

· The following methods can be considered for evaluations:

· Zadoff-Chu with cover extension using M-sequence

· M-sequences

· Zadoff-Chu sequence

· Other methods are not precluded
· Note that PAPR and false alarm of these different sequences should also be evaluated
1.2 RAN1#88 Bis, Spokane, April 2017Agreements:
· NR RACH capacity shall be at least as high as in LTE
· Such capacity is achieved by time/code/frequency multiplexing for a given total amount of time/frequency resources
· Zadoff-Chu sequence is adopted in NR
· FFS other sequence type and / or other methods in addition to Zadoff-Chu sequence for the scenario, e.g., high speed and large cells
· FFS definition of large cell and high speed
· FFS other sequence type and / or other methods for capacity enhancements, e.g.:
· At least in multi-beam and low speed scenario, regarding multiple/repeated PRACH preamble formats, option 2 with OCC across preambles 

· FFS: Option 2 with OCC across multiple/repeated preambles in high speed scenarios

· PRACH preamble design composed with multiple different ZC sequences

· Sinusoidal modulation on top of option 1

Agreements:
· For Zadoff-Chu sequence type, the RAN1 specifications will support two NR-PRACH sequence lengths (L) 

· L = 839: SCS = {1.25, 2.5, 5} KHz

· Select one of

· L = 63/71: SCS = {15, 30, 60, 120, 240} KHz

· L = 127/139: SCS = {7.5, 15, 30, 60, 120} KHz

· FFS: Supported sub-carrier spacings for each sequence length

· FFS for other sequence types

Agreements:
· In NR, the RACH configuration provides at least:

· RACH time/freq. information 

· RACH preamble format
In this contribution, a PRACH preamble design falling under option 4 is proposed using ZC sequences. The proposed design increases the capacity compared to Option 1 and Option 2. The proposed design also lets successful resolution of time ambiguity for beam sweeping scenarios.

2 Discussion
This contribution proposes a PRACH preamble design under the umbrella of Option 4. 
3GPP has agreed on using Option 1 (same sequence repetition multiple times without cyclic-prefix (CP)) in R1#88. There have been some discussions in 3GPP RAN1#88bis on how to increase the capacity more than provided by Option 1. Option 2 with orthogonal cover codes were also discussed.
Below first we describe a specific proposal to construct PRACH preambles. This construction of PRACH preambles allows the use of multiple ZC sequences in each preamble with cyclic prefix inserted for each symbol. We provide some PRACH capacity comparison between Option 1, Option 2 and the current proposal. 
The document then proposes how suitable preambles can be selected with a specific level of uniqueness or identifiability which allows perfect preamble detection and UE time resolution in beam sweeping scenarios. 
3 PRACH Preambles with multiple ZC Sequences

3.1 PRACH Preamble Construction BasicsIn this proposal PRACH preambles are designed from a set of Zadoff-Chu sequences, called here the base sequences. The base set would contain different roots of ZC sequences, all having the same length L. 

PRACH Preamble set:

Each single PRACH preamble consists of multiple sub-sequences (which can be same or different), taken from the base set. Each PRACH preamble consists of N PRACH OFDM symbols, each OFDM symbol with its data (sub-sequence) and cyclic prefix (CP). Thus, the proposed PRACH preamble construction falls under the Option 4 of 3GPP PRACH discussions. The data part of OFDM symbol is a sub-sequence from the base set. Actually, the sequence is used in the frequency domain and then after FFT, cyclic prefix is added.

PRACH preamble set for a certain length of N OFDM symbols (N sub-sequences) may be constructed by making different combinations of sub-sequence taken from the base set. In the 2nd step, PRACH preamble set is extended by generating multiple cyclic shifts of each distinct preamble formed in the previous step. In this case, a single cyclic shift is applied to the whole preamble, meaning that all sub-sequences are shifted with this specific integer cyclic shift. In Figure 1 below, some example sequences have been shown for PRACH preambles with N=4 symbols. 

Suppose a, b, c, d denote ZC sequences of length L with different roots. ai denotes the sequence a with cyclic shift “i”. GT denotes the guard time.
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Figure 1 Construction of some example PRACH preambles.

Left: Step 1, getting different combinations of sub-sequences. 

Right: Step 2, getting the cyclic shift variants for each distinct combination.

3.2 Choosing Suitable PRACH Preambles and some Capacity PerspectiveExponential Capacity Increase for Proposed PRACH Preambles:

If the base set of ZC sequences is selected with the sequence length (L) of 139, the base set may have L-1 (138) sequences of different roots from 1 to 138. If we assume that all roots are used and restrict that only 10 cyclic shifts can be applied to these sequences, the capacity of Option 1 would be (138 sequences) * (10 cyclic shifts) = 1380. Please note that the capacity would be same independent of the length of PRACH preamble in the number of symbols.

If PRACH Option 2 is selected with N=4 symbols, the available PRACH preambles are [(L-1)*N]*(10 cyclic shifts) = [138*4]*10 = 5520.

Observation 1: For a given PRACH resource (time and frequency), Option 2 provides linear increase of PRACH capacity with the number of PRACH OFDM symbols compared to Option 1 which provides no increase with number of PRACH symbols. 

For the proposed scheme with such a base set, and for the case if PRACH preamble has 4 symbols (N=4), the available PRACH preambles are [(L-1)^N sequences] * (10 cyclic shifts) = (138)^4 * 10 = 362,673,9360. This capacity increases exponentially with the number of PRACH OFDM symbols for the proposed scheme

Observation 2: For a given PRACH resource (time and frequency), Option 4 provides the best capacity scaling compared to Option 1 (no scaling) and Option 2 (linear scaling) which is exponential capacity increase with the number of PRACH OFDM symbols. 
PRACH Preamble Selection:

If PRACH preambles are formed without any constraint on how many different sub-sequences constitute an N OFDM symbol length PRACH preamble, and different PRACH preambles differ from each other on how many symbols, PRACH capacity becomes huge but there are two important disadvantages:

· The complexity of the PRACH detection at gNB could be enormous. 

· There could be different PRACH preambles which are same for most part but differ with each other on one or few OFDM symbols, resulting in increased miss-detection and false-alarm.

1. “SUITABLE” PRACH Preambles with Limited Detection Complexity

To keep the PRACH detection complexity at gNB within reasonable limits, it could be important to limit the use of PRACH preambles in each cell constructed from a small number of distinct root sub-sequences and prefer the cyclic shifted versions of these sequences as much as possible.

As an example, if PRACH preamble consists of N=4 OFDM symbols, but it is restricted such that each cell uses only 2 sub-sequences to construct available preamble set, the number of available preambles (without cyclic shift) becomes 2*2*2*2 = 2^4 = 16. The preamble set can be further extended (step 2 of Preamble construction) by creating cyclic shifted preambles for each preamble formed in step 1. If sub-sequences are ZC sequences of length L= 139 and every 13th cyclic shift can be used (i.e., 10 possible cyclic shifts), the set of available PRACH preambles has size 2^N * (10) = 2^4 * (10) = 160.

If 3 different root sequences are allowed to make PRACH preamble set in each cell, the number of available PRACH preambles becomes 3^N * (10) = 3^4 * (10) = 810. 

In one possible strategy, the network can choose to assign different sets of root sequences to neighboring cells. In case, 3 distinct roots are assigned to each cell, the number of independent sets is (L-1)/3 = 138/3 = 46. Thus 46 neighboring cells can be allocated the preambles where PRACH preambles (even the sub-sequences) of each cell are completely unique. 

2. “SUITABLE” PRACH Preambles with “Better” Identifiability

Although the use of all permutations of distinct root sub-sequences allows an exponential increase in the PRACH capacity, many of the resulting PRACH preambles will only differ for a small fraction of PRACH duration. This may result in increased miss-detection and false alarm rates. The other issue is with identifiability of PRACH preambles which could be extremely important for scenarios when gNB is not able to receive the complete PRACH preamble. This would be a typical use case for beam-sweeping scenarios. Allowing all permutations of sub-sequences makes correct PRACH detection impossible without receiving the complete PRACH preamble.

To have better identifiability among different PRACH preambles even when fewer PRACH OFDM symbols are received, it would be important to restrict the usage of PRACH preambles in each cell such that they are “unique” within those symbols. 

Uniqueness within 1 OFDM Symbol:

If it is desired that two PRACH preambles are identifiable even if a single PRACH OFDM symbol is received at gNB, each symbol of each PRACH preamble should be unique. Thus, the preamble set for each cell should be such that no sub-sequence is repeated not only in one preamble but also in the set of available preambles, i.e., each constituent sub-sequence appears only once. Thus, for N=4 length PRACH preamble, 4 distinct root sequences should be employed in each preamble. Example of two such preambles would be “abcd” and “efgh”. Step 2 of preamble construction would allow generating further sequences with the cyclic shifts applied to these two sequences.

Uniqueness within 2 OFDM Symbols:

If it is desired to have PRACH preambles which can be uniquely identified upon reception of 2 PRACH OFDM symbols, allowed PRACH preamble set should be such that every 2 symbols among all possible preambles are unique. Further to have correct time identifiability upon reception of 2 symbols in each preamble, each preamble should be unique for each set of 2 symbols. As an example, a 4-symbol length preamble consisting of “aaab” does not satisfy this requirement as symbol (1,2) and symbol (2,3) are same and would not let gNB identify the correct timing.

Suppose we have a set of ZC sub-sequences of L=139 (“a”, “b”, “c”, “d”), we can construct a set of 5 PRACH preambles which are unique for any 2 symbols:

“aaba”, “acad”, “bbcb”, “bdcc”, “cdda”

Thus, reception of any 2 symbols from any of these preambles would allow gNB to distinctly identify which part of which preamble it has received. So, it can identify the PRACH preamble and resolve completely the timing of the sender UE.

 These 5 sequences can then be extended with allowed cyclic shifts to get a sufficient number of preambles available in each cell. If 13 cyclic shifts are allowed (every 10th cyclic shift for length 139), gNB would get 13*5 = 65 possible preambles which is quite a reasonable number (more than LTE PRACH allocation of 64 preambles per cell) to keep the probability of multiple users choosing the same preamble for PRACH transmission reasonably low. It should be clear that cyclic shifted versions of the same preamble should be prioritized as much as possible as they allow orthogonality within themselves thanks to ZC properties. 

Summarizing the above discussion:

General PRACH Preamble Construction for increased Capacity:
             A. Permutations of multiple ZC sequences to obtain a preamble
             B. Cyclic shifted versions of each preamble to increase capacity and orthogonality benefit.

Preamble Construction for a certain Uniqueness (Beam Sweeping or Low Complexity Detection):

             A. Permutations of multiple ZC sequences to obtain a preamble

             B. Keep only the permutations (preambles) with desired level of uniqueness

             C. Cyclic shifted versions of preamble obtained in Step B to increase capacity and orthogonality benefit.

4 Beam Sweeping Time Ambiguity Resolution
The main target of PRACH is for the terminal to achieve UL synchronization. When a terminal is switched on, it needs to synchronize with the DL first and read the system information for UL access (including relevant PRACH parameters). When the terminal needs to initiate an UL transmission without valid TA, it needs to send a PRACH burst with 0 TA (Time Advance) from its DL timing and certainly, this burst will be received by the gNB after a round trip propagation delay. In the response of PRACH, the gNB can indicate the terminal a TA value so that UL transmission with this indicated TA value can be aligned in time with the gNB clock. 

When the latency due to propagation is less than one OFDM symbol, the gNB can detect the difference from phase shift in frequency domain, i.e. ΔT. In that case TA = ΔT. But when the latency is bigger than one OFDM symbol and gNB receives a fraction of the PRACH (like what may happen with beam-sweeping), the gNB can only detect Δt again, the part less than one OFDM symbol from the segment received in one beam. In that case however, TA = x OFDM symbol period + ΔT. Since gNB doesn’t know UE position within the cell, it cannot be certain of TA value.

It is called TA ambiguity for latency bigger than one OFDM symbol. 
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Figure 2 Beam Sweeping Scenario and Impact on Various PRACH Preambles

Observation 3: Option 1 is not suitable to be used in beam sweeping scenarios as with fractional reception of PRACH preamble, gNB can identify the symbol boundary but cannot identify the slot (sub-frame) boundary.
Observation 4: For beam sweeping scenarios which cause reception of a fraction of PRACH preamble at gNB, Option 2 OCCs are not orthogonal at all. Even if there is a single Option 2 PRACH preamble received at gNB, due to fractional reception, it cannot resolve the time ambiguity.

Proposal 1: For capacity increase and detection possibility with fractional reception in beam sweeping scenarios, use the proposed PRACH preamble construction following Option 4 by making unique preambles matching the beam duration.

5 Conclusion
In this contribution, we have proposed a new design for PRACH preambles which provides a significant PRACH capacity increase and is also very effective in beam sweeping scenarios when gNB will do a fractional reception of the PRACH preamble. We have made the following observations in this document:

Observation 1: For a given PRACH resource (time and frequency), Option 2 provides linear increase of PRACH capacity with the number of PRACH OFDM symbols compared to Option 1 which provides no increase with number of PRACH symbols. 

Observation 2: For a given PRACH resource (time and frequency), Option 4 provides the best capacity scaling compared to Option 1 (no scaling) and Option 2 (linear scaling) which is exponential capacity increase with the number of PRACH OFDM symbols. 

Observation 3: Option 1 is not suitable to be used in beam sweeping scenarios as with fractional reception of PRACH preamble, gNB can identify the symbol boundary but cannot identify the slot (sub-frame) boundary.

Observation 4: For beam sweeping scenarios which cause reception of a fraction of PRACH preamble at gNB, Option 2 OCCs are not orthogonal at all. Even if there is a single Option 2 PRACH preamble received at gNB, due to fractional reception, it cannot resolve the time ambiguity.

The discussion and the observations lead to the following proposals: 
Proposal 1: For capacity increase and detection possibility with fractional reception in beam sweeping scenarios, use the proposed PRACH preamble construction following Option 4 by making unique preambles matching the beam duration.
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