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1	Introduction
During the NR Study Item, RAN1 has established requirements and scenarios for NR ‎[1] and has identified technology components that are needed to standardize the NR system ‎[2]. The objective of the work item phase is to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low latency communications (URLLC) considering frequency ranges up to 52.6 GHz and considering forward compatibility and introduction of new technology components for new use cases.
In this contribution, we discuss the remaining open points of the PRACH formats. Specifically, we consider the following points:
·  Preamble length for the short sequence.
· Preamble cyclic shifts for long and short sequences.
· The necessity for PRACH capacity enhancement.
· Solutions for PRACH capacity enhancement.

2	Preamble Design
2.1	Short Sequence Length
Per RAN1#89 length of short sequence is to be selected from 127 and 139. Motivation to have 127 instead of 139 is to enable m-sequence based cover code to increase PRACH capacity. However, as resulting PAPR could be significantly higher than with pure ZC based signatures we prefer to use ZC sequence and length 139.
Proposal 1: Support 139 sequence length for short RACH preamble sequence.
2.2	Preamble cyclic shifts for long sequences
RAN1#90 made the following agreements related to preamble cyclic shifts for long sequences:
	R1-1714801	Ncs for Preamble Generation for PRACH Preamble Format 0-3	LG Electronics, ZTE, InterDigital, NTT DOCOMO
Agreements:
· Same cyclic shift values as defined in LTE is applied for NR PRACH preamble format 0 and 1.
· FFS: Whether same cyclic shift values as defined in LTE can be applied for NR PRACH preamble format 2 and 3, considering parameters (e.g. delay spread, guard time, filter length, etc.)




We consider that format 2 should have the same cyclic shift values as defined for format 0 and 1. Reasoning is that CP and GP values are relatively close to format 0. 
Proposal 2: Use the same cyclic shift values as defined for format 0 and 1 for NR PRACH preamble format 2.
Table 1 illustrates the cyclic shift values for format 3 when assuming two different delay spread assumptions: 5.2 and 2.6 us. Cyclic shift values providing at least 400 m max cell radius are highlighted.   
[bookmark: _Ref492644215]Table 1 Cyclic shift values for format 3
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Proposal 3: Support cyclic values highlighted in Table 1 for format 3.
2.3	Preamble cyclic shifts for short sequence
For short sequence, we reuse NCS values from LTE PRACH format 4 [4] and add three additional values 19, 27 and 46. Table 2 illustrates cyclic shift values for short sequence assuming 15 kHz and 30 kHz SCS and two different delay spread assumptions per SCS. Then in Table 3 we provide cyclic shift values for short sequence assuming 60 kHz and 120 kHz SCS and two different delay spread assumptions per SCS. 
With 15 kHz SCS max cell radius is up to 2.5 km with 5.2 us delay spread (A1-A4, B1-B4 formats) and 3.1 km with 1.5 us DS (A0 format). 
With 30 kHz SCS max cell radius is up to 2.5 km with 2.6 us delay spread (A1-A4, B1-B4 formats) and 3.1 km with 0.75 us DS (A0 format). 
With 60 kHz SCS max cell radius is up to 2.5 km with 1.3 us delay spread (A1-A4, B1-B4 formats) and 3.1 km with 0.38 us DS (A0 format). 
With 120 kHz SCS max cell radius is up to 2.5 km with 0.65 us delay spread (A1-A4, B1-B4 formats) and 3.1 km with 0.19 us DS (A0 format). 

[bookmark: _Ref492653905]Table 2 Cyclic shift values for short sequence using 15 kHz and 30 kHz SCs and with two different delay spread assumptions per SCS
[image: ]

[bookmark: _Ref492653908]Table 3 Cyclic shift values for short sequence using 60 kHz and 120 kHz SCs and with two different delay spread assumptions per SCS
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Proposal 4: Support cyclic values highlighted in Table 2 and Table 3 for format short sequences.
3	On Necessity for PRACH capacity enhancement
In this section, we consider the necessity for PRACH capacity enhancement.
To help guide the discussion, we consider three types of PRACH sequences:
1. Long sequence (L=839), with subcarrier spacing 1.25 KHz
2. Short sequence (L=139), with subcarrier spacing 15 KHz.
3. Short sequence (L=139), with subcarrier spacing 120 KHz.

[bookmark: _Ref489873867]Table 3: Comparison of PRACH capacity between long sequence and short sequence, and between different PRACH subcarrier spacings.
	
	PRACH sequence 1
	PRACH Sequence 2
	PRACH sequence 3

	(1) Sequence Length
	L=839
	L=139
	L=139

	(2) Subcarrier spacing (KHz)
	1.25 KHz
	15 KHz
	120 KHz

	(3) CP Length (usec)
	100 usec
	16 usec
	4 usec

	(4) Cell radius (Km)
	2 Km
	2 Km
	0.5 Km

	(5) Max RTT (usec)
2 * (4) / speed of light
	13.33 usec
	13.33 usec
	3.33 usec

	(6) Signatures/sequence
1000 / (2) [sequence length in usec] / ( (5) * 1.25) [RTT with 25% overhead for delay spread and guard)
	48
	4
	2

	(7) Signatures available
( (1) – 1) * (6)
	40224
	552
	276

	(8) Sequence BW (MHz)
	1.08 MHz
	2.16 MHz
	17.28 MHz

	(9) Sequence Duration (usec)
1000 / (1) + (3)
	900 usec
	83 usec
	12.5 usec

	(10) Normalized capacity (Sequence/usec/MHz)
(7) / (8) / (9)
	41.4
	3.1
	1.3



Table 1 compares the PRACH capacity of long and short sequences, and compares the PRACH capacity of short sequences with different subcarrier spacings. From Table 1, the following observation can be made:
1. With short sequences, there are less sequences available compared to long sequences (138 vs 838)
2. The smaller the subcarrier spacing the fewer the number of signatures available per sequence.
3. The total number of available signatures is the product of the number of sequences by the number of signatures per sequence. There are less available signatures with short sequences, and even less signatures become available with higher subcarrier spacing.

Observation 1: Short sequences have less sequences/signatures available than long sequences.
Observation 2: Sequences with higher subcarrier spacing have less signatures available than sequences with lower subcarrier spacing. 
In a multi-beam system, beam sweeping is used to identify the best beams used at the gNB for transmission and reception. The gNB could have beam correspondence, in which case the Tx beam at the gNB uniquely identifies the Rx beam, or the gNB might not have beam correspondence (or has partial beam correspondence), in which case the gNB needs to do additional Rx beam sweeping to identify the best Rx beam. Consider a multi-beam system with L Tx gNB beams. A sync block is associated with each beam within a sync burst set. In case of analog beam forming at the gNB, each sync block is associated with a RACH occasion on a different time resource. Let’s assume that the sync periodicity and accordingly the RACH occasion periodicity for a RACH occasion associated with a beam is T (=20ms as an example), i.e. within time T all beams can be swept. In case of beam correspondence at the gNB, each RACH occasion consists of a preamble format with at least one RACH OFDM symbol. In case of non-beam correspondence at the gNB, each RACH occasion consists of a preamble format with multiple RACH OFDM symbols, with the number of symbols at least equal to the number of Rx beams to sweep.
The RACH resource overhead in a multi-beam system, depends on the number of beams, the RACH preamble sub-carrier spacing, the sync periodicity and the gNB beam correspondence capability.
· The higher the number of beams, the higher the RACH resource overhead.
· The higher the RACH preamble sub-carrier spacing, the lower the RACH resource overhead.
· The higher the sync periodicity (sync periodic time), the lower the RACH resource overhead.
· Beam non-correspondence at the gNB leads to a higher RACH resource overhead.

To reduce the RACH overhead in a multi-beam system, we should use higher subcarrier spacing for RACH as this reduces the duration of the RACH occasion. However, as highlighted by observation 2, using a higher subcarrier spacing reduces the number of available RACH signatures in the system.
Observation 3: As the RACH preamble sub-carrier spacing decreases, the RACH resource overhead in a multi-beam system increases.
Observation 4: The selection of the RACH preamble sub-carrier spacing is a compromise between the RACH sequence capacity and the RACH resource overhead in a multi-beam system.
The number of RACH signatures per cell is selected based on the rate at which PRACH preambles are being randomly transmitted in a cell to achieve a low probability of collision on a PRACH resource/preamble index. A PRACH collision occurs when two or more users randomly select the same PRACH resource and the same preamble index. In LTE, the number of PRACH signatures per cell is 64. In NR, there are additional use cases for PRACH:
1. On demand SI [RAN2#98 chairman notes], and ‎[5].
2. Beam management and beam recovery ‎[6].
3. Handover, while in connected mode handover use non-contention based RACH, yet it takes away from the resources available for contention based RACH. Furthermore, the UE can be configure to transmit multiple message 1, consuming additional PRACH resources ‎[7].
4. It has also been suggested to use PRACH for paging for uplink driven response from the UE ‎[8]‎[9].
5. RAN2 has agreed to partition the PRACH preambles into two preamble groups for different RACH message 3 size ‎[10]. This increases the number of PRACH preambles needed per cell.

The additional use cases for PRACH in NR, increases the PRACH traffic, which could require an increase in the number of PRACH signatures per cell over LTE to maintain a low probability of collision. This further necessitates the need to increase the PRACH capacity.
Observation 5: Additional use cases for PRACH in NR, could require an increase in the number of PRACH signatures per cell over LTE. This further necessitates the need to increase the PRACH capacity.
Furthermore, with the use of small cells and with cell densification, the PRACH sequence reuse factor increases, to reduce the impact of inter-cell PRACH interference. This leads to an increase in PRACH sequence capacity:
PRACH sequence capacity = PRACH sequence reuse factor x number of signatures/cells ÷ Number of signatures/sequence
Observation 6: Cell densification and the use of small cells, necessities the increase of the PRACH sequence capacity.
In this section, we have established the need to increase the PRACH capacity due to:
1. Short PRACH sequences with higher subcarrier spacing have less capacity than long PRACH sequences or sequences with lower subcarrier spacings.
2. In a multi-beam system, the higher the PRACH subcarrier spacing, the less the overhead.
3. Additional use cases are expected in NR for PRACH.
4. With cell densification and the use of small cells, more PRACH capacity is needed to increase the reuse factor between cells that use the same PRACH sequence/signature set, to reduce the impact of inter-cell PRACH interference.
 Proposal 5: NR shall adopt mechanisms to increase the PRACH capacity.f inter-cell RACH intereference.
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4	Solutions for PRACH capacity enhancement
In section 3, we established the need to increase the PRACH sequence capacity. In this section, we discuss and compare various methods that have been proposed to increase the PRACH sequence and propose a way forward to increase the PRACH sequence capacity.
In RAN1#88, the following agreement was reached ‎[6]:
Agreements:
· 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

The normalized capacity of PRACH preamble short sequence at low Doppler is smaller than that of PRACH preamble long sequence. Some methods have been proposed to increase the preamble sequence such as:
· Using preamble format option 2 with OCC ‎[11], or using preamble format 1 with sinusoidal modulation ‎[12]. Both of these methods increase the PRACH preamble sequence capacity linearly. But there is also a linear increase in the preamble format length. Hence, there is no net increase in the normalized PRACH preamble sequence capacity.
· Using preamble format option 4 ‎[13]‎[14]‎[15]‎[16] increases the PRACH preamble sequence capacity exponential, with a linear increase in the PRACH preamble time. Hence, there is a net increase in the normalized PRACH preamble sequence capacity. However, direct usage of preamble format option 4 has some drawbacks as discussed later.

Let’s consider as an example, the following three preamble format options:
· RACH preamble format option 1 with SCS = 60 KHz.
· RACH preamble format option 2 with SCS = 120 KHz
· RACH preamble format option 4 with SCS = 120 KHz

All three preamble format options have the same duration. Table 2 compares the normalized PRACH preamble sequence capacity of the three preamble format options.
[bookmark: _Ref485320205]Table 4: Comparison of normalized PRACH preamble sequence capacity of different PRACH preamble format options.
	
	Preamble Format option 1 SCS = 60 KHz
	Preamble Format option 2 SCS = 120 KHz
	Preamble Format option 4 SCS = 120 KHz

	Signature/root sequence
	4
	2
	2

	Total Signatures Available
	552
	276 x 2 (OCC) = 552
	276 x 276

	Sequence BW
	8.64 MHz
	17.28 MHz
	17.28

	Sequence Duration + CP
	21 usec
	12.5 x 2 = 25 usec
	12.5 x 2 = 25 usec

	Normalized Sequence Capacity Sequence/usec/MHz
	3.1
	1.3
	178



According to Table 2, PRACH preamble format option 4 has the highest normalized PRACH preamble sequence capacity, when compared to other preamble formats of about the same duration. Furthermore, PRACH preamble format option 4 has a higher normalized PRACH preamble sequence capacity than that of the long sequence. PRACH preamble format option 2 with OCC has less normalized sequence capacity than that of PRACH preamble format option 1 of the same time duration. It should be noted, that both PRACH preamble format option 2 with OCC and PRACH preamble format option 1 with sinusoidal cover, provide a linear increase PRACH sequence capacity, hence they have about the same normalized PRACH preamble sequence capacity. 
Observation 7: PRACH preamble format option 4 has a higher PRACH sequence capacity than PRACH preamble format option 1 with sinusoidal cover and PRACH preamble format option 2 with OCC.
Direct usage of PRACH preamble format option 4 has some drawbacks:
1. The ambiguity problem. This is described as follows: Assume two UEs attempt to send PRACH preamble format option 4 in the same RACH occasion. Preamble format option 4, with , consists of 2 preambles with different sequences. Now, assume that the first UE sends sequences A B to the base station, and the second UE sends sequences C D to the base station, in which case the base station would detect sequences A and C in the first preamble and B and D in the second preamble. However, the base station cannot associate sequence A with sequence B, or sequence C with sequence D. In this situation, the base station could assume either sequence A D and sequence C B were transmitted, or sequence A B and sequence C D were transmitted, thus resulting in the ambiguity problem.
2. Lower probability of detection, as each preamble is detected independently. 

Observation 8: PRACH preamble format option 4 suffers from PRACH detection ambiguity if more than one UE attempts send PRACH in the same RACH occasions, and it suffers from lower probability of detection.
To address these issues with PRACH preamble format option 4, a fixed relationship between the sequence indices of the RACH preambles of RACH preamble format option 4 is defined. This relationship is cell specific. The offset between the sequence indices of the preambles of RACH preamble format option 4 is determined based on cell ID. For example, let  be a preamble sequence index of the first preamble, let   be a preamble sequence index of the next preamble, and let   be the preamble sequence index of the last preamble. For each cell, there is a fixed offset between the preamble sequence index of the first preamble and that of the subsequent preambles, which may be expressed as:


….
,
where,  is the maximum number of RACH preamble sequences. The functions  ….  are selected in such a way to increase the seperability between users of adjacent cells. For example, if one of the preambles of users in two adjacent cells is the same, the functions could be selected such that the remaining  preambles are different.
By having a fixed relation between the preamble sequence of PRACH preamble format option 4, it is possible to combine preambles of preamble format option 4 coherently or non-coherently. This increases the probability of detection. Furthermore, by having each cell detect a certain preamble sequence pattern, that depends on the cell ID, the ambiguity problem is avoided as described in the following:
Assuming that =2, and that UE0 in cell 0, sends preambles A and B and UE1 in cell 1 sends preambles C and D. B-A ≠ D-C as cell 0 and cell 1 have different cell IDs. In this case, the base station corresponding to cell 0 would detect preambles A and C in the first preamble. In the second preamble, the base station of cell 0, expects sequence B (which corresponds to sequence A), and sequence E (for example) which corresponds to sequence C in cell 0, such that B-A = E-C. As there is no sequence E in the second preamble just sequences B and D, D is rejected as it is not expected by cell 0. Thus, only preamble A B is detected in cell 0 which corresponds to UE0.
While we are limiting the preamble sequence offsets in each cell, we are not limit the preamble sequences that can be used in the system, as different cells use different preamble sequence offsets. For example, assuming that =2, and that each preamble sequence has 2 signatures, the total number of signatures that the system can support is:
· In case the same signature is used in each preamble: 138 x 138 x 2 = 38088.
· In case different signatures are used in each preamble: 138 x 2 x138 x 2 = 76176.
The total number of signatures per cell is 138 x 2 = 276. This assumes that the same signature is used on both preambles.
Proposal 6: In addition to preamble format option 1, NR shall support PRACH preamble format option 4 with fixed relationship between the sequence indices of the RACH preambles that depends on the cell ID. 
3	Conclusion
The following proposals have been made regarding the PRACH preamble design
Proposal 1: Support 139 sequence length for short RACH preamble sequence.
Proposal 2: Use the same cyclic shift values as defined for format 0 and 1 for NR PRACH preamble format 2.
Proposal 3: Support cyclic values highlighted in Table 1 for format 3.
[bookmark: _GoBack]Proposal 4: Support cyclic values highlighted in Table 2 and Table 3 for format short sequences.
The following observations and proposals has been made regarding the PRACH capacity enhancements:
Observation 1: Short sequences have less sequences/signatures available than long sequences.
Observation 2: Sequences with higher subcarrier spacing have less signatures available than sequences with lower subcarrier spacing. 
Observation 3: As the RACH preamble sub-carrier spacing decreases, the RACH resource overhead in a multi-beam system increases.
Observation 4: The selection of the RACH preamble sub-carrier spacing is a compromise between the RACH sequence capacity and the RACH resource overhead in a multi-beam system.
Observation 5: Additional use cases for PRACH in NR, could require an increase in the number of PRACH signatures per cell over LTE. This further necessitates the need to increase the PRACH capacity.
Observation 6: Cell densification and the use of small cells, necessities the increase of the PRACH sequence capacity.
Proposal 5: NR shall adopt mechanisms to increase the PRACH capacity.
Observation 7: PRACH preamble format option 4 has a higher PRACH sequence capacity than PRACH preamble format option 1 with sinusoidal cover and PRACH preamble format option 2 with OCC.
Observation 8: PRACH preamble format option 4 suffers from PRACH detection ambiguity if more than one UE attempts send PRACH in the same RACH occasions, and it suffers from lower probability of detection.
Proposal 6: In addition to preamble format option 1, NR shall support PRACH preamble format option 4 with fixed relationship between the sequence indices of the RACH preambles that depends on the cell ID. 
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