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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In the previous meetings, the following was agreed for PRACH design [1], [2]:
· 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
· NR defines that:
· a random access preamble format consists of one or multiple random access preamble(s),
· a random access preamble consists of one preamble sequence plus CP, and
· one preamble sequence consists of one or multiple RACH OFDM symbol(s)
· UE transmits PRACH according to the configured random access preamble format

[bookmark: _Ref129681832]General design requirements
The RACH may be transmitted and received with single and/or multiple beams, and the following requirements should be considered.
· Support flexible TX and/or RX beam switching for multi-beam RACH. In this scenario, TRP (or UE) may switch the RX or TX beams within the duration of the preamble transmission when TRP (or UE) has no/limited beam correspondence. The beam switching timing at TRP and UE sides should be configurable for different purpose, e.g.,
· When TRP/UE has no/limited beam correspondence. UE cannot assume that the acquired downlink beam pair is also the best for uplink. Therefore, UE may transmit its preamble sequences in all possible RX beams, or in several selected RX beams based on its downlink measurement. 
· For uplink beam management purpose. UE may utilize RACH preamble to refine its uplink beams. In this case, UE also need transmit its preamble sequences in multiple TX-RX beam pairs.
· For scheduling request purpose. In this case, UE may transmit a sequence with a particular beam pair in a non-contention based manner.
· For single-beam RACH, support multiple preambles under 2-stage/multi-stage preamble detection to reduce blind detection complexity of connected mode UEs.
Observation 1: The following requirements should be satisfied for multiple/repeated RACH preambles, at least in multi-beam scenario: flexible UE/TRP beam switching, and support of 2-stage/multi-stage preamble detection.
Multiple/repeated Preambles Format Design
In LTE, five preamble formats are defined with different length of CP and sequences in order to satisfy various coverage requirements. In NR, it is expected that multiple configurations of the length of CP and sequence should also be supported, considering diverse coverage and frequency bands will be supported in NR. A preamble format in NR should include at least the CP length and sequence length, which is same as LTE. In addition, considering repeated/multiple preambles may be used to facilitate flexible beam switching, other parameters, e.g., the number of repeated/multiple sequences and the TRP/UE beam switching timing, may also need to be informed to UE along with the preamble format configuration.
Observation 2: Multiple preamble formats with different length of CP and sequence are needed in NR to support different coverage requirement. Additional configurations, such as the number of multiple/repeated preambles and the beam switching timing, may also need to be informed to UE.
In RAN1#88 meeting, option 1 is agreed as the baseline for multiple/repeated preambles. Option 1 with the lower overhead, is better to be used for scenarios without (Tx or Rx) beam switching, and is similar to LTE PRACH formats. For scenarios with beam switching, option 4 and option 1 are compared in the following section.
Comparison among option 1 and 4 under scenarios with beam switching
For simplicity, we assume a random access preamble format that consists of two RACH OFDM symbols. According to the agreed definition of preamble, sequence, and RACH symbol, as Figure 1 shows, for option 1, CP is omitted between two consecutive repeated RACH OFDM symbols. For option 4, CP is inserted between two RACH sequences.
[image: ]
[bookmark: _Ref477854378]Figure 1. Example of structure of option 1 and 4, assuming a total of two RACH OFDM symbols
TRP beam sweeping
If TRP beam sweeping is configured, the RX beam will be switched between two consecutive sequences. As Figure 2 shows, for option 1, although previous RACH symbol can still act as the CP for the next RACH symbol, the hardware beam switching transition time will corrupt the received signal. Therefore the detection performance of preambles will be degraded. This issue may be worse in higher frequency band, e.g., above 40GHz, where wider subcarrier spacing will be used, and the relative hardware switching time may be longer.
[image: ]
[bookmark: _Ref473117876]Figure 2: the impact of beam switching transition time for option 1
On the other hand, for option 4, the hardware beam switching time could be well absorbed in the duration of CP. Therefore no performance loss will be caused.
[image: ]
[bookmark: _Ref473118496]Figure 3: the impact of beam switching transition time for option 4
Observation 3: The beam switching transition time degrades the performance of option 1 in multiple TRP beams case.
Preamble multiplexing and collision probability
In NR, multiple subbands may be used for PRACH. A user can access the TRP with several subbands according to a frequency hopping pattern, and frequency diversity can be utilized and more preambles can be provided. With frequency hopping, a RACH preamble corresponds to a frequency hopping pattern. However, as Figure 3 shows, option 1 is unable to support frequency hopping due to the absence of CP while option 4 works well.
Observation 4: Option 4 supports frequency hopping for better performance in multiple PRACH subbands case.
Besides frequency hopping, sequence hopping is another widely used approach for collision/interference reduction, which could be utilized by option 4. Furthermore, frequency hopping and sequence hopping can be combined together to further reduce to collision probability as described in the Appendix. However, the detection complexity at the TRP may be increased. Appropriately designed hopping patterns can be used to balance the collision and the receiver complexity, e.g., use a subset of possible patterns (not all the possible patterns) in a cell and different subsets in different cells. 
Observation 5: Frequency and/or sequence hopping could reduce the collision probability.
From the above discussion on PRACH format of idle mode UEs, under beam switching scenarios option 4 is preferred to option 1. For scenarios without beam switching, all the three options can work, and their performance highly depend on other factors of the PRACH design which are not clear yet, e.g., the subcarrier spacing, CP length, sequence length, repeated times of sequences, etc. So further evaluation and comparison are needed for the cases that beam sweeping is not needed, by taking all the impact factors into account. 
[bookmark: _Ref477786796]Proposal 1: NR supports option 4 in beam sweeping scenario, and further evaluate option 1 and 4 in the scenarios without beam sweeping.
Preamble format with 2-stage/multi-stage detection for connected mode UEs
RACH format to facilitate connected mode UEs with dedicated preamble has been discussed [3], in order to reduce the blind detection complexity due to a large number of connected mode UEs across NR cell. Figure 4 shows a RACH format with two separate preambles for two-stage detection. Each UE is uniquely identified from the “unique” preamble 2, while “shared” preamble 1 is used to identify the group of UEs that have the same preamble 1. The additional use of shared preamble 1 helps to reduce the unnecessary blind detections in the second stage for unique preamble 1. The combination of shared preamble 1 and unique preamble 2 identifies one set of UE dedicated preamble.
[image: temp]
[bookmark: _Ref477520116]Figure 4. PRACH format with two short time-multiplexed preambles for two-stage detection
The detection of UE groups removes UE groups that do not contain any active UE sending preamble from detection at the second stage. This may reduce the overall number of blind detections. The detection can be illustrated in Figure 5. For an NR Cell with 20 connected state UEs each with a dedicated preamble, only one UE is actively sending preamble. The straight-forward blind detection requires 20 preamble detections. However, with 4 group of UEs that are identified via shared preamble, the hierarchical detection includes 4 detections of shared preamble in the first stage and 5 detections of unique preambles in the UE group with shared preamble B in the second stage; resulting a total of 9 detections. The other 3 UE groups are not involved in the second stage detection as none of UEs in these groups are detected as active in the first stage.
[image: ]
[bookmark: _Ref477520169]Figure 5. Two-stage preamble detection in an NR Cell
Proposal 2: NR should support 2-stage/multi-stage preamble detection for UEs in connected mode with UE-dedicated preamble, at lease in single-beam case. For this purpose, option 4 of multiple RACH preambles can be used.
Note that the notion of UE group is a logical concept, i.e., the subset of UEs that have the same shared preamble. So one group of UE does not need to be co-located geographically like what is shown in Figure 5. The grouping of UE is a result of shared preambles that are assigned to UEs through UE-specific RRC signaling. To minimize the interference in the first stage of detection, the shared preamble sequences of different UE groups should be selected with low cross correlation. Since detections of two stages are separated on different time/frequency resources, the shared and unique preambles can be selected from the same pool. Which UEs should be grouped is an implementation issue.
The number of detections in two-stage RACH format can be further optimized through the selection of proper UE grouping. More UE groups lead to more detection in the first stage, while the number o detections in the second stage can be reduced due to a larger portion of non-contending UEs are free from detection. In [3], it is shown that for a given number of connected state UEs with equal size UE group, the best number of UE groups in terms of minimal number of detections varies with number of UEs that are actively sending preambles: the more active UEs, the more UE groups should be configured to minimize the number of detections. Table 1 summarizes some statistics using the calculation in [3]. Also, as expected, the ratio of optimal UE group number to the number of total connected state UEs scales with the ratio of number of contending UE to the total connected state UE number, which can be observed from the high-lighted green numbers in Table 1.
[bookmark: _Ref477519824][bookmark: _Ref477519721]Table 1. UE grouping with different contending UE number
	
	Number of connected state UEs

	
	1200
	2400
	3600

	Number of contending UEs
	Number of UE groups with minimal detections
	Detection number as a ratio to number of connected state UEs
	Number of UE groups with minimal detections
	Detection number as a ratio to number of connected state UEs
	Number of UE groups with minimal detections
	Detection number as a ratio to number of connected state UEs

	1
	30
	6%
	50
	4%
	60
	3%

	3
	60
	10%
	80
	7%
	100
	6%

	6
	80
	14%
	120
	10%
	150
	8%

	10
	110
	18%
	150
	13%
	190
	10%

	20
	150
	25%
	210
	18%
	260
	15%

	30
	170
	30%
	250
	22%
	320
	18%

	40
	200
	35%
	290
	25%
	360
	21%

	50
	220
	39%
	320
	28%
	400
	23%

	60
	240
	42%
	350
	30%
	430
	25%



From the above observation, in practice, gNB can maintain a table which contains a map from contending UE ratio to the UE group ratio, where the former one is the ratio of number of actively contending UEs to the total number of connected state UEs, while the latter one is the ratio of optimal number of UE groups to the total number of connected state UEs. By estimating the long-term value of actively accessing UEs, gNB looks up the table and adjust the number of UE groups accordingly via UE-specific RRC signaling of new shared preambles to some UEs. One example of adjusting number of UE groups is illustrated in Figure 6.
[image: ][image: ]
[bookmark: _Ref477520209][bookmark: _Ref477854102]Figure 6. Adjusting UE grouping through UE-specific RRC signaling of shared preambles. Left: assign new shared preambles to UEs to add a UE group. Right: assign new shared preambles to UEs to remove a UE group.
Proposal 3: NW can optimize the number of UE groups in two-stage preamble detection by configuring new shared-preambles to some UEs through UE-specific RRC signaling.
Instead of adjusting UE grouping in an entire NR Cell scale, one alternative way is to adjust UE grouping locally in each sub-area under non-even distributed UE access activity. For example, if gNB detects a particular UE group with substantially rising accessing activity, it can split that UE group into multiple smaller UE groups by assigning of shared preambles, or vise verse. In this way, amount of signaling can be saved across NR Cell.
Proposal 4: NW can configure different size of UE groups in two-stage preamble detection according to UE access activity.

Conclusions
In this contribution, we have considered the various aspects related to multiple/repeated RACH preamble formats. The following are the observations that we have identified:
Observation 1: The following requirements should be satisfied for multiple/repeated RACH preambles, at least in multi-beam scenario: flexible UE/TRP beam switching, and support of 2-stage/multi-stage preamble detection.
Observation 2: Multiple preamble formats with different length of CP and sequence are needed in NR to support different coverage requirement. Additional configurations, such as the number of multiple/repeated preambles and the beam switching timing, may also need to be informed to UE.
Observation 3: The beam switching transition time degrades the performance of option 1 in multiple TRP beams case.
Observation 4: Option 4 supports frequency hopping for better performance in multiple PRACH subbands case.
Observation 5: Frequency and/or sequence hopping could reduce the collision probability.
Based on the above observations, we propose:
Proposal 1: NR supports option 4 in beam sweeping scenario, and further evaluate option 1 and 4 in the scenarios without beam sweeping.
Proposal 2: NR should support 2-stage/multi-stage preamble detection for UEs in connected mode with UE-dedicated preamble, at lease in single-beam case. For this purpose, option 4 of multiple RACH preambles can be used.
Proposal 3: NW can optimize the number of UE groups in two-stage preamble detection by configuring new shared-preambles to some UEs through UE-specific RRC signaling.
Proposal 4: NW can configure different size of UE groups in two-stage preamble detection according to UE access activity.

Appendix
[bookmark: _GoBack][image: ]
[bookmark: _Ref477854705]Figure 7. Pseudo-random hopping in two sub-bands with two RACH OFDM symbols
To compare the collision probability of the three options intuitively, we reuse the structures in Figure 2, Figure 3, and Figure 7, and 4 sequences are available, i.e., S1, S2, S3 and S4. In option 1, one sequence out of these four is repeated and concatenated as a single sequence of the preamble. Here we consider multi-beam case only. The supported preambles are shown in Table 2, where option 1 has four candidate sets of preambles, and option 4 has 16 candidate sets of preambles. In this example, option 4 uses all possible preambles for RACH. Note that a subset of them can also be used to compromise the collision and complexity as described above. However, the preamble sets are not fully orthogonal between each other for option 4, partial collision may happen even different preamble sets are used by multiple UEs.
[bookmark: _Ref477853941]Table 2. Supported sets of preambles of three options
	Preamble set index
	Option 1
	Option 4

	1
	(S1 S1)
	(S1 S1)

	2
	(S2 S2)
	(S2 S2)

	3
	(S3 S3)
	(S3 S3)

	4
	(S4 S4)
	(S4 S4)

	5
	
	(S1 S2)

	6
	
	(S2 S3)

	7
	
	(S3 S4)

	8
	
	(S4 S1)

	9
	
	(S1 S3)

	10
	
	(S2 S4)

	11
	
	(S3 S1)

	12
	
	(S4 S2)

	13
	
	(S1 S4)

	14
	
	(S2 S1)

	15
	
	(S3 S2)

	16
	
	(S4 S3)



Consider the collision probability of a preamble format design with F subbands, a sequence pool size of M and a total of N sequences, and the N sequences can be hopped over the F subbands. For option 1, collision happens when multiple UEs select the same preamble and same subband. For option 4, since the N sequences can be detected over the F subbands separately, the users are resolvable if the used sequences or subbands are different in at least one RACH symbol. In other words, the collision happens only when multiple UEs conflict in all the N sequences and F subbands. In the following, we model the upper bound of collision probability of option 4 as N-th power of the collision probability of option 1. Specifically, the collision probability of K users is 


In Table 3, the collision probabilities for UEs that perform random access with preamble sets listed in Table 2 are summarized. It can be seen that if number of UEs is small, option 4 get much smaller collision probabilities than the other two options. When the number of UE increases, option 4 still outperforms option 1.
[bookmark: _Ref477854027]Table 3. Collision probability
	# of subbands
(F)
	# of UEs
(K)
	Collision probability

	
	
	Option 1
	Option 4 (upper bound)

	1
	2
	0.25
	0.0625

	
	3
	0.625
	0.39

	
	4
	0.906
	0.82

	
	5
	1
	1

	2
	2
	0.125
	0.0156

	
	4
	0.5898
	0.3479

	
	6
	0.9231
	0.8521

	
	8
	0.9976
	0.9952

	
	9
	1
	1
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