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Introduction
At RAN1#88bis and RAN1#89, it was agreed that NR PRACH capacity shall be at least as high as in LTE, and therefore to RAN1 was to study the necessity of PRACH capacity enhancement for short sequence (see Appendix). In this contribution, we review the PRACH capacity enhancement needs for NR; as well as the pros and cons of the different proposed solutions. Accordingly, we downselect the short sequence length. 
[bookmark: _Ref129681832]Need for PRACH capacity enhancement 
In the last meeting, the need for PRACH capacity enhancement for short sequences was observed in 7 contributions [1][2][3][4][5][6][7] while contested by 4 contributions [8][9][10][11], among the 14 contributions submitted to the relevant agenda item.    
In [8], a PRACH capacity evaluation intends to show that the capacity shortage for NR PRACH with short sequences compared to LTE formats could be easily compensated with TDM/FDM only, but omitting that NR will require much more resources for a single random access than in LTE. In [9], it is argued that a small capacity is enough because there will be less UEs in a small NR cell, which was concluded without specific quantification. In [10], a study case of the number of UEs is analyzed for a very small cell radius of 50 m, much less than the maximum radius in the recent agreements. It is concluded in [10] that 64 preambles per RACH occasion would be needed as for LTE and this should support the opposite observation that PRACH capacity enhancement is needed with short sequence since less preambles are available. Finally, in [11] it is shown that inter-cell interference for high frequency band will be below the noise level, and thus aggressive preamble reuse could be supported. By analogy, this inter-cell interference analysis provides support to ZC with m-sequence cover as a capacity enhancement, since increase in inter-cell cross correlation is insignificant. At the same time, it is claimed that more cyclic-shifts from a single ZC root would be available due to the small cell size which is missing the fact that on the other hand both the short sequence length and a large SCS decrease drastically this number of cyclic shifts [1]. 
The main causes of a PRACH capacity shortage are summarized below.
· Short sequence and large SCS: The combination of a short sequence with large SCS reduces drastically the number of orthogonal preambles available by cyclic-shift of ZC sequences. A length L=127 or 139 ZC sequence offers at least ~7 times less PRACH preambles per PRACH resource than L=839. Therefore, a large number of ZC roots will be required in a single cell, and all roots will be consumed by very few cells. Therefore, considering that the number of cell IDs in NR is doubled compared to LTE and that the number of preambles is potentially much lower, a simple root sequence planning using the same time-frequency resource as performed in LTE will not be possible anymore in NR. The table below shows the total sequence capacity, the number of roots per cell, and the preamble reuse factor (assuming 64 preambles per cell) with ZC sequences of length 139 at the given maximum cell radius considering the provided path profile. The agreed formats A3 and B4 have for example a preamble reuse factor of 4 cells which is 22 times less than LTE format 0 at its respective maximum cell radius. 



Table 1: Preamble reuse factor with 64 different ZC sequences per cell. (Agreed formats in bold.)
	Preamble
Format 
	Path profile 
(µs)
	Maximum 
Cell radius
(meter)
	Sequence capacity
at maximum cell radius
	# Roots per cell
at maximum cell radius
	Preamble reuse factor [cells]
at maximum cell radius

	LTE/NR Format 0 
[1.25 kHz]
	4.69
	14500
	5866
	10
	91

	A [15 kHz]
	0
	1.56 
	469
	1518
	6
	23

	
	1
	3.13 
	938
	828
	11
	12

	
	2
	4.69 
	2109
	414
	22
	6

	
	3
	4.69 
	3516
	276
	32
	4

	B [15kHz]
	0
	1.56 
	469
	1518
	6
	23

	
	1
	3.13 
	469
	828
	8
	17

	
	2
	4.69 
	1055
	690
	13
	10

	
	3
	4.69 
	1758
	414
	22
	6

	
	4
	4.69 
	3867
	276
	32
	4

	C [15kHz]
	0
	4.69
	5300
	138
	64
	2

	
	1
	4.69
	6000
	138
	64
	2




· Beam management: NR PRACH with L=127 or 139 is expected to support beam management that will consume a larger number of PRACH resources compared to LTE. 
· DL SS-block reporting requires  times more PRACH resources. The number of supported SS blocks has been agreed to be up to  and  for below and above 6 GHz, respectively. Each SS block is associated with a PRACH resource. It is therefore compulsory that PRACH is able to support a minimum of 64 times more resources than for single beam operation.
· In the case of no beam correspondence at UE/ gNB, the best UE Tx/ gNB Rx UL beam cannot be assumed to be the UE Rx/ gNB Tx DL beam selected from the SS transmission. Therefore, in such case, UL Tx/Rx beamsweeping will be needed, requiring  extra resources. It is reasonable that the number of gNB Rx beams will be the same as the number of gNB Tx beams, e.g. . On the other hand, one could assume that the case of no beam correspondence may mainly occur in lower frequency bands with less directional channel such that the number of beams is low e.g.  and . As in this case the DL SS-block need also to be reported, this nevertheless leads to a larger number of additional resources required:    PRACH resources. 

· Other implicit feedback: PRACH is considered to be used for other forms of reporting which will implicitly require more preambles. 
· A recent RAN2 LS [12] implies that preambles will be partitioned into groups. 
· Request for on-demand system information [13][14]. 
· Beam recovery requests [13][15]. 
Taking the decreased reuse factor into account with the new PRACH requirement from beam management, we quantified the spectrally efficiency of NR formats with short sequences compared to LTE formats as follows.  
Observation 1: PRACH capacity enhancement is needed for L=127 or 139 since: 
0. Agreed PRACH preamble formats A3 and B4 for sequence length L=127 or 139 have a reuse factor ~22 times less than for L=839 with 64 different ZC sequences per cell.
0. Beam management can require from at least 64 to up to 256 more PRACH resources.
0.  NR PRACH formats with short ZC sequences can be 22x64=1408 to 22x256=5632-times less-spectrally efficient than formats with long sequences.
0. Utilizing only TDM or FDM in order to provide more PRACH capacity will lead to unacceptably low PRACH spectral efficiency and large UL overhead.
Solutions for PRACH capacity enhancement 
NR PRACH capacity enhancement can be achieved by time/code/frequency multiplexing.  We refer to the PRACH spectral efficiency as the PRACH preamble capacity normalized by the total amount of time/frequency resources. In this section we review different capacity enhancement methods proposed for short sequences with length L=127 or 139. 
TDM/FDM 
TDM and FDM of new resources to provide more preambles is the most obvious and ad-hoc method to mitigate the PRACH capacity issue.  
No spectral efficiency enhancement: Only limited capacity enhancement can be obtained by TDM inside a slot. With format B4, A3 and A2 only 1, 2, and 4 PRACH preambles can be obtained per slot. This is still much less than the required resources for beam management explained above. If more PRACH time slots or frequency bands are used then, the capacity increase is linear with the number of used resources and therefore does not enhance the low PRACH spectral efficiency. If for example the format C0 is supported with 8 preambles per slots, 32 more resources will still be needed in the case of no beam correspondence, as well as e.g. 4 times more resources just for reaching preamble reuse factor of 8 cells. In this example, 128 times more PRACH resources would be need. 
Low spectral efficiency and large overhead: Obviously TDM/FDM is an expensive method in resources. Already up to 8 SS blocks will be supported for low frequency bands <6 GHz, where spectrum is scarce. Using only TDM/FDM for the lack of capacity will lead to unacceptably low PRACH spectral efficiency and large UL overhead. 
Increased complexity burden: FDM to generate additional preamble can increase the processing burden on the gNB due to parallel detections over multiple PRACH resources.
 ZC with m-sequence cover
ZC with m-sequence covers is a method to increase the sequence pool size by keeping the original ZC sequences as the main PRACH sequences, and constructing additional sequences from each single root sequence. This method is generic and is applicable for any of the PRACH preamble options and any PRACH preamble format length. The method is originally designed for L=127 but can be easily be made compatible with L=139 [1]. 
Large capacity enhancement: With sequence length L=127 or 139, ZC with m-sequence covers increases the PRACH capacity by (L+1) =128 or 140 times, at any cell radius, since this increase is independent of the cyclic shift value Ncs.
Observation 2: ZC with m-sequence enables a large capacity increase by 128 or 140-times for any cell radius and for any preamble formats (Option 1 and 2/4 with and without repetition). 
Cross-correlation: By increasing the pool of preambles, one will inevitably increase the cross-correlation. Nevertheless, ZC with m-sequence has the advantage to have very structured cross-correlation properties such that the intra-cell cross-correlation with a single root and multiple covers is the same as for pure ZC with multiple roots. We have shown in numerous simulation scenarios [1][16] that the intra-cell detection performance with m-sequences covers is the same as for ZC. Only the inter-cell cross-correlation, which is less likely to create interference [11], will be increased.  However, this increase of interference will in practice be less than for pure ZC sequences since they imply a much more aggressive preamble reuse due the PRACH capacity shortage. Moreover, when only one root per cell is needed, it allows an easy root sequence planning as for LTE. 
Observation 3: ZC with m-sequence covers does not increase the intra-cell cross-correlation. Only the inter-cell cross-correlation is increased (at worst case about twice i.e. equal to 0.22 for L=127), however, this is better than aggressive preamble reuse among neighboring cells and complex root sequence planning.
PAPR: PAPR increases compared to pure ZC but only slightly as the additional sequences are also of constant envelop. We have shown in [1] that the resulting PAPR is even less than for PUSCH with DFT-s-OFDM with 4-QAM constellation, and thus much less than for PUSCH with OFDM which will be supported in NR. This is a very relevant comparison since a UE uses the same power amplifier for PRACH and PUSCH and the UE will have to transmit message 3 using PUSCH in order to complete the RACH procedure. 
CM: In LTE, ZC sequences were grouped between CM below and above 1.2 with reference to the average CM of DFT-s-OFDM with 4-QAM. We have shown in [1] that CDFs of the CM for pure ZC, ZC with m-sequence cover, and DFT-s-OFDM with 4-QAM all meet at CM=1.22 for 54% of the sequences set. Therefore the number of sequences with low CM is also increased by 128 or 140 times.
Observation 4: ZC with m-sequence covers are constant envelope sequences, the PAPR and CM with DFT-s-OFDM is low, i.e., it is less than PUSCH with QAM constellations and with DFT-s-OFDM, and thus much less than QAM constellations with OFDM. 
Option 4
Option 4 originally proposed for two-stage detection with low complexity can be used to define more preambles by transmitting consecutively two different sequences. This capacity enhancement solution is not compatible with Option 1 as a CP between sequences has to be supported. However, Option 4 is able to provide a better performance than Option 1 with gNB beam sweeping in the case of no beam correspondence [18]. As explained above, the case of no beam correspondence will require a very large number of additional PRACH resources.
Largest capacity enhancement: As a main advantage in the case of repetition, Option 4 can offer a very high capacity increase which varies depending to the cell radius, as here the increase is dependent of cyclic shift value Ncs. With  number of OFDM symbols in a preamble, for a preamble of length , the capacity is increased by  -times at a zero cell radius, to (-1)-times at maximum cell radius. For example, with , the capacity increase ranges from 16002 or 19182-times to 126 or 138-times along the cell radius.  
No accumulation of repeated symbols: It is not possible to perform straightforward accumulation of different sequences for link budget enhancement. However, a specific receiver for Option 4 has been proposed in [3] to provide non-coherent accumulation. 
Preamble ambiguity: Option 4 can lead to a preamble ambiguity in the case of multiple user collision.  However, several methods to mitigate this issue have been proposed [1] [3], among which using ZC with m-sequence cover [3]. 
Orthogonal Cover Codes (OCC) with Option 2
Preamble repetition with OCC has been considered as an alternative to increase the PRACH capacity. 
No spectral efficiency enhancement: As explained in [1] [2][16], OCC does not fundamentally increase the PRACH spectral efficiency. Indeed, for the same time frequency-resource, one would always get a larger preamble capacity with longer symbols, longer sequences, and/or TDM/FDM. Nevertheless, one may consider that OCC can enable a linear capacity increase if the given time resource is already constrained to PRACH formats with repetition of symbols (like format A2 but including CPs).  
Increased false alarm: It was shown in [16] that OCC increases the probability of false alarm as compared to a long preamble, and compared to two short preambles without OCC. This is because the OCC hypotheses for the same sequences may often be declared detected simultaneously due to the frequency offset ambiguity of the channel. 
[bookmark: _Ref480556309]Sensitivity to frequency offset: OCC is sensitive to frequency offset as it is limited to detection of repeated symbols by coherent accumulation, and therefore it has the same frequency offset robustness as  a long preamble format with a -times narrower SCS. In order for the OCC hypotheses to be orthogonal, the channel needs to be almost constant over repeated preambles (implying that the SCS used is larger than needed) to cope with the frequency offset. 
Incompatible with non-coherent accumulation: If the frequency offset is more than half of the PRACH SCS, non coherent combining is preferable which is not compatible with OCC. In [16] [17], it was shown that OCC with coherent combining can lead to subsequent performance degradation. In case of large frequency offset, Option 2 with OCC have substantially worse detection performance compared to schemes which can utilize non-coherent combining (5 dB SNR loss for miss-detection rate and 20 dB SNR loss in false alarm rate in [16]). 
Sinusoidal modulation/ Orthogonal Cover Sequence (OCS)  
This method [7] aims at increasing the capacity with Option 1. 
Decreased effective SCS: Sinusoidal modulation narrows down the effective SCS from the defined PRACH SCS. Given a PRACH preamble with SCS, say  60 kHz new preambles are created by multiplying them with, say 4, sinusoidal waves constructed from frequency shifts being a fraction of the PRACH SCS, here 15 kHz. So, preambles are distinct in a SCS granularity of  15 kHz (with frequency offset larger than , preambles with OCS would be indistinguishable). Thus, to deal with high Doppler, it is proposed in [7] to skip certain frequency shifts which in turn reduces the capacity gain. 
No spectral efficiency enhancement: For comparison,  a single PRACH preamble directly defined with 15 kHz SCS allows already 4 times more orthogonal ZC sequences (by cyclic shifts from same roots) than  preambles with 60 kHz, given the same delay uncertainty. In this case, there is no capacity gain compared to using directly a single preamble with 15 kHz SCS. Therefore, it does not fundamentally enhance the PRACH spectral efficiency. Nevertheless, one may consider that OCD enables a linear capacity increase for a PRACH resource already constrained to PRACH formats with repetition of symbols (like format A2), or if the desired effective SCS is not supported by NR. 
Sensitivity to frequency offset and limitation of coherent accumulation: Obviously, such method does not allow non-coherent combining of repeated symbols. Thus, it is more sensitive to frequency offset and can only perform well if the defined PRACH SCS is larger than needed. 
Implementation complexity: In [5], it was argued that OCS would lead to a large receiver implementation complexity.
Summary
The pros and cons of the different methods are summarized in Table 2, which lead us to the following proposals. 
Proposal 1: NR should support PRACH preambles with ZC sequences of length L=127. 
Proposal 2: NR should support at least 64 PRACH preamble sequences per cell constructed from a single-root ZC sequence with m-sequence cover sequences.
· The m-sequence cover sequences have length L=127 and are obtained by cyclic-shifts of a single m-sequence generated from the generator polynomial .
Proposal 3: NR supports option 4.




[bookmark: _Ref488239973]
Table 2: Pros and Cons of the different PRACH capacity enhancement methods for short sequence with length .  
	PRACH capacity enhancement 
	Pros
	Cons

	TDM/FDM
	-Independent of repetition patterns, thus compatible with Option1, Option 2, and Option 4.
	- Low PRACH spectral efficiency and large UL overhead.

	ZC with m-sequence covers
	-Independent of repetition patterns, thus compatible with Option1, Option 2, and Option 4.
- Large capacity increase by (+1)-times at any cell radius (i.e. 128 or 140-times).
- Allows both coherent and non-coherent combining.
	- PAPR is increased compared to pure ZC but only marginally compared to PUSCH with QAM constellations [1]. 
- Inter-cell cross-correlation, which is less likely to create interference [11], is increased. However, it allows an easy root sequence planning and avoids aggressive sequence reuse [1]. 

	Option  4
	- If Option 2/4 supported:  largest capacity increased from  -times at a zero cell radius, to (-1)-times at maximum cell radius with  repetitions.
- Better than Option 1 in the case of gNB beam sweeping [18].

	- Not compatible with Option 1 and single sequence format.
- Does not allow coherent combining of repeated preambles. 
- A preamble ambiguity needs to be considered but can be resolved [1] [3], e.g. using ZC with m-sequence covers [3]. 

	OCC 
	- If Option 2/4: capacity is increased by -times with  repetition:

	- Not compatible with Option 1 and single sequence format.
- Capacity increase is small and linear with repetition, i.e. it does not fundamentally increase the spectral efficiency. [1] [2] [16]
- Limited to coherent combining of repeated preambles.
- Increased false alarm rate due to OCC hypothesis [16].
- Sensitive to frequency offset [17][16].

	Sinusoidal Modulation 
	- Compatible with Option 1.
- With  repetitions, capacity is increased -times. 

	- No fundamental spectral efficiency enhancement (decrease the effective SCS).
- Sensitivity to frequency offset and limited to coherent accumulation. 
- Higher receiver complexity [5].







Conclusions
The following are the observations that we have identified:
Observation 1: PRACH capacity enhancement is needed for L=127 or 139 since: 
0. Agreed PRACH preamble formats A3 and B4 for sequence length L=127 or 139 have a reuse factor ~22 times less than for L=839 with 64 different ZC sequences per cell.
0. Beam management can require from at least 64 to up to 256 more PRACH resources.
0.  NR PRACH formats with short ZC sequences can be 22x64=1408 to 22x256=5632-times less-spectrally efficient than formats with long sequences.
0. Utilizing only TDM or FDM in order to provide more PRACH capacity will lead to unacceptably low PRACH spectral efficiency and large UL overhead.
Observation 2: ZC with m-sequence enables a large capacity increase by 128 or 140-times for any cell radius and for any preamble formats (Option 1 and 2/4 with and without repetition).
[bookmark: _GoBack]Observation 3: ZC with m-sequence covers does not increase the intra-cell cross-correlation. Only the inter-cell cross-correlation is increased (at worst case about twice i.e. equal to 0.22 for L=127), however, this is better than aggressive preamble reuse among neighboring cells and complex root sequence planning.
Observation 4: ZC with m-sequence covers are constant envelope sequences, the PAPR and CM with DFT-s-OFDM is low, i.e., it is less than PUSCH with QAM constellations and with DFT-s-OFDM, and thus much less than QAM constellations with OFDM. 
Accordingly, we have the following proposals: 
Proposal 1: NR should support PRACH preambles with ZC sequences of length L=127. 
Proposal 2: NR should support at least 64 PRACH preamble sequences per cell constructed from a single-root ZC sequence with m-sequence cover sequences.
· The m-sequence cover sequences have length L=127 and are obtained by cyclic-shifts of a single m-sequence generated from the generator polynomial .
Proposal 3: NR supports option 4. 
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APPENDIX  
The following was agreed in previous RAN1 meeting for PRACH preamble design:
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
· For the shorter sequence length than L=839, NR supports sequence length of L = 127 or 139 with subcarrier spacing of {15, 30, 60, 120}kHz
· Note: this is based on the assumption that 240 kHz subcarrier spacing is not available for data/control
· FFS: 7.5 kHz subcarrier spacing
Conclusions:
· Continue study on necessity of RACH capacity enhancement and possible solutions (if capacity enhancement is necessary) until next meeting with considering at least following aspects 
· Capacity limit due to short sequence length (e.g., which can be applied to beam sweeping)
· Capacity due to higher subcarrier spacing
· Supported cell radius as function of PRACH preamble reuse distance
· Capacity impact due to cell radius impact on Ncs
· Possibility to exploit spatial separation
· Arrival rate of UEs within a beam/cell
· UE distribution within cell


