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At the RAN1#90 meeting, RAN1 completed the design of the NR PRACH preamble formats, which include 10 new formats with a short sequence (L=[127 or 139]), see Appendix A. In RAN1 #88bis, it was agreed that NR PRACH capacity shall be at least as high as in LTE, and therefore RAN1 is studying the necessity of PRACH capacity enhancement for format with short sequences. We show that the agreed PRACH formats with short sequences will lead to an inevitable preamble capacity shortfall. Fortunately, solutions for capacity enhancement compatible with the agreed formats have been proposed, and thus no additional PRACH preamble formats from those already agreed are needed. We discuss the pros and cons of the solutions compatible with the agreed formats, which lead to the conclusion that expanding the agreed set of ZC sequences by using m-sequences offers the best capacity enhancement at the minimum cost. 
PRACH capacity shortfall for the agreed PRACH formats 
The PRACH capacity is the total number of resources available for a PRACH transmission. The total number of PRACH resources is a combination of sequences, time resources and frequency resources. 
How much resources are available from the new agreed NR PRACH formats compared to LTE? 
- Less sequences: A short sequence length along with a large SCS reduces drastically the number of Zadoff-Chu sequences that can be constructed. In [1], we computed the sequence capacity of each format with respect to their maximum cell radius coverage in order to have a fair comparison. As summarized in Table 1, the sequence capacity of each format goes from 43 times less (format C0) to 4 times less (format A0) compared to LTE format 0. 
- More time resources: Unlike LTE where only one specific PRACH time allocation was possible, the agreed NR formats with short sequences allows TDM in a slot which increases the PRACH capacity. However, such time resources are limited to only a few as shown in Table 1 and thus for most formats, this does not balance the drop of sequence capacity.
Overall, the current PRACH capacity for each format can computed as the combination of sequence and time resources as in Table 1. All agreed PRACH formats with short sequences except format A0 has a lower PRACH capacity than the LTE formats with long sequence. Half of the agreed formats (A3, B3, B4, C0 and C1) have a PRACH capacity 7 times less than LTE.  The worst case is format B4 whose PRACH capacity is about 20 times less than LTE format 0.
How much PRACH capacity is needed for the agreed new NR formats?
In LTE, a single PRACH transmission requires only a single PRACH resource. However, the agreed NR formats with short sequences are expected to support transmissions that need beam management. With beam management, a single PRACH transmission uses several PRACH resources. As a result, the spectral efficiency of a PRACH transmission will be proportionally decreased. 
- DL beam reporting requires several PRACH resources: 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. If the number of preambles per cell is limited to 64 as in LTE, then in the case of , only  preamble per selected SS-block would be available. It means that if two users needs to report the same SS-block, they will automatically collide. Therefore, NR should support more preambles per cell than in LTE where the largest case of   has to support multiple access. In [2], some preliminary analysis 
[bookmark: _Ref491955276]Table 1: PRACH capacity of agreed formats with ZC sequences. 
(The sequence capacity is computed at the maximum supported cell radius respectively for each format, as stated in the agreement. Maximum cell radius of LTE format 0 is 14.5 km)
	Preamble
Format 
	Sequence capacity
 (normalized by LTE format 0 capacity)
	Time resource in a slot
	PRACH capacity of 
NR formats  
[% of LTE format capacity ]

	LTE/NR Format 0 
[1.25 kHz]
	1
	1
	100%

	A [15 kHz]
	0
	1/4
	12 
	300%

	
	1
	1/7
	6 
	85%

	
	2
	1/14
	3
	21%

	
	3
	1/21
	2
	10%

	B [15kHz]
	1
	1/7
	6 
	86%

	
	2
	1/9
	3
	22%

	
	3
	1/14
	2
	14%

	
	4
	1/21
	1
	5%

	C [15kHz]
	0
	1/43
	6
	14%

	
	2
	1/43
	3
	7%



of the number of preamble per SS block  is made. It is suggested that for , at least  preambles per SS-block should be available, resulting in  PRACH preambles in each cell. This is 4-times more than in LTE. 
Proposal 1: NR should support up to 256 PRACH preambles per cell.
- UL beam sweeping requires several PRACH resources: Additionally, 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 beam sweeping 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 . One can furthermore assume that the number of preambles per SS-block is low, e.g. , such that no more than 64 preambles per cell is required. This nevertheless leads to a larger number of additional resources required:    times more PRACH resources for one PRACH transmission. 
- Other implicit feedback: PRACH is considered to be used for other forms of reporting which will implicitly require more preambles. 
· A recent RAN2 LS [7] implies that preambles will be partitioned into groups. 
· Request for on-demand system information [8][9]. 
· Beam recovery requests [8][10]. 
Taking the decreased PRACH capacity into account with the PRACH resources needed from beam management in a single PRACH transmission, 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. All agreed PRACH formats with short sequences, except format A0, have a lower PRACH capacity (number of sequences and time resources) than LTE format 0. The PRACH capacity is up to 20-times less with format B4.
0. With beam management, a single PRACH transmission uses several PRACH resources, from at  least 4- to up to 32-times more PRACH resources than LTE. 
0.  NR PRACH formats with short ZC sequences can be thus from 20x4=80 to 20x32=640 less spectrally efficient than formats with long sequences.
Thus, it is only of interest to specify solutions which can provide PRACH capacity gains in the order of at least a 100 times.

Solutions to PRACH capacity shortfall of agreed PRACH formats
NR PRACH capacity enhancement can be achieved by adding more sequence/time/frequency resources.  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 the different proposed capacity enhancement methods which are applicable to the agreed NR PRACH preamble formats.  
More sequences
ZC with m-sequence covers (ZC+mSeq) 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 to all agreed PRACH preamble formats. The method is originally designed for L=127 but can be easily be made compatible with L=139 by periodic extension of the cover sequences [3]. 
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 sequence with m-sequence cover enables a large capacity increase by 128- or 140-times for any cell radius and for all agreed formats.
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 [3][11] that the intra-cell detection performance with m-sequences covers is the same as for ZC. A straightforward way to generalize the method to L=139 is to construct first different cover m-sequences with L=127 and extends them cyclically by 12 elements.  This leads only to a marginal increase of cross-correlation and false-alarm as shown in Appendix B.
By using only a single root, the ZC+mSeq sequence capacity is already slightly higher than the ZC sequences capacity. With different roots, ZC+mSeq sequences have a higher cross-correlation than the original ZC sequence set, but then different roots are needed only to increase subsequently more the sequences capacity to support more cells. Only the inter-cell cross-correlation, which is less likely to create interference [6], will be increased.  Moreover, cells using ZC+mSeq with different roots would, otherwise without cover extensions, have to use a much more aggressive preamble reuse due the PRACH capacity shortage [1], corresponding to a cross-correlation of up to one. Finally, when only one root per cell is needed, it allows an easy root sequence planning as for LTE. 
PAPR: PAPR increases compared to pure ZC but only slightly as the additional sequences are also of constant envelop. In [3] and Appendix B, it shown that 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 [3] 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. 

More time-frequency resources
Consuming more time and/or frequency resources to provide more preambles is the most obvious and ad-hoc method to mitigate the PRACH capacity issue. 
No spectral efficiency enhancement: 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. 
Limited frequency resources: Obviously, consuming more frequency resources is an expensive method as frequency bands are limited. Half of the agreed formats require at least 7 times more resources to reach LTE PRACH capacity. In addition to that, up to 8 SS blocks will be supported for low frequency bands <6 GHz, where spectrum is scarce. This would require at least 56-times more resources. Compensating this by only additional frequency resources will lead to unacceptably low PRACH spectral efficiency. If resources are reserved for PRACH, they cannot be used for data transmission, and thus impacting negatively the overall NR spectral efficiency. 
Large overhead: Unlike frequency, time is unlimited. Nevertheless, compensating the lack of resources by more time slots would lead to unacceptable large UL overhead. A large overhead is not desirable as NR PRACH will be used to convey the DL beam feedback whose quality is sensitive to delay. 
Increased complexity burden: FDM to generate additional preamble can increase the processing burden on the gNB due to parallel detections over multiple PRACH resources.
Sinusoidal modulation/ Orthogonal Cover Sequence (OCS)  
This method [5] can only enable a small capacity increase for the agreed formats. However, since it inherently requires repetitions, this solution is not compatible with Formats A0 and C0.
Small capacity increase: With  repetitions, capacity with this solution is theoretically increased -times. This means that the capacity is increased by 2, 4, 6, 2, 4, 6, 12, 4- times for formats A1, A2, A3, B1, B2, B3, B4, C2, respectively.
Decreased effective SCS: Sinusoidal modulation narrows down the effective SCS from the defined PRACH SCS. For example, assuming format C2 with SCS  60 kHz, new preambles are created by multiplying the format with 4 sinusoidal waves constructed from frequency shifts being a fraction of the PRACH SCS, here 15 kHz. So, the new PRACH preambles are distinct in a SCS granularity of  15 kHz (with frequency offset larger than , preambles with OCS would be indistinguishable). For comparison,  format C0 directly defined with 15 kHz SCS allows already 4 times more orthogonal ZC sequences (by cyclic shifts from same roots) than  format C2, given the same delay uncertainty. In this case, there is no capacity gain compared to using directly format C0. 
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. To deal with high Doppler, it is proposed in [5] to skip certain frequency shifts which in turn reduces the capacity gain.
Implementation complexity: In [4], it was argued that OCS would lead to a large receiver implementation complexity.


Summary
The pros and cons of the different capacity enhancement methods for the agreed PRACH formats are summarized in Table 5. Sinusoidal modulation is not compatible with some formats and limited to coherent combining, while using only more time-frequency resources to deal with the capacity shortfall would lead to unacceptable large overhead and low spectral efficiency. We have the following proposals.  
[bookmark: _Ref488239973]Proposal 2: The set of NR RACH preambles    of length L=[127 or 139] is generated from the set of cyclically-shifted versions   of one specific Zadoff-Chu (ZC) sequence , by multiplying element-by-element each    with a set of cover sequences . The set of ZC sequences is defined as 


with  being a cyclic shift. The set of cover sequences  is obtained by cyclic-shifts of a single m-sequence of length 127 generated from the generator polynomial g(D)=D^7+D^3+1 and initial state [0,0,…,0,1]. If L= 139, each cyclically-shifted m-sequence is periodically extended by 12 elements.
We therefore propose to keep the pure ZC sequences as the main sequence construction but with the possibility to construct additional sequences from m-sequence cover extension.  Inside a cell using m-sequence cover, the total set of sequence is first constructed from a single ZC root sequence with its cyclic shifted version, and then by element-wise multiplication with the cyclic shifts of a m-sequence until sufficient preambles are generated.

Table 2: Pros and Cons of the different PRACH capacity enhancement methods for the agreed PRACH formats with sequence length .  
	PRACH capacity enhancement 
	Pros
	Cons

	More time-frequency resources
	- Simple
	- Low PRACH spectral efficiency.
- Large time overhead will outdate the DL beam feedback. 
- Lost resources for data transmission.

	ZC with m-sequence covers
	- Large capacity increase by (+1)-times at any cell radius (i.e. 128 or 140-times) for all formats.
- Allows both coherent and non-coherent combining.
	- PAPR is increased compared to pure ZC but only marginally compared to PUSCH with QAM constellations [3]. 
- Inter-cell cross-correlation, which is less likely to create interference [6], is increased. However, it allows an easy root sequence planning and avoids aggressive sequence reuse [3]. 

	Sinusoidal Modulation 
	- With  repetitions, capacity is increased -times (i.e. at most 2-12 times for the agreed NR PRACH formats for low Doppler frequency). 

	-  Not compatible with Format A0 and C0.
- Decreases the effective SCS: Sensitivity to frequency offset since limited to coherent accumulation. 
- Higher receiver complexity [4].




Conclusions
Following the PRACH capacity shortfall for the new PRACH formats, a PRACH capacity enhancement method, compatible with the agreed format, should be found. Expanding ZC sequences by m-sequences obviously does not require a new PRACH format while it has marginal cost. An alternative ad-hoc solution would be using more time-frequency resources to deal with this capacity shortfall, but this would lead to unacceptable large overhead and low spectral efficiency.  Also, sinusoidal modulation is not compatible with some formats and more sensitive to frequency offset due to inherent coherent combining of repeated symbols. Therefore, we have the following proposal.  
Proposal 1: NR should support up to 256 PRACH preambles per cell.
Proposal 2: The set of NR RACH preambles    of length L=[127 or 139] is generated from the set of cyclically-shifted versions   of one specific Zadoff-Chu (ZC) sequence , by multiplying element-by-element each    with a set of cover sequences . The set of ZC sequences is defined as 


with  being a cyclic shift. The set of cover sequences  is obtained by cyclic-shifts of a single m-sequence of length 127 generated from the generator polynomial g(D)=D^7+D^3+1 and initial state [0,0,…,0,1]. If L= 139, each cyclically-shifted m-sequence is periodically extended by 12 elements.
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APPENDIX A: PRACH agreements  
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
Agreed formats 
	Preamble
format
	# of 
Sequence
	TCP
	TSEQ
	TGP
	Path profile 
(Ts)
	Path profile 
(us)
	Maximum 
Cell radius
(meter)
	Use case

	A
	0
	1
	144
	2048
	0
	48 
	1.56 
	469
	TA is already known or Very small cell

	
	1
	2
	288
	4096
	0
	96 
	3.13 
	938
	Small cell

	
	2
	4
	576
	8192
	0
	144 
	4.69 
	2,109
	Normal cell

	
	3
	6
	864
	12288
	0
	144 
	4.69 
	3,516
	Normal cell

	B
	1
	2
	216
	4096
	72
	96 
	3.13 
	352
	Small cell

	
	2
	4
	360
	8192
	216
	144 
	4.69 
	1,055
	Normal cell

	
	3
	6
	504
	12288
	360
	144 
	4.69 
	1,758
	Normal cell

	
	4
	12
	936
	24576
	792
	144 
	4.69 
	3,867
	Normal cell

	C
	0
	1
	1240
	2048
	1096
	144
	4.69
	         5300           (660 in case of 120 kHz SCS)
	Normal cell

	
	2
	4
	2048
	8192
	2916
	144
	4.69
	         9200            (1160 in case of 120 kHz SCS)
	Normal cell


· Note 1: Unit is Ts, where Ts = 1/30.72MHz
· Note 2: PRACH preamble are aligned with OFDM symbol boundary for data with same numerology
· Note 3: Additional 16Ts for every 0.5ms should be included in TCP when RACH preamble is transmitted across 0.5ms boundary or from 0.5ms boundary
· Note 4: For format A, GP can be defined within the last RACH preamble among consecutively transmitted RACH preambles
· For 30/60/120 kHz subcarrier spacing, preamble format can be scaled according to subcarrier spacing. 
· Ts =1/(2*30720) ms for 30 kHz subcarrier spacing 
· Ts =1/(4*30720) ms for 60 kHz subcarrier spacing
· Ts =1/(8*30720) ms for 120 kHz subcarrier spacing
· Note that some of the formats may not be applicable to all subcarrier spacings

APPENDIX B: Detection Performance of ZC+mSeq with L=139
We consider performance with NR format A3 which is made of 6 repeated symbols with 15 kHz SCS. This format has a time duration that can fit in a NR slot of 14 OFDM with 30 kHz SCS. We consider a scenario where the timing accuracy should be precise enough to support PUSCH with 30 kHz SCS. 
The PRACH signal is transmitted via a multipath-channel and received with additive white Gaussian noise. The 5G CDLC channel model is used with 100 ns delay scaling at 4 Ghz carrier frequency. The detailed simulation assumptions are as previously agreed, and can be found in [11] and references therein. UE speed is set to 3 km/h, and the maximum timing offset to 10 μs. Detection performances are shown on Figure 1. This format has a small SNR loss in miss-detection probability in the low-SNR region compared to NR format 0 since it shorter in time. However, LTE format 0 bandwidth is too narrow to provide a correct timing estimation, leading to miss-detection errors in the high-SNR region. 
With format A3, ZC and ZC+mSeq are compared. ZC sequences are constructed with 6 cyclic-shifts and 11 roots. ZC+mSeq are constructed with 6 ZC cyclic shifts, 1 ZC root, and 10 covers. ZC and ZC+mSeq sequences meet the required 10^-2 miss-detection at the same SNR.  Using m-sequence cover with L=139 increases the false-alarm rate but to a very sustainable level which is still much less than NR format 0 in this case. This is an inevitable small price to pay for the subsequently larger number of available sequences. 
Since ZC+mSeq are also constant envelop sequences, they lead to very low PAPR signals. The complementary cumulative distribution function (CCDF) of the PAPR for the PRACH signal with ZC+mSeq is shown on Figure 2.  All roots are taken into account in the plot. One can see that additional sequences from cover sequences can increase the maximum PAPR by 1.3 dB. The resulting PAPR with cover sequences is nevertheless very much less than the PAPR of data transmission with QAM constellations for both DFT-s-OFDM and OFDM modulation with 12 resource block of 12 subcarriers.



[image: ] [image: ]
[bookmark: _Ref485138605]Figure 1: Detection performances of ZC+mSeq with formats A3 and 15kHz SCS. UE speed at 3 km/h, 4 GHz carrier frequency, and maximum timing offset of 10 s. Timing estimation according to PUSCH with 30 kHz SCS.
[image: ]
[bookmark: _Ref485376457]Figure 2: CCDF of PAPR for PRACH signal with ZC+mSeq as compared to PUSCH with QAM.
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