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At the previous meeting (RAN1 #89) the following was agreed for PRACH preamble formats:
· NR supports PRACH preamble formats 0 and 1 for the sequence length of 839.
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Working assumption:
· NR supports PRACH preamble format indicated in the table below for the sequence length of 839
· FFS on restricted set
· FFS other sequence(s) for large cell radius
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· 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

· Continue study on necessity support RACH preamble sequence that is more resilient to frequency offsets and supports larger cell radius than the Zadoff-Chu sequence until next meeting
· Potential sequences as listed in R1-1704144

In this contribution, we propose formats for short sequence length and evaluate the need of other designs for high-speed scenario.  
PRACH preamble formats for sequence length 127/139 
Formats Requirements
Minimum PRACH Bandwidth: The PRACH bandwidth determines the timing estimation accuracy. The timing accuracy should be such that timing errors are not larger than +/-50% the PUSCH CP length which depends of the PUSCH SCS. As a rule of thumb, a minimum bandwidth of  MHz is necessary to provide an accuracy of the order  +/-  us. Therefore, LTE formats have a  MHz bandwidth allowing a +/-  us timing accuracy which is satisfactory for PUSCH with 15 kHz SCS [1]. To obtain a similar timing accuracy with shorter CP length, the PRACH bandwidth should be scaled according to the PUSCH SCS. 
For below 6 GHz, the PUSCH SCS can be 15 kHz, 30 kHz, 60 kHz, while for above 6 GHz the SCS can be 60 kHz, 120 kHz. PRACH formats of  and 4 MHz for below 6 GHz, and PRACH formats of  and 8 MHz for above 6 GHz are thus needed. 
Maximum PRACH Bandwidth: PRACH bandwidth should fit in the minimum UE bandwidth in NR which are 5 and 10 MHz for below 6 GHz and 50 MHz for above 6 GHz.  
Subcarrier spacing: A subcarrier spacing larger than expected frequency offset is needed for good performance. The maximum frequency offset according to Doppler spread and assuming 0.05 ppm at TRP and 0.1 ppm at UE is shown in Table 1 for different scenario. Accordingly, subcarrier spacing at least larger than the maximum expected frequency offset should be considered. 
[bookmark: _Ref485319964]Table 1: Maximum frequency offset assuming 0.05 ppm at TRP and 0.1 ppm at UE
	Carrier frequency
	UE speed [km/h]
	Maximum frequency offset [kHz]

	4GHz 
	3 
	0.61

	
	120 km/h
	1.04

	
	500 km/h
	2.45

	30GHz
	3 km/h
	4.58

	
	30 km/h
	5.33



However, the larger the subcarrier spacing is, the shorter the PRACH symbol duration. The PRACH duration of a single OFDM symbol is the maximum possible PRACH cyclic prefix (CP) which should be longer than the round-trip delay (RTD) plus delay spread. Therefore, larger SCS limits the cell radius coverage supported as shown in Table 2 assuming a [s]. 
[bookmark: _Ref484707475]Table 2: Maximum supported cell radius as a function of SCS in order for the maximum PRACH CP to enable unambiguous timing assuming a [s].  
	 [kHz]
	
	Max cell radius  [km]

	1.25 
	800
	119

	2.5
	400
	59.3

	5 
	200
	29.3

	7.5
	133.3
	19.3

	15 
	66.7
	9.3

	30
	33.3
		4.3	

	60
	16.7
	1.8

	120 
	8.3
	0.5



For 500 km/h UE speed, this leads to conflicting requirements to have larger SCS to increase robustness against frequency offset while still maintaining large cell coverage. With such speed, the maximum Doppler spread is 1.9kHz and the maximum frequency offset can be up to 2.45 kHz with hardware imperfection according to Table 1, so that a format for 4GHz carrier frequency with at least 2.5kHz or 5kHz SCS is needed.   
Maximum cell radius from CP/GT: The maximum cell radius is limited by both the guard period (GP) and CP. One need to satisfy   and , but also make the best usage of the time slot/subframe. Ideally, one would design   with . However, it is sometimes better to increase as much as possible the CP to have the maximum possible cell radius, and have a GP longer than the CP in order to fit the slot/frame structure.  The cell radius is then limited by CP and not the GP. 

Bandwidth and guard bands with short sequences
In LTE, the PRACH bandwidth is 1.08 MHz, i.e., equivalent to 6 PRBs with 15 kHz SCS data, and includes guard bands of about 2*15 kHz. For the short sequence length and large SCS considered in NR, the PRACH resource bandwidth can be defined differently for sequence length 127 and 139. For example, for L=127, the sequence could fit in 11 resource blocks at 15 kHz SCS with 5*15 kHz guard band; while for L=139, the sequence fits in 12 resource blocks at 15 kHz SCS with 5*15 kHz guard band. 
Table 3: Examples of bandwidth and guard bands for sequence length L=127 and 139
	Format
	L
	PRACH Tx BW [MHz]
	PUSCH 
PRB BW
	Guard bands
	PRACH BW[MHz] with guard band 
	PRB #

	S15-13
	127
	1.91 MHz
	12*15kHz
	5*15kHz
	1.98 MHz
	11

	
	139
	2.09 MHz
	12*15kHz
	5*15kHz
	2.16 MHz
	12

	S30-13
	127
	3.81 MHz
	12*30kHz
	5*30kHz
	3.96 MHz
	11

	
	139
	2.09 MHz
	12*30kHz
	5*30kHz
	4.32 MHz
	12




High-speed scenarios
In [2] the following requirements for high-speed case were summarized. NR should support a UE speed up to 500 km/h for a carrier frequency of up to 6 GHz. The TRP and UE clock accuracy should be assumed as previously agreed: 0.05 ppm at TRP, 0.1 ppm at UE.  Additionally, maximum cell radiuses of 5 km and 40 km have been suggested. From Table 1, we can find that to support a maximum cell radius of 5 km and 40 km, a maximum PRACH SCS spacing of 30 kHz and 2.5 kHz should be considered, respectively.  
NR format 3
NR Format 3 considered as a working assumption in RAN1#89 has 5 kHz SCS. If the CP is selected as long as one OFDM symbol length then a 5 kHz SCS format could support a maximum cell radius of up to 29 km. However, the CP/GT length of NR Format 3 is only half an OFDM symbol so that it can only support a radius up to 14.5 km as NR format 0.

NR format 3 is constituted of 4 symbols and thus several types of symbol accumulations in the detection algorithm are possible and should be considered for performance evaluation.  In the case of zero frequency offset, coherent accumulation of two symbols is preferred to bring up to 3 dB SNR gain. However with high-frequency offset, coherent accumulation can be destructive and degrade performance, in this case non-coherent accumulation should be favored. For NR format 3, one can either accumulate 4 symbols coherently, 4 symbols non-coherently, or 2 symbols coherently each combined non-coherently. The corresponding detection performance of NR format 3 is evaluated in Figure 1. Non-coherent accumulations improve the miss-detection in high speed, but at the same time degrade the false alarm rate.  Coherent accumulations of 2 symbols each combined with one non-coherent accumulation provide the best trade-off and similar performance than NR format 0 at 3 km/h speed. In this simulation, we did not consider restricted sets which can improve performance.

Observation 1:  NR format 3 at 500km/h speed can provide similar detection performances than NR format 0 at 3km/h speed with a cell radius coverage limited to 14 km (due to CP length). 


[image: ][image: ]


[bookmark: _Ref485116954]Figure 1: Evaluation of NR format 3 with 500 km/h speed with different accumulations of repeated symbols in comparison to NR PRACH format 0 with 3 and 500 km/h. Maximum timing offset is set to 50 µs corresponding to about 8 km cell radius

Cyclic delay-Doppler shifted M-Sequences
In [3], cyclic delay-Doppler (CDD) shifted m-sequences are proposed to improve robustness against frequency offset. The sequence construction is given as 

where  is the cyclic shift defined as an integer multiple of  which is selected as for ZC sequences to avoid ambiguity up to the maximum expected delay spread. The phase signature parameter  has to be configured to the UE and be selected larger than the maximum expected Doppler spread in the system. It is not clear how this phase signature parameter can be selected while at the same time known by both the UE and the TRP. 
In the case the maximum supported cell radius,   is large and ultimately only one sequence can be obtained by cyclic-shift of the m-sequence , a set of 64 sequences can only be constructed from different roots  in the base offset
.
Then, this sequence set is made of a single m-sequence covered by 1st-degree polynomial sequences whose normalized cross correlation between two sequences is equal to 
.
It can then be verified that this set of sequences includes very high cross correlation as shown in Figure 2 for sequence length  and  assuming. For  and , CDD shifted m-sequences should not have 44 and 137 consecutive roots in the same cell. While this is avoidable for a long sequence of , it is not with a short sequences of  in order to cover the maximum cell radius. For, the resulting circular cross-correlation between   and  is shown in Figure 3 whose maximum peaks at 0.46.  This has the consequence of increasing the false alarm rate a shown in Figure 4. Here we consider a single 15 kHz SCS PRACH symbol with CP of one symbol long in order to cover a maximum cell radius of up to 9 km. The maximum timing offset is set 50 µs which corresponds to 7 km cell radius. 

Observation 2:  Cyclic delay-Doppler shifted m-sequences can provide performance degradation with short sequences such as L =127 due to the high cross-correlations in the set.  



[image: ] [image: ]
      (a)                                                              (b) 
[bookmark: _Ref485221130][bookmark: _Ref485221066]Figure 2: Normalized cross-correlation between two cyclic delay-Doppler shifted m-sequences  and  with 
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[bookmark: _Ref485046293]Figure 3: Cross correlation between the two cyclic delay-Doppler shifted m-sequences  and  with  and  

[image: ]  [image: ]
[bookmark: _Ref485222183]Figure 4: Detection performance of length-127 cyclic delay-Doppler shifted m-sequences. One symbol at 15 kHz SCS, 500 km/h speed and 50 µs maximum timing offset (about 7 km cell radius).  

Alternatively, long CDD shifted m-sequences could be considered for SCS that are too narrow to enable satisfactory performance with ZC sequences at high-speed. In Figure 5, we consider 1.25 SCS as in LTE format 0 with a CDD shifted m-sequences of length  at 500 km/h speed. With, the root index can be selected to have sufficiently low-correlation as shown in Figure 2. Note also that a shorter sequence as, e.g.,   the bandwidth would be 0.63 MHz, i.e. much less than the required 1MHz to provide a satisfactory timing. 
In this case the SCS is too narrow compared to the frequency offset, we verify that CDD shifted m-sequences can provide a lower false-alarm rate compared to ZC sequences. However, the miss-detection probability is nevertheless not improved and reaches an error floor, and thus is not satisfactory as it will never reach the required  miss-detection rate. Therefore, CDD shifted m-sequences does not avoid the need for larger SCS. Using the format NR-3 with 5 kHz SCS, then one can get satisfactory miss-detection probability and similar false alarm rate than CDD shifted m-sequences. 

Observation 3:  Cyclic delay-Doppler shifted m-sequences can improve the false alarm rate but does not circumvent the high miss-detection error floor occurring if the SCS is not large enough, therefore does not provide satisfactory detection performance.
Proposal 1: Confirm the Working Assumption: NR should support NR format 3 with cell radius up to 14 km. 
· If larger cells than 14 km need to be supported for high-speed case:
· FFS: Time-extension of NR format 3 could be considered. 
· FFS: A format with 2.5 kHz SCS could be considered. 


[image: ] [image: ]
[bookmark: _Ref485294325]Figure 5: Detection performance of long cyclic delay-Doppler shifted m-sequences with 1.25 kHz SCS in comparison to LTE PRACH format 0 at  500 km/h speed and 100 µs maximum timing offset (about 14 km cell radius).  

[bookmark: _Ref129681832]Conclusions

Observation 1:  NR format 3 at 500km/h speed can provide similar detection performances than NR format 0 at 3km/h speed with a cell radius coverage limited to 14 km (due to CP length).

Observation 2:  Cyclic delay-Doppler shifted m-sequences can provide performance degradation with short sequences such as L =127 due to the high cross-correlations in the set.  

Observation 3:  Cyclic delay-Doppler shifted m-sequences can improve the false alarm rate but does not circumvent the high miss-detection error floor occurring if the SCS is not large enough, therefore does not provide satisfactory detection performance.
Accordingly, we have the following proposal:
Proposal 1: Confirm the Working Assumption: NR should support NR format 3 with cell radius up to 14 km. 
· If larger cells than 14 km need to be supported for high-speed case:
· FFS: Time-extension of NR format 3 could be considered. 
· FFS: A format with 2.5 kHz SCS could be considered. 
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Appendix A: Proposed formats 
SCS = 15 kHz 
S15-13: 
· 1 ms time duration for PUSCH with15 kHz SCS 
· Maximum cell radius from CP/GT: 9.3 km with a maximum delay spread of  4.68 µs
· Carrier frequency: below 6 GHz

S15-5: 
· 500 µs time duration for PUSCH with 30 kHz SCS
· Maximum cell radius from CP/GT: 9.6 km with a maximum delay spread of  2.34 µs
· Carrier frequency: below 6 GHz

S15-6x2: 
· 1 ms time duration for PUSCH with15 kHz SCS
· Maximum cell radius from CP/GT: 9.3 km with a maximum delay spread of  4.68 µs
· Carrier frequency: below 6 GHz
· For 2-stage  detection

S15-3x2: 
· 500 µs time duration for PUSCH with 30 kHz SCS 
· Maximum cell radius derived from CP/GT: 4.6 km with a maximum delay spread of  2.34 µs
· Carrier frequency: below 6 GHz
· For 2-stage  detection
Table 4: Proposed format with 15kHz SCS 
	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S15-13
	15 
	13 
	1 
	13*2048
	2048
	2048

	S15-5 
	15 
	5
	1 
	5*2048
	2048
	3072

	S15-6x2
	15 
	6
	2 
	6*2048
	2048
	2048

	S15-3x2
	15 
	3
	2 
	3*2048
	1024
	1024


Ts = 1/30720 ms;

SCS = 30 kHz 
S30-13: 
· 500 µs time duration for PUSCH with 30 kHz SCS
· Maximum cell radius from CP/GT: 4.6 km  with a maximum delay spread of  2.34 µs
· Carrier frequency: below 6 GHz

S30-5: 
· 250 µs time duration for PUSCH with 60 kHz SCS
· Maximum cell radius from CP/GT: 4.8 km  with a maximum delay spread of  1.17 µs
· Carrier frequency: below 6 GHz

S30-6x2: 
· 500 µs time duration for PUSCH with 30 kHz SCS
· Maximum cell radius from CP/GT: 4.6 km  with a maximum delay spread of  2.34 µs
· Carrier frequency: below 6 GHz
· For 2-stage  detection

S30-3x2: 
· 250 µs time duration for PUSCH with 60 kHz SCS
· Maximum cell radius from CP/GT: 2.3 km  with a maximum delay spread of  1.17 µs
· Carrier frequency: below 6 GHz
· For 2-stage  detection
Table 5: Proposed format with 30kHz SCS
	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S30-13
	30 
	13 
	1 
	13*1024
	1024
	1024

	S30-5
	30 
	5
	1 
	5*1024
	1024
	1536

	S30-6x2
	30 
	6 
	2
	6*1024
	1024
	1024

	S30-3x2
	30 
	3
	2 
	3*1024
	512
	512


Ts = 1/30720 ms

SCS = 60 kHz 
S60-13: 
· 250 µs time duration for PUSCH with 60 kHz SCS
· Maximum cell radius from CP/GT: 2.3 km with a maximum delay spread of 1.17 µs
· Carrier frequency: above 6 GHz

S60-5: 
· 125 µs time duration for PUSCH with 120 kHz SCS
· Maximum cell radius from CP/GT: 2.4 km with a maximum delay spread of  0.58 µs
· Carrier frequency: above 6 GHz

S60-6x2: 
· 58.33 µs time duration (2 preamble formats / 125 µs) and GT is at the end of a time slot for PUSCH with 120 kHz SCS
· Maximum cell radius from CP/GT:1.2 km with a maximum delay spread of 1.17 µs
· Carrier frequency: above 6 GHz

S60-3x2: 
· 60.93 µs time duration (2 preamble formats / 125 µs). ) and GT is at the end of a time slot for PUSCH with 120 kHz SCS 
· Maximum cell radius from CP/GT: 0.5 km with a maximum delay spread of 0.4 µs
· Carrier frequency: above 6 GHz

Table 6: Proposed format with 60kHz SCS
	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S60-13
	60
	13 
	1 
	13*512
	512
	512

	S60-5
	60
	5
	1 
	5*512
	512
	768	

	S60-1x2
	60
	1
	2
	512
	384
	256

	S60-1x2
	60
	1
	3
	512
	112
	96


Ts = 1/30720 ms 

SCS = 120 kHz 
S120-13: 
· 125 µs time duration for PUSCH with 120 kHz SCS
· Maximum cell radius from CP/GT: 1.2 km  with a maximum delay spread of  0.58 µs
· Carrier frequency: above 6 GHz

S120-1x2: 
· 29.68 µs time duration (4 preamble formats / 125 µs) and GT is at the end of a time slot for PUSCH with 120 kHz SCS
· Maximum cell radius from CP/GT: 0.9 km with a maximum delay spread of 1.17 µs
· Carrier frequency: above 6 GHz

S120-1x3: 
· 30.46 µs time duration (4 preamble formats / 125 µs) and GT is at the end of a time slot PUSCH with 120 kHz SCS
· Maximum cell radius from CP/GT: 0.2 km with a maximum delay spread of 0.4 µs
· Carrier frequency: above 6 GHz

Table 7: Proposed format with 120kHz SCS
	Format 
	SCS(kHz) 
	N_OS 
	N_RP 
	T_SEQ (Ts) 
	T_CP (Ts) 
	T_GP (Ts) 

	S120-13
	120
	13 
	1 
	13*256
	256
	256

	S120-1x2
	120
	1
	2
	256
	200
	192

	S120-1x3
	120
	1
	3
	256
	56
	96


Ts = 1/30720 ms
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