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Introduction
The following was concluded in RAN1#88bis [1]:
	Conclusions:
1. For Random Access,
1. following remaining issues need to be finalized in the next meeting
0. RACH preamble sequence length and subcarrier spacing
0. Selection of L between L = 63/71 and L = 127/139
0. Further down-selection of subcarrier spacing  if needed
0. RACH format design
1. Supported preamble formats of option 1 and detailed design of each
1. Whether/how to support option 2 and option 4
1. CP/GT length
1. Followings remaining issues need to be finalized by Nov. meeting
1. RACH configuration
1. RACH procedure
1. Power control/power ramping 
Note that all RRC related aspects need to be finalized by Oct. meeting



	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
Agreements: 
· For Zadoff-Chu sequence type, the RAN1 specifications will support two NR-PRACH sequence lengths (L) 
· L = 839: SCS = {1.25, 2.5, 5} KHz 
· Select one of 
· L = 63/71: SCS = {15, 30, 60, 120, 240} KHz 
· L = 127/139: SCS = {7.5, 15, 30, 60, 120} KHz 
· FFS: Supported sub-carrier spacings for each sequence length 
· FFS for other sequence types



In this contribution we have analyzed the RACH capacity, comparing different sequence length and the high speed case. We have also added some discussion on preamble formats mapped to some typical NR use cases.
Discussion
RACH capacity
In LTE RACH the available number of sequences is limited by these factors [2]:
1) Zadoff-Chu (ZC) sequence length: For example the sequence of length 839 can provide 838 non-orthogonal root sequences and each root sequence can provide 838 orthogonal sequences by cyclic shifting the root sequence. (If not considering the actual Zero Correlation Zone)
2) The cell coverage. The cyclic shift offset  is dimensioned so that the Zero Correlation Zone (ZCZ) of the sequences guarantees the orthogonality of the PRACH sequences regardless of the delay spread and time uncertainty of the UEs.
3) UE moving speed. When the moving speed is high, the  will be restricted by the high-speed cells. 
4) The CM of root sequence. In LTE, the root sequences are divided to low CM group and high CM group using 1.2dB as threshold, around 50% in each group. Using sequences have high CM are avoided if there is not needed to increase the capacity

The resulting lower bound for cyclic shift  can be written as [2]: 

where r is the cell size (km),  is the maximum delay spread and  is the time duration of the PRACH sequence (measured in ), and  is the number of additional guard samples due to the receiver pulse shaping filter.
Larger cell size requires a larger cyclic shift in order to generate orthogonal sequences, and consequently, a higher number of ZC root sequences is necessary in order to provide the 64 required preambles.

If NR should keep the same capacity as LTE, 64 sequences should be provided. This is easily obtained for long sequence e.g. L = 839. But the capacity may be a problem using short sequence in some scenarios for example using L =71. 

The maximum cell radius using L = 71, SCS = 15KHz and a delay spread of 6.4us will be around 8.9km. But in this case we would need to use 64 root sequences. As they are non-orthogonal the overall PRACH detection performance will be degraded. Using a sequence length of 139 would for a given cell radius result in fewer root sequences to get the same number of preambles as in the case of a sequence length of 71. 

Observation 1: Short sequences can provide sufficient number of preambles at least for small cell radius. In case of larger cell radius the PRACH detection performance can be degraded due to the usage of many non-orthogonal root sequences. This means that there is no need to introduce a Zadoff-Chu + cover extension sequence type of length L = 63 or L = 127

Observation 2: Using L = 139 is a better choice than using L = 71 when considering capacity and performance

Due to Doppler spread, caused by high UE speed and frequency offset, ZC sequences loses some of their zero auto-correlation property. In LTE this issue is address by introducing cyclic shift restrictions which consists of masking some cyclic shift positions in the ZC root sequence. The gNB receiver will also implement a special algorithm for handling this case e.g. combining of the power delay profile for three uncertainty windows, see [3] for details. This will further restrict the number of sequences that can be used. 
Observation 3: Due to limitations in the number of available preambles, short sequences shall be avoided in scenarios with high UE speed. 
Comparison between sequence length of 71 and 139
In order to evaluate the performance using L = 139 and L = 71, some simulations have been performed. The simulation settings are based on [4] with some more clarification in the appendix. We compare L = 71 and L = 139 having the same time duration and frequency bandwidth, for example, L = 139 points with 30KHz uses 1 OFDM symbol and 71 points with 60KHz uses 2 OFDM symbols in order to make a fair comparison. The simulation results are shown in Figure 1and Figure 2.
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[bookmark: _Ref481584547]Figure 1: Comparing L = 71 and L = 139 for different subcarrier spacing
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[bookmark: _Ref481584550]Figure 2: Comparing L = 71 and L = 139 for different subcarrier spacing
Observation 4:
In general, the performance offset between 71 and 139 is very small. For low values of SCS, L = 139 is slightly better than L = 71, while at large values of SCS, L = 139 is slightly worse than L= 71.

Larger values of SCS will degrade the supported MCL. The performance benefit of miss detection rate caused by the larger SCS cannot compensate the increased noise power due to the higher bandwidth. For example, the required SINR using L=139 with SCS = 15KHz is close to the required SINR of L = 139 with SCS = 30KHz, while the MCL gap is about 3dB.
Table 1 MCL of 30GHz cases with L=139 at 3km/h
	Subcarrier spacing (kHz)
	15
	30
	60
	120

	Transmitter

	(0) Max Tx power  (dBm)
	23.0 
	23.0 
	23.0 
	23.0 

	(1) Actual Tx power (dBm)
	23.0 
	23.0 
	23.0 
	23.0 

	Receiver

	(2) Thermal noise density (dBm/Hz)
	-174.0 
	-174.0 
	-174.0 
	-174.0

	(3) Receiver noise figure (dB)
	5.0 
	5.0 
	5.0 
	5.0

	(4) Interference margin (dB)
	0.0 
	0.0 
	0.0 
	0.0 

	(5) Occupied channel bandwidth (MHz)
	2.16
	4.32
	8.64
	17.28

	(6) Effective noise power
 = (2) + (3) + (4) + 10 log((5))  (dBm)
	-105.7
	-102.7
	-99.7
	-96.7

	(7) Required SINR (dB)
	-8.7
	-8.8
	-10.4
	-10.8

	(8) Receiver sensitivity
         = (6) + (7) (dBm)
	-114.4
	-111.5
	-110.1
	107.5

	(9) MCL 
         = (1) - (8) (dB)
	137.4
	134.5
	133.1
	130.5



High speed case, 500km/h
We have evaluated the miss detection rate for the high speed case, 500km/h using Zadoff-Chu sequence of length = 839 for SCS = 1.25kHz/2.5kHz /5kHz. The simulation result is shown in Figure 3.
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[bookmark: _Ref481585728]Figure 3: High speed case, using L = 839 and SCS = {1.25, 2.5, 5}kHz
We can observe in Figure 3that using SCS=2.5kHz and 5kHz are more robust than SCS = 1.25kHz. However from a MCL (large cell coverage) perspective there are some benefits to use SCS = 2.5kHz compared to SCS = 5kHz.
Comparing other sequence types: M-sequence and Root-Hamming windowed Zadoff-Chu
Apart from the pure Zadoff-Chu sequence we have also evaluated two different sequence types:
· M-sequence [5]
· For the M-sequence of length L = 1023 we have used the following generator polynomial, suggested by Nokia: 
· g(D)=D^10+D^9+D^8+D^5+1
· Root-Hamming windowed Zadoff-Chu (RH-ZC) of length L = 3*277 = 831 [6]
· We have added power compensation in order to compensate for the non-unit power of the Hamming window. After the Hamming window is applied the signal is normalized to unit power.  
We have simulated a few different cases and present the miss detection probability:
· In all cases we have used a carrier frequency of 4GHz and a subcarrier spacing of 1.25kHz for all sequence types.
· AWGN without frequency offset, used as a reference case
· AWGN with frequency offset of 0.15pmm which equals 600Hz at 4GHz carrier frequency
· CDL-C, 3km/h, 120km/h and 500km/h.
The simulation results are shown in Figure 4 to Figure 8.
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[bookmark: _Ref481650722]Figure 4: AWGN case without any frequency offset, reference simulation
From Figure 4 we can see that the performance in AWGN case without frequency offset is very similar for the three different sequence types, the small difference is due to the different sequence lengths. M-sequence is of length 1023, compared to RH-ZC (L = 831) and ZC (839). 
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[bookmark: _Ref481651044]Figure 5: AWGN case with frequency offset (600Hz)
From Figure 5 we can see that both the M-sequence and RH-ZC is not as robust against frequency offset as the ZC sequence. 
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[bookmark: _Ref481651406]Figure 6: CDL-C, 3km/h
From Figure 6 we can see that ZC outperforms the other two sequence types.
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[bookmark: _Ref481651471]Figure 7: CDL-C, 120km/h
From Figure 7 we can see that ZC and RH-ZC have similar performance under CDL-C, 120km/h case. But the M-sequence shows a performance degradation of around 1dB for a miss detection of 10%. 
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[bookmark: _Ref481651640]Figure 8: CDL-C, 500km/h
From Figure 8 we can see that ZC sequence outperform the other two sequence types. However, at this high speed (500km/h) the performance of all sequences is not very good. This is mostly due to the low subcarrier spacing (1.25kHz) used in the simulation. A better choice for high speed case would be to use at least 2.5kHz subcarrier spacing, as shown in section 2.3.

Observation 5: Zadoff-Chu sequence seems to outperform M-sequence and RH-ZC at least for the simulated cases AWGN with and without frequency offset and CDL-C with 3km/h, 120km/h and 500km/h.

Proposal 3: Adopt Zadoff-Chu as the only sequence type for NR. 
Summary
Based on the previous agreements and the analysis in section 2 of this contribution we can make some conclusions and proposals:
Below 6GHz carrier frequency
When comparing L = 839, SCS = 2.5KHz and one OFDM symbol with L = 71, SCS = 30KHz and 14 OFDM symbols we can see that there is no significant performance difference. Both these cases occupy the same BW and time duration. What differs is the RACH capacity for the two cases. Using L = 839 provides much more RACH capacity compared to use L = 71. Using shorter sequence lengths than L = 839 could however be useful in TDD mode or no UL power limited cases, e.g. using a short sequence and only a few OFDM symbols. This will give shorter RACH transmissions and could potentially be used to improve the RACH capacity by allocating more (short) RACH resources in the time domain. 
Proposal 1:
For below 6GHz carrier frequency:
· Use L = 839 and SCS = 1.25KHz to support very large cells (up to 100km)
· Use L = 839 and SCS = 2.5KHz to support high speed case and large cells (up to 27km)
· Use L = 71 or 139 and SCS = 15KHz or 7.5KHz for either TDD mode or to improve RACH capacity in non UL power limited cases. 

Above 6GHz carrier frequency
In general, the performance offset between 71 and 139 is very small. At the small SCS, 139 is slightly better than 71, while at the large SCS, 139 is slightly worse than 71.
Regarding the SCS, larger SCS will degrade the MCL supported. The performance benefit of missing detection rate caused by the larger SCS can’t compensate the noise power increase due to the higher bandwidth, for example, the required SINR of 139 with 15KHz is close to the required SINR of 139 with 30KHz, while the MCL gap is about 3dB.
Proposal 2: 
For above 6GHz carrier frequency:
· Either of 71 and 139 can be used. When SCS is small, for example 7.5KHz, 15KHz, 30KHz, 60KHz , 139 can be used. When SCS is large, for example 120KHz, 240KHz, 71 can be used.

Observation 5: Zadoff-Chu sequence seems to outperform M-sequence and RH-ZC at least for the simulated cases AWGN with and without frequency offset and CDL-C with 3km/h, 120km/h and 500km/h.

Proposal 3: Adopt Zadoff-Chu as the only sequence type for NR.
Discussion on preamble formats and mapping to use cases
A preamble format is defined by some basic parameters (sequence type, sequence length, SCS, option1/2/4 with and without OCC, number of OFDM symbols, number of multiple/repeated preambles, values on CP/GT). 
When designing preamble formats we can consider two extreme cases:
1) Only use a single preamble format for all use cases and carrier frequencies
2) Use different preamble formats, and for each preamble format the basic parameters are different
None of the above cases are reasonable, 1) because of the very large difference in the characteristics for the use cases and 2) Too complex.
This means that we will have something in between 1) and 2) which implies more than one preamble format to be adopted for NR.  
When designing the preamble formats for NR we could first define some important use cases, where each use case will have different values of the basic parameters, the use case shall at least cover: 
1. Coverage, up to 100km 
1. Beam-sweeping, in both below and above 6GHz
1. For below 6GHz, there can be scenarios with a few number of beams e.g up to 4
1. For above 6GHz, there can be scenarios with a large number of beams. In order to support a large number of beams  
1. High speed train scenario, UE speed up to 500km/h



[bookmark: _Ref481072166]Table 2: Examples of preamble formats
	Preamble format
	Total Duration (ms)
	Cyclic Prefix
	Sequence
	Guard time
	Max cell range (km)
	Use case
	SCS
[KHz]
	NOS

	
	
	Duration (Ts)
	Delay spread (us)
	Duration (us)
	Duration (Ts)
	
	
	
	

	0
	0.5
	1584
	3
	400
	1488
	6.8
	Default case below 6GHz
	2.5
	1

	1
	3
	21024
	16.67
	1600
	21984
	100
	Large cells
	1.25
	2

	2
	2
	6304
	10
	1600
	5984
	27.5
	Large cells and high speed
	2.5
	4

	3
	0.16
	448
	1
	133
	288
	1.4
	TDD mode
	7.5
	1

	4
	0.25
	1040/4
	1
	233.3
	1008/4
	0.3
	Beam sweeping
	60
	14

	5
	0.15(9 symbols)
	272
	1
	133.3
	240
	0.3
	TDD mode and beam sweeping
	60
	8



The mapping between use cases and preamble formats are shown in Table 3 and Table 4.
[bookmark: _Ref481072171]Table 3: Basic use cases and mapping of preamble format for below 6GHz
	Use case
	Cell radius
	Carrier frequency
	UE speed
	Preamble format
	Comment

	0
	6.8
	<6GHz
	<120km/h
	0
	Default macro cell

	1
	50-100km
	<2GHz
	<500km/h
	1
	Very large cells and high speed

	2
	27.5km
	4GHz
	<500km/h
	2
	High speed train scenario

	3
	1.4km
	<6GHz
	<120km/h
	3
	Small coverage, short RACH occasions.



[bookmark: _Ref481072173]Table 4: Basic use cases and mapping of preamble format for above 6GHz
	Use case
	Cell radius
	Carrier frequency
	UE speed
	Preamble format
	Comment

	4
	0.3km
	>6GHz
	<120km/h
	4
	Beam sweeping in high frequency

	5
	0.3km
	>6GHz
	<120km/h
	5
	Beam sweeping in high frequency, TDD mode



Conclusion
Based on the previous agreements and the analysis in this document we have the following observations and proposals.
Observation 1: Short sequences can provide sufficient number of preambles at least for small cell radius. In case of larger cell radius the PRACH detection performance can be degraded due to the usage of many non-orthogonal root sequences. This means that there is no need to introduce a Zadoff-Chu + cover extension sequence type of length L = 63 or L = 127

Observation 2: Using L = 139 is a better choice than using L = 71 when considering capacity and performance

Observation 3: Due to limitations in the number of available preambles, short sequences shall be avoided shall be avoided in scenarios with high UE speed. 

Observation 4:
In general, the performance offset between 71 and 139 is very small. For low values of SCS, L = 139 is slightly better than L = 71, while at large values of SCS,L = 139 is slightly worse than L= 71

Proposal 1:
For below 6GHz carrier frequency:
· Use L = 839 and SCS = 1.25KHz to support very large cells (up to 100km)
· Use L = 839 and SCS = 2.5KHz to support high speed case and large cells (up to 27km)
· Use L = 71 or 139 and SCS = 15KHz or 7.5KHz for either TDD mode or to improve RACH capacity in non UL power limited cases. 
Proposal 2: 
For above 6GHz carrier frequency:
Either of 71 and 139 can be used. When SCS is small, for example 7.5KHz, 15KHz, 30KHz, 60KHz , 139 can be used. When SCS is large, for example 120KHz, 240KHz, 71 can be used.

Observation 5: Zadoff-Chu sequence seems to outperform M-sequence and RH-ZC at least for the simulated cases AWGN with and without frequency offset and CDL-C with 3km/h, 120km/h and 500km/h.

Proposal 3: Adopt Zadoff-Chu as the only sequence type for NR.
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Appendix
Most of the simulation assumptions follow [4]. For clarification:
· For SINR definition, we use the same power per RE independent on sequence length.
· The parameters for the preamble format of L = 71 and L = 139 are summarized in the table below:
	Sequence Type
	Sequence Length
	Subcarrier spacing [KHz]
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (s)
	CP(Ts)
	GT(Ts)
	slot length(ms)

	Zadoff-Chu
	139
	7.5
	1.08
	14
	N.A.
	1/(4*30720000)
	8320
	8064
	2

	Zadoff-Chu
	139
	15
	2.16
	14
	N.A.
	1/(4*30720000)
	4160
	4032
	1

	Zadoff-Chu
	139
	30
	4.32
	14
	N.A.
	1/(4*30720000)
	2080
	2016
	0.5

	Zadoff-Chu
	139
	60
	8.64
	14
	N.A.
	1/(4*30720000)
	1040
	1008
	0.25

	Zadoff-Chu
	139
	120
	17.28
	14
	N.A.
	1/(4*30720000)
	520
	504
	0.125

	
	
	
	
	
	
	
	
	
	

	Zadoff-Chu
	71
	15
	1.08
	14
	N.A.
	1/(4*30720000)
	4160
	4032
	1

	Zadoff-Chu
	71
	30
	2.16
	14
	N.A.
	1/(4*30720000)
	2080
	2016
	0.5

	Zadoff-Chu
	71
	60
	4.32
	14
	N.A.
	1/(4*30720000)
	1040
	1008
	0.25

	Zadoff-Chu
	71
	120
	8.64
	14
	N.A.
	1/(4*30720000)
	520
	504
	0.125

	Zadoff-Chu
	71
	240
	17.28
	14
	N.A.
	1/(4*30720000)
	260
	252
	0.0625


· The parameters for the preamble format of L = 839 are summarized in the table below:
	Sequence Type
	Sequence Length
	Subcarrier spacing [KHz]
	Transmission BW [MHz]
	N_OS
	N_RP
	Ts (s)
	CP(Ts)
	GT(Ts)

	Zadoff-Chu
	839
	1.25
	1.08
	1
	N.A.
	1/30720000
	3168
	2976

	Zadoff-Chu
	839
	2.5
	2.16
	1
	N.A.
	1/30720000
	1584
	1488

	Zadoff-Chu
	839
	5
	4.32
	1
	N.A.
	1/30720000
	792
	744
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