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1. Introduction

In RAN1 #88 [1], the following agreements on RACH preamble design for NR were made, and e-mail discussion on PRACH preamble evaluation are in progress according to agreements.
	Agreements:
· 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

	Agreements:
· Evaluate designs considering possibility to have larger number of PRACH preamble sequences in a RACH transmission occasion than in LTE

· The following methods can be considered for evaluations:

· Zadoff-Chu with cover extension using M-sequence

· M-sequences

· Zadoff-Chu sequence

· Other methods are not precluded
· Note that PAPR and false alarm of these different sequences should also be evaluated


In this contribution, our considerations for RACH preamble design and RACH resource are discussed, and evaluation of candidate sequences is also shown with simulation results.
2. PRACH preamble design & Resource allocation
In this section, considerations of PRACH preamble design for NR are discussed, and finally PRACH preamble format is proposed.
· PRACH preamble sequence

In LTE uplink, having low PAPR is one of the key design criteria for UL transmission. Hence, SC-FDMA is used and ZC sequence is used as reference signal and RACH preamble since it has lower PAPR than binary sequence has and low auto- & cross-correlation property. Unless other sequences provide as low correlation and PAPR property as ZC sequence, only ZC sequence should be considered as a candidate of NR PRACH preamble sequence.
Proposal 1: ZC sequence should be applied for NR PRACH preamble design.
RAN1 made agreements on the default subcarrier spacing of NR-SS as shown below and we consider the subcarrier spacing of RACH sequence is subject to that of the NR-SS. In this document, we discuss RACH sequence and its subcarrier spacing based on the NR-SS subcarrier spacing with 15kHz targeting a specific frequency band. For other frequency band with subcarrier spacing of NS-SS other than 15kHz, subcarrier spacing of RACH sequence is considered to be fully scalable. 

Agreements on the default subcarrier spacing/transmission BW for NR-SS

· RAN1 considers following parameter sets with associated default subcarrier spacing and possible maximum transmission bandwidth for NR-SS design

· Parameter set #W associated with 15 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 5 MHz

·  Parameter set #X associated with 30 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 10 MHz

·  Parameter set #Y associated with 120 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 40 MHz

·  Parameter set #Z associated with 240 kHz subcarrier spacing and NR-SS transmission bandwidth no larger than 80 MHz

· Note that association between a frequency band and single set of default parameters (SCS, sequence length, NR-SS transmission bandwidth) will be defined in RAN4

· Note that each subcarrier spacing is associated with single sequence length and transmission bandwidth

· PRACH sequence length

Having reuse/re-farming of LTE deployment in mind, PRACH preambles with a long sequence are to be used in order to support large cell coverage and sufficient number of preambles within the large coverage. Therefore, at least for below 6GHz, PRACH preamble with longer length should be supported in NR.

In addition, followings should be considered in designing of PRACH sequence;

·  High Doppler frequency offset for high speed requirement (Up to 500km/hour) 
·  Unified design with FDD and TDD slot structure 
· Beam scanning operation of PRACH preamble in case beam correspondence does not hold at gNB. 
According to NR system requirements, the maximum mobile speed to be supported is about 500km/hour and hence PRACH sequence with short length should be introduced to provide robustness of Doppler frequency offset. As listed above, for the support of dynamic TDD and beam scanning operation at the gNB side in above 6GHz, NR should support PRACH sequence with short length, while repetition should be introduced as well for the purpose of beam scanning operation and/or accumulation of energies. 

Having short sequence, it is preferable for PRACH sequence to have short sequence(s) with repetition, where CP overhead is not needed between repeated sequences.
Proposal 2: Multiple sequence lengths per band are used at least for below 6GHz.
We evaluated performance effect of Doppler frequency spread according to the sequence length (i.e. sub-carrier spacing) at the speed of 500km/h and as shown in Figure 1. According to simulation results, it can be simply concluded that the sub-carrier spacing of RACH preamble should be at least larger than 5 kHz for the protection of highest speed UE. 
It is shown that the performance of PRACH sequence with 5KHz, 7.5KHz and 15KHZ are similar under 500km/h speed and we may have some freedom to select the subcarrier spacing of PRACH sequence. Given that these three candidate subcarrier spacing provide similar performance; we have to keep the system flexibility/efficiency in mind considering dynamic TDD/beam scanning operation at gNB and system overhead. 
We prefer to have 7.5KHz subcarrier spacing for PRACH sequence since the PRACH sequence with 5KHz looks burdensome in terms of overhead spent from beam scanning operation and inefficiency in support of dynamic TDD. On the other hand, if PRACH sequence is too short in time domain, i.e. subcarrier spacing with 15KHz, it may suffer from shortage of the number of codes.
In summary, as a short sequence it is proposed that 7.5kHz sub-carrier spacing is used for RACH preamble in a frequency band supporting 15kHz subcarrier spacing of NR-SS. 
Proposal 3: 7.5kHz is used as sub-carrier spacing for short RACH preamble sequence in case of below 4GHz.
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(a) 2GHz carrier frequency                     
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(b) 4GHz carrier frequency

Figure 1. Performance effect of Doppler frequency spread according to sub-carrier spacing

· FDM (Orthogonal cover) of repeated sequence
It is well known that ZC sequence provides zero auto-correlation property among cyclic shifted version of ZC sequence. However, since the number of cyclic shift version is proportional to the length of ZC sequence, the number of cyclic shift version is decreased if short ZC sequence is used as RACH preamble. So, the way to increase the number of orthogonal code needs to be considered, and FDM of repeated sequence (in other words, frequency offset of comb-type mapping) is proposed as shown in Figure 2, which can be interpreted as a kind of orthogonal cover with the sinusoidal waveform. In this case, the maximum number of sequences can be increased proportional to the number of repetition. However, when sequence repetition is used for beam scanning, gNB tries to detect PRACH preamble per received beam using only the part of repeated sequence. In addition, when UE is moving with high speed, PRACH preamble must be non-coherently combined due to large frequency offset. In these cases, the number of frequency offset for FDM needs to be limited and it should be configured depending on the cell deployment environment by gNB.
Proposal 4: Sinusoidal wave is used as orthogonal cover in order to increase the number of preamble sequence, which can be semi-statically configured by gNB.

· Bandwidth

PRACH transmission bandwidth is related to RACH coverage and the resolution of time advance value. Based on the simulation results in [2], we consider that 1.08MHz is appropriate meeting the coverage requirements. Having the 1.08MHz transmission bandwidth, around 1 us is enough for rough timing alignment of PUSCH/PUCCH with 15kHz sub-carrier spacing and 5 us CP length.
Proposal 5: 1.08MHz transmission bandwidth of PRACH preamble is used for 1.25kHz and 7.5kHz subcarrier spacing.
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(a) Conceptual operation of FDM sequence (Comb-type mapping)
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(b) Frequency mapping of repeated RACH sequence

Figure 2. FDM of repeated sequence
· Preamble format
CP, preamble and guard duration are considered as the components of the preamble format. Generally, CP duration and guard duration is related to cell radius, and the preamble duration has a relation to link budget. It is proposed that three types of preamble formats should be defined, which has its own CP length per sub-carrier spacing to cover small, medium and large cell coverage. Preamble duration can be increased by sequence repetition for the purpose of beam scanning operation at gNB side in multi-beam scenario, where the repetition factor is dependent on the number of rx. beams at gNB. Therefore, preamble duration is not necessarily fixed as a component of preamble format, but it can be configured by means of preamble repetition factor. Guard duration can be reserved by configured preamble duration, RACH resource allocation and gNB scheduling.
Proposal 6: For the short sequence, three types of preamble formats should be defined, which has its own CP length per sub-carrier spacing to cover small, medium and large cell coverage.

Proposal 7: PRACH preamble format is signalled by means of CP type (length) and preamble repetition factor. 
Preamble format can be reused for all band, with full scalability for default sub-carrier spacing (or scalable parameter can be configured by gNB), and Table 1 is the proposed NR RACH preamble format.
Table 1. Preamble format for NR PRACH

	Preamble format
	Sub-carrier spacing
	Bandwidth
	CP duration
	Preamble duration

	Long #1
	1.25 kHz
	1.08 MHz
	103 us
	800 us

	Long #2
	
	
	690 us
	800 us

	Long #3
	
	
	203 us
	1600 us

	Long #4
	
	
	690 us
	1600 us

	Short #1
	7.5 kHz
	
	22.2 us
	N * 66.7 us

	Short #2
	
	
	66.7 us
	N * 66.7 us

	Short #3
	
	
	133.3 us
	N * 66.7 us


· RACH resource allocation
NR system may use multiple beams in mmWave environment. In this situation, signals for initial access (e.g. synchronization signal, RACH signal, etc) should be transmitted in each direction of beams, and a subset of RACH resources may be linked with SS block in same beam direction for initial beam acquisition.
Subsets of RACH resources for each beam are multiplexed in time domain considering analogue beam-forming. If the duration of a subset of RACH resource per beam is shorter than normal slot duration, multiple RACH resources can be allocated within a slot for efficiency of resource usage as shown in Figure 3. In this scenario, it is needed that starting point of a subset of RACH resource for each beam is aligned with OFDM symbol boundary of data channel for efficient scheduling with a consideration of beam steering of RACH resources.
Proposal 8: Starting point of a subset of RACH resource for each beam is aligned with OFDM symbol boundary of data channel for efficient scheduling with a consideration of beam steering of RACH resources.
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Figure 3. RACH resource element and RACH resource allocation

3. Evaluation results

In this section, various evaluation results for proposed sequence are provided by simulation, which includes cross correlation property, PAPR property, detection performance and coverage.
· Cross correlation 
In this section, its cross correlation properties are evaluated as baseline performance. The results are shown with mean and maximum value in Table 2, and it is shown that ZC sequence has the best cross correlation value.
Table 2. Normalized cross correlation value of RACH sequence candidates

	Sequence
	Mean value
	Max value

	ZC sequence
	0.022
	0.032

	ZC sequence with cover (M-sequence)
	0.047
	0.094

	ZC sequence with cover (ZC P3)
	0.050
	0.102

	ACS ZC
	0.027
	0.081

	Omega
	0.044
	0.120

	M sequence with Cyclic Delay Doppler shift
	0.021
	0.040


· PAPR / CM

PAPR and CM are used as a tool of evaluation for power efficiency of sequences, whose definitions are given by as follows.
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In this section, its peak-to-average power ratio & CM value are shown as a sequence property in Table 3 and Table 4, respectively, where the values are given as minimum, mean and maximum value. It is shown that ZC sequence has the best performance for both PAPR and CM.
Table 3. PAPR value of RACH sequence candidates

	Sequence
	Min value [dB]
	Mean [dB]
	Max value [dB]

	ZC sequence
	2.6
	4.4
	6.1

	ZC sequence with cover (M-sequence)
	3.7
	5.3
	7.8

	ZC sequence with cover (ZC P3)
	3.3
	5.2
	7.6

	ACS ZC
	2.5
	5.0
	6.9

	Omega
	3.7
	5.3
	7.0

	M sequence with Cyclic Delay Doppler shift
	3.5
	5.0
	6.7


Table 4. CM value of RACH sequence candidates (RMSRef = 1.52dB / K = 1.56)
	Sequence
	Min value [dB]
	Mean [dB]
	Max value [dB]

	ZC sequence
	-0.55
	1.10
	2.36

	ZC sequence with cover (M-sequence)
	0.49
	1.21
	2.12

	ZC sequence with cover (ZC P3)
	0.26
	1.20
	2.24

	ACS ZC
	-0.38
	2.31
	4.10

	Omega
	0.35
	1.22
	1.76

	M sequence with Cyclic Delay Doppler shift
	0.24
	1.11
	2.71


· Detection performance & Coverage
In this subsection, we provide performance comparison between long sequence and short sequence. In this evaluation, we assume multiple of 1.25kHz subcarrier spacing for long sequence and multiple of 7.5kHz subcarrier spacing for short sequence based PRACH preamble. The simulation assumptions shall be based on CDL-C (3 km/h) channel model, fixed false alarm rate at 0.1%, and UE speed of 3km/h. Detail assumptions are provided in Annex.
· Below 6GHz
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Figure 4. Detection error probability with multiple of 1.25 kHz and 7.5 kHz sub-carrier spacing for 4 GHz
From the figure 4, it is observed that RACH sequences with the same length per bandwidth have similar performance. Also, it is shown that there is detection performance degradation when short PRACH preamble is repeated. The performance degradation is caused by reduction of the length of ZC sequence and use of non-coherent combining between same sequences, which we consider the max. performance gap between long sequence and the short sequence with repetition. However, it becomes marginal having coherent combining. Non-coherent combining should be applied in a very high speed environment. 
Table 3 shows that repeated RACH preamble with short ZC length has similar MCL performance with RACH preamble with original ZC length (i.e., 839) excluding above causes, while 3dB MCL performance gap is observed due to smaller transmission bandwidth. 
Table 3. MCL for 4 GHz
	Subcarrier spacing (kHz)
	1.25
	7.5
	2.5
	15

	ZC sequence length
	839
	139
	839
	139

	Sequence repetition
	1
	6
	1
	6

	Transmitter

	(0) Max Tx power  (dBm)
	23
	23
	23
	23

	(1) Actual Tx power (dBm)
	23
	23
	23
	23

	Receiver

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0
	0

	(5) Occupied channel bandwidth (MHz)
	1.08
	1.08
	2.16
	2.16

	(6) Effective noise power 
= (2) + (3) + (4) + 10 log((5))  (dBm)
	-108.67
	-108.67
	-105.66
	-105.66

	(7) Required SINR (dB)
	-12.07
	-10.4
	-12.07
	-10.5

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-120.73
	-119.06
	-117.73
	-116.16

	(9) MCL = (1) - (8) (dB)
	143.73
	142.06
	140.73
	139.16


· Above 6GHz
In the following, we evaluated the performance of RACH sequences at 30GHz carrier frequency with the subcarrier spacing scaled. 
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Figure 5. Detection error probability with multiple of 10 kHz and 60 kHz sub-carrier spacing for 30 GHz
Table 4. MCL for 30 GHz
	Subcarrier spacing (kHz)
	10
	60
	20
	120

	ZC sequence length
	839
	139
	839
	139

	Sequence repetition
	1
	6
	1
	6

	Transmitter

	(0) Max Tx power  (dBm)
	23
	23
	23
	23

	(1) Actual Tx power (dBm)
	23
	23
	23
	23

	Receiver

	(2) Thermal noise density (dBm/Hz)
	-174
	-174
	-174
	-174

	(3) Receiver noise figure (dB)
	5
	5
	5
	5

	(4) Interference margin (dB)
	0
	0
	0
	0

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

	(6) Effective noise power 
= (2) + (3) + (4) + 10 log((5))  (dBm)
	-99.63
	-99.63
	-96.62
	-96.62

	(7) Required SINR (dB)
	-10.8
	-10
	-11.2
	-10.2

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-110.43
	-109.63
	-107.62
	-106.62

	(9) MCL = (1) - (8) (dB)
	133.43
	132.63
	130.62
	129.82


Similar performance tendency is observed in above 6GHz. MCL requirements can be satisfied by repetition of the short sequences though we do not have clear MCL requirements in above 6GHz yet. We consider short sequence as PRACH sequence can provide system flexibility such as receiving beam scanning and high speed environments. 
4. Conclusion
For RACH preamble design and resource allocation, our proposals are shown in followings.
Proposal 1: ZC sequence should be applied for NR PRACH preamble design.
Proposal 2: Multiple sequence lengths per band are used at least for below 6GHz.
Proposal 3: 7.5kHz is used as sub-carrier spacing for short RACH preamble sequence in case of below 4GHz.
Proposal 4: Sinusoidal wave is used as orthogonal cover in order to increase the number of preamble sequence, which can be semi-statically configured by gNB.

Proposal 5: 1.08MHz transmission bandwidth of PRACH preamble is used for 1.25kHz and 7.5kHz subcarrier spacing.
Proposal 6: For the short sequence, three types of preamble formats should be defined, which has its own CP length per sub-carrier spacing to cover small, medium and large cell coverage.

Proposal 7: PRACH preamble format is signalled by means of CP type (length) and preamble repetition factor. 
Proposal 8: Starting point of a subset of RACH resource for each beam is aligned with OFDM symbol boundary of data channel for efficient scheduling with a consideration of beam steering of RACH resources.
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6. Annex
Table A1. Simulation assumptions
	
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30 GHz

	Channel Model
	CDL-C

	Circular Angle Spread at BS after angle scaling (including subrays)
	ASD: values from sec. 7.7.5.1 in 38.900

ZSD: 1°
	ASD: values from sec. 7.7.5.1 in 38.900

ZSD: 1°

	Circular Angle Spread at UE after angle scaling (including subrays)
	ASA: values from sec 7.7.5.1 in 38.900

ZSA: 5°
	ASA: values from sec. 7.7.5.1 in 38.900

ZSA: 5°

	Circular Mean Angle at BS after angle scaling (including subrays)
	Uniformly distributed
AoD: [-30°,30°]

	Circular Mean Angle at UE after angle scaling (including subrays)
	Uniformly distributed

AoA: [-30°,30°]

	Antenna Configuration at BS
	(M,N,P) = (1,1,2) with omni-directional antenna element
	(4,8,2), with directional antenna element (HPBW = 65° in elevation and azimuth, directivity gain 8dB), (dV,dH)=(0.5,0.5) λ

	Antenna Configuration at the UE
	(1,1,2) with omni-directional antenna element
	(1,1,2) with omni-directional antenna element

	Frequency Offset
	0.05 ppm at TRP , 0.1 ppm at UE





























