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[bookmark: _Ref462751328]This contribution provides PRACH design considerations. The 4-step RACH procedure is discussed in [1], [2]. The following agreements on PRACH design consideration were made in the previous two RAN1 meetings:
	Agreed next steps: 
· For down selection purpose, until the next meeting do evaluation of the following RACH SCS alternatives at least considering
· Robustness towards Doppler frequency, Beam sweeping latency, Link budget, Cell size, RACH capacity, frequency offset 
· RACH SCS alternatives
· SCS = [1.25 2.5 5 7.5 10 15 20 30 60 120 240] kHz
· Note: in case RACH SCS = [15 30 60 120 240] there are two design options:
· use the same SCS as the subsequent UL data and control 
· use different SCS than the subsequent UL data and control 
· The following RACH preamble sequence types are considered
· Zadoff-Chu
· M-sequence
· Zadoff-Chu with cover extension using M-sequence
Note that new designs are not precluded in the future. 
Agreement:
· 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







2. 	PRACH Design Requirements
It is important to discuss key design requirements and considerations for PRACH before going into more detailed design discussions. Table 1 provides our views on such design requirements for different NR frequency bands. 
[bookmark: _Ref471630924]Table 1: PRACH design requirements
	Aspects
	Design implication
	Below 6GHz requirements
	Above 6GHz requirements
	LTE design

	Use cases
	Define RACH functionality
	· Random access
· UL synchronization and timing reference
· (FFS) On-demand OSIB request
	· Random access
· UL synchronization and timing reference

	Cell coverage
	RACH preamble formats
	0 – 100km (FFS # of supported formats)
	1km (# of supported formats FFS but >= 2, covering with/without beam correspondence in multi-beam scenario)
	0 – 100km (5 RACH preamble formats)

	Mobility
	Mobility handling in RACH preamble design
	0 – 500km/h (Doppler up to 1.9kHz at 4GHz)
	100 km/h
	0 – 350km/h

	Bandwidth
	RACH preamble length
	Less than 5MHz

	1.08MHz

	Tone spacing
	Time footprint and link budget
	1.25 x n (n is a positive integer)
	7.5kHz and 1.25kHz

	Time footprint
	Implementation simplicity
	PRACH at least should not overlap with DLCB for TDD slot structure (Avoiding ULCB for interference mitigation)
	Up to 3 sub-frames



Proposal 1: RAN 1 considers the PRACH design requirements and considerations provided in Table 1.
3. Unified PRACH Design
In this section, we discuss PRACH bandwidth, numerology as well as the methodology to handle RACH preamble repetition. 
3.1 PRACH Bandwidth and Numerology
It is preferred to have only single RACH preamble design for all frequency ranges and deployments. However, such design is not efficient to handle PRACH design requirements for different deployments. For example, it may not be efficient to have a high subcarrier spacing for a very large cell deployment due to possible timing ambiguity issues. On the other hand, using very low subcarrier spacing for a small cell deployment may be inefficient due to limited time footprint requirements of small cell design. As a result, we partition our PRACH design into two design categories: one is for small and medium cell coverage (e.g., less than 15km) and the other for very large cell coverage. More specifically, for small and medium cell coverage, our unified PRACH design across below 6GHz and above 6GHz is provided in Table 2. In this unified PRACH, the RACH preamble is identical across below 6GHz and above 6GHz while the subcarrier spacing is scalable.
From duplexing perfectives, the PRACH design should be common for both TDD and FDD deployments. Note that for very large cell deployment, it is envisioned that only FDD deployment is supported. In addition, the frequency bands in 2GHz may be used for favorable radio propagation conditions. As a result, it is reasonable to reuse LTE PRACH design as provided in Table 3.
[bookmark: _Ref471635192]Proposal 2: RAN 1 considers a unified PRACH design across frequency bands as proposed in Table 2 and Table 3.
Table 2: Unified PRACH for cell coverage up to 18km
	Parameter
	
4-step PRACH 
	2-step PRACH
(below 6GHz)

	
	Below 6GHz 
	Above 6GHz (format 1 of Table 7)
	

	Bandwidth (MHz)
	1.08
	4.32
	4.32

	Sub-carrier spacing (kHz)
	7.5(note 1)
	30(note 2)
	30(note 3)

	Maximum cell coverage (km)(note 4)
	18
	1.0
	4.5

	Single beam vs. multi-beam
	Single beam
	Multi-beam
	Single beam

	# of resource elements
	144

	RACH preamble length
	139

	RACH preamble sequence
	Zadoff-Chu

	Note 1: UE/NW RACH implementation can be reused or shared with LTE
Note 2: SCS for each symbol that is received by the same beam in a multi-beam scenario.
Note 3: SCS for flexible dimension of RACH preamble and RACH message ratio, and frequency diversity for RACH message
Note 4: Based on a symbol duration after discounting delay spread. Multiple RACH formats can be defined to achieve smaller cell coverage


[bookmark: _Ref471635384]
[bookmark: _Ref471638610]Table 3: PRACH design for cell coverage up to 100km
	Parameter
	4-step PRACH (Below 6GHz)

	Bandwidth (MHz)
	1.08

	Sub-carrier spacing (kHz)
	1.25

	# of resource elements
	864

	RACH preamble length
	839



3.2 PRACH with RACH Preamble Repetition
In LTE PRACH with RACH preamble repetition, no CP is required between consecutive RACH preamble repetitions as illustrated in Figure 1. This repetition structure should be supported at least for NR large cell deployments (see Table 3).


[bookmark: _Ref471638540]Figure 1: RACH repetition for large cells
For small cell deployments, we may consider two RACH preamble repetition options:
· Option 1: There is no CP between RACH preamble repetitions and the guard is at the end of the last RACH preamble repetition. Such RACH preamble repetition is similar to that applied to the large cell deployments as illustrated in Figure 2. This option enables the same PRACH transmit processing at the UE and receive processing at the network.



[bookmark: _Ref471644820]Figure 2: Option 1 with two RACH repetition example for small cells

· Option 2: A CP is inserted between consecutive RACH preamble repetitions and guard is at the end of the last RACH preamble repetition. This option allows UEs to repeat RACH preambles with different spreading codes and a higher number of UEs can be multiplexed in a given time-frequency footprint. 


Figure 3: Option 2 with two RACH repetition example for small cells
The use of different RACH sequences at different RACH symbols increase the receiver complexity. Further discussions on above options are provided in Section 5.
Proposal 3: If RACH preamble repetition is required, RAN1 considers the following options for RACH preamble repetitions:
· Option 1: No CP is inserted between consecutive RACH preamble repetitions and the guard is at the end of the last RACH preamble repetition.
· Option 2: A CP is inserted between consecutive RACH preamble repetitions and guard is at the end of the last RACH preamble repetition.
· Option 1 and Option 2 should be used based on the selected tone spacing and carrier band.
4. Single Beam RACH Design
The focus of this section is on the PRACH design for 4-step RACH procedure discussed in [1] for below 6GHz. 
4.1 RACH preamble formats
As discussed previously, the subcarrier spacing for the small and medium cell coverages is 7.5kHz for below 6GHz. It is important to note that multiple repetitions may be required to achieve a target link budget. Hence, it may be preferred to define a basic RACH preamble block and coverage enhancement is achieved by repeating such RACH preamble blocks. Network can signal the basic RACH preamble block indication as well as the number of repetitions. Table 4 provides our proposals on multiple RACH preamble formats for supporting different cell size requirements. Note that the design is to avoid both downlink common burst (DLCB) and uplink common burst (ULCB) in TDD self-contained slots as illustrated in Figure 4. The goal of avoiding DLCB is for interference mitigation while not overlapping ULCB is for simple implementation at both transmitter and receiver sides. For large cell coverage, the same LTE design can be reused.
[bookmark: _Ref465957376]Table 4: RACH preamble formats for small and medium cell coverage
	Slot duration (us)
	Number of RACH preamble repetitions
	RACH preamble duration (us)
	CP duration (us)
	Guard duration (us)
	PRACH durations (us)
	Cell coverage (km)

	250
	1
	133.33
	23.7
	21.6
	178.6
	2.8

	500
	1
	133.33
	113.5
	110.3
	357.1
	16.3

	Note: CP duration is integer multiple of NCP = 4.73us for the reference subcarrier spacing 15kHz.
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[bookmark: _Ref471650128]Figure 4: PRACH with one basic RACH preamble in 60kHz TDD slot
Proposal 4: RAN1 considers defining a basic RACH preamble block as being defined in Table 4 for below 6GHz small and medium cell coverage.
Proposal 5: RAN1 considers reusing LTE PRACH design for large cell coverage (e.g., up to 100km).
4.2 PRACH Performance Evaluation
In this section, we provide the performance analysis for the PRACH design provided in Figure 4. The simulation assumptions are provided in Table 5 while the performance and link budget analysis are summarized in Table 6. Note that current simulation is based on 4.32MHz bandwidth for PRACH. Our proposal is 1.08MHz PRACH bandwidth (i.e., similar to LTE PRACH). For uplink transmission, our current simulation results should be still applicable for 1.08MHz PRACH bandwidth.
[bookmark: _Ref471650579]Table 5: Simulation assumptions
	Parameters
	Simulated value

	PRACH BW (MHz)
	4.32

	SCS (kHz)
	7.5

	ZC roots
	7, 11, 101

	Ncs
	25 (target cell radius of 1.5km)

	Target false alarm
	0.1% 











[bookmark: _Ref471650791]Table 6: PRACH performance and link budget analysis


5. Multi-beam RACH Design
5.1 Impact of Tone Spacing in Multi-Beam Scenario
5.1.1. Available Number of Preambles
A smaller subcarrier spacing for RACH preamble allows UE to transmit RACH preamble for a longer duration. As a result, gNB can collect more energy and link budget can be improved. The same effect could be achieved by coherently combining multiple symbols with longer tone spacing.

However, short symbols limit the number of usable cyclic shifts. The available number of cyclic shifts in a RACH preamble is upper bounded by the ratio of the sequence duration and the summation of round trip time and delay spread. Hence, the use of short symbols reduces the user multiplexing capacity in RACH preamble. 
[image: ]
Figure 5: Available cyclic shifts for different tone spacing and 1 km cell radius
Figure 5 shows the available number of cyclic shifts for different tone spacing. These numbers were obtained without assuming any delay spread. Figure 5 shows that the available number of cyclic shifts decreases monotonically with higher subcarrier spacing. Thus, shorter tone spacing increases the available number of RACH resources in a given time bandwidth footprint.
Observation 1: Smaller subcarrier spacing increases the available number of RACH resources in a given time bandwidth footprint.
5.1.2 Impact of Doppler and Frequency Offset
On the other hand, shorter tone spacing and long preamble sequences are susceptible to Doppler shift and frequency offset. These effects are more prominent in high carrier frequency band, which is a suitable use case for multi-beam scenario.
[image: ]
Figure 6: Effect of frequency offset and Doppler shift at performance of different tone spacing at 30 GHz band


Figure 6 plots relative performance loss, in dB, of different tone spacing with respect to their maximum combining gain. In other words, Figure 6 plots where, 
Figure 6 shows that the relative performance loss increases as tone spacing reduces. For relatively higher tone spacing, e.g. ranging from 120 to 30 kHz, the relative performance loss is minimal. For example, a tone spacing of 60 kHz suffers from roughly 0.3 dB relative performance loss whereas 30 kHz tone spacing suffers from 0.9 dB performance loss at 100 km/hr speed, 3  kHz offset (0.1 ppm at 30 GHz band) at UE and 1.5 kHz offset (0.05 ppm at 30 GHz band) at the BS. Note that, a coherent combining of two 60 kHz symbols will also suffer from 0.9 dB performance loss. A non-coherent combining of two 60 kHz symbols will obtain less than 3 dB received power boost and attain similar performance as a 30 kHz symbol. On the other hand, as tone spacing becomes narrower than 30 KHz, relative performance starts to degrade sharply. Thus, 30 kHz seems to be a reasonable choice for tone spacing in multi-beam scenario, which will be occupied in high frequency band.
Having considered the pros and cons of different tone spacing, we propose 30 kHz tone spacing for NR multi-beam scenario.
Observation 2: Too short tone spacing suffers from Doppler shift and frequency offset.
5.2 Selection of CP and Format
gNB can inform UE if beam correspondence is available at gNB and UE can select its RACH transmission time based on the received signal quality of DL SYNC beams. Different UEs will select different RACH transmission times because they might be covered by different beams at the BS. In this case, CP between different RACH symbols is essential to avoid interference from one UE’s transmission to the next.
Proposal 6: RAN1 supports the insertion of cyclic prefix between different symbols that are received with different RX beams at gNB.
The usefulness of CP between symbols within a beam depends on the carrier frequency and the selected tone spacing. If tone spacing is large, i.e., symbol duration is short, RACH preamble can be repeatedly transmitted and gNB can coherently combine the reception across these two symbols. On top of that, a spreading code can be applied across these symbols so that a higher number of users can simultaneously transmit RACH preambles across these symbols.
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Figure 7: Use of spreading code across two RACH symbols
Figure 7 shows that two UEs can use two different spreading codes, i.e., [+1 +1] and [+1 -1], across two RACH symbols and simultaneously transmit RACH preamble. Figure 9 shows that if 60 kHz numerology is selected for multi-beam scenario in 30 GHz band, two RACH symbols can be coherently combined with spreading codes since the relative performance of 30 kHz tone spacing is small even at high speed. 
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Figure 8: Impact of coherent combining with spreading in RACH detection
Figure 9 shows the impact of coherent combining with spreading in RACH detection performance at 60 kHz tone spacing and 30 GHz band. We used the agreed parameters for RACH simulation, shown in appendix, to generate these curves. The ‘red’ curve was generated based the performance of one symbol long RACH sequence. 
We used the following steps to generate the ‘green’ curve of Figure 9: 1) UE uses an orthogonal cover code of [+1 +1] to transmit the RACH sequence across two consecutive symbols, i.e., UE transmits the same RACH sequence across two symbols. 2) BS tries two different orthogonal cover code hypotheses, [+1 +1] and [+1 -1], to detect RACH across these two symbols. The green curve shows the probability of miss detection at 0.1% false alarm rate.
Figure 9 shows that the performance gap between ‘no combining’ and ‘coherent combining with spreading’ is roughly 2.5 dB. An ideal coherent combiner would have achieved 3 dB performance boost. Due to the presence of Doppler and frequency offset, performance gap reduces slightly.
Figure 9 illustrates that if 60 kHz tone spacing is used in 30 GHz band, two UEs can achieve close to 3 dB SNR boost while being multiplexed in two consecutive symbols by using orthogonal cover codes.
However, a shorter tone spacing, e.g., 10 or 15 kHz at 30 GHz band, will not allow the use of orthogonal cover code across two consecutive symbols since the symbols are too long to be combined coherently.
The complexity of receiver reduces if data tone spacing and RACH tone spacing are the same. For these tone spacings, the use of orthogonal cover code increases the number of supportable preambles in the PRACH occasion.
Observation 3: The presence of cyclic prefix between multiple repetitions of “short” RACH preambles allows the use of orthogonal cover codes across these symbols and increases the user multiplexing capacity of RACH transmission.
If gNB does not have beam correspondence in multi-beam scenario, UE needs to convey DL TX beam during Msg1 transmission so that the gNB can use this DL TX beam ID to transmit Msg1. Hence, in multi-beam scenario, NR needs to support much higher than 64 preambles. OCC between different symbols allow the system to achieve this higher number of preambles.
Proposal 7: NR should support a RACH preamble format with multiple OFDM symbols with CP between each symbol where the same RACH sequence is spread with different orthogonal cover codes and placed in the multiple symbols.

5.3. Proposed Design
We propose and evaluate following PRACH formats.
				Table 7: PRACH Numerology in Multi-beam Scenario
	Format
	Sequence type
	Sequence length
	Subcarrier spacing
	Transmission bandwidth
	N_OS
	N_RP
	Ts (ms)
	Cp (Ts)

	#1
	ZC
	139
	30
	4.32
	1
	1
	1/(4*30720)

	1389

	#2
	ZC
	139
	30
	4.32
	1
	2
	1/(4*30720)
	1389

	#3
	ZC
	139
	60
	8.64
	1
	1
	1/(8*30720)
	694

	#4
	ZC
	139
	60
	8.64
	1
	2
	1/(8*30720)
	694



[image: ]
Figure 9: Overall SYNC and RACH slot Structure

[bookmark: _GoBack]Figure 9 shows that an example structure for format 1 of our proposal. gNB transmits 10 SYNC blocks in 10 different directions. The RACH slot has 10 RACH blocks. gNB informs UE regarding its status of beam correspondence. If beam correspondence is available, UE maps the best DL SYNC resource to a RACH symbol for preamble transmission. If beam correspondence is not available, UE transmits RACH preambles in all symbols and gNB finds the best UL RX beam by sweeping through the slot.
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Figure 10: Detailed RACH blocks in RACH slot
Figure 10 shows that the overall 625 us RACH slot consists of five 125 slots of 120 kHz numerology. Each slots consists of a DL control block and UL control block and two RACH blocks. Each RACH block consists of a cyclic prefix and sequence duration. If beam correspondence is available, UE maps the best DL SYNC block to the corresponding RACH block. 
Figure 10 also shows that our design contains several subcarrier regions that can be utilized for RACH preamble transmission. 
Some of these subcarrier regions could be used to transmit scheduling request or beam recovery request in a multi-beam scenario. In these regions, a much higher number of scheduling request or beam recovery request preambles could be included if UEs are time synchronized. The total number of regions can be flexibly split between RACH region and scheduling request/beam recovery request region. The total number of available RACH preambles comes from cyclic shifts, subcarrier regions and the use of different root sequences. Since we support 1 km cell radius, we can accommodate four different cyclic shifts. Allowing m different subcarrier regions for RACH transmission, the total number of preamble is = 4 * m * 139. If eight subcarrier regions are used for RACH transmission, we can get as many as 4448 preambles. 
Observation 4: UEs can use scheduling request region to request resources for transmitting buffer status report.
5.4 Simulation Results
We show simulation results of two of our formats here. 
Miss detection probability of format 3 and 4:
We already showed the miss detection probability of these two formats in section 5.2. We show the same results here. 
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Figure 13: Impact of coherent combining with spreading in RACH detection






Timing error of format 3 and 4:
[image: ]
Figure 14: Timing error of format 3
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Figure 15: Timing error of format 4





Table 8: MCL calculation of Two PRACH Formats based on post beamforming mean SNR
	Parameter
	Format 3
	Format 4

	Antenna ports
	2 physical TX ports, 2 physical RX ports (equal power split at UE)
	2 physical TX ports, 2 physical RX ports (equal power split at UE)

	Channel
	CDL-C, 30ns DS
	CDL-C, 30ns DS

	Doppler
	3 km/hr, 
	3 km/hr, 

	(1) UE TX power (dBm)
	23
	23

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

	(3) Receiver noise figure (dB)
	5
	5

	(4) Interference margin (dB)
	0
	0

	(5) Occupied channel bandwidth (Hz)
	8.64 x 106
	4.32 x 106

	(6) Effective noise power = (2) + (3) + (4) + 10log(5) (dBm)
	-99.6
	-99.6

	(7) Required SINR (dB)
	-3.5
	-6

	(8) Receiver sensitivity = (6) + (7)
	-103.1
	-105.6

	(9) MCL = (1) – (8)
	126.1
	128.6



Note that, these simulation results were generated with (2, 4, 2) RX antenna element and strongest cluster based beamforming, i.e., the simulated beamformer was pointing to the strongest cluster between gNB and UE. We did not do beam sweep to generate these results. However, we show all results with mean post beamforming SNR. Since, the evaluation assumption of delay spread is 30 ns at 30 GHz band, we expect the relative difference of different format’s performance to be independent on the specific beamformer that we use.
5.5 Performance of Baseline Sequence
Table 9: PRACH Numerology in Multi-beam Scenario
	Format
	Sequence type
	Sequence length
	Subcarrier spacing
	Transmission bandwidth
	N_OS
	N_RP

	#0
	ZC
	139
	7.5
	1.08
	1
	1
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Figure 16: Miss detection rate with 7.5 kHz SCS without timing error based update
Although the miss detection performance of the baseline format is similar, it suffers from more false alarm probability than our design. We will update this contribution before the meeting and include the comparison of false alarm probability of the baseline format and our formats. 
[image: ]
Figure 17: Timing error with 7.5 kHz SCS
Timing error of baseline format i.e., 7.5 kHz SCS is significantly higher than our proposed formats because the bandwidth of baseline format is too small to provide sufficient timing correction at 30 GHz band.
If a timing error of greater than +-0.3 is considered to be a missed detection, miss detection rate of the baseline becomes significantly higher due to its small bandwidth. Figure 18 shows the updated missed detection rate of the baseline format with timing error based update.
[image: ]
Figure 18: Miss detection rate with 7.5 kHz SCS without timing error based update

5.6 Comparison with Other Proposed Sequences
Companies proposed the following four types of sequences in over-6 GHz in the email discussion for PRACH design [5]:
1. Zadoff Chu Sequence
2. Zadoff Chu Sequence spread by M sequence
3. Zadoff Chu Sequence spread by P3 sequence
4. Cover extended Zadoff Chu Sequence
We now compare Zadoff Chu sequence with the remaining three sequences in terms of PAPR and cross correlation power. In this section, we assume a length 127 Zadoff Chu sequence, m sequence and P3 for the purposes of simulation. The cover extended Zadoff Chu sequence has length 133 and it is generated from the Kronecker product of two Zadoff Chu sequences with length 19 and length 7. All these sequences are generated using the ways mentioned in [5].
To find cross correlation power, we generate Zadoff Chu sequences with different roots. ZC + M and ZC + P3 sequences are generated from these ZC sequences that have different roots. Multiple cover extended ZC sequences are also generated from two ZC sequences with different roots.
5.6.1 Comparison with ZC spread by M sequence
[image: ]
Figure 19: PAPR comparison between ZC and ZC spread by M sequence
Figure 19 shows that Zadoff Chu sequence improves PAPR by 0.5-1 dB compared to ZC spread by M sequence.
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Figure 20: Cross-correlation power comparison between ZC and ZC spread by M sequence
Figure 20 shows that the worst case cross correlation power of ZC spread by M sequence is 8.2 dB higher than that of ZC sequence.  
5.6.2 Comparison with ZC spread by P3 sequence
[image: ]
Figure 21: Cross-correlation power comparison between ZC and ZC spread by P3 sequence
Figure 21 shows that the worst case cross correlation power of ZC spread by P3 sequence is 6.25 dB higher than that of ZC sequence.  

5.6.3 Comparison with cover extended ZC sequence
[image: ]
Figure 22: Cross-correlation received power comparison between ZC and ZC with cover extension
Figure 22 shows that the worst case cross correlation power of cover extended ZC sequence is significantly higher than that of ZC sequence.
Based on these results, we propose that NR supports Zadoff Chu sequence based PRACH formats in over-6 GHz.

Observation 5: The PAPR and cross correlation power property of ZC sequence is significantly better than those of the other sequences proposed in over-6 GHz band.
5.7 Two Shot RACH detection and Cell Coverage Extension
One way to achieve a higher MCL for PRACH transmission would be to transmit multiple repeated RACH preambles. In a multi-beam scenario, this is costly because BS can only schedule uplink data in different subcarrier regions of a RACH subframe if those UEs fall in the direction of the beams that the BS intend to use while receiving RACH preambles.
That’s why, we propose to allow multiple shot RACH detection in multi-beam scenario. In contention free random access, gNB allows UE to consecutively retransmit Msg1 and conveys the maximum number of consecutive retransmissions to UEs. If UE does not hear back after transmitting RACH preamble, it repeats transmission. BS checks two hypotheses while receiving RACH preambles: 1) Current received signal and 2) Non-coherent combining of the received signal of the current RACH block and that of the block which was transmitted in the same resource of the previous RACH slot.
[image: ]
Figure 22: Comparison of detection performance with different methods
Figure 22 shows the performance of our proposed approach. RACH slots may occur after every 20 ms in our proposed design. The blue curve of Figure 15 shows that the non-coherent combining of two RACH symbols that are 20 ms apart perform better than the one-shot detection – “no combining” approach shown in red curve – mechanism by 4-5 dB. The performance improvement comes from two scenarios: 1) Non-coherent combining of two RACH symbols and 2) Channel diversity across two RACH symbols that are 20 ms apart. 
The green curve of Figure 22 shows that the selection  of the better of two RACH block across 20 ms, which captures the gains from channel diversity, performs 1-1.5 dB poorly compared to the non-coherent combining of two RACH blocks scenario. In other words, non-coherent combining of two RACH blocks outperforms the scenario of one shot detection with one retransmission opportunity by 1-1.5 dB. Hence, design should allow RACH detection with both one-shot and two-shot hypothesis.
Observation 6: A two shot hypothesis based PRACH detection improves performance by 1-1.5 dB
Proposal 8: In contention free random access, NR supports gNB informing UEs to consecutively retransmit multiple number of Msg1 to improve PRACH detection performance. Each retransmission of Msg1 only happens after the expiration of RAR window.
6. Conclusion
The contribution has discussed PRACH design considerations. In particular, the following observations and proposals have been made:
Observation 1: Smaller subcarrier increases the available number of RACH resources in a given time bandwidth footprint.
Observation 2: Too short tone spacing suffers from Doppler shift and frequency offset.
Observation 3: The presence of cyclic prefix between multiple repetitions of “short” RACH preambles allows the use of orthogonal cover codes across these symbols and increases the user multiplexing capacity of RACH transmission.
Observation 4: UEs can use scheduling request region to request resources for transmitting buffer status report.
Observation 5: The PAPR and cross correlation power property of ZC sequence is significantly better than those of the other sequences proposed in over-6 GHz band.
Observation 6: A two shot hypothesis based PRACH detection improves performance by 1-1.5 dB

Proposal 1: RAN 1 considers the PRACH design requirements and considerations provided in Table 1.
Table 1: PRACH design requirements
	Aspects
	Design implication
	Below 6GHz requirements
	Above 6GHz requirements
	LTE design

	Use cases
	Define RACH functionality
	· Random access
· UL synchronization and timing reference
· (FFS) On-demand OSIB request
	· Random access
· UL synchronization and timing reference

	Cell coverage
	RACH preamble formats
	0 – 100km (FFS # of supported formats)
	0-1km (# of supported formats FFS but >= 2, covering with/without beam correspondence in multi-beam scenario)
	0 – 100km (5 RACH preamble formats)

	Mobility
	Mobility handling in RACH preamble design
	0 – 500km/h (Doppler up to 1.9kHz at 4GHz)
	0-100 km/h
	0 – 350km/h

	Bandwidth
	RACH preamble length
	Less than 5MHz

	1.08MHz

	Tone spacing
	Time footprint and link budget
	1.25 x n (n is a positive integer)
	7.5kHz and 1.25kHz

	Time footprint
	Implementation simplicity
	PRACH at least should not overlap with DLCB for TDD slot structure (Avoiding DLCB for interference mitigation)
	Up to 3 sub-frames



Proposal 2: RAN 1 considers a unified PRACH design across frequency bands as proposed in Table 2 and Table 3.




Table 2: Unified PRACH for cell coverage up to 18km
	Parameter
	
4-step PRACH 
	2-step PRACH
(below 6GHz)

	
	Below 6GHz 
	Above 6GHz (format 1 of table 7)
	

	Bandwidth (MHz)
	1.08
	4.32
	4.32

	Sub-carrier spacing (kHz)
	7.5(note 1)
	30(note 2)
	30(note 3)

	Maximum cell coverage (km)(note 4)
	18
	1.0
	4.5

	Single beam vs. multi-beam
	Single beam
	Multi-beam
	Single beam

	# of resource elements
	144

	RACH preamble length
	139

	RACH preamble sequence
	Zadoff-Chu

	Note 1: UE/NW RACH implementation can be reused or shared with LTE
Note 2: SCS for each symbol of the multi-beam RACH slot
Note 3: SCS for flexible dimension of RACH preamble and RACH message ratio, and frequency diversity for RACH message
Note 4: Based on a symbol duration after discounting delay spread. Multiple RACH formats can be defined to achieve smaller cell coverage



Table 3: PRACH design for cell coverage up to 100km
	Parameter
	4-step PRACH (Below 6GHz)

	Bandwidth (MHz)
	1.08

	Sub-carrier spacing (kHz)
	1.25

	# of resource elements
	864

	RACH preamble length
	839



Proposal 3: If RACH preamble repetition is required, RAN1 considers the following options for RACH preamble repetitions:
· Option 1: No CP is inserted between consecutive RACH preamble repetitions and the guard is at the end of the last RACH preamble repetition.
· Option 2: A CP is inserted between consecutive RACH preamble repetitions and guard is at the end of the last RACH preamble repetition.
· Option 1 and option 2 should be used based on the selected tone spacing and carrier band.

Proposal 4: RAN1 considers defining a basic RACH preamble block as being defined in Table 4 for below 6GHz small and medium cell coverage.



Table 4: RACH preamble formats for small and medium cell coverage
	Slot duration (us)
	Number of RACH preamble repetitions
	RACH preamble duration (us)
	CP duration (us)
	Guard duration (us)
	PRACH durations (us)
	Cell coverage (km)

	250
	1
	133.33
	23.7
	21.6
	178.6
	2.8

	500
	1
	133.33
	113.5
	110.3
	357.1
	16.3

	Note: CP duration is integer multiple of NCP = 4.73us for the reference subcarrier spacing 15kHz.



Proposal 5: RAN1 considers reusing LTE PRACH design for large cell coverage (e.g., up to 100km).
Proposal 6: RAN1 supports the insertion of cyclic prefix between different symbols that are received with different RX beams at gNB.
Proposal 7: NR should support a RACH preamble format with multiple OFDM symbols with CP between each symbol where the same RACH sequence is spread with different orthogonal cover codes and placed in the multiple symbols.
Proposal 8: In contention free random access, NR supports gNB informing UEs to consecutively retransmit multiple number of Msg1 to improve PRACH detection performance. Each retransmission of Msg1 only happens after the expiration of RAR window.

7. References 
[1]. [bookmark: _Ref465971593]R1-1705572, “4-step RACH procedure consideration,” Qualcomm Incorporated
[2]. R1-1613169, “WF on Preamble Format Design”, 3GPP RAN WG1 #87
[3]. R1-1700803, “Beam Recovery Procedure”, Qualcomm Incorporated.
[4]. R1-1610986, “WF on Updated Link Level Evaluation Assumptions for RACH Preamble”, 3GPP RAN WG1 #86bis
[5]. “Summary of [88-13] email discussion on NR-PRACH sequence design”, 3GPP RAN WG1 #88, Athens, Greece
8. Appendix
 Updated Link Level Evaluation Assumptions for RACH Preamble [4]
	·  
	· Below 6GHz
	· Above 6GHz

	· Carrier Frequency
	· 4 GHz
	· 30, 70 GHz

	· Channel Model
	· CDL-C (other CDL models are not precluded), AWGN
· with delay scaling values of 100 ns (mandatory),  300 ns (optional)  and 1000 ns (optional) for 4 GHz, 30 ns for 30/70 GHz
· with all combination of ASA and ASD scaling values in sec. 7.7.5.1 in 38.900, for above 6 GHz cases
· ZSA = 5 degree, ZSD = 1 degree 
· The CDL table is translated so that the strongest cluster’s AoD and AoA occur at a random angle for both the antenna panels of TRP and UE in the local coordinate. The value of the random angle is selected to be uniformly distributed from +30 to -30 degree. The random value is chosen independently for both AoD and AoA

	· Antenna Configuration at the TRP
	· (1,1,2) with omni-directional antenna element
	· (4,8,2), with directional antenna element (HPBW=650, directivity 8dB)
· Optional: (M,N,P,Mg,Ng) = (4,8,2,2,2). (dV,dH) = (0.5, 0.5)λ. (dg,V,dg,H) = (2.0, 4.0)λ

	· Antenna Configuration at the UE
	· (1,1,2) with omni-directional antenna element
	· (2,4,2), with directional antenna element (HPBW=900, directivity 5dB)




	 
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30, 70 GHz

	Antenna port virtualization
	Clarified by each proponent in simulation assumptions 
(e.g. the beamforming method, beam directions, number of beams)

	Frequency Offset
	· +/- 0.05 ppm at TRP ,  +/-0.1 ppm at UE

	UE speed
	3 km/h and 120 km/h  (mandatory)
 30km/h and 500km/h (optional)
	· 3km/h
· Other values are not precluded

	UE movement modeling
	· FFS

	Initial timing Offset
	· Timing uncertainty derived from cell radius 
· (e.g. for below 6 GHz, [-10us, +10us] for 3km cell radius)
· Companies report the assumed cell radius
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Antenna 1Tx, 2Rx 1Tx, 4Rx 1Tx, 2Rx

Channel CDL-C, 100ns DS CDL-C, 100ns DS AWGN

Doppler 3km/h, 120km/h 3km/h, 120km/h 0

(1) Tx power  (dBm) 23 23 23

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

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

(4) Interference margin (dB) 0 0 0

(5) Occupied channel bandwidth (Hz) 4320000 4320000 4320000

(6)Effectivenoisepower=(2)+(3)+(4)+10log(5)

(dBm)

-102.6 -102.6 -102.6

(7) Required SINR (dB) -4 -7.3 -15

(8) Receiver sensitivity = (6) + (7) (dBm) -106.6 -109.9 -117.6

(9) MCL= (1) - (8) (dB) 129.6 132.9 140.6

(17) Carr frequency (GHz) 4 4 4

(18) Max cell Radius (km) 0.76 0.93 1.49

(17) Carr frequency (GHz) 2 2 2

(18) Max cell Radius (km) 1.10 1.35 2.16

Transmitter (UE)

Receiver (gNB)


Microsoft_Excel_97-2003_Worksheet1.xls
General Paramters

		Evaluation Methodology

				Physical channel name

				Transmitter

				(1) Tx power  (dBm)

				Receiver

				(2) Thermal noise density (dBm/Hz)

				(3) Receiver noise figure (dB)

				(4) Interference margin (dB)

				(5) Occupied channel bandwidth (Hz)

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

				(7) Required SINR (dB)





Link Budget

				Parameters		Legacy LTE, 20MHz
macro cell		Legacy LTE, 20MHz
small cell		LTE-U
U-NII-1,2
20MHz		eCC
U-NII-1,2
80MHz		eCC
U-NII-3
80MHz		eCC
U-NII-1,2
20MHz		eCC
U-NII-3
20MHz		WiFi
20MHz

		Common parameters		System bandwidth (Hz; excluding guard)		1.80E+07		1.80E+07		1.80E+07		7.20E+07		7.20E+07		1.80E+07		1.80E+07		1.75E+07

				(1) eBN Tx power (dBm)		46		30		23		23		30		23		30		30

				(1) UE Tx power (dBm)		23		23		23		23		23		23		23		23

				Antenna configuration eNB		2tx, 2rx		2tx, 2rx		2tx, 2rx		2tx, 2rx		2tx, 2rx		2tx, 2rx		2tx, 2rx		2tx, 2rx

				Antenna configuration UE		2rx, 1tx		2rx, 1tx		2rx, 1tx		2rx, 1tx		2rx, 1tx		2rx, 1tx		2rx, 1tx		2rx, 1tx

				(3) UE receiver noise figure (dB)		9		9		9		9		9		9		9		9

				(3) eNB receiver noise figure (dB)		5		5		5		5		5		5		5		5

				Doppler spread		5 Hz		5 Hz		5Hz		20Hz		20Hz		20Hz		20Hz		5GHz, 3km/h

				Radio channel		EPA		EPA		EVA		EPA		EPA		EPA		EPA		EPA

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

		PDCCH		Control channel details		1A, 43 bits (including CRC), aggregation level 8 (288 REs), 1% miss detection, BBCE				EPDCCH, aggregation level 16 (576 REs; 4 RBs), distributed allocation, ETU		66 bits (including CRC), aggregation level 8 (480REs), 1% miss detection, 2 CRS symbols, baseline channel and Nt estimation

				(4) Interference margin(0 dB is mandatory)		0		0		0		0		0		0		0		0

				(5) Occupied channel bandwidth(Hz)		4320000		4320000		720000		36000000		36000000		36000000		36000000

				(6) Effective noise power(dBm) = (2)+(3)+(4)+(5)		-98.6		-98.6		-106.4		-89.4		-89.4		-89.4		-89.4		0.0

				(7) Required SINR(dB)		-3		-3		-3.7		-4.6		-4.6		-4.6		-4.6

				(8) Received sensitivity(dBm) = (6)+(7)		-101.6		-101.6		-110.1		-94.0		-94.0		-94.0		-94.0		0.0

				(9) MCL(dB) (DL control)  = (1 scaled)-(8)		141.4		125.4		119.1		114.0		121.0		120.0		127.0		- 0

				Comments						EPA and EVA are better by 1dB.

		PDSCH		Data channel details								MCS 0, no retransmission, Full BW, TM1, 1x2				MCS 0, no retransmission, Full BW, TM1, 1x2				2x2, rank 1, LDPC, MCS0 (BPSK 1/2)

				(4) Interference margin(0 dB is mandatory)		0		0		0		0		0		0		0		0

				(5) Occupied channel bandwidth(Hz)		1.80E+06		1.80E+07		1.80E+07		7.20E+07		7.20E+07		1.80E+07		1.80E+07		1.63E+07

				(6) Effective noise power(dBm) = (2)+(3)+(4)+(5)		-102.4		-92.4		-92.4		-86.4		-86.4		-92.4		-92.4		-92.9

				(7) Required SINR(dB)		-6		-6		-6		-6		-6		-6		-6		3.1

				(8) Received sensitivity(dBm) = (6)+(7)		-108.4		-98.4		-98.4		-92.4		-92.4		-98.4		-98.4		-89.8

				MCL(dB) (DL control)  = (1 scaled)-(8)		144.4		128.4		121.4		115.4		122.4		121.4		128.4		119.5

				Comments		Used an arbitrary SINR		Used an arbitrary SINR		Used an arbitrary SINR		Used an arbitrary SINR. Loss compared to LTE coming from 6dB lower PSD (80MHz).				Used an arbitrary SINR.				Will improve in 11ac

		PUCCH		Control channel details		PUCCH format 1a, 1% Pmiss, 1%Pfa				ePUCCH, 50 bit payload, 10 distributed RBs, 1 subframe, 10 symbols per RB, QPSK, TBCC, 16bit CRC, 100 QPSK symbols spread into 1200 tones		n/a				Format 3 based design, 4 DMRS symbols + 8 PUCCH symbols, 20 clusters, 4 subcarriers/cluster, 80 subcarriers, 320 coded bits, 66 bits (including CRC), TBCC, 1 user, 1% BLER

				(4) Interference margin(0 dB is mandatory)		0				0						0				0

				(5) Occupied channel bandwidth(Hz)		180000				1800000						6.00E+06

				(6) Effective noise power(dBm) = (2)+(3)+(4)+(5)		-116.4				-106.4						-101.2				0.0

				(7) Required SINR(dB)		-6.8				-6.7						-3.5

				(8) Received sensitivity(dBm) = (6)+(7)		-123.2				-113.1						-104.7				0.0

				(9) MCL(dB) (UL control) = (1)-(8)		146.2				136.1						127.7				- 0

				Comments												Loss compared to LTE-U mainly coming from lower energy (by 8dB) mainly due to shorter symbol duration.

		PUSCH		Data channel details		PUCCH format 1a, 1% Pmiss, 1%Pfa		PUCCH format 1a, 1% Pmiss, 1%Pfa		ePUCCH, 50 bit payload, 10 distributed RBs, 1 subframe, 10 symbols per RB, QPSK, TBCC, 16bit CRC, 100 QPSK symbols spread into 1200 tones		50bit payload + 16bit CRC, 100 subcarriers, 12 symbols, TBCC, 1% BLER				50bit payload + 16bit CRC, 100 subcarriers, 12 symbols, TBCC, 1% BLER				2x2, rank 1, LDPC, MCS0 (BPSK 1/2)

				(4) Interference margin(0 dB is mandatory)		0				0		0				0				0

				(5) Occupied channel bandwidth(Hz)		4.32E+06				1.80E+07		7.20E+07				1.80E+07				1.75E+07

				(6) Effective noise power(dBm) = (2)+(3)+(4)+(5)		-102.6				-96.4		-90.4				-96.4				-96.6

				(7) Required SINR(dB)		-15				-6		-6				-6				3.1

				(8) Received sensitivity(dBm) = (6)+(7)		-117.6				-102.4		-96.4				-102.4				-93.5

				(9) MCL(dB) (UL control) = (1)-(8)		140.6				125.4		119.4				125.4				116.5

				Comments		Used an arbitrary SINR.				Used an arbitrary SINR.		Used an arbitrary SINR.  Loss compared to LTE coming from 6dB lower PSD (80MHz).				Used an arbitrary SINR.				Will improve in 11ac

				(17) Carr frequency (GHz)		4

				(18) Max cell Radius (km)		1.49



Qualcomm User:
pathLoss = log10(dist*10^3) * 37.6 + 15.3 + 20*log10(carrFreq/2)



PRACH

		

				PRACH

				Antenna		1Tx, 2Rx		1Tx, 4Rx		1Tx, 2Rx

				Channel		CDL-C, 100ns DS		CDL-C, 100ns DS		AWGN

				Doppler		3km/h, 120km/h		3km/h, 120km/h		0

				Transmitter (UE)

				(1) Tx power  (dBm)		23		23		23

				Receiver (gNB)

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

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

				(4) Interference margin (dB)		0		0		0

				(5) Occupied channel bandwidth (Hz)		4320000		4320000		4320000

				(6) Effective noise power = (2) + (3) + (4) + 10 log(5)  (dBm)		-102.6		-102.6		-102.6

				(7) Required SINR (dB)		-4		-7.3		-15

						-106.6		-109.9		-117.6

						129.6		132.9		140.6

				(17) Carr frequency (GHz)		4		4		4

				(18) Max cell Radius (km)		0.76		0.93		1.49

				(17) Carr frequency (GHz)		2		2		2

				(18) Max cell Radius (km)		1.10		1.35		2.16



Qualcomm User:
pathLoss = log10(dist*10^3) * 37.6 + 15.3 + 20*log10(carrFreq/2)

Qualcomm User:
pathLoss = log10(dist*10^3) * 37.6 + 15.3 + 20*log10(carrFreq/2)




image7.png
Available cyclic shifts for diflerent tone spacings (Cell radius = 1 k)

20 30 40 s 60 70 80 90 100 110 120
KHz




image8.png
Relative Loss in received power (dE)

Effect of frequency offset and doppler for different tone spacings at 30 GHz

"
———u x120
T ixe ¥:-003915
xa { vz
¥:-08578 -

——— 100 krvhr, .05 pprm BS offset and .1 pprn UE offset
———3 kmfhr , .05 pprm BS offset and 1 ppm UE offset

——3 kivhr_and .1 ppm UE offset

Eil

[l 60 &0
tone spacing (kHz)

100 120




image9.wmf
T

dt

e

T

T

f

f

j

E

D

ò

+

0

)

(

2

10

log

*

20

p


oleObject4.bin

image10.wmf
spacing

 

tone

1

T

 

 UE,

and

 

BS

at 

error 

frequency 

 

of

Summation 

f

 

shift,

Doppler 

E

=

=

=

D

f


oleObject5.bin

image11.png
UE2




image12.png
10

10

10

10

Missed detection (80 kHz 5CS, 30 GHz, CDL-C, 10°*F ), 3 kifr, 1 ppm UE, 05 ppm B5

One symbol based detection
Caherent combining with two symbals and spreading

per tone post-BF SNR (4B) (antenna element gain included)





image13.png
20 ms
-

. W oies

I ucs

B ssblock

. RACH block





image14.png
SYNC

SYNC SYNC

DLCB

RACH block

SR/Beam Recovery
Request block

ULCB

UL data

Gap period

SYNC

432 MHz




image15.png
Timing ertor afler RACH (30 GHz, CDL-C, B0 kHz SCS without spreaing),3 khr, 3 kHz UE & 1.5 kHz BS offset,
1 T

03k : 4

08 -

07 B B d

08 H : 4

Fix)

0s B B 4

04k : : i

03 -

0z : B 4

01 : : 4

o H i i i i L
- 2 0 2 4 [ [ 10 12

# of samples. Sampling period 4.07ns




image16.png
Timing error afler RACH (30 GHz, CDL-C, B0 kHz SCS with spreading),3 kmhr, 3 kHz UE & 1.5 kHz BS offset,
1

03

08

07

08k

Fix)

0s

04

03

0z

(313

# of samples. Sampling period 4.07ns




image17.png
10

a® 10

10

Missed detection rate of RACH (7.5 kHz 5CS, 30 GHz, CDL-C, 107°P )

per tone post-BF SNR (4B) (antenna element gain included)




image18.png
Fix)

Timing ertor afler RACH (30 GHz, CDL-C, antenna element gain incluted)

03

0k

07

08

0s

04

0aF

0z

01

E

-10

0
# of samples. Sampling period 32.55ns

10

20

a0

40




image19.png
10

a® 10

10

Missed detection rate of RACH (7.5 kHz 5CS, 30 GHz, CDL-C, 107°P )

per tone post-BF SNR (4B) (antenna element gain included)




image20.png
09

08

07

06

05

04

03

02

01

———PAPR of IC Seq
———PAPR of IC Seq spreaded by M seq





image21.png
09

08

07k

06

05

04

03

02p

01

——— IC sequence

——— IC sequence spread by M sequence

%2104
V- 09388

% 3.
v: 0.8}

-0

35

a0
)

B3

20

B

0




image22.png
Cross correlation Power

09

———IC Sequence

———IC spread by P3 sequence

08

07

06

05

04

03

02

01

%1473
V:0888

60 50

a0
a8

a0

0




image23.png
Cross cortelation power

09

08

07k

06

05

04

03

02p

01

—1c

———IC with Cover Extension [|

20 B
)





image24.png
Missed detection (30 GHz, CDL-C, 10°% P}, 3 kmhr, 3 kHz UE ofset, 1.5 kHz BS offset
o
10

No combining
Selectian of the beter of twa RACH blocks across 20 ms
Nar-caherent combining of twa RACH blocks across 20 ms
i
e
10?
10 ; H

9 K] 7 5 5 -4 3 2
per tone post-BF SNR (dB) (antenna element gain included)




