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1	Introduction
During the NR Study Item, RAN1 has established requirements and scenarios for NR ‎[1] and has identified technology components that are needed to standardize the NR system ‎[2]. The objective of the work item phase is to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low latency communications (URLLC) considering frequency ranges up to 52.6 GHz and considering forward compatibility and introduction of new technology components for new use cases.
In this contribution, we discuss the random access channel design, in particular, we consider the following aspects of RACH
· RACH preamble formats.
· RACH preamble sequence length.
· PRACH Preamble capacity.
· RACH preamble sequence for high speed cells with large cell radius.
2	PRACH preamble formats
In this section, we present a configurable framework for RACH preamble formats to support different deployment scenarios and to be forward compatible for supporting new requirements and future scenarios. In the subsequent sections, we will present the RACH preamble sequence, the RACH resource allocation is presented in a companion contribution ‎[3].
The different RACH preamble formats can have different CP length and different N and M values. The construction of PRCAH preamble formats using N and M is shown in Figure 1. Appendix A gives examples of RACH preamble formats that can support different deployment scenarios (multi-beam capability, coverage requirement, frequency range, etc.). Note that, sequence 1, sequence 2, … sequence M can be the same (preamble format option 2), or different (preamble format option 4).


[bookmark: _Ref474147226]Figure 1: Construction of PRACH formats based on N and M.
Proposal 1: Support formats given in Appendix A as baseline for NR PRACH preamble formats.
It was agreed in RAN1#88 that NR support at least option 1. However, as will be discussed further in this contribution option 1 has an issue with preamble capacity. As shown in section 3.3, option 4 has characteristics to offer similar capacity to LTE with a given total amount of time/frequency resources while at the same time allows using the same subcarrier spacing as for UL control and data for the PRACH preamble. That means robustness against high frequency offsets as well as significant reduction in gNB receiver complexity since the same FFTs can be used for UL control, data and PRACH detector. It’s to be noted that each receiver unit has FFT and there may be very high number of receiver units – e.g. fully digital radio with 64 antennas and receiver units. 
Proposal 2: Support preamble format Option 4 alongside with Option 1. 
3	RACH Preamble Sequence
3.1 	Sequence Length 
Per RAN1#88bis agreements, L=839 is one sequence length adopted for RACH, the other sequence is to be selected from 63/71, and 127/139. 
Motivation to have either 63 or 127 instead of 71 or 139 is to enable m-sequence based cover code to increase PRACH capacity. However, as resulting PAPR could be significantly higher than with pure ZC based signatures and that there are capacity enhancement possibilities available using pure ZC based signature as discussed further in 3.3. 
Proposal 3: Consider only 71 and 139 further when deciding sequence length among 63/71 and 127/139.
In this section, we consider the following criteria for the selection of the RACH sequence length.
· Performance results such as Pmd and Pfa.
· Capacity.
· Support of high Doppler (carrier frequency, speed, frequency offset).
· Cell radius.
· Implementation complexity.
· Beamforming support.

In the following, we compare ZC sequence length 71 and 139 in each of these categories.

3.2	Sequence Length Performance Analysis
In appendix B.1, we describe the simulation methodology and the agreed simulation assumptions. In appendix B.2, we present the baseline simulation results.
In the following, we present the simulations results obtained for 4 and 30 GHz carrier frequencies. We compared two different ZC preamble sequence lengths (71 and 139) with subcarrier spacing such that the total required bandwidths are the same. Performance figures are given with different number of symbols  and mobile speeds up to 500 km/h.
3.2.1	Results below 6GHz
Table 1 provides an overview of the simulation cases for below 6 GHz.
[bookmark: _Ref481583959]Table 1: Preamble configuration and simulation parameters for below 6 GHz.
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3.2.1.1	Velocity 0 km/h, Carrier Frequency 4 GHz
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Figure 2: Key performance metrics for ZC-sequence length 71 and 139 and up to 12 OFDM symbols. The channel model is AWGN and the mobile speed 0 km/h.

[bookmark: _Ref481683258]Table 2: Key performance indicators @ 1% missed detection. 
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A “Winner” sequence configuration can be obtained via comparing the observed performances at the same total sequence energy (i.e. same sequence length in time). In Table 2 different sequences in one row fulfill the energy criterion. The “Winner” sequences in respect to minimum required SNR, false alarm and maximum coupling loss are given in the last three columns.
3.2.1.2	Velocity 3 km/h, Carrier Frequency 4 GHz
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Figure 3: Key performance metrics for ZC-sequence length 71 and 139 and up to 12 OFDM symbols. The channel model is CDL-C and the mobile speed 3 km/h.

Table 3: Key performance indicators @ 1% missed detection.
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3.2.1.3	Velocity 120 km/h, Carrier Frequency 4 GHz
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Figure 4: Key performance metrics for ZC-sequence length 71 and 139 and up to 12 OFDM symbols. The channel model is CDL-C and the mobile speed 120 km/h.

Table 4: Key performance indicators @ 1% missed detection.
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3.2.1.4	Velocity 500 km/h, Carrier Frequency 4 GHz
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Figure 5: Key performance metrics for ZC-sequence length 71 and 139 and up to 12 OFDM symbols. The channel model is CDL-C and the mobile speed 500 km/h.

Table 5: Key performance indicators @ 1% missed detection.
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[bookmark: _GoBack]Observation 1: Below 6 GHz, with the same total sequence energy (i.e. same sequence length in time), sequence length 139 has, on average, a slight lower SNR than sequence length 71 for a miss-detection probability of 1%.


3.2.2	Results above 6GHz
Table 6 and Table 7 provide an overview of two simulation cases for above 6GH; the first with sub-carrier spacing 120/60 KHz, and the second with sub-carrier spacing 240/120 KHz.
[bookmark: _Ref481585453]Table 6: Preamble configuration and simulation parameters for above 6 GHz, with parameter set 1.
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[bookmark: _Ref481585477]Table 7: Preamble configuration and simulation parameters for above 6 GHz, with parameter set 2.
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3.2.2.1	Parameter Set 1: Velocity 0 km/h, Carrier Frequency 30 GHz
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Figure 6: Key performance metrics for ZC-sequence length 71 and 139 and up to 12 OFDM symbols. The channel model is AWGN and the mobile speed 0 km/h.

Table 8: Key performance indicators @ 1% missed detection.
[image: ]
3.2.2.2	Parameter Set 1: Velocity 3 km/h, Carrier Frequency 30 GHz
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Figure 7: Key performance metrics for ZC-sequence length 71 and 139 and up to 12 OFDM symbols. The channel model is CDL-C and the mobile speed 3 km/h.

Table 9: Key performance indicators @ 1% missed detection.
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3.2.2.3	Parameter Set 1: Velocity120 km/h, Carrier Frequency 30 GHz
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Figure 8: Key performance metrics for ZC-sequence length 71 and 139 and up to 12 OFDM symbols. The channel model is CDL-C and the mobile speed 120 km/h.

Table 10: Key performance indicators @ 1% missed detection.
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3.2.2.4	Parameter Set 1: Velocity 500 km/h, Carrier Frequency 30 GHz
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Figure 9: Key performance metrics for ZC-sequence length 71 and 139 and up to 12 OFDM symbols. The channel model is CDL-C and the mobile speed 500 km/h.
Table 11: Key performance indicators @ 1% missed detection.
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Observation 2: Above 6 GHz, with the same total sequence energy (i.e. same sequence length in time), sequence length 139 has, on average, a slight lower SNR than sequence length 71 for a miss-detection probability of 1%.
3.2.2.5	Parameter Set 2: Velocity 0 km/h, Carrier Frequency 30 GHz

Table 12: Key performance indicators @ 1% missed detection.
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3.2.2.6	Parameter Set 2: Velocity 3 km/h, Carrier Frequency 30 GHz

Table 13: Key performance indicators @ 1% missed detection.
[image: ]

3.2.2.7	Parameter Set 2: Velocity 120 km/h, Carrier Frequency 30 GHz

Table 14: Key performance indicators @ 1% missed detection.
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3.2.2.8	Parameter Set 2: Velocity 500 km/h, Carrier Frequency 30 GHz

Table 15: Key performance indicators @ 1% missed detection.
 [image: ]


Observation 3: Above 6 GHz, for sequence length 71, a subcarrier spacing of 120 kHz is better than a 240 kHz subcarrier spacing. For a sequence length 139, the subcarrier spacing 60 kHz is better than a 120 kHz subcarrier spacing.



3.3 	PRACH Sequence Capacity and Implementation Complexity
Related to PRACH capacity, the following agreement was made in RAN1#88bis:
	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



Clearly, generating PRACH preamble using sequence length 71 would allow to use the same SCS options as are available for UL control and data. That would allow using the same FFTs for PRACH reception as for UL control and data reducing significantly gNB implementation complexity but also has potential for better robustness against frequency offset (see section 3.4) as non-coherently accumulated sequences or set of sequences have shorter time duration. 
For capacity comparison, we consider LTE format 4 as a reference, with sequence length 139:
· TCP = 448 Ts
· Tseq = 4096 Ts
· TGT = 288 Ts
· Sequence length 139
· PRACH bandwidth 1.08 MHz (equals to 6 PRBs with 15 kHz SCS)

As equivalent design, we consider sequence length 71 and three options, option 1, option 2 and option 4, as presented in Figure 8.
[image: ]
[bookmark: _Ref480809319]Figure 8: Options to compare 139 and 71 sequence lengths. 

Assuming zero-correlation zone being 1.1 times CP which covers both RTT and delay spread, the number of cyclic shifts per one root sequence is illustrated in Table 10.
[bookmark: _Ref480810348][bookmark: _Ref481680256]Table 10: Considered options
	
	LTE format 4 (L=139)
	Option 1 (L=71)
	Option 2 (L=71)
	Option 4 (71)

	SCS
	7.5 kHz
	15 kHz
	15 kHz
	15 kHz

	Number of cyclic shifts per root sequence
	8
	4
	4
	4

	Total number of PRACH preambles
	138x8=1104
	70x4=280
	70x4x2(OCC)=560
	70x4x4=1120



Observation 4: Option 4 (with L=71) would allow comparable capacity to design option with L=139.
Observation 5: Option 2 (with L=71) increases capacity compare to option 1, but the sequence capacity is less than option 4.

Table 11: gNB complexity analysis
	
	LTE format 4 (L=139)
	Option 1 (L=71)
	Option 2 (L=71)
	Option 4 (L=71)

	Same FFT for PRACH as for UL control and data
	No
	Yes
	Yes
	Yes

	IFFT size at gNB receiver
	One 256 size IFFT 
	One or two 128 size IFFT
	Two 128 size IFFT
	Two 128 size IFFT



ZC sequences are known to suffer from additional correlation peaks due frequency offsets (see section 3.4). If the frequency offset is greater than 1/5th the sub-carrier, restricted sets need to be used. For example, for sequence length 139, and sub-carrier spacing 7.5 KHz, restricted sets are used if the frequency offset is greater than 1.5 KHz. While for sequence length 71, and sub-carrier spacing 15 KHz, restricted sets are not needed if the frequency offset is less than 3 KHz.
Assuming Ncs = 16, a RACH preamble with sequence 139 (LTE format 4) can support 1104 signatures (as shown in Table 10). If the frequency offset is high, and restricted sets are required, a sequence with length 139 can only support 168 signatures. This is less than the number of signatures for sequence length 71 using option 1, and much less than the number of signatures for sequence length 71 using option 4.
Observation 6: Using restricted sets significantly reduces the number of available RACH signatures.
Observation 7: For the same RACH preamble bandwidth, a longer sequence has lower subcarrier spacing and hence is more likely to use restricted sets with large frequency offsets.
As shown above, option 4 is a promising technique to improve the capacity of PRACH preamble formed from shorter symbols together with robustness against frequency offset. Then, the question is how the potential ambiguity is solved that which independently chosen sequences belong to one Msg1 transmission. One potential solution is non-coherent combining for the sequences with the same timing. One another solution is that the second sequence is further scrambled with a cover code derived from the first sequence ‎[6]. If the first sequence is pure ZC and the second sequence is ZC scrambled with a cover code, there may be performance issue because the second part may suffer from higher transmit power back off due to higher PAPR than the first sequence is having. 
Observation 8: Having part of the PRACH occasion transmitted using pure ZC and part of the PRACH occasion transmitted using ZC scrambled with a cover code may lead to performance/coverage issue because the higher PAPR for the latter part.
Based on above observation, we consider non-coherent combining for the sequences with the same timing as one feasible option to remove ambiguity in detection.
Proposal 4: Study additional options to remove ambiguity with RACH preamble format option 4. 

3.4 	Support of Higher Frequency Offsets
Oscillator accuracy in the UE and gNB, along with the frequency shift due to the Doppler Frequency can cause carrier frequency offset in the received frequency, compared to the reference frequency used in the receiver. If the frequency offset is a significant fraction of the sub-carrier spacing, additional correlation peaks start to appear, this requires the use of restricted RACH sets ‎[7]. As the frequency offset gets even larger and exceeds the sub-carrier spacing frequency more correlation peaks start to appear, leading to further restrictions being imposed on the selection of the correlation windows ‎[8]. This not only complicates the RACH preamble design, but also limits the number of RACH sequences available.
In LTE, there are two types of restricted sets for RACH, type A and type B. We assume the maximum frequency offset to avoid restricted sets of type A is 1/5th the SCS and the maximum frequency offset to avoid restricted sets of type B is 6/5th the SCS. Table 12 illustrates the relation between the SCS and the maximum frequency offset without restricted sets and with Type A/B restricted sets. 
[bookmark: _Ref481587816]Table 12: Maximum Frequency Offset as a function of the sub-carrier spacing.
	SCS
	Maximum FO without restricted sets
	Maximum FO with Type A restricted sets
	Maximum FO with Type B restricted sets

	1.25 KHz
	250 Hz
	1500 Hz
	2750 Hz

	5 KHz
	1 KHz
	6 KHz
	11 KHz

	7.5 KHz
	1.5 KHz
	9 KHz
	16.5 KHz

	15 KHz
	3 KHz
	18 KHz
	33 KHz

	60 KHz
	12 KHz
	72 KHz
	132 KHz

	120 KHz
	24 KHz
	144 KHz
	264 KHz

	240 KHz
	48 KHz
	288 KHz
	528 KHz



Observation 9: Higher subcarrier spacing allow support of higher frequency offsets without restricted sets.
Observation 10: For the same RACH bandwidth, sequence length 71 has a higher sub-carrier spacing than sequence length 139, and consequently is more resilient to frequency offsets.
Then we consider which SCS to adopt to avoid use of restricted sets in different deployment scenarios and focus on the most demanding scenarios from frequency offset point of view. 
Assume the carrier frequency offset (CFO) is 1.5 x 10-7 of the carrier frequency. This corresponds to UE oscillator accuracy of 0.1 PPM and gNB oscillator accuracy of 0.05 PPM. Maximum Doppler + CFO for different scenarios as well as recommended SCS is illustrated in Table 13.
[bookmark: _Ref481684545]Table 13: Recommended RACH SCS for different deployment scenarios.
	Scenario
	Fc (GHz)
	Speed (Km/hr)
	Fd+CFO (KHz)
	Recommended SCS (KHz)

	Urban 1
	52.6
	30
	10.81
	60 or 120

	Urban 2
	6
	30
	1.23
	7.5 or 15

	Rural
	4
	120
	1.49
	15

	High Speed Train
	30
	500
	32.28
	240



Based on above analysis we propose:
Proposal 5: RACH preamble sequence supports the following subcarrier frequencies:
· If RACH sequence length 71 is adopted: {15, 30, 60, 120 and 240} KHz
· If RACH sequence length 139 is adopted: {7.5, 15, 30, 60 and 120} KHz

Further, it is up to RAN4 to decide the scenarios applicable for the RACH preamble sub-carrier spacing.
For comparing sequence length 139 (LTE format 4), and sequence length 71 (preamble format options 1 and 4), with 2 preambles, we consider the following simulation parameters:
· Random initial timing offset between 0…10us
· AWGN
· Carrier frequency 4GHz
· Frequency offset 0Hz or 3700Hz (500km/h UE velocity with worst case 2-way Doppler effect).
· No restricted preamble sets used, 64 preambles allocated.

The no frequency offset is shown in Figure 9:
· Considering missed detection, NR Option 4 (L=71) performs 2dB worse than LTE format 4 (L=139).

The 3700Hz frequency offset is shown in Figure 10:
· Considering missed detection, NR Option 4 (L=71) performs 2dB better compared to LTE format 4 (L=139) and NR Option 1 (L=71).
· To deal with frequency offset, NR Option 4 (L=71) benefits from 2 non-coherent intervals / 2 IFFTs.
· LTE format 4 (L=139) (sequence length 139) suffers from frequency side peaks, which causes significant false alarm rise already at low SNRs.

 [image: ] [image: ]
[bookmark: _Ref481754089]Figure 9: Missed detection and false alarm performance comparison between different preamble options. No frequency offset.
  
[image: ] [image: ]
[bookmark: _Ref481754155]Figure 10: Missed detection and false alarm performance comparison between different preamble options. 3700Hz frequency offset.
Observation 11: With no frequency offset, sequence length 139 is 2 dB better than sequence length 71 (using option 4 with 2 preambles). With high frequency offset (3700 Hz), sequence length 71 (using option 4 with 2 preambles) is 2 dB better than sequence length 139.
3.5	Impact of Cell Radius
As the cell radius becomes larger, the correlation window becomes larger to cover the variation in the round-trip propagation delay from very small values when the UE is close to the base station to large values when the UE is close to the cell edge. To avoid additional complexity in the receiver, the RACH preamble sequence duration should be at least as large as the maximum round-trip propagation delay to be able to have a search window that can cover the entire cell range. Table 14 shows how the cell radius decreases as a function of the sub-carrier spacing. The maximum cell radius is assumed to be the cell radius with a round trip time that is 90% of the RACH preamble sequence duration.
[bookmark: _Ref481589398]Table 14: Maximum cell radius as a function of the sub-carrier spacing.
	SCS
	T (usec)
	R max (Km)

	1.25 KHz
	800
	108

	5 KHz
	200
	27

	7.5 KHz
	133.3
	18

	15 KHz
	66.7
	9

	60 KHz
	16.7
	2.25

	120 KHz
	8.3
	1.13

	240 KHz
	4.17
	0.56



We observed from Table 14, that for small urban cells with cell radius about 500 m, the RACH sub-carrier spacing can be as large as 240 KHz.
Observation 12: For the same RACH bandwidth, sequence length 71 has a higher sub-carrier spacing than sequence length 139, and consequently smaller cell radius.
Observation 13: For small urban cells with cell radius 500 m, sequence 71 with any sub-carrier spacing up to 240 KHz can be used.

3.6 	Beamforming impact
In a multi-beam system, the PRACH preambles should be short to keep the full RX sweep duration short in time. This can be fulfilled by using a large subcarrier spacing.
Observation 14: For the same RACH bandwidth, sequence length 71 has a higher sub-carrier spacing than sequence length 139, and consequently can allow shorter RX beam sweeping time.
3.7 	RACH Sequence Length Comparison
Based on the analysis presented in the previous sub-sections, we compare the RACH sequence length 71 and 139. The results of this comparison are shown in Table 15.
[bookmark: _Ref481685045]Table 15: Comparison of RACH sequence length 17 and RACH sequence length 139.
	Comparison Aspect
	Sequence Length 71
	Sequence Length 139

	Bandwidth
	6 PRBs
	6 PRBs if SCS is half data SCS
12 PRBs if SCS is equal to data SCS

	Performance
	If time allocation of both sequences is the same (i.e. 2 symbols for sequence length 71 vs 1 symbol for sequence length 139), performance of sequence length 139 is, on average, slightly better than that of sequence length 71. 

	High-Doppler/CFO Impact
	For the same BW, more resilient to Doppler and Frequency Offset
	For the same BW, less resilient to Doppler and Frequency offset.

	Capacity
	Options to increase capacity:
OCC (albeit capacity is still lower)
Option 4 (less performance, and ambiguity)
	Higher sequence capacity, if restricted sets is not used.
Less capacity with restricted sets.

	Cell Radius
	For same BW has smaller cell radius. However, it can support cell radius of small cells even with SCS = 240 KHz
	For same BW has larger cell radius.

	Beam sweeping
	Shorter symbol length with sequence length 71 allows for more efficient beam sweeping, i.e. less overhead, especially in high SINR scenarios.

	Implementation Complexity
	For same BW, same SCS as data  lower implementation complexity.
	For same BW, different SCS than data  higher implementation complexity.



Weighing the pros and cons of each RACH preamble sequence length, we find that it is more advantageous to have a RACH preamble sequence length of 71.
Proposal 6: In addition to RACH preamble sequence length 839, NR shall adopt sequence length 71.

3.8 	RACH Sequence for high speed/large cell radius
3.8.1	Cyclic delay-Doppler shifted M-Sequences
The m-sequences are generated via linear-feedback shift registers. Table 16 provides the generator polynomials used in this contribution.
[bookmark: _Ref481685277]Table 16: M-Sequence generation parameters used in this contribution.
	Order
	Sequence Length
	Polynomial

	6
	63
	

	7
	127
	

	8
	255
	

	9
	511
	

	10
	1023
	



The output of the generator is a binary sequence  of length  equal 1023 (10th order) or 511 (9th order) that is transformed into a BPSK () modulated base sequence . Different base sequences can be generated by initializing the pn-generator with different values e.g. from cell IDs. Alternatively, one can introduce a cell-specific base offset. From the base sequence, different preamble sequences can be derived by applying circular delay-Doppler shifts as follows:

Where  is the cyclic shift defined as an integer multiple of . Here, the  value adjusts the separability in time domain and should be therefore larger than the maximum expected delay spread. The phase signature parameter  should be selected larger than the maximum expected Doppler spread in the system. The cell ID can be used as root index parameter  to guarantee that neighbor cells show different frequency shifts.

3.8.2	Comparison between M- and ZC-Sequences
Table 17 shows the parameters used to evaluate the performance differences between ZC- and cyclic delay-Doppler shifted M-sequences 
[bookmark: _Ref481685406]Table 17: Preamble and simulation parameters used to compare performances between ZC- and M-Sequences.
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In the following we will have a closer look on how the different sequence types perform under frequency offsets and different sequence lengths.
3.8.2.1	Frequency Offsets (FO)
In this subsection, we present the performance differences between ZC- and M-sequences for a sequence length equal 127. That sequence length is the only one where all sequence configuration parameters except the sequence type are the same. Figure 11 shows the measured performances for ZC- and Figure 12 shows the performances for M-sequences. From the graphs, we clearly observe that the M-sequences are more robust against frequency offsets than ZC-sequences. Only at very high velocities (500 km/h) the missed detection is comparably bad for both sequence types. Also, false alarm probability for M-sequences are much smaller compared to ZC-sequences. Typically, the difference in false alarm rate is about a factor 10 or more.
[image: ]
[bookmark: _Ref481685524]Figure 11: Key performance metrics for ZC-sequence with length 127. Solid lines with FO and dashed lines without FO.
[image: ]
[bookmark: _Ref481685539]Figure 12: Key performance metrics for M-sequence with length 127. Solid lines with FO and dashed lines without FO.

3.8.2.2	Sequence Length
In this subsection, we want to compare ZC- and M-sequences for various sequence lengths and mobile speeds including frequency offsets. Figure 13 shows the performance figures for an AWGN channel at 0 km/h. From the diagrams, we see that M-sequences typically achieve much lower missed detection rates compared to ZC-sequences of similar length at the same SNR level. Again, this is a direct consequence of the enhanced robustness of M-sequences against frequency uncertainties.
[image: ]
[bookmark: _Ref481685874]Figure 13: Key performance metrics for AWGN channel at 0 km/h. Solid lines are for M-sequences and dashed lines for ZC-sequences.
In Figure 14 we show the results obtained at very high speed (500 km/h). We learn from the missed detection graph that RACH access with ZC-Sequences often fails, because of the large number of missed detections due to timing estimation errors. In contrast, M-Sequences of length 511 and 1023 achieve a missed detection below the 1 % threshold figure.
[image: ]
[bookmark: _Ref481685905]Figure 14: Key performance metrics for CDL-C channel at 500 km/h. Solid lines are for M-sequences and dashed lines for ZC-sequences.

Observation 15: Cyclic delay-Doppler shifted M-Sequences are more robust to frequency offsets for large cells.
Proposal 7: NR adopts Cyclic delay-Doppler shifted M-Sequences for high speed, large cell-radius cells.

4	Conclusions
In this contribution, we discussed PRACH preamble formats, RACH sequence length and sub-carrier spacing, and RACH sequence for high speed/large cell-radius cells.
Related to PRACH preamble formats, the following proposals was made:
Proposal 1: Support formats given in Appendix A as baseline for NR PRACH preamble formats.
Proposal 2: Support preamble format Option 4 alongside with Option 1. 
Related to the RACH sequence length and sub-carrier spacing the following proposals and observations where made:
Proposal 3: Consider only 71 and 139 further when deciding sequence length among 63/71 and 127/139.
Observation 1: Below 6 GHz, with the same total sequence energy (same sequence length in time), sequence length 139 has, on average, a slight lower SNR than sequence length 71 for a miss-detection probability of 1%.
Observation 2: Above 6 GHz, with the same total sequence energy (same sequence length in time), sequence length 139 has, on average, a slight lower SNR than sequence length 71 for a miss-detection probability of 1%.
Observation 3: Above 6 GHz,  for sequence length 71 a subcarrier spacing of 120 kHz is better than a 240 kHz subcarrier spacing. For a sequence length 139 the subcarrier spacing 60 kHz is better than a 120 kHz subcarrier spacing.

Observation 4: Option 4 (with L=71) would allow comparable capacity to design option with L=139.
Observation 5: Option 2 (with L=71) increases capacity compare to option 1, but the sequence capacity is less than option 4.
Observation 6: Using restricted sets significantly reduces the number of available RACH signatures.
Observation 7: For the same RACH preamble bandwidth, a longer sequence has lower subcarrier spacing and hence is more likely to use restricted sets with large frequency offsets.
Observation 8: Having part of the PRACH occasion transmitted using pure ZC and part of the PRACH occasion transmitted using ZC scrambled with a cover code may lead to performance/coverage issue because the higher PAPR for the latter part.
Proposal 4: Study additional options to remove ambiguity with RACH preamble format option 4. 
Observation 9: Higher subcarrier spacing allow support of higher frequency offsets without restricted sets.
Observation 10: For the same RACH bandwidth, sequence length 71 has a higher sub-carrier spacing than sequence length 139, and consequently is more resilient to frequency offsets.
Proposal 5: RACH preamble sequence supports the following subcarrier frequencies:
· If RACH sequence length 71 is adopted: {15, 30, 60, 120 and 240} KHz
· If RACH sequence length 139 is adopted: {7.5, 15, 30, 60 and 120} KHz

Observation 11: With no frequency offset, sequence length 139 is 2 dB better than sequence length 71 (using option 4 with 2 preambles). With high frequency offset (3700 Hz), sequence length 71 (using option 4 with 2 preambles) is 2 dB better than sequence length 139.
Observation 12: For the same RACH bandwidth, sequence length 71 has a higher sub-carrier spacing than sequence length 139, and consequently smaller cell radius.
Observation 13: For small urban cells with cell radius 500 m, sequence 71 with any sub-carrier spacing up to 240 KHz can be used.
Observation 14: For the same RACH bandwidth, sequence length 71 has a higher sub-carrier spacing than sequence length 139, and consequently can allow shorter RX beam sweeping time.
Proposal 6: In addition to RACH preamble sequence length 839, NR shall adopt sequence length 71.
Related to the RACH sequence design for high speed/large cell-radius cells, the following proposal and observation were made:
Observation 15: Cyclic delay-Doppler shifted M-Sequences are more robust to frequency offsets for large cells.
Proposal 7: NR adopts Cyclic delay-Doppler shifted M-Sequences for high speed, large cell-radius cells.
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Appendix A: RACH Preamble Formats
In this appendix, we give examples of RACH preamble formats, with the following assumptions:
· For Formats A to F, each PRACH burst will have a size of 30720 samples (14 symbols) (the actual duration scales with numerology), for example for 15 KHz SCS the PRACH burst length is 1 ms, … for 120 KHz SCS the RACH burst length is 0.125 ms. 
· For Formats G to I, each preamble burst will have a size of 15360 samples (7 symbols). The actual duration scales with numerology.
· For Format J, each preamble occasion will have a size of 2 ms, this doesn’t scale with numerology. The number of samples in Table 15 assumes 15 KHz numerology.
· For Format K, each preamble occasion will have a size of 3 ms, this doesn’t scale with numerology. The number of samples in Table 15 assumes 15 KHz numerology,

Table 15 shows examples of different RACH preamble formats.
[bookmark: _Ref471392375]Table 18:RACH preamble formats with field durations in units of Ts (sample duration).
	
	N
	M
	CP length
	Sequence
	Symbol Group length
	Length of Symbol Groups
	GT

	Format A
	1
	13
	288
	2048
	2336
	30368
	352

	Format B
	1
	12
	472
	2048
	2520
	30240
	480

	Format C
	2
	6
	864
	2048
	4960
	29760
	960

	Format D
	4
	3
	1536
	2048
	9728
	29184
	1536

	Format E
	14
	1
	1024
	2048
	29696
	29696
	1024

	Format F
	13
	1
	2048
	2048
	28672
	28672
	2048

	Format G
	1
	6
	432
	2048
	2480
	14880
	480

	Format H
	2
	3
	768
	2048
	4864
	14592
	768

	Format I
	6
	1
	1536
	2048
	13824
	13824
	1536

	Format J
	1
	1
	21024
	24576
	45600
	45600
	15840

	Format K
	2
	1
	21024
	24576
	70176
	70176
	21984



For example, in case, of 15 KHz SCS, the length of each field (in usec) is as given in Table 16.
[bookmark: _Ref471392620]Table 19: RACH Preamble Formats A-I for 15 kHz SCS and J-K for 1.25 kHz, with field durations in units of usec.
	
	N
	M
	CP length
	Sequence
	Symbol Group length
	Length of Symbol Groups
	GT

	Format A
	1
	13
	9.4
	66.7
	76.0
	988.5
	11.5

	Format B
	1
	12
	15.4
	66.7
	82.0
	984.4
	15.6

	Format C
	2
	6
	28.1
	66.7
	161.5
	968.8
	31.2

	Format D
	4
	3
	50
	66.7
	316.7
	950
	50

	Format E
	14
	1
	33.3
	66.7
	966.7
	966.7
	33.3

	Format F
	13
	1
	66.7
	66.7
	933.3
	933.3
	66.7

	Format G
	1
	6
	14.1
	66.7
	80.7
	484.4
	15.6

	Format H
	2
	3
	25
	66.7
	158.3
	475
	25

	Format I
	6
	1
	50
	66.7
	450
	450
	50

	Format J
	1
	1
	684
	800
	1484
	1484
	516

	Format K
	2
	1
	684
	800
	2284
	2284
	716



The maximum cell radius is a function of the RACH search window, this depends on the CP/GT length, as well as the link budget analysis, which will determine how many RACH OFDM symbol repetitions are required. The maximum cell radius (in meters) as determined by the RACH search window is given by Table 17.
[bookmark: _Ref471392664]Table 20: Cell radius (in units of meters) for different RACH preamble formats and subcarrier spacing (assuming a 10% delay spread for cells less than 10 Km).
	SCS
	15K
	30K 
	60K
	120K

	Format A
	1278
	639
	320
	160

	Format B
	2095
	1048
	524
	262

	Format C
	3835
	1918
	959
	479

	Format D
	6818
	3409
	1705
	852

	Format E
	4545
	2273
	1136
	568

	Format F
	9091
	4545
	2273
	1136

	Format G
	1918
	959
	479
	240

	Format H
	3409
	1705
	852
	426

	Format I
	6818
	3409
	1705
	852

	Format J
	Only SCS 1.25 KHz is supported cell radius 77.3 Km

	Format K
	Only SCS 1.25 KHz is supported cell radius 102.7 Km



We consider that with the above combinations of preamble formats and SCS, we can cover different deployment scenarios and carrier frequencies. The ultra-long coverage cells, will require using a lower SCS as already mentioned. 
Appendix B: Simulation Assumptions and Baseline Simulation Results
B.1	Complementary Information on Simulation Methodology
The link-level simulations were conducted according to the agreed simulation assumptions. The key assumptions are as given in the table below.
Table 21: Agreed Simulation Assumptions.
	
	Below 6GHz
	Above 6GHz

	Carrier Frequency
	4 GHz
	30 GHz

	Channel Model
	CDL-C, AWGN

	Delay Scaling
	100 ns
	30 ns

	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

	Mechanical downtilt at BS
	0°

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

	Antenna port virtualization
	No beamforming and no beam selection
	One 2D beam generated by the Kronecker product of 2 weights, consisting of 4 beams in vertical plane and 8 beams in horizontal plane

	Frequency Offset
	0.05 ppm at TRP , 0.1 ppm at UE

	UE speed
	3 km/h, 120 km/h
	3 km/h

	Initial timing Offset
	Preamble format 0: Uniformly distributed [0,100us] i.e. assuming a maximum cell radius of 14.4 km.
Preamble format 4: Uniformly distributed [0,10us] i.e. assuming a maximum cell radius of 1.4 km.
For other formats both values should be simulated, [0 100]us and [0 10]us
	Two different values to be used:
Uniformly distributed in [0 5]us and [0 2.5]us

	Preamble Detector
	Each company should provide details on used algorithm

	FFT size
	2048

	Sampling Frequency
	30.72 MHz

	T_SEQ
	24576

	T_CP
	3158



For clarification, we provide some details on specific methodologies and assumptions not explicitly covered or mentioned by the agreed methodologies, but may have an impact on the observed performances.
UE Mobility: Throughout the simulation, the UE is located at a fixed position, but its vector of movement is randomly changed between [0..360]° at the start of a TTI.
UE Antenna: In contrast to the agreed simulation parameters, we assume one vertically oriented TX antenna at the UE.
BS and UE Antenna Orientation: The basestation antenna is oriented 0° in azimuth and 0° in elevation. The UE antenna is always oriented towards the BS antenna i.e. The azimuth is 180° and the elevation is 0°. Please note that the UE antenna orientation and the UE movement direction are in general different.
BS Beamforming method: No RX beamforming is performed for cases below 6 GHz. Above 6 GHz the RX beamforming weight in elevation and azimuth per polarization is determined in two steps: In step 1 we determine the preferred beam direction from the circular ray-mean in azimuth and elevation. In step 2 we determine the best match between the preferred beam and 32 beams constructed from 4 quantized beams in vertical (elevation) and 8 quantized beams in horizontal (azimuth) direction. The best quantized beam parameters are then employed for RX beamforming.

CDL-Channel Model: AoD and AoA: At start of each TTI we randomly draw and apply a new circular mean angle for AoD and AoA according to the agreed distributions.
ASD and ASA: We observed that the performances are similar for all combinations of ASD and ASA. Therefore, in this contribution we assume always ASD = 25° and ASA = 60°.
SNR Definition: The mobile Tx power is scaled per TTI to achieve a target SNR as follows:


SNR is the target SNR value; SNR is the linear average over all TXRU. From the definition of the SNR it should be obvious that we can observe variations around the targeted average SNR per single TXRU. Another source of SNR deviations may come from the fact that we do not consider the true complex valued receive signal and noise in our TX power setting. Doing so would result in a SNR value equal to the targeted value and very optimistic observed performances. TX is the UE transmission power, CL is the TXRU averaged coupling loss and N is the noise power.
BS and UE Center Frequency Offset: The center frequency offset (CFO) at receiver (BS) and transmitter (UE) change randomly and independently per TTI. The relative change is +/-|0.1|ppm at the UE and +/‑|0.05|ppm at the BS.
Sequence Selection: At start of a TTI the base station communicates the logical root sequence index and the N_cs parameter. The N_cs parameter is determined from timing estimation requirements. In total 64 sequences are available per TTI. We assume that root sequences and its cyclic shifted versions with a CM<=1.2 are preferred. Therefore, sequences with CM>1.2 are not available in a cell. All roots and cyclic shifted versions are used during a simulation run with same number of occurrences.
Preamble Sequence Detection: A schematic of the preamble detector is shown in the Fig. 10.
[image: ]
[bookmark: _Ref478132024]Figure 15: PRACH receiver design.

The receiver design follows the design principles similar to the ones described in ‎[4]. Figure 9 shows the processing flow. First, the received signal is segmented and then transformed into the frequency domain via an FFT. The FFT size depends on the PRACH subcarrier spacing. The number of segments depends on the number of preamble sequences within a preamble. The frequency domain samples are then correlated employing the root sequence in the frequency domain. The output of the matched filter is then transformed back into the time domain via an IFFT of size 2048 and the element-wise absolute square provides the power-delay profile (PDP). Afterwards we perform the sum over all the receive antennas/TXRUs. After summation over antennas we decide which PDPs are further processed i.e. only PDP that may contain preamble signals are non-coherently accumulated. The resulting single PDP is the input for the forward consecutive mean excision (FCME) ‎[5] algorithm that is employed for preamble signature detection. Parallel to preamble detection we perform timing estimation.
False Alarm Probability: Preamble detection parameterization i.e. detection threshold parameter setting is determined from simulations when input at receiver is noise only. The target false alarm probability for this case is 0.1%. From our simulation results it can be observed that we sometimes are slightly above or below that target value. This effect is due to the accuracy of determining the correct detection parameters and could be easily resolved via improved settings. In any case, it has been observed, that slight errors in the parameter settings do not have a significant effect on e.g. missed detection probabilities or timing estimates.
B.2	Baseline Simulation Results
In this section we present the performance results obtained for the baseline cases. Baseline cases had been defined for a 4 GHz and 30 GHz carrier frequency with different ZC-sequence lengths and subcarrier spcacings.
B.2.1	Results below 6GHz
For a carrier frequency at 4 GHz it was agreed to provide performances for two baselines. Baseline 1 corresponds to the LTE format 0 with a sequence length of 838, 1.25 kHz subcarrier spacing and an timing offset in the range [0,100] s. From timing estimation requirement, we select for format 0. Baseline 2 corresponds to LTE format 4 with length 139, 7.5 kHz subcarrier spacing and a timing offset within the interval [0,10] s. For format 4 we set .
B.2.1.1	Baseline 1, LTE Format 0
The figure 4 shows the measured key performance figures obtained for the baseline 1 and preamble format 0. In all graphs the solid lines represent results obtained including center-frequency offsets and the dashed lines are without frequency offsets. The upper left graph shows the missed detection as function of the target SNR for different mobile speeds. From that figure it is observed that the 1 % missed detection target cannot be achieved in high speed cases (120 km/h and 500 km/h). It can be also observed that the missed detection probability decreases slowly with an increasing target SNR. The reason for this behaviour is that errors in the timing estimation result in a significant number of missed detections. The probabilities for missed detections caused by timing estimation errors are shown in the lower right graph. The false alarm probability monotonically increases with the target SNR. At -5 dB SNR the false alarm probability is about 3 %. As expected, performances without frequency offsets are much better than with frequency offset as long the mobile speed is not too high. For example, Doppler effect induced errors at 500 km/h could not be compensated by counteracting effects.
[image: ]
Figure 16: Key performance metrics for LTE format 0 for different channels model and mobile speeds. The solid lines are with frequency offsets and the dashed lines without frequency offsets.

Table 22: MCL calculation.
[image: ]

B.2.1.2	Baseline 2, LTE Format 4
The figure 4 shows the performances for the preamble format 4. In contrast to format 0 it is observed that the minimum required SNR for 1 % missed detection does not depend on the mobile speed (speed > 0) and frequency offsets are not relevant. Missed detections caused by timing estimate errors are negligible (< 0.1 %). False alarm rates are small over the entire SNR range, only in the 500 km/h case we can observe a significant increase.
[image: ]
Figure 17: Key performance metrics for LTE format 4 for different channels model and mobile speeds. The solid lines are with frequency offsets and the dashed lines without frequency offsets.

Table 23: MCL calculation.
[image: ]

B.2.2	Results above 6GHz
For a 30 GHz carrier frequency it had been agreed to use the LTE preamble format 4 with a 7.5 kHz subcarrier spacing. Two different transmission timing offset intervals were defined, one with a maximum offset of 2.5 s and a second with a 5 s offset. For a timing offset below 2.5 s we set  and for below 5 s we set .
B.2.2.1	Baseline 1, LTE Format 4

[image: ]
Figure 18: Key performance metrics for LTE format 4 for different channels model and mobile speeds. The solid lines are with frequency offsets and the dashed lines without frequency offsets.

Table 24: MCL calculation.
[image: ]
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Carrier Frequency [GHz] 4 4
Channel Model AWGN | CoL-C
Mobile speed (km/h) ) 3
Number subCarriers 839 | 839
Subcarrier spacing (kHz) 15 | 125
Maximum Timing Offset [ms] 100 | 100
(7) Required SINR (dB) @ 1% missed detection | -48 | -3
(9) MCL= (1) - (8) (dB) 136.6 | 134.8





image39.png
SNR [dB]
SNR [dB]

CDL-AWGN/0
CDLC/ 120

CDLC/3
CDL-C/500

‘qoid "1oQ el esied s10u3 Js3 BuiwiL 0} enp qoid 1oa 'SIN

Channel Model T Velogity k]
(solid ines with FO, dashed lines without FO)

| —— cDLAWGN/0

= CDL-C/120
~—— CDL-C/3
= CDL-C /500

SNR [dB]

Timing Estimation Error @ 0dB SNR [us]

‘qoid 1eq ‘SN

Ele)




image40.png
Carrier Frequency [GHz] 4 4

Channel Model AWGN | CoL-C
Mobile speed (km/h) ) 3
Number subCarriers 139 | 139
Subcarrier spacing (kHz) 75 | 15
Maximum Timing Offset [ms] 0 | 10

(7) Required SINR (dB) @ 1% missed detection | -10.4 | -16

(9) MCL=(1) - (8) (dB) 142.2 | 133.4
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Carrier Frequency [GHz] 30 30
Channel Model AWGN | coLC
Mobile speed (km/h) ) 3

Number subCarriers 139 139
Subcarrier spacing (kHz) 75 75
Maximum Timing Offset [ms] 25 25
(7) Required SINR (dB) @ 1% missed detection | 3.2 5.0
(9) MCL= (1) - (8) (dB) 1350 | 1228





