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1 Introduction

In RAN1#88b [1], the following agreements were achieved for PRACH design.
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

2 PRACH Capacity Enhancements
It has been agreed that the NR RACH capacity should at least be as high as in LTE. Given the proposed sequence lengths L = 63/71/127/139 that are under discussion, the targeted RACH capacity is difficult to achieve with Zadoff-Chu sequences without using additional time-frequency resources. 
1.1 Encoding preambles via two sequences
Consider two Zadoff-Chu sequences S1 and S2 with N1 and N2 possible preambles multiplexed in frequency domain. By encoding the final preamble via S1 and S2 the overall PRACH capacity N = N1*N2 is vastly increased compared to utilizing the same bandwidth for the transmission of a single sequence at the expense of increased interference. However, the interference or cross-correlation between the sequences can be controlled by choosing appropriate roots.
Proposal 1: Support of a second sequence multiplexed in frequency domain and encoding of the preamble via two sequences. 
1.2 Overlapping of sequences of different length
To increase the RACH capacity, it is proposed to utilize the time-frequency resources more aggressively by allowing for Zadoff-Chu sequences of at least two different lengths L, e.g. L = 71 and L = 139, which can overlap in frequency domain. Due to their different lengths those sequences are quasi-orthogonal and good cross-correlation properties can be achieved by properly selecting the allowed roots of the sequences.

To illustrate the impact on the miss-detection performance, the following simple scenario is simulated. The PRACH bandwidth consists of two sub-bands of 6 PRBs to allow the multiplexing of two sequences of length 71. In the same two sub-bands a sequence of length 139 is added. Under the above settings, the PRACH capacity is roughly doubled, i.e. 2*70 + 138 different possible root sequences. The roots are selected such that the maximum normalized cross-correlation between the sequences does not exceed 0.2. Moreover, PRACH option 1 is utilized with the receiver proposed in [2]. For an AWGN channel the results are depicted in Figure 1. 

[image: image1.png]Miss-detection Rate

101

-
S}
~

-

S)
[
T

— & -S0 NZC=71 without S2
- % -S1 NZC=71 without 52

39 without SO and S1 !

-4 L L L I I

-25 -24 -23 -22 -21 -20

-19

-18 -17
SNR [dB]

-16

-15 -14 -13 -12 -11 -10




Figure 1: Miss-detection Rate vs. SNR for an AWGN Channel with two short sequences S0, S1 and one long sequence S2 utilizing the same resources as S0 and S1.
From Figure 1 it can be observed that the performance degrades slightly (a little more than 1dB@10-2) when the two short sequences are interfered by the longer sequence. Moreover, the performance of S0 and S1 is slightly different since S2 is completely overlapping S0 but only partly S1 (3 REs are unaffected by S2). It can also be observed that S2 is less impacted by S0 and S1 and has significantly better performance due to the increased sequence length. 

A short sequence length of e.g. L=71 is beneficial for bandwidth-limited devices at the expense of reduced PRACH capacity and performance. Allowing for an additional longer sequence, e.g. L=139, can increase the overall PRACH capacity as well as the performance.

Observation 1: Allowing a longer sequence to overlap with two shorter sequences decreases miss-detection performance slightly but can significantly increase PRACH capacity

Observation 2: Miss-detection performance is significantly improved for UEs using the longer sequence compared to UEs using a shorter sequence

Observation 3: A short sequence is desirable for bandwidth-limited devices, whereas a longer sequence will be beneficial for UEs at the cell edge or with bad channel conditions

Proposal 2: Support at least two Zadoff-Chu sequences of different length, e.g. L=71 and L=139 

2 Support of Beam Sweeping
When the TRP / gNB applies beam sweeping, the PRACH can be partially received and hence PRACH format option 1 [2] suffers from a timing advance (TA) ambiguity since the PRACH symbol offset cannot be exactly determined. Consequently, it is required that the gNB resolves this TA ambiguity prior to scheduling UL resources for the UE. 
One way to resolve the TA ambiguity is via subsequent message exchanges as defined in the LTE RACH procedure but it significantly impacts the procedure latency which is undesirable for NR where latency is paramount. 
Observation 4: In case of beam sweeping, partial reception of PRACH symbols based on option 1 leads to a Timing Advance ambiguity which must be resolved before performing UL traffic scheduling 
2.1 Proposed PRACH design to resolve TA ambiguity in option 1By introducing a second PRACH sequence, the TA ambiguity problem can be solved. More precisely, it is proposed to apply a different circular shift to each PRACH symbol of the second Zadoff-Chu sequence.

The proposed PRACH format (referred to as option 1b) relies on two Zadoff-Chu sequences multiplexed in frequency domain and can be considered as an extension to option 1 in [2], see Figure 2.
· A first sequence S of length L repeated in every PRACH OFDM symbol (option 1, [2])

· A second sequence S1k of length L with a common root but different cyclic shifts in every PRACH symbol k
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Figure 2: PRACH option 1b, 2 Zadoff Chu sequences multiplexed in frequency, 2nd sequence is cyclically shifted with a different shift per symbol
2.2 Outline of a PRACH receiver for proposed option 1b
The reception is performed in 2 stages:

1. Computation of timing offset ΔT through sequence S
2. OFDM symbols are realigned on symbol boundary for the detection of S1k and the subsequent computation of the symbol offset and TA
The receiver structure is provided in [2] and given in Figure 3.
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Figure 3: Example of PRACH receiver for estimation of ΔT
After the first step, the OFDM symbol boundary ΔT is known but it is still unknown which part of the PRACH sequence was received. Hence, in the second step the FFT window is realigned to the OFDM symbol boundary and sequence S1k is detected. Since S1k has a different cyclic shift in every OFDM symbol k, the exact TA can be computed as: TA = ΔT + n OFDM symbol periods, where n is an integer.
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Figure 4: PRACH receiver for symbol offset computation with cyclic shifts applied in frequency domain

A simple receive processing for the 2nd step of the TA resolution is outlined Figure 4. This receiver assumes that the cyclic shifts on S1k are applied in frequency domain. The highlighted region shows the portion of the input signal where PRACH is received. The FFT is performed on the PRACH symbol aligned input signal (alignment obtained through the first sequence processing) and followed by a matched filter (MF) with all possible shifted sequences S1k. From the MF output the correct shifted sequence S1 can be determined and hence the symbol offset n. 

Observation 5: Proposed PRACH option 1b is fully backward compatible with PRACH option 1. Due to the frequency domain separation, i.e., a gNB can exploit the second sequence or not.
Observation 6: The proposed PRACH option 1b can also increase the capacity by encoding the preamble with both sequences, see Section 1.1
2.3 Simulation results
The miss-detection performance of PRACH option 1b under a long delay and beam sweeping is shown in Figure 5. Unambiguous TA estimation is achieved even if a reduced number of symbols is effectively received at the gNB (14, 4 and 2 received symbols are simulated). It must be noted that coherent accumulation is used and hence reducing the number of received symbols from 14 to 4 to 2 corresponds to a shift of 5.4 and 8.4 dB respectively.    
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Figure 5: NR PRACH option 1b performance for detection (with unambiguous TA estimation) in beam sweeping case. NR-PRACH Option 1 w/o beam sweeping as reference.
Performance results without beam sweeping of formats F_2 and F_3 given in Table 1 are shown in Figure 6.

	 
	Sequence Type
	Sequence Length
	SCS (kHz)
	Transmission BW (MHz)
	Number of symbols

	F_1
	Zadoff-Chu, Zadoff-Chu
	139
	7.5
	2.085
	2 , 4, 14

	F_2
	Zadoff-Chu, Zadoff-Chu
	139
	15
	4.17
	2 , 4, 14

	F_3
	Zadoff-Chu, Zadoff-Chu
	71
	15
	2.13
	2 , 4, 14

	F_4
	Zadoff-Chu, Zadoff-Chu
	71
	30
	4.26
	2 , 4, 14


Table 1: PRACH formats below 6GHz
	 
	Sequence Type
	Sequence Length
	SCS (kHz)
	Transmission BW (MHz)
	Number of symbols

	F_5
	Zadoff-Chu, Zadoff-Chu
	139
	30
	8.34
	2 , 4,  14

	F_6
	Zadoff-Chu, Zadoff-Chu
	139
	60
	16.68
	2 , 4,  14

	F_7
	Zadoff-Chu, Zadoff-Chu
	71
	60
	8.52
	2 , 4,  14

	F_8
	Zadoff-Chu, Zadoff-Chu
	71
	120
	17.04
	2 , 4,  14


Table 2: Additional PRACH formats above 6GHz
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Figure 6: NR PRACH option 1b (L = 139) performance in multipath channel w/o beam sweeping.

The performance results of format F_2 for beam sweeping and a delay of more than one PFDM symbol are shown in Figure 7.
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Figure 7: NR PRACH option 1b (L = 71) performance in multipath channel w/o beam sweeping.
2.4 Reduced PRACH latency 
The proposed PRACH format option 1b is designed to enable full UL synchronization with a single PRACH symbol reception. This capability is desirable not only in case of beam sweeping but also for low latency (UrLLC) UEs. As a matter of fact, a UrLLC UE can transmit a limited number of PRACH symbols (at least 2) which are used by the gNB to acquire UE sync and assign UL resource to the UE immediately.
Observation 7: The proposed PRACH format option 1b also enables fast UL sync (e.g. for UrLLC device) in non-beam-sweeping case (latency reduced down to 2 symbol durations)

Proposal 3: Support a 2nd sequence with different cyclic shift per PRACH symbol to enable accurate TA estimation in case of beam sweeping 

3 Conclusion
In this contribution, the following observations and proposal have been put forward:
Observation 1: Allowing a longer sequence to overlap with two shorter sequences decreases miss-detection performance slightly but can significantly increase PRACH capacity

Observation 2: Miss-detection performance is significantly improved for UEs using the longer sequence compared to UEs using a shorter sequence

Observation 3: A short sequence is desirable for bandwidth-limited devices, whereas a longer sequence will be beneficial for UEs at the cell edge or with bad channel conditions
Observation 4: In case of beam sweeping, partial reception of PRACH symbols based on option 1 leads to a Timing Advance ambiguity which must be resolved before performing UL traffic scheduling 
Observation 5: Proposed PRACH option 1b is fully backward compatible with PRACH option 1. Due to the frequency domain separation, i.e., a gNB can exploit the second sequence or not.

Observation 6: The proposed PRACH option 1b can also increase the capacity by encoding the preamble with both sequences, see Section 1.1
Observation 7: The proposed PRACH format option 1b also enables fast UL sync (e.g. for UrLLC device) in non-beam-sweeping case (latency reduced down to 2 symbol durations)
Proposal 1: Support of a second sequence multiplexed in frequency domain and encoding of the preamble via two sequences. 
Proposal 2: Support at least two Zadoff-Chu sequences of different length, e.g. L=71 and L=139 
Proposal 3: Support a 2nd sequence with different cyclic shift per PRACH symbol to enable accurate TA estimation in case of beam sweeping 
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