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[bookmark: _Ref471367327]Introduction
In RAN1#87 the following agreement was made regarding PRACH preamble design:
· Following options can be further considered for the consecutive multiple/repeated RACH preambles, 
· Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH sequences, CP/GT between RACH sequences is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Option 2: The same RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Option 3: The same RACH sequences with CP/GT is used
· Option 4: Different RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Option 5: Different RACH sequences with CP/GT is used
· For options 2 and 3, study further that the same RACH sequences with and without GT can be further multiplied with different orthogonal cover codes and transmitted.
· For example, the consecutive multiple/repeated RACH preambles would be used when Tx/Rx beam correspondence does not hold at TRP
· Other options are not precluded
· For a single RACH preamble transmission, CP/GT are required
· For example, the single RACH preamble would be used when Tx/Rx beam correspondence held at both TRP or UE for multi-beam operation

Also, regarding random access procedures, the following agreement was made
· UE Tx beam(s) for preamble transmission(s) is selected by the UE.
· During a RACH transmission occasion of single or multiple/repeated preamble(s) as informed by broadcast system information, UE uses the same UE Tx beam.

[bookmark: _Ref178064866][bookmark: _GoBack]Discussion
[bookmark: _Ref465847748]The PRACH preamble design for NR is discussed in the current contribution. Here the notation to be used for PRACH is described in section 2.1, the physical layer format in section 2.2, numerology in section 2.3, and evaluations in section 2.4.
[bookmark: _Ref471108302]Notation
A suggestion is given below for the terminology regarding PRACH preambles in order to clarify discussions and prepare for non-ambiguous decisions. In LTE, several PRACH preamble formats are defined in section 5.7.1 of [1]. These formats represent different lengths of the PRACH preamble and lengths of cyclic shifts. The different lengths of the sequences are here mainly intended for different coverage scenarios. A similar approach should be supported in NR, where different formats can be selected depending on both coverage need and beamforming sweep in the PRACH detector, see simplified illustration in Figure 1.


[bookmark: _Ref468689664]Figure 1. PRACH preamble formats

A repeating of PRACH preambles was mentioned in the decisions from RAN1#87, see section 1. We would prefer if the terminology instead is defined as a repeating of OFDM symbols. Then a description of several PRACH preamble formats and repeating of OFDM symbols can be defined as in the following proposal

[bookmark: _Toc468786621][bookmark: _Toc468786774][bookmark: _Toc468787241][bookmark: _Toc468787261][bookmark: _Toc468787298][bookmark: _Toc468787476][bookmark: _Toc468787510][bookmark: _Toc468798848][bookmark: _Toc468798884][bookmark: _Toc470075956][bookmark: _Toc470085869][bookmark: _Toc470086028][bookmark: _Toc471108277][bookmark: _Toc471113084][bookmark: _Toc471118989][bookmark: _Toc471304668][bookmark: _Toc471367228][bookmark: _Toc471371104][bookmark: _Toc471371165][bookmark: _Toc471714474][bookmark: _Toc471727567][bookmark: _Toc468450819][bookmark: _Toc468786622][bookmark: _Toc468786623]Define that
each ‘PRACH format’ defines one PRACH preamble and
each ‘PRACH preamble’ consists of one or several ‘PRACH OFDM symbols’ 

Several receiver beamforming candidates might be evaluated by the gNB, when the position of the UE is unknown. With several PRACH OFDM symbols, the gNB can change beamforming between the PRACH OFDM symbols. Alternatively, the gNB accumulates the received PRACH preambles or PRACH OFDM symbols in a coherent or non-coherent fashion. 

[bookmark: _Toc468450825][bookmark: _Toc468786619][bookmark: _Toc468786680][bookmark: _Toc468786760][bookmark: _Toc468787239][bookmark: _Toc468787259][bookmark: _Toc468787296][bookmark: _Toc468787474][bookmark: _Toc468787508][bookmark: _Toc468798846][bookmark: _Toc468798882][bookmark: _Toc470075964][bookmark: _Toc470085553][bookmark: _Toc470085852][bookmark: _Toc470086011][bookmark: _Toc471108264][bookmark: _Toc471113069][bookmark: _Toc471118974][bookmark: _Toc471198825][bookmark: _Toc471200384][bookmark: _Toc471304653][bookmark: _Toc471325700][bookmark: _Toc471367214][bookmark: _Toc471371090][bookmark: _Toc471371151][bookmark: _Toc471714460][bookmark: _Toc471715071][bookmark: _Toc471715128][bookmark: _Toc471719526][bookmark: _Toc471723438][bookmark: _Toc471727553][bookmark: _Toc468786624][bookmark: _Toc468786625]The ‘PRACH OFDM symbols’ can be
used for PRACH preamble receiver beamforming sweep and
used for receiver (coherent or non-coherent) accumulation

Here the number of PRACH OFDM symbols within one PRACH preamble is further discussed in section 2.3.
If the UE does not detect a RAR, it might transmit the PRACH preamble again [7], possibly changing transmitter beamforming as compared to previously transmitted PRACH preamble. In this way, the UE can try several PRACH preamble beamforming candidates, see illustration in Figure 2. However, as already decided in RAN1#87, the UE may not switch transmitter beamforming during one PRACH preamble.


[bookmark: _Ref468702290][bookmark: _Ref468702275]Figure 2. Transmit beamforming might change between PRACH preambles


[bookmark: _Toc468786620][bookmark: _Toc468786681][bookmark: _Toc468786761][bookmark: _Toc468787240][bookmark: _Toc468787260][bookmark: _Toc468787297][bookmark: _Toc468787475][bookmark: _Toc468787509][bookmark: _Toc468798847][bookmark: _Toc468798883][bookmark: _Toc470075965][bookmark: _Toc470085554][bookmark: _Toc470085853][bookmark: _Toc470086012][bookmark: _Toc471108265][bookmark: _Toc471113070][bookmark: _Toc471118975][bookmark: _Toc471198826][bookmark: _Toc471200385][bookmark: _Toc471304654][bookmark: _Toc471325701][bookmark: _Toc471367215][bookmark: _Toc471371091][bookmark: _Toc471371152][bookmark: _Toc471714461][bookmark: _Toc471715072][bookmark: _Toc471715129][bookmark: _Toc471719527][bookmark: _Toc471723439][bookmark: _Toc471727554]The UE may switch transmitter beamforming between subsequent transmissions of PRACH preambles while the UE may not switch transmitter beamforming during one PRACH preamble

After successful detection of one PRACH preamble, the gNB transmits a RAR (Random Access Response) [4][5][7][8]. A time interval might be defined in which this RAR is transmitted, such that the UE tries to detect a RAR within this “RAR window”. The UE should thus not transmit another PRACH preamble before the RAR window has expired. 

[bookmark: _Toc468786628][bookmark: _Toc468786777][bookmark: _Toc468787244][bookmark: _Toc468787264][bookmark: _Toc468787301][bookmark: _Toc468787477][bookmark: _Toc468787511][bookmark: _Toc468798849][bookmark: _Toc468798885][bookmark: _Toc470075957][bookmark: _Toc470085870][bookmark: _Toc470086029][bookmark: _Toc471108278][bookmark: _Toc471113085][bookmark: _Toc471118990][bookmark: _Toc471304669][bookmark: _Toc471367229][bookmark: _Toc471371105][bookmark: _Toc471371166][bookmark: _Toc471714475][bookmark: _Toc471727568]The UE listens for a RAR after each PRACH preamble

With several PRACH formats, the gNB can adjust the coverage of the PRACH preamble. Additionally, if the gNB can support several receiver beamformings, then the gNB can adjust to a suitable PRACH preamble format. This adjustment of the PRACH preamble format can be done by a broadcast channel, e.g. NR-PBCH.

[bookmark: _Toc468786629][bookmark: _Toc468786778][bookmark: _Toc468787245][bookmark: _Toc468787265][bookmark: _Toc468787302][bookmark: _Toc468787478][bookmark: _Toc468787512][bookmark: _Toc468798850][bookmark: _Toc468798886][bookmark: _Toc470075958][bookmark: _Toc470085871][bookmark: _Toc470086030][bookmark: _Toc471108279][bookmark: _Toc471113086][bookmark: _Toc471118991][bookmark: _Toc471304670][bookmark: _Toc471367230][bookmark: _Toc471371106][bookmark: _Toc471371167][bookmark: _Toc471714476][bookmark: _Toc471727569]One out of several PRACH formats is indicated in broadcasted system information

[bookmark: _Ref470179453]Preamble options
A list of 5 options for PRACH preambles was decided in RAN1#87, see illustration in Figure 3. Option 1 is based on repeating the same sequence (or PRACH OFDM symbol) without CP between the repetitions, such that one PRACH OFDM symbol acts as a cyclic prefix for the next PRACH OFDM symbol. In this way, delays up to the length of the PRACH OFDM symbol are supported. This in contrast to option 2 where the length of the CP limits the maximum delay of the PRACH preamble. Also option 3 suffers from the limitation of maximum delay of the same length as the CP. Option 3 also has an additional constraint that a guard must be included between each PRACH OFDM symbols which significantly increases resource overhead. 

[bookmark: _Ref470170656]Figure 3. PRACH preamble options
Option 4 and 5 have different sequences for the repetitions, which can be used for OCC (Orthogonal Cover Codes). However, time varying channels and frequency offsets will significantly increase interference, i.e. loss of orthogonality, between preambles constructed with different OCCs. 

No explicit CP is included for option 1 in Figure 3. Instead the first PRACH OFDM symbol “s” acts as a CP for the following PRACH OFDM symbol.

[bookmark: _Toc470075959][bookmark: _Toc470085872][bookmark: _Toc470086031][bookmark: _Toc471108280][bookmark: _Toc471113087][bookmark: _Toc471118992][bookmark: _Toc471304671][bookmark: _Toc471367231][bookmark: _Toc471371107][bookmark: _Toc471371168][bookmark: _Toc471714477][bookmark: _Toc471727570]Only support option 1 for the PRACH preamble

A straight forward frequency domain detector is used in the current evaluations of this contribution in section 2.4. A detector with lowpass filters, decimation and time domain matched filters can also be used for preamble detection. However, a frequency domain detector is believed to have lower computational complexity, especially if frequency multiplexing of PRACH preambles is supported. With a frequency domain PRACH preamble detector, the length of the CP sets a limit on the maximum delay. Thus, with a short CP between the OFDM symbols a very short delay can be estimated. 
The number of available preamble sequences is reduced when reducing the length of the sequence. This can be compensated by allocating different time and frequency resources for different UEs, as discussed in section 2.3.2. A few evaluation results of the proposed PRACH preamble format are given in section 2.4.
[bookmark: _Ref470156210]Numerology
In RAN1#86bis it was agreed to study the number of subcarrier spacing alternatives for the synchronization signals in a given frequency range and strive for minimizing the number of subcarrier spacing numerologies. The reason to minimize the number of numerologies for the synchronization signals is to reduce the cell search complexity since each additional numerology adds to the UE complexity. Additionally, it was agreed that the subcarrier spacing alternatives within a given frequency range will be predefined in the specification.
For the PRACH preamble transmission, the following was agreed in RAN1#86bis:
· Numerology for RACH preamble can be different depending on frequency ranges
· FFS: How many numerologies will be supported per frequency range
· Numerology for RACH preamble can be different or the same from that for the other UL data/control channels	

As stated in [1], there are clear benefits of using the same subcarrier spacing for the PRACH preamble transmission as for the UL data transmission since the processing in the base station can be using the same FFT for both the data and the PRACH. An additional advantage is that the timing accuracy achieved from PRACH transmission will match the needed timing accuracy for UL control and data when the PRACH preamble transmission is the same as for the UL data and control. Based on this we make the following proposal.

[bookmark: _Toc471113088][bookmark: _Toc471118993][bookmark: _Toc471304672][bookmark: _Toc471367232][bookmark: _Toc471371108][bookmark: _Toc471371169][bookmark: _Toc471714478][bookmark: _Toc471727571]The same numerologies should be supported for PRACH preamble transmissions as for UL data and control

How the UE finds which numerology to use for UL data and control has not yet been decided. If this information is already available to the UE before the PRACH transmission, e.g. using system information for numerology of all UL transmissions, no additional signalling is needed. If numerology for UL data is not available, or if decoupling of the numerologies for PRACH and UL data is preferred, the PRACH preamble transmission numerology should be signalled in system information, with a PRACH (or initial) specific numerology. The UE could continue to use the initial numerology for transmission of first NR-PUSCH and subsequent UL transmissions until a different value has been signalled.

[bookmark: _Toc471113089][bookmark: _Toc471118994][bookmark: _Toc471304673][bookmark: _Toc471367233][bookmark: _Toc471371109][bookmark: _Toc471371170][bookmark: _Toc471714479][bookmark: _Toc471727572]The numerologies to use for PRACH preamble transmissions (and subsequent transmissions) can be signalled in system information

Numerology details
Examples of formats for PRACH preambles are given in Table 1, where one set of formats are listed to be used below 6 GHz and another set of formats to be used above 6 GHz. 


	Carrier 
	Format
	
	Sub-carrier spacing
	Time units T_s
	Slot length 
	PRACH preamble length
	Length of PRACH OFDM symbol 
	PRACH OFDM symbols
	PRACH alloc. 
	Guard interval 
	Max cell range 

	 [Hz]
	 
	 
	[kHz]
	us
	us
	us
	samples
	[us]
	 
	[#slots]
	[us]
	[km]

	Sub 6 GHz
	A0
	1
	15
	3.255E-02
	1000
	933.33
	28672
	66.67
	14.00
	1
	66.67
	10.00

	 
	A1
	1
	15
	3.255E-02
	1000
	1866.67
	57344
	66.67
	28.00
	2
	133.33
	20.00

	 
	A2
	1
	15
	3.255E-02
	1000
	2800.00
	86016
	66.67
	42.00
	3
	200.00
	30.00

	 
	B0
	2
	30
	1.628E-02
	500
	466.67
	28672
	33.33
	14.00
	1
	33.33
	5.00

	 
	B1
	2
	30
	1.628E-02
	500
	933.33
	57344
	33.33
	28.00
	2
	66.67
	10.00

	 
	B2
	2
	30
	1.628E-02
	500
	1400.00
	86016
	33.33
	42.00
	3
	100.00
	15.00

	Above 6 GHz
	A0
	4
	60
	8.138E-03
	250
	233.33
	28672
	16.67
	14.00
	1
	16.67
	2.50

	 
	A1
	4
	60
	8.138E-03
	250
	466.67
	57344
	16.67
	28.00
	2
	33.33
	5.00

	 
	A2
	4
	60
	8.138E-03
	250
	700.00
	86016
	16.67
	42.00
	3
	50.00
	7.50

	 
	B0
	8
	120
	4.069E-03
	125
	116.67
	28672
	8.33
	14.00
	1
	8.33
	1.25

	 
	B1
	8
	120
	4.069E-03
	125
	233.33
	57344
	8.33
	28.00
	2
	16.67
	2.50

	 
	B2
	8
	120
	4.069E-03
	125
	350.00
	86016
	8.33
	42.00
	3
	25.00
	3.8


[bookmark: _Ref471113173]Table 1. PRACH preamble numerology

Both the sets below and above 6 GHz have the same basic constructions, with only a change in sub-carrier spacing as parametrized with a variable “”. 

[bookmark: _Toc471118995][bookmark: _Toc471304674][bookmark: _Toc471367234][bookmark: _Toc471371110][bookmark: _Toc471371171][bookmark: _Toc471714480][bookmark: _Toc471727573]Same scalable PRACH construction, both below and above 6 GHz

Within the sub 6 GHz carrier frequency, three formats (A0 to A2) with sub-carrier spacing of 15 kHz are specified and three formats (B0 to B2) with a sub-carrier spacing of 30 kHz. Several PRACH sub-carrier spacings are thus proposed to be supported on the same carrier frequency. The small sub-carrier spacing formats (A0 to A2) can be used in larger cells as compared to larger sub-carrier spacing (B0 to B2). The large sub-carrier spacing is suitable for time critical initial access and low latency data channels.  

[bookmark: _Toc471118996][bookmark: _Toc471304675][bookmark: _Toc471367235][bookmark: _Toc471371111][bookmark: _Toc471371172][bookmark: _Toc471714481][bookmark: _Toc471727574]Support several PRACH sub-carrier spacings for each carrier frequency

The three formats (x0 to x2), where x is A or B, have different lengths of the PRACH preamble such that they can be used for different coverage situations or for different receiver beamforming sweep. An illustration is given in Figure 4 for the three formats, where the length of each format is changed depending of sub-carrier spacing. Here, a slot is used as time unit on the horizontal axis with 14 PUSCH OFDM symbols in each slot.

[bookmark: _Toc471118997][bookmark: _Toc471304676][bookmark: _Toc471367236][bookmark: _Toc471371112][bookmark: _Toc471371173][bookmark: _Toc471714482][bookmark: _Toc471727575]Support several PRACH formats for coverage adjustment



[bookmark: _Ref471116841]Figure 4. Rescaling of PRACH preamble formats with respect to sub-carrier spacing (SCS)

[bookmark: _Ref465847823][bookmark: _Ref462383562]Number of PRACH preambles
An illustration of PRACH resources configured in PBCH is given in Figure 5, see also [7]. Several SS blocks, each containing one NR-PSS, one NR-SSS, and one PBCH are illustrated. Preferably, these SS blocks are transmitted in different beams from the gNB. Each PBCH contains a MIB, where these MIBs are numbered as MIB1, MIB2, etc. 
In the example in Figure 5, both MIB1 and MIB2 configures PRACH resources in the same frequency interval. Here MIB1 and MIB2 can indicate different set of PRACH preamble sequences. A second frequency interval is configured in MIB3. The fourth PBCH contains a MIB4 which is allocated to another time interval as compared to MIB1, MIB2 and MIB3.

[bookmark: _Ref465253151]Figure 5. Relation between synchronization signals (NR-PSS and NR-SSS), PBCH (with MIB) and PRACH resources, with one timing and frequency PRACH resource in each PBCH
A PRACH preamble index can be then identified by a combination of the following parameters:
· Sequence 
· e.g. root sequence between 1 to 70 for a Zadoff-Chu sequence with 71 sub-carriers
· e.g. cyclic shifts of the root sequence. This cyclic shift should be larger than maximum RTT (Round Trip Time) in the cell where the gNB is active. 
· Frequency resource: Subband index describing the location of the PRACH signal
· e.g. 0 to 9 for a 10 MHz carrier where each PRACH preamble allocate 1 MHz
· Subframe: Timing offsets indicating future subframe for PRACH preamble 
· e.g. with 2 different possible sub-frames
In the above example, the total number of PRACH preambles is equal to 70*10*2 = 1400. This is significantly larger than the 838 PRACH root sequences in LTE. Time allocations in LTE are very restricted not allowing longer time intervals of PRACH preamble resources than every second frame. Thus in LTE, very few possible time allocations are possible. Also, the frequency allocations in LTE are restricted due to single-carrier in uplink. In LTE, the PRACH pramble is preferrably placed on the edges of the system bandwidth in order to avoid frequeny domain scheduling limitations. This is in contrast to NR, where OFDM will be supported in uplink, which thus simplifies frequency domain scheduling and allows the PRACH preamble to be placed anywhere inside the system bandwidth.


[bookmark: _Toc471113071][bookmark: _Toc471118976][bookmark: _Toc471198827][bookmark: _Toc471200386][bookmark: _Toc471304655][bookmark: _Toc471325702][bookmark: _Toc471367216][bookmark: _Toc471371092][bookmark: _Toc471371153][bookmark: _Toc471714462][bookmark: _Toc471715073][bookmark: _Toc471715130][bookmark: _Toc471719528][bookmark: _Toc471723440][bookmark: _Toc471727555]Using OFDM in uplink simplifies allocations of PRACH resources in frequency domain as compared to DFTS-OFDM as used in LTE

[bookmark: _Toc465838402][bookmark: _Toc465848636][bookmark: _Toc465865374][bookmark: _Toc465865804][bookmark: _Toc466007828][bookmark: _Toc466007979][bookmark: _Toc466008288][bookmark: _Toc470075962][bookmark: _Toc470085875][bookmark: _Toc470086034][bookmark: _Toc471108281][bookmark: _Toc471113090][bookmark: _Toc471118998][bookmark: _Toc471304677][bookmark: _Toc471367237][bookmark: _Toc471371113][bookmark: _Toc471371174][bookmark: _Toc471714483][bookmark: _Toc471727576]One random access preamble is identified by a combination of frequency interval, timing interval, and sequence

An illustration of PRACH configuration of two gNBs is given in  Figure 6. Here, the two gNBs are using non-overlapping time/frequency resources. The resources that are not used for PRACH might be used for other UL transmissions to the given gNB. In other words, at each gNB, only the resources used by random access for that gNB need to be excluded from UL grants in that gNB. If the two gNBs are close, then the PUSCH transmissions will introduce interference in the reception of PRACH preambles. However, PUSCH transmissions will most likely not generate a PRACH detection since the PUSCH has low correlation with PRACH preambles. 



[bookmark: _Ref465254132]Figure 6 Relation between synchronization signals (NR-PSS and NR-SSS), MIB, and PRACH resources for two gNBs 

Each UE is assumed to decode at least one PBCH which contains a set of PRACH preambles from which the UE selects one to be transmitted. One such configuration can be one time and frequency resource and a set of PRACH preamble sequences. 



[bookmark: _Toc471113072][bookmark: _Toc471118977][bookmark: _Toc471198828][bookmark: _Toc471200387][bookmark: _Toc471304656][bookmark: _Toc471325703][bookmark: _Toc471367217][bookmark: _Toc471371093][bookmark: _Toc471371154][bookmark: _Toc471714463][bookmark: _Toc471715074][bookmark: _Toc471715131][bookmark: _Toc471719529][bookmark: _Toc471723441][bookmark: _Toc471727556]Time and frequency resources can be utilized for PRACH allocations in order to reduce inter-cell interference

A configuration with several time resources is beneficial for example in unlicensed spectrum when the UE does an LBT (Listen Before Talk) before transmitting PRACH preamble. If the LBT fails in one such time allocation, then the UE can try another time allocation. 
[bookmark: _Ref470179641][bookmark: _Ref470179495]Evaluations
Evaluation Settings 
PRACH evaluation assumptions were agreed in [9]. The following simulation settings are used:
· Carrier frequency of 4 GHz, 30 GHz, or 70 GHz
· Allocation of 72 subcarriers for the NR PRACH preamble design (option 1, multiple repetitions of a sequence, see also [2]), with subcarrier spacing 15 kHz, 120 kHz, or 480 kHz. For comparison, a design with a single long sequence like LTE format 0 was also simulated (864 subcarriers allocated, with subcarrier spacing 1.25 kHz). 
· Zadoff-Chu sequences (length 71 and length 839 for the NR and LTE designs, respectively)
· Random delay between 0 and 20 s or between 0 and 2 s, uniformly distributed
· Corresponding to a maximum distance of 3 km or 300 m, respectively
· Search window covering the delay range (with slight margin)
· Detection considered correct if delay estimation error is at most ±40 % of PUSCH CP
· CDL-C channel
· 30 ns or 100 ns delay spread
· Random phase in fading generator for each preamble
· UE speed 3 km/h
· Default angular spreads (used unless otherwise stated): ASA 30, ASD 5, ZSA 5, ZSD 1
· Alternative angular spreads: ASA 60, ASD 25, ZSA 5, ZSD 1
· Frequency offset of 0.05 ppm at the gNB and 0.1 ppm at the UE (i.e. 0.15 ppm in total)
· Antennas
· UE: Single directional antenna element with vertical polarization (HPBW 90, directivity 5 dB)
· gNB: Directional antenna elements (HPBW 65, directivity 8 dB, polarization angles ±45), arranged as (1,1,2) (simulations without beam scan) or (4,8,2) (simulations with beam scan).
· The antennas are, unless otherwise stated, for each preamble given a different random azimuth rotation in the range ±30 around the main channel cluster. 
· Receiver (gNB) beam scan:
· Default configuration (used unless otherwise stated): 12 fixed beams, evenly spaced in spatial frequency with 6 horizontal and 2 vertical directions (below the horizon).
· Alternative configuration: 4 fixed beams, 2 horizontal directions and 2 vertical directions, with smaller inter-beam spacing. 
· False detection rate 0.1% in noise (total over 64 detectors)

The receiver used and its performance in terms of missed detection rates were presented in [6], where it was observed that the proposed NR PRACH preamble design [2] can perform better than the LTE PRACH preamble design. 
Receiver Beam Scan
In the present contribution we evaluate two types of receiver beam scan, parallel and sequential, illustrated in Figure 7 and Figure 8, respectively. Note that in the case of sequential beam scan (Figure 8), each beam can only capture a fraction of an LTE PRACH OFDM symbol (rx DFT), while it can capture an integer number of full NR PRACH OFDM symbols (rx DFTs).
From an implementation perspective, an advantage of the sequential scan is that it only requires a single set of analog phase shifters (one per antenna element) and a single digital processing chain pair (one chain per polarization), irrespective of the number of beams. This is in contrast to the parallel scan, where digital processing complexity grows proportionally to the number of beams.
[image: ]
[bookmark: _Ref470026986]Figure 7. Parallel beam scan, illustrated for the case of four beams, for LTE and NR. 

[image: ]
[bookmark: _Ref470013429]Figure 8. Sequential beam scan, illustrated for the case of four beams, for LTE and NR. 




[bookmark: _Ref471319333]Long Delays
Delays up to the length of one PRACH OFDM symbols can be detected by frequency domain matched filters as outlined in [3]. However, this receiver structure results in a delay ambiguity when the delay exceeds the length of the PRACH OFDM symbol. A modified PRACH preamble detector is then required.
An example of a PRACH preamble detector for handling large delays is illustrated in Figure 9. Here, a detector is included which compares the received signal in first and last FFT time windows resulting in a decision if delays are smaller or larger than the length of the PRACH OFDM symbol. This decision can then be combined with a delay estimator as outlined in [3] resulting in a delay estimate with high time resolution and with possible delays larger than one PRACH OFDM symbol. This large delay estimator is not included in this contribution since only delays smaller than the length of one PRACH preamble OFDM symbol are simulated.


[bookmark: _Ref471370620]Figure 9. Large delay PRACH preamble detector outline
Evaluations of Parallel Receiver Beam Scan 
The performance of parallel scan using 12 beams is shown in Figure 10 and Figure 11, for 4 GHz carrier frequency. It can be seen that the beam scan provides a major gain in terms of missed detection rate, both with the proposed NR PRACH design and with the LTE design, but that the NR design consistently outperforms the LTE design. For the LTE design, one can even see a hint of an error floor, presumably due to false correlation peaks appearing because of the rather large frequency error in relation to the LTE PRACH subcarrier spacing. At 2 GHz carrier frequency, where the 0.15 ppm frequency error is smaller in absolute numbers, no error floor tendency is observed (not shown).
[bookmark: _Toc466469350][bookmark: _Toc466469563][bookmark: _Toc466478380][bookmark: _Toc466478383][bookmark: _Toc469481650][bookmark: _Toc469488666][bookmark: _Toc469495450][bookmark: _Toc469497182][bookmark: _Toc469497559][bookmark: _Toc469497570][bookmark: _Toc470026963][bookmark: _Toc470029365][bookmark: _Toc470029498][bookmark: _Toc470030675][bookmark: _Toc470085559][bookmark: _Toc470085858][bookmark: _Toc470086017][bookmark: _Toc471108266][bookmark: _Toc471113073][bookmark: _Toc471118978][bookmark: _Toc471198829][bookmark: _Toc471200388][bookmark: _Toc471304657][bookmark: _Toc471325704][bookmark: _Toc471367218][bookmark: _Toc471371094][bookmark: _Toc471371155][bookmark: _Toc471714464][bookmark: _Toc471715075][bookmark: _Toc471715132][bookmark: _Toc471719530][bookmark: _Toc471723442][bookmark: _Toc471727557][bookmark: _Toc462643425][bookmark: _Toc462644123][bookmark: _Toc462996981][bookmark: _Toc462997060][bookmark: _Toc462997114]Receiver-side parallel beam scan gives large gains, both with the proposed NR PRACH design and with the LTE design. 
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[image: ]
[bookmark: _Ref447106389][bookmark: _Ref465937867][bookmark: _Ref465937889]Figure 10. Missed detection rate with and without digital receiver beam scan, with carrier frequency 4 GHz, NR subcarrier spacing 15 kHz, channel delay spread 100 ns, and with up to 20 s delay.

[image: ]
[bookmark: _Ref465937847]Figure 11. False detection rate with and without digital receiver beam scan, with carrier frequency 4 GHz, NR subcarrier spacing 15 kHz, channel delay spread 100 ns, and with up to 20 s delay.


Evaluations of Sequential Receiver Beam Scan
Comparison with the LTE design below 6 GHz 
Performance of the proposed NR PRACH design is compared with that of the LTE design in Figure 12 and Figure 13, both with and without (sequential) beam scan (using 12 beams). As can be seen, beam scan clearly improves performance with the NR design, whereas it dramatically degrades performance with the LTE design, both in terms of missed detection rate and in terms of false detection rate. This is a natural consequence of the poor cross-correlation properties of the short segments of preamble sequences that each beam captures (cf. Figure 8). Adjustment of the detection threshold (green squares curves) can improve LTE false detection rate, but leads to further degraded missed detection rate. It may be noted that if delay estimation errors are ignored in the missed detection rate, the LTE beam scan curve obtains a similar slope (not shown) as the NR beam scan curve, but false detection rate remains poor. The LTE design is therefore not further considered in the evaluations.
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[bookmark: _Ref465938031]Figure 12. Missed detection rate with and without sequential receiver beam scan, with carrier frequency 4 GHz, NR subcarrier spacing 15 kHz, channel delay spread 100 ns, and with up to 20 s delay.
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[bookmark: _Ref470027459]Figure 13.  False detection rate with and without sequential receiver beam scan, with carrier frequency 4 GHz, NR subcarrier spacing 15 kHz, channel delay spread 100 ns, and with up to 20 s delay.


Above 6 GHz
Performance of the proposed NR PRACH design at several frequency bands (4 GHz, 30 GHz, and 70 GHz), with and without beam scan, is shown in Figure 14 and Figure 15. The first six curves listed in the respective figure legends illustrate performance with appropriately scaled numerologies (subcarrier spacing 15 kHz, 120 kHz, and 420 kHz, respectively) such that the performance is similar at all bands. The last two curves show that with less appropriate choice of numerology, the performance with beam scan degrades by up to a few dB, and performance without beam scan degrades dramatically. The large performance impact without beam scan is due to coherent combining over multiple sequence repetitions (see receiver structure in [6]), in the presence of a rather large frequency error compared to the subcarrier spacing. If repetitions are instead combined non-coherently, the impact could be reduced.
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[bookmark: _Ref470027461]Figure 14. Missed detection rate at different frequency bands, with and without sequential receiver beam scan, with CDL-C channel delay spread 30 ns, and with up to 2 s delay.
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[bookmark: _Ref470027463]Figure 15.  False detection rate at different frequency bands, with and without sequential receiver beam scan, with CDL-C channel delay spread 30 ns, and with up to 2 s delay.

Larger Channel Angular Spreads 
Results presented so far have been obtained with the CDL-C angular spreads set to the minimum values referred to in in the agreed evaluation assumptions [9], i.e. ASA 25 and ASD 5. Results with the maximum values, i.e. ASA 60 and ASD 25, are shown in Figure 16 and Figure 17. Comparing with Figure 14 and Figure 15, it can be seen that the impact is primarily a moderate horizontal shift (roughly 2 dB) of all curves, and it might hence seem unnecessary to perform evaluations for all possible combinations of ASA and ASD values referred to in [9].
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[bookmark: _Ref470027465]Figure 16. Missed detection rate with larger channel angular spread at transmitter and receiver, with CDL-C channel delay spread 30 ns, and with up to 2 s delay.
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[bookmark: _Ref470027466]Figure 17.  False detection rate with larger channel angular spread at transmitter and receiver, with CDL-C channel delay spread 30 ns, and with up to 2 s delay.



Prior Directional Knowledge
An association between SS blocks and PRACH preamble allocation is proposed in [10]. Here the UE selects PRACH preamble resource depending on which SS block is detected. In this way the gNB might assume that a specific preamble will be received in the same spatial direction as it used to transmit the SS block. This prior knowledge of spatial directions can be used in the preamble detection. To illustrate the potential gains, simulations have been performed with different degrees of prior knowledge, either 12 rather sparsely spaced beams as in previous beam-scanning evaluations in this contribution, or 4 rather densely spaced beams. No random rotation of ±30 is used in these simulations. Figure 18 and Figure 19 show that the gain can be substantial. 
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[bookmark: _Ref470027468]Figure 18. Missed detection rate with different degrees of prior knowledge of beam direction, with CDL-C channel delay spread 30 ns, and with up to 2 s delay.
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[bookmark: _Ref470027470]Figure 19.  False detection rate with different degrees of prior knowledge of beam direction, with CDL-C channel delay spread 30 ns, and with up to 2 s delay.


Interference
Performance of NR PRACH preamble detection in the presence of interference from another preamble is shown in Figure 20 and Figure 21. The two preambles are separated 40º in azimuth from each other (by shifting the cluster angles of CDL-C). It can be seen that beam scan gives large gains, and is essential to reach the targeted missed detection rate of 1 % here. The investigations of performance in the presence of interference are still ongoing.
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[bookmark: _Ref470027473]Figure 20. Missed detection rate with interference, with CDL-C channel delay spread 30 ns, and with up to 2 s delay.
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[bookmark: _Ref470027475]Figure 21.  False detection rate with interference, with CDL-C channel delay spread 30 ns, and with up to 2 s delay.


Conclusion
In section 2 we made the following observations:
Observation 1	The ‘PRACH OFDM symbols’ can be used for PRACH preamble receiver beamforming sweep and used for receiver (coherent or non-coherent) accumulation
Observation 2	The UE may switch transmitter beamforming between subsequent transmissions of PRACH preambles while the UE may not switch transmitter beamforming during one PRACH preamble
Observation 3	Using OFDM in uplink simplifies allocations of PRACH resources in frequency domain as compared to DFTS-OFDM as used in LTE
Observation 4	Time and frequency resources can be utilized for PRACH allocations in order to reduce inter-cell interference
Observation 5	Receiver-side parallel beam scan gives large gains, both with the proposed NR PRACH design and with the LTE design.
Observation 6	With receiver-side parallel beam scan, the proposed NR PRACH design can perform better than the LTE design in terms of both missed detection rate and false detection rate.
Observation 7	Sequential receiver beam scan during a preamble can give substantial gains for the proposed NR PRACH design, while leading to a dramatic increase in false detection rate for the LTE design.
Observation 8	The proposed NR PRACH design is suitable for a large range of frequency bands.
Observation 9	At higher frequency bands, an appropriately scaled numerology should be used, especially if beam scan is not possible.
Observation 10	Performance with the largest angular spreads in the PRACH preamble evaluations assumptions (ASA 60 and ASD 25) is similar to that with the smallest angular spreads (ASA 25 and ASD 5) in the PRACH preamble evaluations assumptions.
Observation 11	It may not be necessary to simulate all combinations of ASA and ASD scaling values referred to in the PRACH preamble evaluations assumptions.
Observation 12	Prior knowledge of approximate PRACH preamble direction of arrival can substantially improve detection performance, both in terms of missed detection rate and in terms of false alarm rate.
Observation 13	Association between SS blocks and PRACH preamble allocation can be used as prior knowledge in a PRACH preamble detector which substantially improves PRACH detection performance.
Observation 14	In the presence of strong interference, sequential beam scan can significantly improve preamble detection performance.

Based on the discussion in section 2 we propose the following:
Proposal 1	Define that each ‘PRACH format’ defines one PRACH preamble and each ‘PRACH preamble’ consists of one or several ‘PRACH OFDM symbols’
Proposal 2	The UE listens for a RAR after each PRACH preamble
Proposal 3	One out of several PRACH formats is indicated in broadcasted system information
Proposal 4	Only support option 1 for the PRACH preamble
Proposal 5	The same numerologies should be supported for PRACH preamble transmissions as for UL data and control
Proposal 6	The numerologies to use for PRACH preamble transmissions (and subsequent transmissions) can be signalled in system information
Proposal 7	Same scalable PRACH construction, both below and above 6 GHz
Proposal 8	Support several PRACH sub-carrier spacings for each carrier frequency
Proposal 9	Support several PRACH formats for coverage adjustment
Proposal 10	One random access preamble is identified by a combination of frequency interval, timing interval, and sequence
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Introduction


 


In RAN1#8


7 


the following agreement was made


 


regarding PRACH preamble design


:


 


–


 


Following options can be further considered f


or the consecutive multiple/repeated RACH preambles, 


 


–


 


Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH 


sequences, CP/GT between RACH sequences


 


is omitted and GT is reserved at the end of 


the consecutive multiple/repeated RACH sequences


 


–


 


Option 2: The same RACH sequences with CP is 


used


 


and GT is reserved at the end of the 


consecutive multiple/repeated RACH sequences


 


–


 


Option 3: The same RACH sequen


ces with CP/GT is 


used


 


–


 


Option 


4


: 


Different


 


RACH sequences with CP is 


used


 


and GT is reserved at the end of the 


consecutive multiple/repeated RACH sequences


 


–


 


Option 


5


: 


Different


 


RACH sequences with CP/GT is 


used


 


–


 


For options 2 and 3, 


study further that 


the same RACH 


sequences with and without 


GT can 


be further multiplied with different orthogonal cover codes and transmitted.


 


–


 


For example, the consecutive multiple/repeated RACH preambles would be used when 


Tx/Rx beam correspondence does not hold at TRP


 


–


 


Oth


er options are not precluded


 


–


 


For a single RACH preamble


 


transmission


, CP/GT are required


 


–


 


For example, the single RACH preamble would be used when Tx/Rx beam correspondence 


held at both TRP or UE for multi


-


beam operatio


n


 


 


Also, regarding random access procedures, the following 


agreement was made


 


•


 


UE Tx beam(s) for preamble transmission(s) is selected by the UE.


 


•


 


During a RACH transmission 


occasion


 


of single or m


ultiple/repeated preamble


(


s


) as 


informed by broadcast system info


rmation


, UE


 


uses 


the same UE Tx beam.


 


 


2


 


Discussion


 


The


 


PRACH preamble design for NR is discussed in the current contribution. Here t


he 


notation to be used 


for PRACH


 


is described in section


 


2.1


, the physical layer format in section 


2.2


, numerology in section 


2.3


, 


and evaluations in section 


2.4


.


 


2.1


 


Notation


 


A suggestion is given below 


for the


 


terminology 


regarding


 


PRACH preambles in order to 


clarify


 


discussions 


and prepare for non


-


ambiguous


 


decisions. 


In LTE, several PRACH preamble formats are defined in section 


5.7.1 of 


[1]


. These formats represent different lengths of the PRACH preamble and lengths of cyclic shifts. 


The different lengths of the sequences are here mainly intended for different coverage scenarios. 


A similar 


approach 


should be supported in NR


, where


 


different 


formats can be selected depending on both coverage 


need and beamforming sweep in the PRACH detector


, see simplified illustration in 


Figure 


1


.
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