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[bookmark: _Ref471367327]Introduction
For the PRACH preamble transmission, the following was agreed in RAN1-NR1:
· RACH SCS alternatives
· SCS = [1.25 2.5 5 7.5 10 15 20 30 60 120 240] kHz
· Note: in case RACH SCS = [15 30 60 120 240] there are two design options:
· use the same SCS as the subsequent UL data and control 
· use different SCS than the subsequent UL data and control 
· The following RACH preamble sequence types are considered
· Zadoff-Chu
· M-sequence
· Zadoff-Chu with cover extension using M-sequence
Note that new designs are not precluded in the future. 
For single/multi-beam operation, 
· For multiple/repeated RACH preamble transmissions, consider only option 1, option 2 and option 4 
· Option 1: CP is inserted at the beginning of the consecutive multiple/repeated RACH OFDM symbols, CP/GT between RACH symbols is omitted and GT is reserved at the end of the consecutive multiple/repeated RACH symbols
· Option 2/4: The same/different RACH sequences with CP is used and GT is reserved at the end of the consecutive multiple/repeated RACH sequences
· Study:
· Multiplexing with different orthogonal cover codes 
· Independent RACH sequences in a RACH preamble 
· For supporting various coverage and forward compatibility, flexibility in the length of CP/GT and the number of repeated RACH preambles and RACH symbols is supported 
· Note: specific use of these three options may depend on RACH subcarrier spacing and TRP beam correspondence

· NR defines that: 
· a random access preamble format consists of one or multiple random access preamble(s),
· a random access preamble consists of one preamble sequence plus CP, and
· one preamble sequence consists of one or multiple RACH OFDM symbol(s) 
· UE transmits PRACH according to the configured random access preamble format

[bookmark: _Ref178064866]Discussion
[bookmark: _Ref465847748]The PRACH preamble design for NR is discussed in the current contribution. Here the preamble options are discussed in section 2.1, sub-carrier spacing in section 2.2, PRACH preamble formats in section 2.3,  capacity in section 2.4, and evaluations in section 2.5. 
[bookmark: _Toc468450825]
[bookmark: _Ref470179453]Preamble options
A list of 2 options for PRACH preambles was decided in RAN1-NR#1, see illustration in Figure 1. Option 1 is based on repeating the same PRACH 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. 

[bookmark: _Ref470170656]Figure 1. PRACH preamble options
Option 2 has the same sequence in all OFDM symbols while option 4 has 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. These options are discussed below in terms of supported cell size.

[bookmark: _Ref473266862]Cell size
No explicit CP is included for option 1 in Figure 1. Instead the first PRACH OFDM symbol “s” acts as a CP for the following PRACH OFDM symbol. In this way, delays up to the length of the PRACH OFDM symbol are supported with a straight forward detector as outlined in [3]. Also estimation of delays larger than the length of one PRACH OFDM symbol is also possible for option 1, with a PRACH preamble detector as outlined in section 2.5.1.1. Simulation results are also given in section 2.5.1.1 for estimating delays larger than the length of one PRACH OFDM symbol. 
In option 2/4 the length of the CP limits the maximum delay of the PRACH preamble. An illustration of the supported cell radius as a function of the sub-carrier spacing for options 1 and 2/4 is given in Figure 2. 

[bookmark: _Ref473187808]Figure 2. Cell radius support for options 1 and 2/4 as function of sub-carrier spacing and corresponding scaling of cyclic prefix
Illustrations are given in Figure 2 for option 1 both with a detector for delays up to one OFDM symbol [3] and with a detector for delays up to two symbols (section 2.5.1.1). For option 2/4, illustrations are given both with a normal CP and with an extended CP. For 15 kHz sub-carrier spacing we used  for normal CP and  for extended CP. The length of each CP is then scaled with the sub-carrier spacing, as outlined in [10], such that the normal CP is  and  for 15, 30, 60 and 120 kHz sub-carrier spacings respectively. 
For 15 kHz sub-carrier spacing, a cell size of 10 to 20 km can thus be supported with option 1. This in contrast to option 2/4 where only cell sizes up to 0.7 or 2.5 km can be supported depending on if normal or extended CP is used.

[bookmark: _Toc473612134][bookmark: _Toc473616805][bookmark: _Toc473875208][bookmark: _Toc473889058][bookmark: _Toc474144561][bookmark: _Toc474159088][bookmark: _Toc474159222][bookmark: _Toc474165169][bookmark: _Toc474165204]Larger cell radius can be supported for option 1 as compared to option 2/4

Option 2/4 is thus quite inefficient in terms of supported cell size as compared to option 1. Option 2 can be seen a (cell size) limited sub-set of option 1. 
Option 1 allows for a flexible placement of receiver FFT windows in the PRACH preamble detection within the gNB. If the PRACH preamble reuses the same sub-carrier spacing as for data or control, then the same receiver FFTs can be used for PRACH preambles, data and control, see illustration in Figure 3. Here no frequency guards are needed between PRACH preambles, data and control. Within PRACH preambles transmitted with option 1, the gNB can however alternatively place the FFT windows back-to-back as illustrated in Figure 4. This placement of PRACH preamble FFT windows is not possible with option 2/4. Here, the same FFTs cannot be used for data and control, but slightly more energy can be accumulated into the PRACH preamble detector. 

[bookmark: _Ref473555712]Figure 3. PRACH preamble with receiver FFT windows to be used for both PUSCH and PRACH preamble detection

[bookmark: _GoBack]
[bookmark: _Ref473555769]Figure 4. PRACH preamble with receiver FFT windows back-to-back for PRACH preamble detection

[bookmark: _Ref473555790]Figure 5. PRACH preamble with receiver FFT windows back-to-back within each receiver beam and transients between

If the gNB uses beam sweeping with (the need to have) some transients between these beams, then the gNB can delay the FFT windows somewhat between these beams. In Figure 5, the PRACH FFT windows are placed back-to-back within each beam and with delay between the beams for transients in the receiver beam switching. This placement of PRACH preamble FFT windows is not possible with option 2/4. 
A timing shift of the FFT windows in the receiver corresponds to a cyclic shift of the PRACH OFDM symbols. These shifts of the FFT windows are thus compensated by cyclic shifts of frequency domain matched filters in the PRACH preamble detector. The time shifts of the FFT windows in the gNB is thus implementation specific, where option 1 provides a flexibility which is not possible within option 2/4.

[bookmark: _Toc473612135][bookmark: _Toc473616806][bookmark: _Toc473875209][bookmark: _Toc473889059][bookmark: _Toc474144562][bookmark: _Toc474159089][bookmark: _Toc474159223][bookmark: _Toc474165170][bookmark: _Toc474165205]Option 1 allows for flexible placements of receiver FFT windows, adjusting for PUSCH receivers or receiver beamforming transients 

Based on observations 1 and 2 we propose to only support option 1 for PRACH preambles.

[bookmark: _Toc470075959][bookmark: _Toc470085872][bookmark: _Toc470086031][bookmark: _Toc471108280][bookmark: _Toc471113087][bookmark: _Toc471118992][bookmark: _Toc471304671][bookmark: _Toc471367231][bookmark: _Toc471371107][bookmark: _Toc471371168][bookmark: _Toc471714477][bookmark: _Toc471727570][bookmark: _Toc473205969][bookmark: _Toc473612142][bookmark: _Toc473616817][bookmark: _Toc473875220][bookmark: _Toc473889070][bookmark: _Toc474144573][bookmark: _Toc474165181][bookmark: _Toc474165216]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 2.5. 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, as in option 2/4, only very short delays can be estimated. 
[bookmark: _Ref473266902]Sub-carrier spacing
In RAN1#87 it was agreed to study the number of subcarrier spacing alternatives for the downlink 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.


[bookmark: _Ref473614082]Figure 6. Digital beamforming with one FFT per antenna

As stated in [2], 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 use the same FFT for both the data and the PRACH. With digital beamforming, one FFT is needed for each antenna, see Figure 6. Thus, different sizes of the FFTs between PRACH and PUSCH should be avoided, especially when the number of antennas is large. Also, when using the same sub-carrier spacing, no guard sub-carriers are needed between data, control, and PRACH preambles. 

[bookmark: _Ref473613456][bookmark: _Toc473616807][bookmark: _Toc473875210][bookmark: _Toc473889060][bookmark: _Toc474144563][bookmark: _Toc474159090][bookmark: _Toc474159224][bookmark: _Toc474165171][bookmark: _Toc474165206]Same sub-carrier spacing for uplink data, control and PRACH preambles enables use of a common receiver FFT and removes the need for guard bands

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.

[bookmark: _Toc473616818][bookmark: _Toc473875221][bookmark: _Toc473889071][bookmark: _Toc474144574][bookmark: _Toc474165182][bookmark: _Toc474165217]The same numerologies should be supported for PRACH preamble transmissions as for UL data and control

The simulation results in section 2.5.3 indicate that the overall link budget is not very strongly affected by the choice of the sub-carrier spacing at a given carrier frequency. One the one hand, the higher spacing results in wider noise bandwidth for the same PRACH preamble resource allocation. On the other hand, higher spacing may improve detection performance for a given SNR since the preamble duration is shorter and fewer coherent detection groups are required. When comparing potential subcarrier spacing candidates, e.g. 120 and 240 kHz at 30 GHz, the two effects approximately compensate each other in the link budget. As indicated in Table 2, the sub-carrier spacing-related MCL and cell size impact is minor. 
The simulations also indicate that for below 6 GHz scenarios, a sub-carrier spacing of 30 kHz should be used for robustness towards Doppler spread in high speed scenarios and 15 kHz for slow speed scenarios. Here a sub-carrier spacing of 15 kHz gives better robustness towards frequency errors as compared to 1.25 kHz (the LTE PRACH preamble sub-carrier spacing) as also indicated within the simulations of [12]. Sub-carrier spacing frequencies of 15 and 30 kHz are proposed to be used for uplink data and control below 6 GHz [10]. In the case of above 6 GHz, the simulation results in section 2.5.3 indicates that sub-carrier spacing of 120 or 240 kHz should be used for robustness to frequency errors up to 15 ppm

[bookmark: _Toc473616808][bookmark: _Toc473875211][bookmark: _Toc473889061][bookmark: _Toc474144564][bookmark: _Toc474159091][bookmark: _Toc474159225][bookmark: _Toc474165172][bookmark: _Toc474165207]Below 6 GHz, a sub-carrier spacing of 15 kHz is robust against frequency errors in low speed scenarios and a sub-carrier spacing of 30 kHz for high speed scenarios. Above 6 GHz, a sub-carrier spacing of 120 kHz s and 240 kHz are robust

The number of beams per time unit in the PRACH receiver increase when decreasing the length of each PRACH OFDM symbol, see illustration in Figure 9. Thus a higher sub-carrier spacing leads to faster beam sweep latency. Within a sub-carrier spacing of 15 kHz, at most 12 receiver beams can be evaluated within a 1 millisecond sub-frame. This in contrast to a sub-carrier spacing of 1.25 kHz where one PRACH OFDM symbol is 0.8 ms such that only one receiver beam can be evaluated within one sub-frame of 1 millisecond.

[bookmark: _Toc473616809][bookmark: _Toc473875212][bookmark: _Toc473889062][bookmark: _Toc474144565][bookmark: _Toc474159092][bookmark: _Toc474159226][bookmark: _Toc474165173][bookmark: _Toc474165208]The supported number of beam sweep positions increase with increasing sub-carrier spacing

However, the number of available preamble sequences is reduced when increasing the sub-carrier spacing (i.e. reducing the length of the sequence for a given PRACH bandwidth). This can be compensated by allocating different time and frequency resources for different UEs, as discussed in section 2.4, and by changing the sequence design e.g. by using combined Zadoff-Chu and m-sequences as suggested in [11].

[bookmark: _Ref473613473][bookmark: _Toc473616810][bookmark: _Toc473875213][bookmark: _Toc473889063][bookmark: _Toc474144566][bookmark: _Toc474159093][bookmark: _Toc474159227][bookmark: _Toc474165174][bookmark: _Toc474165209]The capacity of PRACH preambles can be increased by using multiple time and frequency resources. FFS if the PRACH preamble capacity can be further increased by using combined Zadoff-Chu and m-sequences

Based on Observation 3 to Observation 6, we propose the following

[bookmark: _Toc473612144][bookmark: _Toc473616819][bookmark: _Toc473875222][bookmark: _Toc473889072][bookmark: _Toc474144575][bookmark: _Toc474165183][bookmark: _Toc474165218]Support sub-carrier spacing of 15 and 30 kHz for PRACH preambles below 6 GHz
[bookmark: _Toc473875223][bookmark: _Toc473612145][bookmark: _Toc473616820][bookmark: _Toc473889073][bookmark: _Toc474144576][bookmark: _Toc474165184][bookmark: _Toc474165219]Support sub-carrier spacing of 120 and 240 kHz for PRACH preambles above 6 GHz

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][bookmark: _Toc473205971][bookmark: _Toc473612146][bookmark: _Toc473616821][bookmark: _Toc473875224][bookmark: _Toc473889074][bookmark: _Toc474144577][bookmark: _Toc474165185][bookmark: _Toc474165220]The numerologies to use for PRACH preamble transmissions (and subsequent transmissions) can be signalled in system information

[bookmark: _Ref473266918]PRACH preamble formats
Proposals of formats to be supported 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. 


[bookmark: _Ref471113173] 
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[bookmark: _Ref473206054]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 “”. The exact length of the Guard interval and number of repetitions should be further studied, depending on link budget analysis. Also, additional formats should be considered such as a 60 kHz sub-carrier spacing.

[bookmark: _Toc471118995][bookmark: _Toc471304674][bookmark: _Toc471367234][bookmark: _Toc471371110][bookmark: _Toc471371171][bookmark: _Toc471714480][bookmark: _Toc471727573][bookmark: _Toc473205972][bookmark: _Toc473612147][bookmark: _Toc473616822][bookmark: _Toc473875225][bookmark: _Toc473889075][bookmark: _Toc474144578][bookmark: _Toc474165186][bookmark: _Toc474165221]Same scalable PRACH construction, both below and above 6 GHz

Within the sub 6 GHz carrier frequency, six formats (A0 to A5) with sub-carrier spacing of 15 kHz are specified and six formats (B0 to B5) 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 A5) can be used in larger cells as compared to larger sub-carrier spacing (B0 to B5). The large sub-carrier spacing is suitable for time critical initial access,low latency data channels and high speed scenarios, as indicated by the simulations of 500 km/h in section 2.5.3.  

[bookmark: _Toc471118996][bookmark: _Toc471304675][bookmark: _Toc471367235][bookmark: _Toc471371111][bookmark: _Toc471371172][bookmark: _Toc471714481][bookmark: _Toc471727574][bookmark: _Toc473205973][bookmark: _Toc473612148][bookmark: _Toc473616823][bookmark: _Toc473875226][bookmark: _Toc473889076][bookmark: _Toc474144579][bookmark: _Toc474165187][bookmark: _Toc474165222]Support several PRACH sub-carrier spacings for each carrier frequency

The six formats (x0 to x5), 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 7 for the six 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][bookmark: _Toc473205974][bookmark: _Toc473612149][bookmark: _Toc473616824][bookmark: _Toc473875227][bookmark: _Toc473889077][bookmark: _Toc474144580][bookmark: _Toc474165188][bookmark: _Toc474165223]Support several PRACH formats for coverage adjustment



[bookmark: _Ref471116841]Figure 7. Rescaling of PRACH preamble formats with respect to sub-carrier spacing (SCS)

[bookmark: _Ref473266986][bookmark: _Ref462383562]PRACH capacity
An illustration of PRACH resources configured in PBCH is given in Figure 8, see also [7]. Several SS blocks, each containing one NR-PSS, one NR-SSS, and one PBCH are illustrated. Possibly, an NR-TSS (Tertiary Synchronization Signal) will also be included in the SS-block. 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 8 for gNB 1, 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.
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][bookmark: _Toc473205950][bookmark: _Toc473612136][bookmark: _Toc473616811][bookmark: _Toc473875214][bookmark: _Toc473889064][bookmark: _Toc474144567][bookmark: _Toc474159094][bookmark: _Toc474159228][bookmark: _Toc474165175][bookmark: _Toc474165210]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][bookmark: _Toc473205975][bookmark: _Toc473612150][bookmark: _Toc473616825][bookmark: _Toc473875228][bookmark: _Toc473889078][bookmark: _Toc474144581][bookmark: _Toc474165189][bookmark: _Toc474165224]One random access preamble is identified by a combination of frequency interval, timing interval, and sequence




[bookmark: _Ref465254132]Figure 8 Relation between synchronization signals (NR-PSS and NR-SSS), MIB, and PRACH resources for two gNBs 

An illustration of PRACH configuration of two gNBs is given in  Figure 8. 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. 
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][bookmark: _Toc473205951][bookmark: _Toc473612137][bookmark: _Toc473616812][bookmark: _Toc473875215][bookmark: _Toc473889065][bookmark: _Toc474144568][bookmark: _Toc474159095][bookmark: _Toc474159229][bookmark: _Toc474165176][bookmark: _Toc474165211]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. 
The capacity of PRACH can be further increase by considering other sequences than Zadoff-Chu as used in LTE. For example, the PRACH preamble sequence can e.g. use combined Zadoff-Chu and m-sequences as suggested in [11]

[bookmark: _Toc473205952][bookmark: _Toc473612138][bookmark: _Toc473616813][bookmark: _Toc473875216][bookmark: _Toc473889066][bookmark: _Toc474144569][bookmark: _Toc474159096][bookmark: _Toc474159230][bookmark: _Toc474165177][bookmark: _Toc474165212]The PRACH preamble capacity can be increased by considering combinations of Zadoff-Chu and m-sequences. Impact on miss detection and false detection performance is for further study.

[bookmark: _Ref470179641][bookmark: _Ref470179495]Evaluations
Evaluation Settings 
PRACH evaluation assumptions were agreed in [8]. The following simulation settings are used:
· Carrier frequency 4 GHz, 30 GHz, or 70 GHz
· Allocation of 72 subcarriers over a single slot for the NR PRACH preamble design (option 1, multiple repetitions of a short sequence), with subcarrier spacings ranging from 15 kHz to 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 between 0 and 2 s, between 0 and 20 s, or between 0 and 130 s, uniformly distributed
· Corresponding to a maximum distance of 300 m, 3 km or 20 km, 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, 120 km/h, or 500 km/h
· Angular spreads: ASA 30, ASD 5, ZSA 5, ZSD 1
· Frequency offset of 0.05 ppm at the TRP and 0.1 ppm at the UE (i.e. 0.15 ppm in total)
· These maximum values are used throughout simulations to reflect performance for UEs which happen to have large frequency offset relative TRP
· Isotropic or directional antennas (gains according to [8]). 
· UE: Single antenna element with vertical polarization (for CDL-C)
· TRP: Polarization angles ±45 (for CDL-C).
· Simulations without beam scan: Elements arranged as (1,1,2) 
· Simulations with receiver beam scan: Elements arranged as (4,8,2), see below for receiver beam scan method. 
· The antennas are for each preamble given a different random azimuth rotation in the range ±30 around the main channel cluster [8].
· False detection rate 0.1 % in noise (total over 64 detectors).

The receiver used for delays up to 1 OFDM symbol was presented in [6]. Evaluations in [2] and [12], using this receiver, showed that the proposed NR PRACH preamble design [2] can perform better than the LTE PRACH preamble design. A receiver structure for delays longer than 1 OFDM symbol was outlined in [12] and is described in more detail in Section 2.5.1.1.
Two types of receiver beam scan – parallel and sequential – were discussed and evaluated in [12]. In the present contribution, only sequential scan using 12 beams is used, see illustration in Figure 9. The 12 beams are evenly spaced in spatial frequency with 6 horizontal and 2 vertical directions (below the horizon).
[image: ]
[bookmark: _Ref473539148]Figure 9. Sequential beam scan, illustrated for the case of 12 beams, for NR. 



[bookmark: _Ref471319333]Long Delays
Delays up to the length of one PRACH OFDM symbol 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 was given in [12] which is also illustrated in more detail in Figure 10 below. Here, a detector is included which compares the received signal in first two and last two 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.
In more detail, let












be the correlation peak found in the IFFT outputs, yielding a high-resolution but ambiguous delay estimate  , where  is the subcarrier spacing. The decision whether the delay is smaller or large than one symbol can in principle be taken based on a comparison of early-arrival energies  and  versus late-arrival energies  and . However, better performance can be obtained by calculating the decision from the signal components of , , that are in phase with  and. In other words, projected early-arrival and late-arrival energies can be estimated as


and

,






where  are (optional) real-valued weight factors and . Frequency offset can be estimated between the  and  such that the signal components  and  can be phase-adjusted in the projected early-arrival and late-arrival energies.

[image: ]
[bookmark: _Ref471370620]Figure 10. Large delay PRACH preamble detector outline


Evaluations Comparing Different Numerologies (3 km/h)
Link performance
Simulations for 4 GHz, 30 GHz, and 70 GHz, with different subcarrier spacings are shown in Figure 11, for UE speed 3 km/h. Directional antenna elements are used but no beam scan. It seems that 15 kHz subcarrier spacing works well at 4 GHz, whereas it would be desirable to use 120 kHz and 240 kHz at 30 GHz and 70 GHz, respectively.
[image: ]
[bookmark: _Ref473539475]Figure 11. Performance at different carrier frequencies with different numerologies, with channel delay spread 30 ns, up to 2 s delay, directional antenna elements, and no beam scan
Link budget and cell size
Based on simulations, we can also estimate the MCL (Maximum Coupling Loss) of the different subcarrier spacing options. The estimates for all bands and subcarrier spacings are based on simulations over the full CDL-C and the AWGN channels at 3 km/h with 1 isotropic TX antenna and 2 cross-polarized isotropic RX antennas. (There are presently no explicit simulation assumptions defined for MCL estimation for directive antenna arrangements.) The results are summarized in Table 2.
	Frequency band (GHz)
	4
	4
	4
	30
	30
	30 
	70
	70
	70

	Subcarrier spacing (kHz)
	15
	30
	15
	120
	240
	120
	240
	480
	240

	Channel model
	CDL-C
	CDL-C
	AWGN
	CDL-C
	CDL-C
	AWGN
	CDL-C
	CDL-C
	AWGN

	Transmitter
	
	
	
	
	
	
	
	
	

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

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

	Receiver
	
	
	
	
	
	
	
	
	

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

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

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

	(5) Occupied channel bandwidth (kHz)
	1 080
	2 160
	1 080
	8 640 
	17 280 
	8 640
	17 280
	34 560
	17 280

	(6) Effective noise power 
= (2) + (3) + (4) + 10 log((5))  (dBm)
	-109
	-106
	-109
	-100
	-97
	-100
	-97
	-94
	-97

	(7) Required SINR (dB)
	-2.5
	-2.5
	-8.7
	-2.5
	-2.5
	-8.7
	-2.5
	-2.5
	-8.7

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-111.5
	-108.5
	-117.7
	-102.5
	-99.5
	-108.7
	-99.5

	-96.5
	-105.7

	(9) MCL = (1) - (8) (dB)
	-134.5
	-131.5
	-140.7
	-125.5
	-122.5
	-131.7
	-122.5
	-129.5
	-128.7



[bookmark: _Ref473804664]Table 2. MCL estimates
Table 3 presents estimated maximum cell radius supported by the signal design and antenna configurations for the above channel models. For the 4 GHz band, we have used the same isotropic antenna setup as for the MCL estimation and the RMa path loss model in [13]. For 30 and 70 GHz, directive antennas according to the simulation assumptions (on the CDL-C channel) and the UMi model have been used; isotropic antennas and an additional 5+8=13 dB directivity gain have been used with AWGN. 
	Frequency band (GHz)
	4
	4
	4
	30
	30
	30 
	70
	70
	70

	Subcarrier spacing (kHz)
	15
	30
	15
	120
	240
	120
	240
	480
	240

	Channel model
	CDL-C
	CDL-C
	AWGN
	CDL-C
	CDL-C
	AWGN
	CDL-C
	CDL-C
	AWGN

	(7) Required SINR (dB)
	-2.5
	-2.5
	-8.7
	-11.6
	-12.7
	-21.7
	-11.6
	-12.7
	-21.7

	(8) Receiver sensitivity = (6) + (7) (dBm)
	-111.5
	-108.5
	-115.7
	-111.6
	-109.7
	-121.7
	-108.6
	-106.7
	-118.7

	(9) Isotropic loss = (1) - (8) (dB)
	-134.5
	-131.5
	-138.7
	-134.6
	-132.7
	-144.7
	-131.6
	-129.7
	-141.7

	Path loss model in [13] -- NLOS
	RMa NLOS
	RMa
NLOS
	RMa
NLOS
	UMi
NLOS
	UMi
NLOS
	UMi
NLOS
	UMi
NLOS
	UMi
NLOS
	UMi
NLOS

	(10a) Max cell radius (km)
	1.19
	0.99
	1.53
	0.116
	0.103
	0.225
	0.095
	0.085
	0.185

	Path loss model in [13] -- LOS
	RMa LOS
	RMa
LOS
	RMa
LOS
	UMi
LOS
	UMi
LOS
	UMi
LOS
	UMi
LOS
	UMi
LOS
	UMi
LOS

	(10b) Max cell radius (km)
	7.80
	6.56
	9.93
	2.31
	2.07
	3.88
	0.93
	0.75
	2.86



[bookmark: _Ref473902105]Table 3. Estimated cell radius limits

[bookmark: _Ref473209168]Evaluations of High Speeds (120 km/h and 500 km/h)
Without Beam Scan
Performance at 120 km/h and 500 km/h with isotropic antenna elements and no beam scan is shown in Figure 12, for 4 GHz carrier frequency and for 15 kHz and 30 kHz subcarrier spacing. Also, for comparison, performance at 3 km/h is shown. As can be seen, the proposed NR PRACH design performs very well (close to performance at 3 km/h) for 120 km/h, and also for 500 km/h if a subcarrier spacing of 30 kHz is used. The LTE design on the other hand performs poorly for high speeds at 4 GHz. 
It may be noted that for LTE, there is even a tendency to an error floor at 3 km/h. However, this tendency disappears if instead of the constant maximum frequency offset (0.1 ppm plus 0.05 ppm) a uniform distribution of frequency offsets is used in the simulations. The error floor tendency at 3 km/h can also be reduced by increasing the delay estimation tolerance (beyond current 40% of PUSCH CP).
It should also be noted that a fairly simple receiver algorithm is used here, both for NR and for LTE. With a more advanced algorithm, both NR with 15 kHz subcarrier spacing and LTE may perform better, at the expense of increased computational complexity.
[bookmark: _Toc473205953][bookmark: _Toc473612139][bookmark: _Toc473616814][bookmark: _Toc473875217][bookmark: _Toc473889067][bookmark: _Toc474144570][bookmark: _Toc474159097][bookmark: _Toc474159231][bookmark: _Toc474165178][bookmark: _Toc474165213]High-speed (120 km/h and 500 km/h) performance of the proposed NR PRACH design is found to be good at 4 GHz (if 30 kHz subcarrier spacing is used for 500 km/h), whereas the LTE PRACH design performs much worse. 

[image: ]
[bookmark: _Ref473123262]Figure 12. Missed detection rate without receiver beam scan, with carrier frequency 4 GHz, channel delay spread 100 ns, up to 20 s delay, isotropic antenna elements, and no beam scan.

With Sequential Beam Scan
Performance at 120 km/h and 500 km/h with directional antenna elements and sequential beam scan is shown in Figure 13, for 4 GHz carrier frequency. For comparison, performance at 3 km/h is also shown. Similar to the case of no beam scan, the proposed NR PRACH design again performs very well (close to performance at 3 km/h) at 120 km/h and also at 500 km/h if subcarrier spacing 30 kHz is used. Furthermore, in contrast to the case without beam scan, the proposed NR PRACH design here performs decently well also with 15 kHz subcarrier spacing. This improvement with sequential beam scan is natural as there is then no combining of multiple DFT windows across the duration of the preamble. The LTE design has previously [12] been shown to perform poorly with sequential beam scan even at 3 km/h.
[bookmark: _Toc473205954][bookmark: _Toc473612140][bookmark: _Toc473616815][bookmark: _Toc473875218][bookmark: _Toc473889068][bookmark: _Toc474144571][bookmark: _Toc474159098][bookmark: _Toc474159232][bookmark: _Toc474165179][bookmark: _Toc474165214]Also with receiver beam scan, high-speed (120 km/h and 500 km/h) performance of the proposed NR PRACH design is found to be good at 4 GHz (in particular if 30 kHz subcarrier spacing is used for 500 km/h). 

[image: ]
[bookmark: _Ref473123633]Figure 13. Missed detection rate with sequential receiver beam scan, with carrier frequency 4 GHz, channel delay spread 100 ns, up to 20 s delay, directional antenna elements, and beam scan.

Evaluations with Long Delays (>1 OFDM symbol)
Simulation results with delays up to 2 OFDM symbols are shown in Figure 14, using format A3 (i.e. a guard of 2 PRACH OFDM symbols), with single receive antenna, and all antennas being isotropic. The solid curves illustrate performance when the delay estimation tolerance is 40 % of the PUSCH CP, and as can be seen, NR performs much better than LTE. For reference, the dashed line show performance when a detection is (unrealistically) considered correct irrespective of any delay estimation error.
[bookmark: _Toc473205955][bookmark: _Toc473612141][bookmark: _Toc473616816][bookmark: _Toc473875219][bookmark: _Toc473889069][bookmark: _Toc474144572][bookmark: _Toc474159099][bookmark: _Toc474159233][bookmark: _Toc474165180][bookmark: _Toc474165215]Also with long delays (>1 PUSCH OFDM symbol), the proposed NR PRACH design can outperform the LTE PRACH design. 

[image: ]
[bookmark: _Ref473123441]Figure 14. Missed detection rate for format A3, with carrier frequency 4 GHz, channel delay spread 100 ns, up to 2 OFDM symbol delay, isotropic antenna elements, and no beam scan.




Conclusion
In section 2 we made the following observations:
Observation 1	Larger cell radius can be supported for option 1 as compared to option 2/4
Observation 2	Option 1 allows for flexible placements of receiver FFT windows, adjusting for PUSCH receivers or receiver beamforming transients
Observation 3	Same sub-carrier spacing for uplink data, control and PRACH preambles enables use of a common receiver FFT and removes the need for guard bands
Observation 4	Below 6 GHz, a sub-carrier spacing of 15 kHz is robust against frequency errors in low speed scenarios and a sub-carrier spacing of 30 kHz for high speed scenarios. Above 6 GHz, a sub-carrier spacing of 120 kHz s and 240 kHz are robust
Observation 5	The supported number of beam sweep positions increase with increasing sub-carrier spacing
Observation 6	The capacity of PRACH preambles can be increased by using multiple time and frequency resources. FFS if the PRACH preamble capacity can be further increased by using combined Zadoff-Chu and m-sequences
Observation 7	Using OFDM in uplink simplifies allocations of PRACH resources in frequency domain as compared to DFTS-OFDM as used in LTE
Observation 8	Time and frequency resources can be utilized for PRACH allocations in order to reduce inter-cell interference
Observation 9	The PRACH preamble capacity can be increased by considering combinations of Zadoff-Chu and m-sequences. Impact on miss detection and false detection performance is for further study.
Observation 10	High-speed (120 km/h and 500 km/h) performance of the proposed NR PRACH design is found to be good at 4 GHz (if 30 kHz subcarrier spacing is used for 500 km/h), whereas the LTE PRACH design performs much worse.
Observation 11	Also with receiver beam scan, high-speed (120 km/h and 500 km/h) performance of the proposed NR PRACH design is found to be good at 4 GHz (in particular if 30 kHz subcarrier spacing is used for 500 km/h).
Observation 12	Also with long delays (>1 PUSCH OFDM symbol), the proposed NR PRACH design can outperform the LTE PRACH design.

Based on the discussion in section 2 we propose the following:
Proposal 1	Only support option 1 for the PRACH preamble
Proposal 2	The same numerologies should be supported for PRACH preamble transmissions as for UL data and control
Proposal 3	Support sub-carrier spacing of 15 and 30 kHz for PRACH preambles below 6 GHz
Proposal 4	Support sub-carrier spacing of 120 and 240 kHz for PRACH preambles above 6 GHz
Proposal 5	The numerologies to use for PRACH preamble transmissions (and subsequent transmissions) can be signalled in system information
Proposal 6	Same scalable PRACH construction, both below and above 6 GHz
Proposal 7	Support several PRACH sub-carrier spacings for each carrier frequency
Proposal 8	Support several PRACH formats for coverage adjustment
Proposal 9	One random access preamble is identified by a combination of frequency interval, timing interval, and sequence
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Introduction


 


For the PRACH preamble transmission, the following was agreed in 


RAN1


-


NR1:


 


•


 


RACH SCS alternatives


 


–


 


SCS = [1.25 2.5 5 7.5 10 15 20 30 60 120 240] kHz


 


•


 


Note: in case RACH SCS = [15 30 60 120 240] there are two design options:


 


–


 


use the same SCS as the subsequent UL data and control 


 


–


 


use different SCS than the subsequent 


UL data 


and control 


 


•


 


The following RACH preamble sequence types are considered


 


–


 


Zadoff


-


Chu


 


–


 


M


-


sequence


 


–


 


Zadoff


-


Chu with cover extension using M


-


sequence


 


Note that new designs are not precluded in the future. 


 


For single/multi


-


beam operation, 


 


•


 


For multiple/repeated RACH preamble transmissions, consider only option 1, option 2 and option 


4 


 


–


 


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


OFDM symbols


, CP/GT between RACH 


symbols


 


is omitted and GT is reserved at 


the end 


of the consecutive multiple/repeated RACH 


symbols


 


–


 


Option 2/4: The same/different RACH sequences with CP is used and GT is reserved at 


the end of the consecutive multiple/repeated RACH sequences


 


•


 


Study:


 


–


 


Multiplexing with d


ifferent orthogonal cover 


codes


 


 


–


 


Independent RACH sequences in a RACH preamble 


 


•


 


For supporting various coverage and forward compatibility, flexibility in the length of CP/GT and 


the number of repeated RACH preambles and RACH symbols is supported 


 


•


 


Note: specific use of these three o


ptions may depend on RACH subcarrier spacing and TRP beam 


correspondence


 


 


•


 


NR defines that: 


 


–


 


a random access preamble format consists of one or multiple random access 


preamble(s),


 


–


 


a random access preamble consists of one preamble sequence plus CP, and


 


–


 


one p


reamble sequence consists of one or multiple RACH OFDM symbol(s) 


 


•


 


UE transmits PRACH according to the configured random access preamble format


 


 


2


 


Discussion


 


The


 


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


he


 


preamble options are 


discussed in section 


2.1


,


 


sub


-


carr


ier spacing


 


in section 


2.2


, PRACH preamble formats in section 


2.3


,


  


capacity in section 


2.4


,


 


and evaluations in section 


2.5


.
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