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[bookmark: _Ref471367327]Introduction
For the PRACH preamble transmission, the following was agreed in RAN1-#88bis:
· 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

· 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

In this contribution we discuss PRACH design further.
[bookmark: _Ref178064866]Discussion
[bookmark: _Toc468450825]PRACH preamble formats
Proposals of formats to be supported for PRACH preambles are given in Table 1, and illustrated in Figure 1 . See [7] for discussion of slot length definitions for PRACH preambles. Format 0 has sub-carrier spacing 1.25, 2.5 or 5 kHz according to agreement in RAN1#88bis in Table 1. According to the same agreement, PRACH preambles according to formats 1 to 5 have sub-carrier spacing of 7.5, 15, 30, 60, 120 or 240 kHz. 
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[bookmark: _Ref481747527]Table 1. PRACH preamble numerology

[bookmark: _Ref480875149]Figure 1. PRACH preamble format 0 with SCS of 1.25 kHz and formats 1 to 5 with SCS of 15 kHz
Several PRACH sub-carrier spacings are thus proposed to be supported on the same carrier frequency. The small sub-carrier spacing formats can be used in larger cells as compared to larger sub-carrier spacing. 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 [5].  
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The six formats (0 to 5) have different lengths of the PRACH preamble such that they can be used for different coverage situations or for different receiver beamforming sweep. 
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Gap for PDCCH in PRACH preambles
Gaps for PDCCH can be introduced before PRACH preambles as illustrated in an example in Figure 2. Here a gap is inserted corresponding to 2 OFDM symbols and a sub-carrier spacing of 15 kHz for PDCCH. The length of the gap must thus be signalled to the UE with a broadcast signal before transmitting PRACH preambles. This gap might for example be expressed as number of PDCCH OFDM symbols and sub-carrier spacing of PDCCH. 

[bookmark: _Toc481737634][bookmark: _Toc481761649][bookmark: _Toc481762154][bookmark: _Toc481762426]The gNB can configure the timing of the start of a PRACH preamble allocation in a slot

For PRACH format 0, both the length of the CP and the length of the guard are reduced, see Figure 2. This will have an impact on the maximum cell size when using this format 0. The design of PRACH format 0 is similar to the PRACH format 0 in LTE. With a sub-carrier spacing of 1.25 kHz for PRACH format 0, the length of the CP equals , without a gap for PDCCH as in Figure 1. When introducing a gap for PDCCH this CP is reduced by approximately one OFDM symbol and a CP such that the length of the CP for PRACH format 0 equals some . This is thus a reduction with 70% of maximum cell size.
Format 1 and 2 are not changed by introducing a gap for PDCCH. The only impact is that the number of PRACH preambles per slot is reduced. See [7] for discussion of slot length definitions for PRACH preambles.
Format 3, 4 and 5 have somewhat reduced number of repetitions of the PRACH OFDM symbols. This will have a minor impact on the coverage of these formats. For example, format 4 will have 12 repetitions of the PRACH OFDM symbols instead of 14, which is a reduction with . However, the maximum cell size, in terms of length of CP and guard length, is not changed. This since the CP is the length of the PRACH OFDM symbol which acts as a CP for the following PRACH OFDM symbols for formats 3, 4 and 5.


[bookmark: _Ref481736164]Figure 2. Gaps for PDCCH included in PRACH preamble format 0 with SCS of 1.25 kHz and formats 1 to 5 with SCS of 15 kHz



PRACH capacity
The frequency allocations for PRACH preambles 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.
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The set of PRACH preamble sequences can be configured by
1. Preamble format
2. Root sequence
3. Cyclic shift configuration
4. Time index
5. Frequency allocation
6. Number of PRACH preambles in one cell
see [7] for more details. Here, the capacity of PRACH preambles should be evaluated per time unit e.g. per sub-frame of 1 ms. Thus, PRACH preamble formats with long time durations, such as PRACH preamble format 0 with SCS of 1.25 kHz and format 4 with SCS of 15 kHz will only have one preamble per sub-frame. This in contrast to e.g. format 1 and 2 (with SCS of 15 kHz) with 14 and 7 preambles, respectively, per sub-frame, see illustration in Figure 1. 
For example, PRACH preambles with format 0 can be constructed by 
· 4 cyclic shifts per PRACH preamble, 
· 1 PRACH preambles per slot (i.e. format 0 in Figure 1), 
· 838 root sequences (i.e. Zadoff-Chu of length 71), and 
· 1 frequency allocation, 
resulting in  PRACH preambles. In another example, PRACH preambles with format 2 can be constructed by 
· 2 cyclic shifts per PRACH preamble, 
· 7 PRACH preambles per slot (i.e. format 2 in Figure 1), 
· 70 root sequences (i.e. Zadoff-Chu of length 71), and 
· 4 frequency allocation, 
resulting in  PRACH preambles. 
We may also compare capacity with LTE. For example, LTE format 0 can be constructed by
· 24 cyclic shifts per PRACH preamble, 
· 1 PRACH preambles per slot (i.e. format 0 in Figure 1), 
· 838 root sequences (i.e. Zadoff-Chu of length 71), and 
· 1 frequency allocation, 
resulting in  PRACH preambles. With same assumption about maximum propagation delay, NR format 2 could be constructed by 
· 2 cyclic shifts per PRACH preamble, 
· 14 PRACH preambles over two slots, 
· 70 root sequences (i.e. Zadoff-Chu of length 71), and 
· 12 frequency allocation, 
resulting in  PRACH preambles. 
However, in practice, the capacity is limited by the correlations between PRACH preambles. Here, different root sequences have higher cross correlations than different time and frequency allocations. 
An illustration of PRACH configuration of two gNBs is given in  Figure 3. 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: _Ref481738398]Figure 3 Relation between synchronization signals (SS-blocks), 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 time and frequency resources and a set of PRACH preamble sequences. 
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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 (e.g. Omega-1 sequences [8][3], ACS Zadoff-Chu sequences [8][3], or Zadoff-Chu sequences with m sequence cover [2][3]), see section 5.1 in appendix for more information. 
Sequence length and subcarrier spacing
Agreement:
· Select one of
· L = 63/71: SCS = {15, 30, 60, 120, 240} kHz
· L = 127/139: SCS = {7.5, 15, 30, 60, 120} kHz
We compare the two alternatives in simulations, with focus on the sequence lengths  and . For fair comparison, configurations resulting in the same used radio resources in time and frequency are used, see illustrations in Figure 4. Also, to have similar receiver computational complexity, the receiver for the case  uses 2 times oversampling in the IDFTs whereas the receiver for   uses no oversampling. Further, the number of non-coherent combining intervals [1] is set to 1 in both cases, and single cross-polarized receive antenna is always used (also at 30 GHz). Other parameters and receiver settings are the same as in [8].
In Figure 5, we compare the lowest SCSs for the resp. alternatives, at 4 GHz. It can be seen that missed-detection performance (measured at 1% rate) for   with subcarrier spacing (SCS) 15 kHz is somewhat better than for  with SCS 7.5 kHz.  If receiver oversampling is increased further (with maintained ratio 2 between the two sequence lengths), this difference will likely gradually decrease. 
In Figure 6, an analogous comparison is made for the highest SCSs for resp. alternative, at 30 GHz. Here both values of  yield similar performance.[footnoteRef:2]  [2:  Note that the better absolute performance compared to 4 GHz is a natural consequence of the larger antenna gain (8 dB) at 30 GHz.] 

In summary, performance with  and  is similar in the investigated cases, with a slight edge for . Also, may be considered a safer choice with respect to robustness to very high Doppler (cf. [5]) thanks to its larger maximum SCS. 

[bookmark: _Toc481686119][bookmark: _Toc481686726][bookmark: _Toc481687268][bookmark: _Toc481687318][bookmark: _Toc481687349][bookmark: _Toc481687385][bookmark: _Toc481737647][bookmark: _Toc481747347][bookmark: _Toc481747367][bookmark: _Toc481761646][bookmark: _Toc481762151][bookmark: _Toc481762423]The L = 63/71 alternative performs slightly better than the L = 127/139 alternative at low speeds, and the L = 63/71 alternative may also be considered safer in terms of robustness to very high Doppler.
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Finally, note that while  might a priori be expected to perform better for long delays thanks to its lower minimum SCS (7.5 kHz) and corresponding longer OFDM symbol, it was shown in [8] that early- and late-arrival detectors can handle delays of up to 10 PRACH OFDM symbols with maintained good performance.
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[bookmark: _Ref478114121]Figure 4. Cases being compared. 



[bookmark: _Toc481686124][bookmark: _Toc481686251][bookmark: _Toc481686280][bookmark: _Toc481686343]
[image: ]
[bookmark: _Ref481077505]Figure 5. Miss-detection rate for carrier frequency 4 GHz, CDL-C channel, and up to 10 s timing offset. 
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[bookmark: _Ref481686787]Figure 6. Miss-detection rate for carrier frequency 30 GHz, CDL-C channel, and up to 10 s timing offset. 


Conclusion
In section 2 we made the following observations:
Observation 1	Using OFDM in uplink simplifies allocations of PRACH resources in frequency domain as compared to DFTS-OFDM as used in LTE
Observation 2	Time and frequency resources can be utilized for PRACH allocations in order to reduce inter-cell interference
Observation 3	The L = 63/71 alternative performs slightly better than the L = 127/139 alternative at low speeds, and the L = 63/71 alternative may also be considered safer in terms of robustness to very high Doppler.

Based on the discussion in section 2 we propose the following:
Proposal 1	Support several PRACH sub-carrier spacings for each carrier frequency
Proposal 2	Support several PRACH formats for coverage adjustment
Proposal 3	The gNB can configure the timing of the start of a PRACH preamble allocation in a slot
Proposal 4	Select L = 63/71: SCS = {15, 30, 60, 120, 240} kHz.
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Appendix
[bookmark: _Ref481080070]Sequences
Two types of sequences allowing generation of larger sets of sequences than with Zadoff-Chu sequences were presented in sections 6.5 and 6.6 of [3] and in section 2.5 of [8]. For convenience, the descriptions are repeated below, including now also some additional comments on usage as well as some hints for efficient and accurate construction of the Omega-1 sequence type.
Furthermore, in section 5.1.3, we compare the performance of these sequences with a slightly updated implementation of Zadoff-Chu sequences with m sequence cover.
Added Cyclically Shifted Zadoff-Chu (ACS ZC) Sequences
A brief description for the generation of one OFDM symbol of this sequence type is given in the following. The so generated sequences can then be repeated according to the desired . A description with detailed mathematical notation can be found in [8]. 
Let , where  is the PRACH bandwidth and  is the PRACH subcarrier spacing, be the desired number of allocated PRACH subcarriers (e.g. 72). Select an integer  and a prime  so that  holds (e.g.  and  if ). Generate a set of  Zadoff-Chu sequences with different roots , and then for each sequence perform the following steps: 
1. Perform an -point DFT, 0-pad to length , perform -point IDFT
2. Split the resulting sequence into  parts each of length ,and add all parts elementwise
3. Normalize the obtained sequence appropriately to form . 
The sequence  can then after a DFT be mapped to  subcarriers similar to LTE (cf. 3GPP TS 36.211, section 5.7.3). Cyclical shifts in time domain can be applied similar to the case of normal Zadoff-Chu sequences.
Omega-1 sequences
In [4] and references therein, a construction of a set of  sequences of prime length  is described, referred to as the  family. For , a set of 4899 root sequences may be generated as follows: Let  be a sequence index, , and let 
,
,
where  denotes rounding downwards to nearest integer. The sequence is given by
,
and , where  is a normalization factor and  is an integer, , satisfying
.
One may alternatively set , which yields constant amplitude while correlation properties remain almost the same [4]. The number of different sequences can be further increased by using cyclic shifts, similar to LTE Zadoff-Chu sequences:
.
The sequence  can then after a DFT be mapped to subcarriers similar to LTE (cf. 3GPP TS 36.211, section 5.7.3). 
Note that there is a subset of 69 sequences, , that has similar low correlation properties as Zadoff-Chu (see [8] for details). Moreover, most subsets of the type , where , have rather good correlation properties within the respective subset. One could hence assign a subset of 69 sequences to each cell to have similar cross-correlation properties as with Zadoff-Chu within each cell, and at the same time in total in the network have a much larger set of sequences (4899) than Zadoff-Chu can give (only 70), all with rather good cross-correlation properties.
Note also that Omega-1 sequences should work equally well for any prime length, e.g. .
Finally, it may be remarked that a direct computation of the expression  may result in large intermediate numbers that could cause inaccuracies if using, e.g., IEEE double precision or 64-bit integers. However, one may instead perform successive reduction modulo to avoid large numbers, e.g. in Matlab one may conveniently calculate  as mod(mod(7^10,71)^5*mod(7^3,71), 71). 
[bookmark: _Ref481750840]Simulation Results
[bookmark: _GoBack]A comprehensive set of simulation results showing good performance of the two above sequence types was provided in [8], for the case of 72 subcarriers allocated to PRACH with 15 kHz subcarrier spacing. The performance was also compared with that of Zadoff-Chu (ZC) sequences with m sequence cover. In Figure 7 and Figure 8, we present complementary results for ZC sequences with m cover [2][3], now omitting the DFT in the generation, i.e. mapping the sequences  directly to subcarriers . This improves the missed-detection rate, making it similar to that of normal ZC like in [2], and also similar to that of Omega-1 and ACS ZC. We further added a curve that uses only a single ZC root (again with DFT omitted), i.e. yielding a total of 63 sequences. For this small set of sequences, ZC with m cover gives good false-alarm rate, similar to normal ZC or to a subset of 69 Omega-1 sequences. Note that overall cyclic shifts are not used in any of the simulations in this figure (see [8] for such results). In environments with small propagation delays, cyclic shifts in time could be used to further increase the number of sequences.[footnoteRef:3] [3:  Note that all figure legends in [8] list the number of root sequences, even when cyclic shifts in time are used to further increase the total number of sequences in the simulations.] 
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[bookmark: _Ref477882016]Figure 7. Miss-detection rate for different sequence types, with single OFDM symbol, 15 kHz subcarrier spacing, carrier frequency 4 GHz, and up to 10 s timing offset. 
[image: ]
[bookmark: _Ref481685215]Figure 8. False-alarm rate for different sequence types, with single OFDM symbol, 15 kHz subcarrier spacing, carrier frequency 4 GHz, and up to 10 s timing offset. 

Discussion
In the above simulations, Omega-1 and ZC with m cover give similar missed-detection performance, and for comparable number of sequences also similar false-alarm performance. However, Omega-1 seems to have a couple of advantages. Firstly, Omega-1 should work equally well for any prime length, whereas ZC with m cover only works for lengths , where  is an integer. Also, if  happens not to be a prime (e.g. equals 63 as in the present case), there are rather few good ZC roots, reducing the potential number of sequences with good correlation properties. Secondly, the PAPR of ZC with m cover [2] seems to be several dB worse than for Omega-1 [8]. Same seems to hold for cubic metric (not illustrated). ACS ZC is similar to Omega-1 in that it works for any prime  and has low PAPR. However, ACS ZC cannot yield as many sequences as Omega-1 without degrading correlation properties (though for up to 138 sequences, ACS ZC performs very well in terms of false-alarm rates).
Preamble options
A list of 2 options for PRACH preambles was decided in RAN1-NR#1, see illustration in Figure 9. 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: _Ref481761789]Figure 9. 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. Option 1 do not suffer as much as option 4 from frequency offsets and time varying channels since the time interval with coherent accumulation for option 1 can be shorter (single PRACH OFDM symbol) as compared to the longer time interval with coherent accumulation for option 2 (two PRACH OFDM symbol).
Cell size
No explicit CP is included for option 1 in Figure 9. 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 [9]. 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 [5]. 
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 10. 

[bookmark: _Ref481737938]Figure 10. Cell radius support for options 1 and 2/4 as function of sub-carrier spacing and corresponding scaling of cyclic prefix
Illustrations of maximum cell sizes are given in Figure 10 for option 1 both with a detector for delays up to one OFDM symbol [9] and with a detector for delays up to two symbols [5]. 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 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.

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 11. 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 12. 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: _Ref481738089]Figure 11. PRACH preamble with receiver FFT windows to be used for both PUSCH and PRACH preamble detection

[bookmark: _Ref481738146]Figure 12. PRACH preamble with receiver FFT windows back-to-back for PRACH preamble detection

[bookmark: _Ref481738164]Figure 13. 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 13, the PRACH FFT windows are placed with delay between the beams for transients in the receiver beam switching and back-to-back within each beam. This placement of PRACH preamble FFT windows as back-to-back is not possible with option 2/4, such that the CP in option 2/4 is always unused.
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.
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Preamble format        𝑁 𝑍 𝐶    

0  1  1     1 . 25 . 2 . 5 , 5  839  

1  1  1     7 . 5 , 15 , 30 , 60 , 120 , 240  63 / 71   or  127 / 139  

2    2  1     7 . 5 , 15 , 30 , 60 , 120 , 240  63 / 71   or  127 / 139  

3  6  1     7 . 5 , 15 , 30 , 60 , 120 , 240  63 / 71   or  127 / 139  

4    14  1     7 . 5 , 15 , 30 , 60 , 120 , 240  63 / 71   or  127 / 139  

5  28  1     7 . 5 , 15 , 30 , 60 , 120 , 240  63 / 71   or  127 / 139  

 


image2.png
frequency

format 0 NI

format 1 //////Wy/ U % ///

format 2 UHUHUHY YN,

format 3

format4 B

format 5





image3.png
frequency

format 0 NI

format 1 //////Wy/ U % ///

format 2 UHUHUHY YN,

format 3

format4 B

format 5





image4.png
format 0

format 1

format 2

format 3

format 4

format 5

frequency





image5.png
format 0

format 1

format 2

format 3

format 4

format 5

frequency





image6.png
gNB 1: frequency

SS-Block1 SS-Block2 SS-Block3 SS-Block4

gNB 2: frequency

SS-Block1 SS-Block2 SS-Block3 SS-Block4

time

time




image50.png
gNB 1: frequency

SS-Block1 SS-Block2 SS-Block3 SS-Block4

gNB 2: frequency

SS-Block1 SS-Block2 SS-Block3 SS-Block4

time

time




image7.png
Comparison
at 4 GHz:

Comparison
at 30 GHz:

frequency 2 OFDM symbols,
SCS 15 kHz,
L=71
1.08 MHz {
time
133 us
frequency 2 OFDM symbols,
SCS 240 kHz,
L=71
17.28 MHz {
time

8.3 us

VS.

VS.

1 OFDM symbol,
SCS 7.5 kHz,
L=139

frequency

1.08 MHz {

[ time
133 ps

frequency 1 OFDM symbol,

SCS 120 kHz,
L=139

17.28 MHz {

- time
8.3 us




image8.emf
-8 -6 -4 -2 0 2 4 6

10

-3

10

-2

10

-1

10

0

SNR [dB]

Miss-detection rate

4 GHz, CDL-C (100 ns)

 

 

L = 71, 15 kHz, N

symbs

 = 2

L = 139, 7.5 kHz, N

symbs

 = 1


image9.emf
-16 -14 -12 -10 -8 -6 -4 -2

10

-3

10

-2

10

-1

10

0

SNR [dB]

Miss-detection rate

30 GHz, CDL-C (30 ns)

 

 

L = 71, 240 kHz, N

symbs

 = 2

L = 139, 120 kHz, N

symbs

 = 1


image10.emf
-10 -8 -6 -4 -2 0 2 4 6 8 10

10

-3

10

-2

10

-1

10

0

SNR [dB]

Miss-detection rate

4 GHz, CDL-C (100 ns), 1 OFDM symbol

 

 

ZC (70 seqs.)

ACS ZC, M = 2 (138 seqs.)

Omega-1 (69-seq. subset)

Omega-1 (4899 seqs.)

ZC w/ m cover (63-seq. subset)

ZC w/ m cover (126 seqs.)


image11.emf
-10 -8 -6 -4 -2 0 2 4 6 8 10

10

-4

10

-3

10

-2

10

-1

10

0

SNR [dB]

False alarm rate

4 GHz, CDL-C (100 ns), 1 OFDM symbol

 

 

ZC (70 seqs.)

ACS ZC, M = 2 (138 seqs.)

Omega-1 (69-seq. subset)

Omega-1 (4899 seqs.)

ZC w/ m cover (63-seq. subset)

ZC w/ m cover (126 seqs.)


image12.png
Option 1

Option 2/4





image70.png
Option 1

Option 2/4





image13.emf
Sub-carrier spacing [kHz]

0 20 40 60 80 100 120

C

e

l

l

 

r

a

d

i

u

s

 

[

k

m

]

0

2

4

6

8

10

12

14

16

18

20

Option 1,    detect < one OFDM symbol

Option 1,    detect < two OFDM symbols

Option 2/4, detect < normal CP

Option 2/4, detect < extended CP


image90.emf
Sub-carrier spacing [kHz]

0 20 40 60 80 100 120

C

e

l

l

 

r

a

d

i

u

s

 

[

k

m

]

0

2

4

6

8

10

12

14

16

18

20

Option 1,    detect < one OFDM symbol

Option 1,    detect < two OFDM symbols

Option 2/4, detect < normal CP

Option 2/4, detect < extended CP


image14.png
Frequency

PUSCH
PRACH s

PRACH and PUSCH L I L It L It It I I L It L ) Time
FFTs





image11.png
Frequency

PUSCH
PRACH s

PRACH and PUSCH L I L It L It It I I L It L ) Time
FFTs





image15.png
PRACH s

back-to-back PRACH L 1 1 1 1 1 1 1 1 1 1 | | J Time
FFTs





image130.png
PRACH s

back-to-back PRACH L 1 1 1 1 1 1 1 1 1 1 | | J Time
FFTs





image16.png
back-to-back PRACH FFTs 1 1 1 1 1 1 1 1 Time

within each receiver beam
with transients Beam 1 Beam 2 Beam 3 Beam4





image150.png
back-to-back PRACH FFTs 1 1 1 1 1 1 1 1 Time

within each receiver beam
with transients Beam 1 Beam 2 Beam 3 Beam4





