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Introduction
With block-interleaved frequency division multiplexing (B-IFDM), the PRACH frequency resources are allocated in a distributed manner along different blocks (a PRB, a sub-PRB…) in order to fulfill the occupied carrier bandwidth (OCB) requirement. As the PSD limitation is, e.g., with a granularity of 1 MHz in [1], interlacing can enable to reach a higher transmit power by allocating only a small portion of the frequency resources per PSD measurement granularity. 
One of the main advantages of B-IFDM design for PRACH is to comply with an interlaced PUSCH design potentially inherited from LTE. In LTE LAA, PUSCH resources are interlaced in the system bandwidth. For 20 MHz, an interlace is constituted of 10 RBs allocated uniformly every 10 RB so that a total number of 10 orthogonal interlaces can overlap.  This LTE LAA interlace structure enable to reach a higher transmit power under PSD limitation and similar interlace resource allocation is likely to be needed for NR-U PUSCH. 
Zero-Autocorrelation zone of interlaced PRACH designs 
In LTE and NR, multiple PRACH preambles are constructed by different cyclically shifted versions of a sequence. These preambles are almost orthogonal up to a certain timing offset  in order to support unambiguous round-trip time estimation at the eNB from the cell edge in addition to the expected maximum delay spread, i.e.,

These preambles are conventionally obtained from different cyclically shifted versions of a sequence with ideal autocorrelation before DFT-s-OFDM modulation such that the adopted shifts are a multiple of the value  where  is the sequence length and   is the subcarrier spacing (SCS) of  PRACH. Oversampling due to the mismatch sizes between DFT and IFFT in the DFT-s-OFDM leads to correlation ripples so that the actual preambles are not exactly orthogonal, but the main properties of autocorrelation correlation profile is preserved. The maximum possible supported timing offset, obtained without any cyclic shift (e.g., ), corresponds to the length of a OFDM symbol =. Otherwise, the supported timing offset, and thus cell size, is reduced but allowing orthogonal UE multiplexing in the sequence domain. 
With frequency-interlaced PRACH preambles, the maximum zero-autocorrelation-zone (ZAZ) time span, which determines the maximum supported offset ,  is totally determined by the frequency spacing between the blocks of frequency resources in the interlace. It means that the size of the blocks (a PRB, a sub-PRB, or a single tone) which are allocated to a single PRACH interlaced transmission in B-IFDM does not impact the autocorrelation properties. More importantly, the same autocorrelation profile is obtained for any sequences with constant envelop spectrum distributed in the interlaced manner as shown in [2], whose main result is reproduced here in Appendix. In this contribution, we analyse the general properties of frequency-interlaced PRACH. However, the chosen granularity of the interlace depends on several system aspects and channels, e.g., in [3] we showed that a sub-PRB-based interlace has limitation  for the data channels and should not be prioritized.

PRB-IFDM
Figure 1 illustrates the B-IFDM design from LTE LAA where an interlace is made of 10 RBs allocated every 10 RBs, thus a total number of 120 resources elements (REs) are available in each interlace.  With SCS of 15 kHz, RBs in an interlace are separated by 1.8 MHz. 
If we allocate a constant envelope PRACH sequence of length 120 in such an interlace, the time span of the ZAZ of the PRACH preamble is totally determined by the frequency spacing of  1.8 MHz as shown in Figure 2. If the IFFT size in the OFDM modulation is set equal to the effective bandwidth allocation, we obtain a perfect ZAZ of s as shown Figure 2 (a). With a larger IFFT and thus higher sampling rate as shown Figure 2 (b), ripples appears in the ZAZ as typically obtained for any practical PRACH preambles. The obtained timing offset of 0.5 s corresponds to a roundtrip delay in a cell of 82 m radius, which is thus the maximum possible supported cell radius for the case of negligible delay spread. 


[bookmark: _Ref512347932][bookmark: _Ref512347926]Figure 1: B-IFDM of PRACH distributed every 10 RBs of 15kHz SCS. 
[image: ][image: ]
(a)                                                      (b) 
[bookmark: _Ref509831641]Figure 2: Auto-correlation of B-IFDM in Figure 1: a maximum timing offset of  s can be supported.

Therefore in order to obtain better timing robustness, two equally spaced interlaces can be allocated to PRACH so that the frequency spacing between RBs is now reduced to 0.9 MHz as shown in Figure 3. In this case a total number of 240 REs can be used for PRACH. As a result, a maximum timing offset of 1.1 s can be supported as shown in Figure 4 which corresponds to a roundtrip delay in a cell of 164 m radius (ignoring delay spread). If a larger cell radius needs to be supported, further more frequency resources need to be allocated to PRACH which will reduce the multiplexing capability of the system. 




[bookmark: _Ref512352373]Figure 3: B-IFDM of PRACH distributed every 5 RBs of 15kHz SCS. 
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(a)                                                              (b) 
[bookmark: _Ref512352533]Figure 4: Auto-correlation of B-IFDM as in Figure 3: a maximum timing offset of s can be supported.

Sub-PRB-IFDM 
The same ZAZ can be actually obtained with interlacing of sub-PRB as illustrated in Figure 5. Under PSD limitation, the same maximum power can be allocated to a sub-PRB rather than 12 REs in a RB, as long as these block allocation are separated by the same PSD frequency granularity.
The autocorrelation for sub-PRB interlacing is shown in Figure 6 where we use a sequence of length 30 allocated in sub-PRB of 3 REs with 60 kHz SCS distributed every 10 sub-PRBs. Because the frequency spacing between sub-PRB is the same as that for the PRB interlace from LTE LAA, we obtain the same ZAZ capability.  Similarly to that for PRB-IFDM, to obtain better timing robustness, two equally spaced interlaces can be allocated to PRACH so that the frequency spacing between blocks is reduced to 0.9 MHz.



[bookmark: _Ref512436113][bookmark: _Ref512435939][bookmark: _Ref512521391]Figure 5: B-IFDM distributed every 10 sub-RBs. 
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(a)                                                              (b) 
[bookmark: _Ref512521932]Figure 6: Auto-correlation of B-IFDM in Figure 5 with sub-PRB of 3REs at 60kHz SCS: a maximum timing offset of  s can be supported.

T-IFDM
Tone-IFDM (T-IFDM) is a special case of Sub-PRB-IFDM. Figure 7 illustrates T-IFDM PRACHs where a sequence of 10 REs is allocate every 120 REs with 15kHz SCS. These REs in a single interlace have the same frequency spacing of 1.8 MHz as that for the B-IFDM of LTE LAA.  It follows again that the time span of the ZAZ of the PRACH preamble is totally determined by this frequency spacing of 1.8 MHz as shown in Figure 8, where a perfect ZAZ of s is shown Figure 8 (a). The same roundtrip delay is thus supported with T-IFDM and B-IFDM. 



[bookmark: _Ref512348510][bookmark: _Ref512412360]Figure 7: T-IFDM of PRACH distributed every 120 REs with 15kHz SCS. 
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(a)                                                   (b) 
[bookmark: _Ref512412513]Figure 8: Auto-correlation of T-IFDM in Figure 7: a maximum timing offset of s can be supported.
Again, to obtain better timing robustness, two equally spaced interlaces can be allocated to PRACH so that the frequency spacing between REs is now reduced to 0.9 MHz as shown in Figure 9. In this case a sequence of 20 REs is used. As a result, a maximum timing offset of 1.1 s can be supported as shown in Figure 10 which corresponds to a roundtrip delay in a cell of 164 m radius (ignoring delay spread). 



[bookmark: _Ref512352587]Figure 9: T-IFDM of PRACH distributed every 60 REs with 15kHz SCS. 
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(a)                                                   (b) 
[bookmark: _Ref512412959]Figure 10: Auto-correlation of T-IFDM as in Figure 9: a maximum timing offset of s can be supported.

Conclusions
We considered the maximum zero-autocorrelation zone (ZAZ) of PRACH preambles obtained from block-interleaved frequency division multiplexing (B-IFDM). In B-IFDM, the PRACH frequency resources are allocated in a distributed manner along different blocks (a PRB, a sub-PRB, a single tone…)
The following are the observations that we have identified:
Observation 1: The zero-autocorrelation zone of B-IFDM PRACH and thus its timing estimation capability is fully determined by the frequency spacing between blocks. 
Observation 2: The choice of the sequence has no impact on the size of the zero-autocorrelation-zone of B-IFDM.
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APPENDIX
A sequence  of length   and energy  , with ,  and  being arbitrary positive integers, has a block- interleaved comb spectrum if it is obtained as a scaled Inverse Discrete Fourier Transform (IDFT) of a sequence of  Fourier coefficients  whose absolute values are defined as 
.                              (1)
Thus we have
                                                                                 (2)
where
                                                                                    (3)
and where the scaling constant  is chosen to ensure that the sequences  and  have the same energy.
The periodic crosscorrelation function  between the sequences   and  of length  is defined as 
                                                                       (4)


where “*” denotes the complex conjugation and  is a cyclic shift of . 
The periodic autocorrelation function  is said to have a Zero Autocorrelation Zone of size  if 
  .                                                                           (5)
Theorem 1: The periodic autocorrelation function of any sequence with block-interleaved comb spectrum (1) has a Zero Autocorrelation Zone of size .
Proof: By inserting (2) into (4), we obtain [4]

.                                   (6)
The second term (triple sum) in (6) is always zero.  The first term in (6) can be re-written according to (1), so we have
.                                                                               (7)
The inner sum in (7) is zero for , meaning that for  . For  we have
.  									

For a given subcarrier spacing  [Hz] (the frequency spacing between the elements of  in (1)), the sampling rate of  is  [Hz]. Therefore, the ZAZ length expressed in seconds, i.e. the ZAZ time span, is less than [s]. In other words, the ZAZ time span is inversely proportional to the frequency spacing between blocks  [Hz].
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