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1. Introduction

In the St. Louis meeting, we proposed the frequency domain defined ZC sequence, cyclic shift operation after IFFT and complexity reduction by pairing sequence allocation of index a and K-a in [3] .
In this paper, we discuss more details on Zadoff-Chu sequence allocation in order to allow efficient matched filter implementation for frequency domain and time domain RACH preamble detection.
2. Discussion

ZC sequence

Representation of ZC sequence in this paper is used as 
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(1)
,where u is sequence index, K is ZC sequence length.
ZC sequence has the following property irrespective of time or frequency domain definition. 

· Complex conjugate symmetry:  xu=a (k) = x*u=K-a (k)




(2)
, where x* shows complex conjugate of x. 
Complex conjugate symmetry does not provide further complexity reduction for single root ZC sequence generation and detection. Meanwhile, efficient time and frequency domain matched filter implementation can be provided when specific combination of multiple root ZC sequence is allocated to a cell. 

Efficient matched filter design
Preamble detection in frequency domain is realized by following components, i.e. input DFT, multiplication with matched filter frequency response, and inverse DFT. The frequency response in the matched filter is the DFT of complex conjugate of the ZC sequence used in the transmitter. 
When sequence index u=a and u=K-a are allocated to a single cell, the multiplication results with matched filter frequency response of sequence index a can be reused for obtaining multiplication results of sequence index K-a  as long as the complex conjugate relationship between index a and K-a is established in frequency domain.
Assuming frequency domain defined ZC sequences for convenience, sequence index a and K-a have complex conjugate symmetry in frequency domain as;
Xa(n) = X*K-a(n),     n=0,1,…,K-1






(3)
Frequency response of the received signal is defined as Y(n) = un + jvn, where n=0,1,…, K-1. The matched filter frequency response of the ZC sequence index a and K-a is as Xa* (n) = cn - jdn and XK-a*(n) = cn + jdn (since Xa(n) = XK-a*(n)), respectively.
a) Multiplication of sequence index a
Multiplication results of the matched filtering Za(n) can be obtained from received signal Y(n) and the matched filter frequency response of the ZC sequence index a, i.e Xa* (n) as follows;
Za(n) = Y(n)∙Xa*(n) 








                    = (un + jvn)(cn - jdn) = uncn+vndn + j(vncn - undn)     , n=0,1,…, K-1


(4)
b) Multiplication of sequence index K-a
Multiplication results of the matched filtering ZK-a(n) can be obtained from received signal and the matched filter frequency response of the ZC sequence index K-a, i.e XK-a* (n) as follows;
     ZK-a(n) = Y(n)∙XK-a*(n)







(5)
Then from (3) and (5) it follows
              ZK-a(n) = Y(n)∙Xa(n)

                         = (un+ jvn)(cn+jdn) = uncn - vndn + j(vncn + undn),     n=0,1,…, K-1


(6)
Hence, series of multiplications results of sequence index a, (i.e. uncn, vndn, vncn, undn, n=0,1,…,K-1) can be reused for obtaining series of multiplication results of sequence index K-a, which are complex conjugate pair. 
Consequently, the matched filter of two sequence index a and K-a can be integrated and it provides more efficient matched filter implementation compared with 64 independent matched filter design. Therefore, we propose that the pair of root ZC sequence index u=a and u=K-a is allocated to a cell, when multiple ZC sequences are allocated, in order to minimize implementation complexity at eNodeB.
Moreover, in case of time domain detector, i.e. simple sliding correlator, this pairing allocation of ZC sequence index a and K-a provides more efficient matched filter structure compared to normal sliding correlator, thanks to complex conjugate symmetry, that is, the larger number of multiplications can be reduced because complex multiplications of each tap of the pair of ZC sequences can be integrated. Therefore, the efficient matched filter design is obtained in both frequency domain implementation and time domain implementation. In addition, this slight restriction does not affect the preamble detection performance at all. 

Further, this pairing allocation is compatible with sequence allocation based on cubic metric (CM) and based on the maximum supportable cell radius for high mobility cell since CM and the maximum supportable cell radius of root ZC sequence index a and K-a is identical as discussed in another our paper [5] ‎[6] .
Proposal
· Pair of root ZC sequence index u=a and u=K-a is allocated to a cell, when multiple ZC sequences are allocated.
ZC sequence representation
In the above section, we used frequency domain defined ZC sequence just for simpler explanation. 
ZC sequence transformed by discrete Fourier transform is mapped to one ZC sequence out of the ZC code space with sequence length K. Therefore, ZC sequence properties are completely same even if ZC sequence defined in either time domain or frequency domain.

In case of time domain defined ZC sequence, if applying the following modification to the current ZC sequence definition, the matched filter frequency responses which are the DFT of complex conjugate of the ZC sequence pair u=a and u=K-a have complex conjugate symmetry in frequency domain. 
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(7)
If the DFT of xu(k) is defined as Xu(n)=DFT[xu(k)]n, the DFT of ZC sequence index a and K-a also becomes complex conjugate symmetry as
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(8)
Therefore, as similar to frequency domain ZC sequence definition, in case of equation (7) of time domain ZC sequence definition, the efficient matched filter implementation can also be applied.
Moreover, the efficient matched filter implementation can also be applied even if current ZC sequence definition in time domain [1] is used without any modification regardless of whether preamble detection is implemented in frequency domain or time domain.
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(9)
If the DFT of the multiplication results of the matched filtering of sequence index a in equation (4) is presented as za(k) = IDFT[Za(n)]k,  the complex delay profile of sequence index K-a after IDFT operation can be derived using the complex conjugate of Xa(n).

IDFT[ZK-a(n)]k = IDFT[Y(n) ∙ XK-a*(n)]k = IDFT[Y(n) ∙ Xa (n)]k = zK-a(k+1)

(10)
From the equation (10), the obtained complex delay profile of sequence index K-a becomes +1 sample cyclic shifted version of desired delay profile, because XK-a*(n) (=Xa(n)) is the DFT of -1 cyclic shifted sequence of 
xK-u(k) from equation (7) and (8).
Therefore, by applying either -1 sample cyclic shifting of the obtained profile or +1 sample shifting of detection window, the complex delay profile of preamble of xK-a(k) can be obtained correctly.
The more elaborated explanation of the above is described in [6] .
3. Conclusion

We discussed Zadoff-Chu sequence allocation allowing efficient matched filter implementation for frequency domain and time domain RACH preamble detection. This allocation is possible in both frequency domain and time domain Zadoff-Chu sequence definition in the standard.
From the discussion, we propose to capture the followings into the TS.
· Pair of root ZC sequence index u=a and u=K-a is allocated to a cell in case of multiple root ZC sequence allocation.
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