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1. Introduction

In this document, we compare Zero-Correlation-Zone GCL (ZCZ-GCL) [4] and Cyclic-Shifted Zadoff-Chu (CS-ZC) [2] 

 REF _Ref143355632 \n \h 
[3] proposed in RAN1 from the following four perspectives, and then we discuss which sequence is preferable for non-synchronized random access preamble sequence.
· Number of orthogonal sequence 

· Reuse factor (number of available sequence in the system)

· Cell planning of sequence allocation (cross-correlation property)
· Complexity
2. CS-ZC and ZCZ-GCL sequence
CS-ZC sequence

Zadoff-Chu sequence of length N is defined [9] 

 REF _Ref143335437 \n \h 
 \* MERGEFORMAT [10] as eq (1), which is used as the root-sequence for both ZCZ-GCL and CS-ZC.
	

[image: image1.wmf]ï

î

ï

í

ì

=

+

+

-

+

-

odd

k

e

even

k

e

k

a

qk

k

k

N

r

j

qk

k

N

r

j

r

:

,

:

,

)

(

)

2

/

)

1

(

(

2

)

2

/

(

2

2

p

p

     
[image: image2.wmf]1

,...,

1

,

0

-

=

N

k


	eq (1)


where r is the sequence index and positive integer which is relatively prime to N to satisfy zero auto-correlation property, q is arbitrary integer and  q= 0 is applied below.
CS-ZC sequence with prime number sequence length N is defined [2] [8] as
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where  is the cyclic shift duration with positive integer, m is the number of zero-correlation zone sequences and defined as m=floor (N/). The zero-correlation-zone sequences of CS-ZC consist of a root Zadoff-Chu sequence of sequence index r and its cyclic shifted sequences with shift duration . Therefore, CS-ZC sequences provide zero auto-correlation and zero cross-correlation properties during shift duration . In following sections, we call Cyclic-shifted Zadoff-Chu sequence of prime sequence length N as CS-ZC.
ZCZ-GCL sequence

GCL (Generalized chirp-like) sequence of length N is defined [10] as
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where bi(k mod m), i=0,1,...,m – 1, is the modulation sequence of m complex numbers with the absolute value equal to one. The sequence length N of GCL sequence has to satisfy N=sm2 or N=tm where s, t and m are positive integer. ar(k) is Zadoff-Chu sequence defined as eq (1) and the sequence index r of ZCZ-GCL sequence also must be relatively prime to N.
ZCZ-GCL sequences is defined [4]  as
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where DFT sequences are used as bi(k mod m), i=0,1,…,m – 1. Zero-correlation-zone sequences also consist of a root Zadoff-Chu sequence of sequence index r and its modulated sequences. In addition, ZCZ-GCL sequences provide zero auto-correlation and zero cross-correlation properties during duration sm in case of N=sm2 or duration t in case of N=tm, respectively. The number of zero-correlation zone sequences is m for both ZCZ-GCL with sequence length N=sm2 and N=tm. In following sections, we call Zero-correlation zone GCL sequence of sequence length N=sm2, as GCL-S. We also call Zero-correlation zone GCL sequence of sequence length N=tm as GCL-T.
3. Comparison CS-ZC and ZCZ-GCL sequence
3.1. Number of zero-correlation-zone sequences
As described in the section 2, the auto-correlation and the cross-correlation between two sequences of the same index r and different i are zero in the duration of  in CS-ZC, in the duration of sm or t in GCL-S or GCL-T, respectively. Therefore, these zero-correlation-zones must be larger than the value = (the maximum round trip propagation delay of the cell + multipath delay) to avoid the detection error such as false alarm or arrival timing detection error.
If the sequence length N is the same and the same duration of  sm and t can be selected, the number of zero-correlation-zone sequences of CS-ZC, GCL-S and GCL-T is equal each other theoretically. However, practically, with the similar sequence length N, the number of available zero-correlation-zone sequences m of CS-ZC and GCL-S/T are different due to the restrictions of each sequences, i.e. N=sm2 or N=tm in GCL.
Assuming 1.125MHz bandwidth, 0.5ms TTI, 400us preamble duration and 100us guard time (Cell radius is up to 13.5km) as an example, around 450 symbols of CS-ZC or GCL-S/T sequence can be transmitted in the preamble part. Some examples of available combinations of N, s, m and t are shown in Table 1.
Observation
CS-ZC can easily provide different number of cyclic shifted sequences, because of m = floor(N/), according to cell size by selecting appropriate shift duration  without taking different root Zadoff-Chu sequence length N.
In case of GCL-S, the combination of s and m to satisfy required sequence length N is limited as the sequence length N must satisfy sm2. Meanwhile, in case of GCL-T, the combination of t and m to satisfy the required sequence length N is more flexible than GCL-S.

Table 1 available combinations of N, s, m and t (N is around 450).
	Sequence type
	N
	s
	T
	m (# of ZCZ sequences)

	CS-ZC (N: prime)
	449
	
	
	Floor(N/)
=1,2,..,N

	GCL-S (N=sm2)
	441
	1
	
	21

	
	448
	7
	
	8

	
	450
	2
	
	15

	GCL-T (N=tm)
	442
	
	13
	34

	
	445
	
	5
	89

	
	451
	
	11
	41


3.2. Reuse factor (Number of available root Zadoff-Chu sequences)
It has been agreed that a message payload (if any) of up to 6 bits is implicitly transmitted on non-synchronized random access burst. As a simple solution, 64 different sequence indices are mapped to each control information indices one-to-one.
The number of zero-correlation zone sequences is reduced inversely proportional to cell radius, e.g. m is from 32 to 16, 8 or 4. In such case, to compose 64 sequence indices requires using jointly plural of root Zadoff-Chu sequences as 4, 8 or 16, respectively. Meanwhile, the reuse factor of root Zadoff-Chu sequences should be maximized to avoid any extensive cell planning because of assuming asynchronous operation among cells. 
According to [10] , for both Zadoff-Chu and GCL,

· To satisfy periodic zero auto-correlation property, sequence index r and sequence length N must be relatively prime, i.e. GCD(r, N) = 1.
where GCD(u, v) means the greatest common divisor of u and v. 
The number of available indices r which satisfy the above condition is shown in Table 2, where we assume the sequence length N around 450 symbols as an example.
The number of available indices r is related to value of the prime factor and the number of the prime factor of sequence length N. If a sequence length N is composed from smaller prime factors and the many kinds of prime factors, the number of available indices r becomes small, which means the reuse factor of the sequences becomes small. Therefore, GCL-S does not provide the enough number of sequences. On the other hand, when N is a prime number, the N-1 of sequence index r is available.
Table 2 The number of available index r to satisfy periodic zero-auto correlation property.
	Sequence type
	Sequence length N
	Number of available index r
	Reuse factor of root Zadoff-Chu sequence

	
	
	
	8 different ZC indices used in a cell
	16 different ZC indices used in a cell

	CS-ZC
(N: prime)
	443
	442
	55
	27

	
	449
	448
	56
	28

	GCL-S
(N=sm2)
	440
	160
	20
	10

	
	441
	252
	31
	15

	
	444
	144
	14
	7

	
	448
	192
	24
	12

	
	450
	120
	15
	7

	GCL-T
(N=tm)
	442
	192
	24
	12

	
	445
	352
	44
	22

	
	446
	222
	27
	13

	
	447
	296
	37
	18

	
	451
	400
	50
	25


Observation
From the cell reuse point of view, CS-ZC with prime length N can provide many available root Zadoff-Chu sequences. GCL-T also provides reasonable number of sequences only if t and m are prime number. Meanwhile, GCL-S provides only limited number of available sequences.
3.3. Cell planning of sequence allocation
Regarding the cross-correlation between two CS-ZC or GCL-S/T sequences with different index r, the following theorem is proved in [10] ,
· When only GCD(|r1 – r2|, N) = 1 where r1 and r2 are different index r of Zadoff-Chu sequence, the periodic cross-correlation between them achieve the lowest value 
[image: image9.wmf]N

.
Furthermore,

· When GCD(|r1 – r2|, N) is not equal to 1, the peak value of periodic cross-correlation between them is larger than 
[image: image10.wmf]N

.
In CS-ZC case, all available index r, where r=0,…,N - 1, has the same cross-correlation property between arbitrary two sequences with different index r, and the cross-correlation value is always the lowest value. Therefore, arbitrary sequence of index r can be allocated not only to a cell but also to different cells without any sequence allocation method.

In the case of GCL-S and GCL-T, the cross-correlation property between two sequences depends on the difference of the index r values because the value of GCD(|r1 – r2|, N) depends on the pair of index r. Therefore, it is necessary to take into account GCD(|r1 – r2|, N) on sequence allocation to avoid undesired inter-sequence interference among sequences. 
In [4] , if the values of indices r are close to each other, most of the correlation values among each GCL-S/T preambles with different indices r would be confined close to 
[image: image11.wmf]N

 in case of only few different indices r allocated to one cell. However, if the larger number of different indices r, i.e. 4, 8 or 16 are used in the cell, (in the case that a single GCL-S/T cannot provide sufficient number of zero-correlation zone sequences for the larger cell size due to large round trip delay), it would become more difficult to confine the cross-correlation values close to
[image: image12.wmf]N

, at least for GCL-S. 
Moreover, in case of the sequence allocation for different cells, GCL-S/T requires a sequence allocation method to reduce inter-sequence interference among cells. With the above simple sequence allocation of GCL-S/T [4] , the some values of indices r used among neighbor cells are far form each other. Accordingly the cross-correlation values of the GCL-S/T preambles among neighbor cells are no longer close to
[image: image13.wmf]N

. It causes the false alarm performance degradation or the preamble detection performance degradation. The detection performance degradation of GCL-S/T sequences due to the inter-sequence interference from neighbor cells was also discussed in [6] with sequence length N=448 where s=7, m=8.
The false alarm (Pfa) performance when existing inter-cell interference is shown in Figure 1. In the evaluation, we evaluate the false alarm performance degradation in case that the two sequences satisfy GCD(|r1 – r2|, N) is equal to 1 or GCD(|r1 – r2|, N) is not equal to one, where GCL-T sequence length N = 403 (t=13, m=31) is used. The interference source is one preamble transmitted from neighbor cell and the preamble detection threshold is fixed to satisfy the false alarm = 1% and 0.1% without preamble transmission from neighbor cell. The parameters are shown in Appendix A and the detection method is used described in [8] . In case of CS-ZC, the false alarm performance is always the same as GCD(|r1 – r2|, N)=1 because arbitrary CS-ZC sequences always satisfy GCD(|r1 – r2|, N)=1.
                            [image: image14.emf]S
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Figure 1 False alarm vs. SIR in case of GCD is equal to one and not equal to one.
Observation
· CS-ZC (N: prime): all available indices r have the same cross-correlation property among arbitrary two sequences with different indices r. The cross-correlation of these pairs is always the lowest value
[image: image15.wmf]N

. So CS-ZC does not require any sequence allocation methods in the cell planning.
· GCL-S and GCL-T: available indices r has different cross-correlation property because any two different indices r does not always satisfy GCD(|r1 – r2|, N)=1. In order to confine the correlation values close to 
[image: image16.wmf]N

, GCD(|r1 – r2|, N) of all sequence indices r allocated to a target cell and its neighbor cells have to be close to 1. However, this condition requires a complex cell planning, even though the preamble detection performance is the same or worse than CS-ZC with prime length N. 
3.4. Complexity

Detector complexity
In GCL-S or GCL-T, the bank of correlators in the time domain detector similar to that of WCDMA preambles can be used. This structure can reduces complexity in the preamble detector [4] . The number of complex multipliers becomes N+m2 where m is prime number, or sm+m/2*log2(m) where m is power of two [11] , respectively. In addition the number of multiplications is also reduced as N+m2 or N+m/2*log2(m) so operating power consumption is smaller than that of CS-ZC with prime length N.
In case of CS-ZC, an efficient receiver structure such as the bank of correlators is not possible because sequence length N is prime number. On the other hand, the receiver with a simple serial sliding correlator can reduce the number of complex multipliers by using symmetry property of Zadoff-Chu sequence. In the case, the number of complex multipliers is 1.5*N which is smaller than GCL-T where t and m are prime number, even though the number of multiplications is not reduced. 
UE complexity
All CS-ZC, GCL-S and GCL-T use the same root Zadoff-Chu sequence, so the generator complexity is almost the same. But CS-ZC can generate zero-correlation zone sequences by simply shifting the beginning point of transmission of the root Zadoff-Chu sequence. This would reduce complexity of CS-ZC. 
Other complexity

As we discussed in section 3.3, GCL-S and GCL-T require a complicated cell planning regarding sequence allocation. On the other hand, CS-ZC does not require such complicated sequence allocation because of uniform and the best cross-correlation property among any two of available sequence indices r. 
3.5. Summary
The above comparison and discussion are summarized in Table 3.
Table 3 Summary of sequence comparison
	
	GCL-S (N=sm2)
(e.g. N=448=7*82)
	GCL-T (N=tm)
(e.g. N=451)
	CS-ZC (N: prime) 
(e.g. N=449)

	Orthogonal sequences
(Zero-correlation-zone sequences)
	Not good
restricted by N=sm2
(m=8,4,2)
	Good
restricted by N=tm
(m=11, 41)
	Very good
(m=floor(N/, is arbitrary integer < N)

	Number of available different Zadoff-Chu sequences (index r) 
	Bad
(# of index r: 192)
	Good
(# of index r: 400)
	Very good
(# of index r: 448)

	Sequence allocation (cross-correlation property)
	Bad
complicated sequence allocation among cells
	Not good
complicated sequence allocation among cells 
	Good
No complicated sequence allocation among cells

	Detector complexity
	Very good
most efficient detector for  circuit size and power consumption 
	Good

efficient detector for power consumption
	Not good
- circuit size is less than   

GCL-T.
- power consumption is  

worse than GCL-S/T.

	Other complexity
	Bad
the most extensive cell planning among three
	Not good
an extensive cell planning
	Good

simple cell planning 


· GCL-S does not provide enough number of available root Zadoff-Chu sequences and the number of orthogonal sequences is also limited. So GCL-S is not a choice of the preamble sequence.
· GCL-T provides reasonable number of available root Zadoff-Chu sequences when only t and m is prime number, and has somewhat advantage regarding the receiver complexity, However, GCL-T requires a extensive cell planning of sequence allocation due to its nonuniform cross-correlation property among sequence indices r, and would cause an incomparably larger complexity to the system than the detector complexity. 
· CS-ZC provides the maximum number of available root Zadoff-Chu sequences, and the arbitrary number of orthogonal sequences according to cell size. The detector complexity of CS-ZC is still reasonable even though it would be larger than GCL-S or GCL-T, However, CS-ZC provides the simplest sequence allocation because the cross-correlation property among any two of the root Zadoff-Chu sequences is uniform and the lowest value. Therefore, the total system complexity can be minimized. 
4. Conclusion

In this document, we compared Cyclic-shifted Zadoff-Chu sequence with prime number sequence length and Zero-correlation-zone GCL of sequence length N=sm2 or N=tm. The criterion were the number of zero-correlation zone sequences, reuse factor, cell planning of sequence allocation and complexity.
The comparison showed Cyclic-shifted Zadoff-Chu sequence provides the following aspects compared with Zero-correlation zone GCL sequence. 
· The more flexible zero-correlation zone sequence,
· The maximum number of available non-ZCZ sequences,
· A simple cell planning regarding sequence allocation,
· The reasonable system complexity.
Therefore, we propose to choose Cyclic-shifted Zadoff-Chu sequence with prime number length as the non-synchronized random access preamble sequence for E-UTRA.
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Appendix A: Simulation parameters for the false alarm evaluation
The simulation parameters are shown in Table A-1. Preamble performance evaluation criteria used are false alarm where defined as

· False alarm (Pfa): the probability of a particular code being detected when nothing, or different code is transmitted

Table A-1 Simulation parameters

	Parameter
	Value

	Transmission Bandwidth
	1.25MHz (Allocated bandwidth: 1.024MHz)

	Preamble length
	Approximately 400 usec 

	Guard time
	Approximately 100 usec

	Preamble sequence type
	ZCZ-GCL (DFT is used for the modulation sequences) [4] 

	Sequence length (N)
	403 (t =13, m =31)

	Number of preambles
	1 

	Antenna configuration
	1 Tx antenna, 2 Rx antennas (power profiles are combined)

	Detector
	Matched filtering in time domain [2] . See Appendix.

	Noise level estimation
	Real (Noise level is estimated from delay profile)

	Number of detector
	16

	Channel model
	6-path Typical Urban 120km/h
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Figure A-1. Assumed inter-cell interference for the evaluation (one target cell and one neighbor cell).
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