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1. Introduction
Several contributions already addressed the choice of the preamble sequence to be used in a non-synchronized Random Access (RA) burst [1-8]. The various proposals could be classified in two main sequence sets: GCL [9] and Zadoff-Chu (ZC) [10]. Both were shown to provide a Constant Amplitude and Zero Auto Correlation (CAZAC) property. In addition, the GCL sequences were advertised to guarantee a zero correlation zone (ZCZ) between sequences, thus enabling optimal isolation of multiple received sequences within the search window corresponding to the timing uncertainty of the preamble. [2]

 REF _Ref138322020 \n \h 
[5]
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[8] provided preliminary comparisons of both schemes, only considering for the ZC option a signature set based on the different ZC sequences. In the mean time, [3] and [4] proposed to extend the ZC set by cyclic-shifting (CS) a ZC root-sequence, which was further commented during discussions on the reflector, to also provide the same ZCZ benefit as the GCL sequences. In the light of the most recent discussions on this topic, this contribution provides a comparison of the 2 sequence choices. Since both options provide the same CAZAC and ZCZ properties, we will simply use GCL and CS-ZC terminology in the following. Finally, we briefly discuss the two methods envisioned so far to extend the preamble duration from one to multiple sub-frames: sequence extension or repetition.
2. Sequence options
2.1. Cyclic Shifted Zadoff-Chu
We recall the non-synchronized RA preamble sequence proposed in [3]:
The preamble is a long constant amplitude zero autocorrelation (CAZAC) complex sequence chosen by the UE among a set of LS possible sequences. These sequences are built: 

a) from cyclic shifts of a CAZAC root sequence, the shift offsets are multiple integers of the delay spread, 5 µs + the maximum UE round-trip delay (e.g. 6.7 µs for a 1.732 km ISD addressed by a 1 sub-frame burst length [3], [11]), which guarantees the ZCZ of the sequences regardless the round-trip delay and delay spread of the UEs;

b) if additional sequences are needed, from cyclic shifts of other CAZAC root sequences.

A set of sequences with CAZAC property is the Zadoff-Chu N-length sequences defined as follows [10]:
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       where M is relatively prime to N, N odd, and q any integer.

The latter constraint on N also guarantees the lowest and constant-magnitude cross-correlation 
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 between N-length sequences with different values of M: M1, M2 such that (M1- M2) is relatively prime to N [9]. As a result, choosing N a prime number always guarantees this property for all values of M < N, and therefore maximizes the set of additional sequences, non-ZCZ, but with optimal cross-correlation property.
2.2. GCL
The original definition of the GCL sequence is given in [9], and [1] further elaborated how to build them so as to provide the desired ZCZ, which can be summarized as follows:

The sequence length is given by N=sm² or N=sm (recently suggested by Huawei on the reflector), where m is the length of a repetitive constant amplitude superimposed modulation sequence on top of an N-length ZC sequence, and s is any integer number. Up to m sequences with a ZCZ size of sm-1 are generated by using different modulation sequence indexes. Proposed choices of superimposed modulation sequence are DFT and Hadamard sequences. As for CS-ZC sequences, the ZCZ-GCL sequence set can be extended to non-ZCZ - but with optimal cross-correlation (
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) - additional sequences, by using different ZC root sequences with different M value, as long as (M1- M2) is relatively prime to N [9].
3. Performance comparison
The auto/cross correlation properties of both sequences have been addressed in [1][2]
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[8] also elaborating the performance differences between periodic and aperiodic cross-correlations. They all confirm the theoretical properties of both schemes:
· Both schemes have ideal (zero for periodic, close to zero for aperiodic) auto/cross-correlation property within the ZCZ

· Both schemes have optimal cross-correlation (
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) property using different ZC root sequences with different M value, as long as (M1- M2) is relatively prime to N
· Both schemes show cross-correlations that are not and typically even higher than
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when the different ZC root-sequences do not obey the above rule.
As a result, both sequences have the same auto/cross correlation properties so that we compare in the following the performance of both schemes with respect to the below criteria:

· Number of available ZCZ sequences

· Number of available non-ZCZ but optimal cross-correlation (
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) sequences
· PAPR

3.1. Number of available ZCZ sequences
For both options the number of sequence opportunities has the same upper bound, given by eq (1) in [1]. But the practical set size they can achieve depends on the building constraints. In particular, for the GCL case where N = sm², the sequence set is reduced. As an example, assuming the preamble and guard time durations of 445 and 11.7 µs designed in [3] and [11] consistently with the coverage performance of a 1 sub-frame burst, the maximum numbers of ZCZ sequences obtained for a 1.25 MHz preamble (1.125 MHz sampling rate) are given in Table 1:

	Sequence
	Length
	ZCZ set size

	CS-ZC
	499
	37

	GCL (N = sm)
	481
	37 (m = 37, s = 13)

	GCL (N = sm²)
	484
	22 (m = 22, s = 1)


Table 1: Number of available ZCZ sequences in 1.25 MHz preamble for the same ZCZ size
As can be observed, the first 2 options are equivalent and outperform the 3rd option.
3.2. Number of available non-ZCZ but optimal sequences
On top of providing additional sequences for a UE to chose among in a given cell, these sequences are also intended to be used in neighbouring cells, so as to provide good inter-cell interference mitigation. As a result their set size is important to enable a flexible deployment. 

The choice of a prime number N for the CS-ZC sequence length provides as many as N-1 non-ZCZ-but-optimal (
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 cross-correlation) additional ZC root sequences. In the GCL case, N cannot be prime, which significantly reduces the number of non-ZCZ-but-optimal additional ZC root sequences, as also addressed in [8]. We illustrate this in Table 2 with the same example used for the ZCZ set size:
	Sequence
	Length
	Non-ZCZ-but-optimal set size

	CS-ZC
	499
	498

	GCL (N = sm)
	481
	12

	GCL (N = sm²)
	484
	1


Table 2: Number of available non-ZCZ-but optimal sequences in 1.25 MHz preamble for the same ZCZ size
In conclusion, even though the number of ZCZ sequences becomes equivalent for both options when adjusting the sequence length from N = sm² to N = sm, the CS-ZC still provides more non-ZCZ-but-optimal (
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 cross-correlation) additional ZC root sequences to be used in addition to the ZCZ set in the same cell and for neighbouring cells.
3.3. PAPR
Figure 1 plots the cubic metric (CM) performance of the various sequences as a function of the roll-off factor. It can be observed that GCL-DFT and CS-ZC show identical CM performance throughout the roll-off factor range and outperform both GCL-Hadamard and random QPSK at low roll-off factor values (e.g. 1 dB gap at roll-off factor = 0.2). As a result, this metric does not help in selecting GCL or CS-ZC sequences but suggests removing from the former the Hadamard subset (as also mentioned in [1]).
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Figure 1: Cubic metric versus pulse-shaping roll-off factor
4. Preamble extension
Coverage analyses have demonstrated the need to allow configuring the non-synchronized RA preamble duration with respect to the cell size. Two methods have been proposed to extend the preamble duration from one to multiple sub-frames:

· sequence extension
· sequence repetition
We are in favor of sequence extension as it provides the benefit over sequence repetition to keep the number of ZCZ sequences about constant, since both the sequence length and the guard period are expected to grow similarly. Thus, given a number of searched sequences, the detection performance of the non-synchronized RA remains the same regardless the burst size. Moreover, the extended preamble length can be defined with a finer granularity so as to best address the coverage performance.
5. Conclusion

We compared the GCL and CS-ZC sequences and came to the conclusion that CS-ZC sequences should be used for the non-synchronized RA preamble for the following reasons:

a) ZCZ CS-ZC sequence set size  =  ZCZ GCL sequence set size (but for sequence length N = sm only)
b) Non-ZCZ with optimal 
[image: image10.wmf]N

cross-correlation CS-ZC sequence set size > non-ZCZ with optimal 
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cross-correlation GCL sequence set size.
We highlighted the relevance of the additional sequences in b) that are expected to be used in addition to the ZCZ set in the same cell (if needed) and for neighbouring cells, thus enabling a flexible deployment.

Finally we propose using sequence extension when increasing the non-synchronized RA burst to multiple sub-frames, so as to make the available ZCZ sequence space and detection performance independent on the burst size.
References
[1] R1-060328, “RACH design for E-UTRA”, Huawei

[2] R1-061710, “Preamble Sequence for Non-Synchronized Random Access”, Motorola
[3] R1-061749, “Non-Synchronized Random Access structure and performance for E-UTRA”, Texas Instruments
[4] R1-061766, “Random Access burst design for E-UTRA”, Panasonic
[5] R1-061790, “RACH preamble design”, Qualcomm Europe
[6] R1-061816, “Expanded sets of ZCZ-GCL random access preambles”, Huawei
[7] R1-061841, “On the preamble design of non-synchronized RACH”, Nortel
[8] R1-061869, “Comparison of Zero Cross-Correlation Sequences and Zadoff-Chu”, Ericsson
[9] B.M. Popovic, “Generalized Chirp-Like Polyphase Sequences with Optimum Correlation Properties”, IEEE Transactions on Information Theory, July 1992
[10] D.C. Chu, “Polyphase codes with good periodic correlation properties”, IEEE Transactions on Information Theory, July 1972
[11] R1-062003, “Non-synchronized Random Access Coverage Analysis for E-UTRA”, Texas Instruments











































































































































































































































































































































































- 3/4 -

_1216012841.unknown

_1211799889.unknown

