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1 Introduction

Random access is used for initial access to the network, for time of arrival estimation, and for scheduling requests [1]. The first step in the random access procedure is the UE transmission of a preamble. 
Zero Correlation Zone Generalized Chirp-Like (ZCZ-GCL) sequences have been proposed [2] for the random access preamble. Such sequences have almost ideal aperiodic autocorrelation and cross-correlation properties. The latter allows for simultaneous detection of different preambles with very large differences in received power. 
The number of ZCZ-GCL preambles in a set is fundamentally limited by the length of the zero-correlation zone. In order to obtain enough capacity for the random access channel and low collision probability it may be useful to increase the number of preambles in a cell. On the other hand, increasing the number of preambles in the cell leads to increased false alarm rate or probability of missed detection. In [3] it was proposed to have 16 preambles per cell.
In this paper we show how to expand sets of ZCZ-GCL preambles into sets which still have very good cross-correlation properties.
In Section 2 the ZCZ-GCL sequences are defined and expanded sets of preambles are presented. Evaluation results based on link-level simulations are presented in Section 3. Finally, conclusions are given in Section 4.
2 Zero Correlation Zone GCL Sequences 

In the following the ZCZ-GCL sequences are defined. A more extensive discussion on the ZCZ-GCL sequences is given in [2]. Thereafter expansions to ZCZ-GCL preamble sets are introduced. 
2.1 Preamble construction
The set of ZCZ-GCL RACH preambles {ci(k)} is defined as 
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where N=sm2, s and m are positive integers, {b(k)} is the modulation sequence of m arbitrary complex numbers of unit magnitude, while {a(k)} is the carrier sequence, which has to be a Zadoff-Chu (ZC) sequence defined as

                                              a(k) =  
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where WN=exp(-j2πr/N), r is relatively prime to N, and q is any integer. For the ZCZ-GCL preambles, the carrier sequences are Zadoff-Chu sequences and the modulating sequences are DFT sequences,
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2.2 Expanded sets of ZCZ-GCL preambles

In small cells, a single set of ZCZ-GCL preambles (derived from a unique Zadoff-Chu sequence) can give a sufficient number of preambles for the cell. As the cell radius becomes larger it may be desirable to increase the number of preambles available in a cell. 

The periodic cross-correlation values between two ZCZ-GCL preambles derived from different Zadoff-Chu sequences (with different values of r relatively prime to N) are non-zero in the zero-correlation zone. However, if the values of r are close to each other, the range of aperiodic cross-correlation values of ZCZ-GCL preambles in an expanded set obtained by the union of the different sets of ZCZ-GCL preambles obtained for different values of r remains practically the same as for any of the constitutive (sub) sets. Most of the correlation values remain confined close to zero.
For example, consider the ZCZ-GCL preambles with parameters s=4, m=11, N=484. Thus there are M=11 ZCZ-GCL preambles in each set obtained from a single carrier sequence defined by a certain value of parameter r. To obtain an expanded set of 16 preambles, we can use 11 preambles derived from r=1, and 5 preambles derived from r=3. For other expanded sets of the ZCZ-GCL preambles of the same length we use other pairs of close values of r, such as r=5, 7, or r=9, 13, etc.

2.3 Complexity

The modulating structure of a set of ZCZ-GCL preambles allows for a complexity reduction of the bank of correlators in the receiver similar to that of WCDMA preambles: For each delay, the received signal is multiplied element-wise with the complex conjugate of the carrier sequence to create a vector of length N. Then for k=0, 1, …, m-1, every mth element (k+jm, j=0,1,…,sm-1) of the resulting vector is summed. The result is a vector of length m. Finally an m-point inverse DFT gives the receiver output for all preambles derived from the same Zadoff-Chu sequence. The largest complexity reduction is obtained for true ZCZ-GCL preambles based on a single ZC sequence. 
2.4 Numerical Design of ZCZ-GCL Preambles
The design of numerical parameters or random access preambles was discussed in [2]. In the following we will update the parameters of the preambles to better match changed design assumptions that have crystallized in the meantime. 

The access slot should span a multiple of sub-frames [1] and the duration of the preambles should include a guard interval to ensure that the whole preamble arrives within the access slot regardless the position of the UE in the cell.  The preamble should also be long enough to ensure coverage. It was shown in [4] that an access slot of 0.5 ms is sufficient for cell radii up to 15 km for a base station antenna height of 90 m and a gain of 20 dBi. 
As discussed in [2], the bandwidth should be of the order of 1 MHz. The minimum nominal bandwidth is 1.25 MHz. In this contribution we select the bandwidth of the preambles to be 1.125 MHz, which allows for slightly longer sequences, i.e. larger values of N than in [2] and still fits into the nominal bandwidth with a margin.
In general the false alarm rate or probability of missed detection increase with the number of preambles, which is a reason to limit the number of preambles. We select to design for 16 preambles in a cell. 
Four different parameter sets were proposed in [2]. In order to maximize the performances of preambles for different cell sizes, we add two more sets of preambles for cell radii up to 2 km and up to 3 km. In these cases only one carrier (Zadoff-Chu) sequence is needed to give enough preambles in a cell and therefore the preambles are true ZCZ-GCL preambles. All the preamble parameters are given in Table 1. R is the cell radius, TA the duration of the access slot, τd and τs are the maximum round-trip time and maximum delay spread, respectively. M is the number of preambles in a cell. S is the number of sets that can be generated using the ZCZ-GCL preambles under the condition that a carrier sequence is only used for the generation of preambles in a single set.
Table 1 Numerical parameters of RACH preambles
	R (km)
	TA(ms)
	τd(μs)
	τs (μs)
	m
	N
	M
	S

	2
	0.5
	13
	5
	23
	529
	16
	506

	3
	0.5
	20
	5
	16
	512
	16
	256

	5
	0.5
	33
	5
	11
	484
	16
	110

	11
	0.5
	73
	5
	5
	475
	16
	90

	30
	1.0
	200
	20
	3
	873
	16
	96

	100
	3.0
	667
	20
	3
	2601
	16
	272


3 Evaluation
The expanded sets of ZCZ-GCL preambles are evaluated by link-level simulations.
3.1 Link-level simulations
The link-level simulation setup is the same as in [2]. Simulated sets are those for cell radii up to 3, 5, and 11 km according to Table 1. Zadoff-Chu sequences with prime lengths (as in [5]) and truncated WCDMA preambles of lengths multiples of 16 are simulated for reference. For fair comparison, the lengths of the sequences are set to be similar for each cell radius. The simulations are performed in the TU3 channel. Simulations are performed for two simultaneous preamble transmissions.
Table 2 Numerical parameters of simulated RACH preambles
	mGCL
	NGCL
	NZC
	NWCDMA
	M
	Search window

	16
	512
	509
	512
	16
	30

	11
	484
	487
	480
	16
	40

	5
	475
	479
	480
	16
	90


Simulation results are shown in Figures 3 to 5. In Figure 3, the GCL preambles are derived from a single Zadoff-Chu sequence and hence they are “true” ZCZ-GCL preambles. The miss probability is low even for the lowest SIR values. The WCDMA preambles show a strong dependence on SIR. The Zadoff-Chu preambles also show a strong dependence on SIR but perform 3-4 dB better than the WCDMA preambles.
The results in Figure 4 apply to the second row in Table 2. The GCL preambles are derived from two different Zadoff-Chu sequences. The miss probability increases for low SIR values but are still better than for ZC and WCDMA preambles. Finally, in Figure 5, results are shown for the parameters in the third row in Table 2. In this case the ZCZ-GCL preambles are derived from four different carrier sequences.  The performance for ZCZ-GCL preambles is the same as for ZC preambles, and they both give an improvement of 4 dB compared to WCDMA preambles.
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Figure 1 Missed detection probability of a transmitted preamble in presence of an interferer
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Figure 2 Missed detection probability of a transmitted preamble in presence of an interferer
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Figure 3 Missed detection probability of a transmitted preamble in presence of an interferer
4 Conclusions
The number of ZCZ-GCL preambles in a cell can be increased in a cell while retaining very good cross-correlation properties within the zero-correlation zone. The expansion of the set of preambles is achieved by selecting carrier (Zadoff-Chu) sequences with almost equal values of the parameter r. For cells with radius up to 3 km it is possible to have at least 16 true ZCZ-GCL preambles within a cell. 

The ZCZ-GCL preambles allow for a complexity reduction of the bank of correlators in the receiver, similar to the WCDMA preambles, since the preambles are modulations of one or a small number of carrier sequences.

Link-level simulation results show performance gains compared to WCDMA preambles in all simulated cases, while the performance is better than Zadoff-Chu preambles for cell radii up to 5 km and equal for larger cells. 
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