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1. Introduction

The main purpose of the random access procedure is to obtain uplink time synchronization and to obtain access to the network. In ‎[1], a random-access mechanism has been described where a preamble is sent from a UE to Node B to access the network and to determine the timing misalignment. The proposed preamble structure was based on Zadoff-Chu sequences. 

In ‎[2] an alternative design of preamble sequences based on Zero Cross-Correlation (ZCC) sequences was introduced. In opposite to Zadoff-Chu sequences, ZCC sequences posses within a certain time range cross-correlation values identical to zero.

This contribution presents simulation results comparing RACH schemes using Zadoff-Chu sequences and ZCC sequences. Results for an isolated cell are presented as well as the performance obtained in a multi-cell environment.

2. Discussion

2.1. Zadoff-Chu Sequences

Zadoff-Chu sequences posses an ideal periodic auto-correlation function and cross-correlation values between different sequences equal to √N. The number N is the sequence length. Zadoff-Chu sequences are constructed as

x(n) = exp(-j∙π/N∙u∙k∙(k+1)),
k = 0, 1, …, N-1,

where u is the sequence index. The sequence index u must be relative prime to the sequence length N. In order to maximize the number of available sequences the sequence length N should be chosen prime, in this case N-1 different sequences exist.

2.2. Zero Cross-Correlation Sequences 

ZCC sequences based on Generalized Chirp like sequences are constructed by modulating a single Zadoff-Chu sequence with a set of orthogonal codes. Using Discrete Fourier Transform sequences or Hadamard sequences allow for an efficient implementation. In this paper only ZCC sequences based on Discrete Fourier Transform sequences are considered. For a more detailed description how to construct such sequences and a more detailed theoretical treatment we refer to ‎[2].

The length of ZCC sequences must fulfill

N = s∙m²,

with s and m arbitrary integer. With these parameters the length of the zero cross-correlation zone becomes s∙m, and the number of available ZCC sequences is equal to m. This number can be increased by adding other sets of ZCC sequences based on other Zadoff-Chu sequences. However, it is noted that these additional sequences do not share the zero cross-correlation property with the first sequence group. Assume two sets of sequences based on a first Zadoff-Chu sequence with index u1 and a second Zadoff-Chu sequence with index u2. The cross-correlation between sequences of set 1 and set 2  is √N if u1, u2 as well as the difference u1-u2  are relative prime to the sequence length N. If one of these conditions is not fulfilled the maximum cross-correlation value will typically be larger than √N). 

ZCC sequences also possess n ideal periodic auto-correlation function. 

Example 1:

s = 7

m = 8

N = s∙m² = 448

One ZCC sequence group contains m = 8 sequences. In total 192 numbers are relative prime to 448, so the total number of possible sequences is 8∙192 = 1536. However, all 192 Zadoff-Chu sequence indices are odd (in order to be relative prime to 448), their differences u1-u2 are always even and therefore never relative prime to 448. The maximum cross-correlation value between sequences taken from different sets is therefore typically greater than √N.

Example 2:

s = 5

m = 9

N = s∙m² = 405

One ZCC sequence group contains m = 9 sequences. In total 216 numbers are relative prime to 405, so the total number of possible sequences is 9∙216 = 1944. However, out of these 216 numbers we only find very small groups where all possible difference combinations are relative prime to 216.  If this is too less the number of sequence can be increased by including sequences based on other Zadoff-Chu sequences, the price that must be paid are now cross-correlation values larger than √N.

3. Simulation Results

3.1. Isolated Cell 

In this case is assumed that the simulated cell is isolated, no interference from other cells (neither RACH preamble transmissions nor regular uplink data) exist. Table 1 summarized the parameter used during the simulations.

Table 1: List of simulation parameters used for isolated cell simulations.


	Parameter
	

	Sampling frequency and RACH slot bandwidth
	1.125 MHz

	Preamble length N
	449 samples (Zadoff-Chu)

448 samples (ZCC, m= 8, s = 7)

	Number of available sequences
	448 (Zadoff-Chu)

8 (ZCC, zero cross-correlation property maintained)

	Maximum round trip time
	40 samples

	Number of UEs in cell
	1, 2, 4, 8

	Channel model
	TU, GSM

	Velocity
	3 km/h

	RX antennas
	2

	Fixed false alarm rate
	0.01


The simulations are performed for the cases that 1, 2, 4, or 8 terminals are accessing the system within the same RACH slot. Each terminal selects its preamble randomly, however, in case that multiple terminals access the system simultaneously collisions are avoided, i.e. two terminals cannot pick the same preamble. Each terminal is randomly delayed between 0 and the maximum round trip time of 40 samples.

During all simulations the false alarm rate (per preamble) is fixed to 0.01. Figure 1 shows the obtained probabilities for missed detections. Missed detection is also defined per preamble.

Since Zadoff-Chu sequences do not posses zero-valued cross-correlation functions the multi-user interference increases with the number of users. The difference between 1 and 2 users is small; however, performance strongly degrades for 4 and more simultaneously accessing users.  In case of ZCC sequences the performance does not degrade with the numbers of users. This result is as expected since the zero cross-correlation zone (7∙8 = 56 samples) is larger than the maximum round trip time of 40 samples. Furthermore is the set of ZCC sequences not expanded, i.e. the cross-correlation between all sequences is zero. 
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Figure 1: Comparison between Zadoff-Chu sequences and ZCC sequences for the isolated cell case. As expected does the performance of the ZCC sequence based scheme not dependent on the number of users. 

3.2. Multiple cells

Here in addition to the interference created by simultaneous RACH attempts within the own cell interference created by simultaneous RACH attempts in neighboring cells is also considered. Figure 2 shows the cell layout that was used.


Figure 2: Cell layout used when considering interference from multiple cells. 

The own base station is denoted by RBS1, the considered cell is 1a. The other sectors served by RBS1 (1b and 1c) are not considered due to an sufficiently high assumed antenna pattern attenuation. In addition to cell 1a terminals located in four other cells (2a, 2b, 3b, and 3c) are considered, cells 2c and 3a are not considered since they are not first tier. 

In the performed simulations synchronized base stations were assumed, i.e. sub-frames allocated for RACH transmissions are aligned between cells. In this case RACH attempts do not interfere with data traffic in other cells. Aligning RACH sub-frames is advantages since UEs may transmit with rather high transmit power during RACH attempts (not very accurate open-loop power control) and thus may create quite high interference in neighbouring cells. With aligned RACH sub-frames only RACH attempts but not regular uplink data traffic is interfered. 

UEs in neighboring cells performing RACH attempts to their serving base stations create at RBS1 less interference than UEs in cell 1a do (this statement is about the interference power and does not take any zero cross-correlation properties into account). For UEs in cell 2a and 3c this difference is 11.5 dB and for cells 2b and 3b it is 3.5 dB. These numbers are calculated by dropping many UEs in the considered neighboring cell (e.g. 2b). Assuming a perfect open-loop power control these terminals adopt their transmission power to compensate for the path loss between UE and their serving base station (e.g. RBS2 for cell 2b). This calculated transmission power is then attenuated by the path loss between the UE and RBS1, where it creates interference. Averaging over many UEs leads to above stated numbers.

Table 2 summarizes the simulation parameters for this case.

Table 2: List of simulation parameters used for the multiple cell simulations.


	Parameter
	

	Sampling frequency and RACH slot bandwidth
	1.125 MHz

	Preamble length N
	449 samples (Zadoff-Chu)

448 samples (ZCC, m= 8, s = 7)

	Number of available sequences
	448 (Zadoff-Chu)

192(8 = 1536 (192 groups of 8 ZCC codes each)

	Maximum round trip time for own cell
	40 samples

	Number of UEs in each cell
	1, 2, 4, 8

	Channel model
	TU, GSM

	Velocity
	3 km/h

	RX antennas
	2

	Fixed false alarm rate
	0.01


Figure 3 shows the results obtained for the case that within a cell 8 sequences to pick from are available. The interference at RBS1 is now composed by signals transmitted from UEs in cell 1a and (attenuated) signals created from UEs in the other four cells. For the RACH scheme based on Zadoff-Chu sequences the presence of inter-cell interference does not create any principal difference to the isolated cell case, since already RACH attempts from terminals within the own cell interfere with each other.  

For the scheme based on ZCC sequences the impact of this additional inter-cell interference is worse: For the isolated cell case all sequences are orthogonal to each other and even multiple simultaneous RACH attempts do not results in any interference. Since only 8 ZCC sequences are available per ZCC group neighboring cells must use another ZCC group. The same ZCC group cannot be used in neighboring cells since RACH attempts in one cell would trigger RACH events in multiple cells. However, different ZCC groups do not fulfill the zero-cross correlation property anymore, inter-cell interference occurs.    
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Figure 3: Comparison between Zadoff-Chu sequences and ZCC sequences for the case when inter-cell interference is present. 

For low RACH loads (1 and 2 simulations RACH attempts per cell) the scheme based on Zadoff-Chu sequences shows an advantage over that one based on ZCC sequences. This is because the cross-correlations between sequences used in the own cell and neighboring cells are limited to √N. For ZCC sequences however this is not the case, the cross-correlations between sequences used in the own cell and in interfering cells are typically higher than √N. For high RACH loads intra-cell interference starts to dominate, ZCC sequences outperform Zadoff-Chu sequences.

In above simulations 8 sequences to choose from are available in each cell. Because of this rather lower number the likelihood that two or more UEs in the same cell pick simultaneously the same sequence – and thus also the collision probability – is quite high. Therefore we investigate in the following the impact of increasing the number of available sequences per cell from 8 to 16. 

For Zadoff-Chu sequences no impact is expected since all 448 available sequences fulfill the √N cross-correlation bound. Instead of 8 sequences 16 sequences are assigned to each cell.

To increase the number of ZCC sequences per cell two ZCC groups are assigned to each cell. The cross-correlation values between sequences within each groups are zero, however, between sequences from the two different groups they are not and typically even higher than √N.

The results obtained for this case are shown in Figure 4. As already stated this sequence extension has no impact on the performance of the scheme based on Zadoff-Chu sequences. For the scheme based on ZCC sequences, on the other side, intra-cell interference is no longer orthogonal. Comparing Figure 3 and Figure 4 shows strong performance degradation.  In this scenario Zadoff-Chu sequences outperform ZCC sequences even for high RACH loads.
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Figure 4: Comparison between Zadoff-Chu sequences and ZCC sequences for the case when inter-cell interference is present.  The number of available sequences per cell is 16, i.e. two ZCC groups are assigned to each cell.

4. Conclusions

The performance of RACH schemes based on Zadoff-Chu sequences and schemes based on Zero Cross-Correlation  (ZCC) sequences is compared. Which scheme is superior and should be selected for LTE RACH depends very much on the anticipated scenarios: For low RACH loads the scheme based on Zadoff-Chu sequences outperforms the scheme based on ZCC sequences, for high RACH loads the opposite. 

The number of ZCC sequences where all mutual cross-correlation values vanish is rather small. Therefore it may be necessary to expand this set of sequences by other ZCC groups even within a cell thus loosing the zero cross-correlation property to a big extent. If this is needed the scheme based on ZCC sequences becomes less  attractive than the scheme based on Zadoff-Chu sequences.

The total number of ZCC sequences is higher than the number of available of Zadoff-Chu sequences. However, only small groups of ZCC sequences fulfill the zero-cross correlation property, the “inter-group” cross-correlations are typically worse than those for Zadoff-Chu sequences.
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