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1. Introduction

According to Ref. [1], the basic length of Zadoff-Chu (ZC) preamble sequences would be about 800 sec. In Refs. [2, 3, 4], concerns were raised about the performance of the ZC sequences in the presence of frequency error. It was shown that the ideal auto-correlation properties of the ZC sequences are lost when side-peaks appear due to frequency error. The side-peaks are problematic because they cause false alarms for the signatures that are obtained by cyclic shifts of the transmitted sequence. The false alarms as well as side-peaks within timing uncertainty range increase the probability that UEs start to transmit on the SCH using a wrong timing advance. As the frequency error induced deterioration of the detection probability has already been discussed in Refs. [2, 3], we provide here data only on the false alarm probability.       
2. Discussion

The studied preamble structures are shown in Fig. 1. A preamble with one long ZC sequence consists of a cyclic prefix (CP) of about msec and a ZC sequence of the length 0.8 ms (839 samples), which leaves 0.1 ms for the guard time. A preamble with short ZC sequences consists of a CP of about  ms, a ZC sequence of the length 0.4 ms (421 samples) and its repetition. We assumed such a small maximum round trip delay that cyclic shifts of 26 samples could be used for providing 32 signatures in the case of the long ZC sequence and 16 signatures in the case of the short ZC sequence.  
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Figure 1. The compared preamble structures.
Figure 2 shows a periodic correlation calculated for a long ZC sequence that is suffering from frequency error. Three side-peaks, exceeding the detection threshold, cause false alarms if they fall in a delay range reserved for another cyclic shift. In Fig. 3, we present the false alarm probabilities that are observed in the presence of frequency error when one preamble is transmitted. While the false alarm rates are normally calculated for a case that no preamble is sent, the false alarm rates in Fig. 3 include both the alarms caused by the side-peaks and the alarms due to noise. It should be noted that we have plotted the total false alarm probability divided by the number of the signatures (32 for the long ZC sequence and 16 for the short ZC sequence). The pattern of side peaks depends on the index of the ZC sequence, and the results have been collected averaging over all the indexes. Data is shown for the preamble energy over noise power densities, Ep/No, ranging from 15 to 30 dB. Ep/No of about 18 dB is required in TU-3km/h channel for the detection probability of 0.01 when assuming ideal open loop power control. Then the Ep/No target could be set typically above 20 dB in order to reach high success rate of the first trial in the presence of power control errors.      
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Figure 2. Correlation amplitude for a cyclic shift of the long ZC sequence, received in the line-of-sight channel suffering from the frequency offset of 500 Hz. In addition to the main correlation peak, three side-peaks exceed the detection threshold shown by the dashed line. 
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Figure 3. The probability of false alarms (per signature) as a function of the frequency error. The dashed lines are for the long ZC sequence (the upper structure in Fig. 1) and the solid lines are for the short, repeated sequence (the lower structure in Fig. 1). Line-of-sight channel was assumed. The largest frequency error appears when an UE is moving directly towards or away from the Node-B. In that case, the UE speed of 100 km/h corresponds to the frequency error of 370 Hz when assuming 2GHz carrier frequency. 
The correlation for the preamble with repeated ZC sequences was made by calculating the periodic correlations separately for the two short sequences, and then combining them non-coherently. 
The ZC sequences are more vulnerable to frequency error than for instance the preamble sequences of WCDMA. In WCDMA, signals with high frequency error do not increase the false alarm probability and they can be detected by combining non-coherently the correlations measured for sections of the whole signature. Correlation using only a part of a ZC sequence does not work: large (false) correlation peaks are observed if, for instance, the first half of a ZC sequence is correlated with the cyclically shifted sequences. 
3. Conclusion

Specifying RACH preambles with repeated short ZC sequences should be considered. They are needed for reaching a decent RACH false alarm probability in case of large frequency errors. In addition, a preamble with a single ZC sequence of the length of 0.8 ms can be defined for the surroundings where large frequency errors do not appear and long ZC sequences are preferred in order to increase the number of available orthogonal sequences in the form of cyclic shifts.  
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