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1. Introduction

In the last RAN1 meeting held in Riga, several contributions [1, 2, 3, 4] were presented on the effect of the frequency error on the Zadoff-Chu (ZC) sequence detection. It was shown that the detection performance and false alarm rate are affected seriously by the autocorrelation side peaks that are induced by the frequency error. Opinions were presented that the ZC sequences of the length of 0.8 ms do not perform well enough in this respect. Improvement can be obtained in a straightforward way by forming the 0.8 ms sequence by repeating shorter ZC sequences, and the need of such short sequences was left for further studies. In this document we are presenting a solution that avoids the use of shorter sequences and provides excellent detection and false alarm performance in case of high frequency errors. The solution is based on restrictions on the root sequence and cyclic shift indexes, and so the benefits are obtained at the expense of the number of available signatures and a slight increase in complexity when allocating the preamble sequences for the different cells.
2. Restricted use of signatures

The ZC sequence of odd length is given as 
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where u is the index of the root sequence, NG the length of the sequence, and k=0, 1, … NG-1 is the index of the samples. In the following 
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refers to the d:th cyclic shift of the sequence. The problems related to the preamble detection in presence of Doppler shifts can be summarized as follows. NG cyclic shifts of a Zadoff-Chu sequence can be seen as an orthogonal base of NG – dimensional space. A frequency offset of 1/Ts (where Ts = 0.8 ms is the length of the ZC sequence) rotates the transmitted sequence from the original direction to the direction of another cyclic shift B. As a result, the received sequence is orthogonal with the transmitted one. The cyclic shift B depends on the sign of frequency offset as well as on the index u of the sequence. When the frequency offset is less than 1/Ts, the rotation is not restricted to the plane defined by the original sequence and the cyclic shift B. However, the largest components are in these directions. For Ts = 0.8 ms, a false alarm is unavoidable if the frequency error is larger than 625 Hz because the correlation corresponding to the cyclic shift B is then larger than the original correlation. When the frequency error is 1.25 kHz, the original correlation is zero and detection is impossible. The cyclic shifts of au,d(k) that correspond to the +/-1/Ts frequency offsets are 
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, respectively, where the cyclic shift offset is given by coff = (NGm-1)/u. Here m is smallest positive integer for which coff is integer. A system leading to simpler equation for coff is presented in Appendix A.
In the following, we refer to 
[image: image5.wmf]{

}

)

(

),

(

)

mod

(

,

)

mod

(

,

k

a

k

a

G

off

G

off

N

c

d

u

N

c

d

u

+

-

 as a frequency cyclic shift pair of 
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 corresponding to timing uncertainty are examined. Parameter D is related to the maximum expected round trip propagation delay and channel delay spread. 
The performance is improved if cyclic shifts of sequence au(k), available for RACH preambles in environments of high Doppler shifts, are limited so that: (A) the frequency cyclic shift pairs of each timing uncertainty window element are not in the timing uncertainty window of any RACH preamble; and (B) the frequency cyclic shift of -1 of each timing uncertainty window element is different from the frequency cyclic shifts of +1 of all timing uncertainty window elements. This use of cyclic shifts is illustrated in Figure 1 for one index u. It should be noted that in addition to limiting the number of cyclic shifts, the points (A) and (B) may mean that some base sequence indexes u are forbidden. For these forbidden u, the frequency cyclic shift pairs would be within the timing uncertainty window of the same preamble. 
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Figure 1.  Illustration of the limitations on the use of cyclic shifts of a single Zadoff-Chu sequence index u. X-axis refers to the cyclic shift of the sequence.
3. Detection and false alarm performance

The proposed system reduces the false alarm rate and improves the detection probability for high velocity UEs. An optimized receiver utilizes also the correlation values in the frequency cyclic shift pairs in addition to those in the delay window. Such an algorithm is explained in the Appendix B and used for comparing the restricted 0.8 ms signatures and repeated 0.4 ms signatures in Figs. 2 and 3. Non-coherent combining over the repeated 0.4 ms sequences was used. Simple one-path LoS channel is assumed and frequency offset is set to twice the Doppler frequency. Thus, frequency offsets of 440 Hz, 880 Hz, and 1360 Hz correspond to 120 km/h, 240 km/h, and 360 km/h UE speeds, respectively, when a carrier frequency of 2 GHz is assumed. False alarm rate over 1 means that more than one preamble out of 64 are wrongly detected on average. The proposed scheme provides significant gains in the considered case. The gains are even larger if compared to 0.8 ms sequence without cyclic shift limitations.
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Figure 2. Probability of missed detection for 0.8 ms sequence with cyclic shift limitations (solid lines) and for 2x0.4 ms sequence (dashed lines).
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Figure 3. False alarm rate for 0.8 ms sequence with cyclic shift limitations (solid lines) and for 2x0.4 ms sequence (dashed lines).
4.  Number of available sequences

The selection of the available cyclic shifts is straightforward. It can be started from cyclic shift 0 and, at each selection, the availability of corresponding cyclic shifts for the timing uncertainty window and its frequency cyclic shift pairs are tested and, if available, are reserved. The selection of a next preamble cyclic shift begins from the next available cyclic shift.

The total number of signatures is important for the signature planning in the network. Figure 4 compares the number of signatures for three preamble systems: the unrestricted 0.8 ms or 0.4 ms signatures and the restricted 0.8 ms signatures. In small cells, nearly the same number of signatures is obtained with the unrestricted 0.4 ms signatures and restricted 0.8 ms signatures, but in very large cells the unrestricted 0.4 ms system is by a factor of two better. Figure 5 shows how many root indexes u must be used to form the sets of 64 signatures. This number is relevant for the receiver complexity and the RACH capacity. All the cyclic shifts of a root sequence are obtained with the same frequency domain correlation, meaning that the processing load increases with increasing number of root sequences. This may not be relevant because the processing power needs to be dimensioned in any case for 64 root sequences per cell. This is because it has been decided that this number of signatures is available in every cell. Since the cross-correlation of root sequences is not zero, the RACH capacity is the better the fewer root sequences are used in one cell. Cyclic shift restrictions would then mean that somewhat lower maximum throughput of the RACH channel would be obtainable. However, because the preamble collision probability must presumably be kept around 1% or below, the maximum capacity of RACH is of little practical interest.
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Figure 4. The total number of signatures (blue lines) and the number of the sets of 64 signatures (red lines) for three systems of preambles.  The delay uncertainty window was assumed to be 5us + Cell_range*6.67 us/km.
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Figure 5. The number of root sequences (different indexes u) needed for 64 signatures. For the restricted sets, the number of available cyclic shifts per root sequence depends on the index u. 
5. Allocation of signatures in the network
Allocation of the signatures with restrictions would not mean considerable complexity increase. Similar system as in case of signatures without restrictions can be used for minimizing the System Information. The network controller provides for the System Information of each cell the width of the timing uncertainty window and only one index u. UE and eNB then calculate the available cyclic shifts, adding new consecutive indexes u until the total number of signatures equals a value specified in the standard or System Information. If all the indexes u of a cell can be listed in the System Information, it is beneficial to select them so that the variance of their number over the different cells is minimized.

In the simplest system, the signature restrictions would be applied on cell basis. Having in one cell both the normal and the restricted systems and making a UE based selection would lead to tedious specification of UE’s velocity estimators and additional conformance tests for such estimators.  
6. Conclusion 
The proposed sequence restriction system can be seen as an alternative to introduction of the ZC sequences of length 0.4 ms. We have shown that the system with restrictions provides better false alarm and detection performances than the shorter sequences. With restrictions, the total number of signatures is comparable to that provided by the 0.4 ms sequences. The restrictions naturally complicate the signature allocations in the network but simple enough procedures can be found. The system with restrictions is simpler in that sense that only one set of ZC sequences needs to be defined. We are thus proposing that the sequence restriction is adopted as the mean to provide good RACH performance in cells with high Doppler shifts.        
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APPENDIX A:
Transmitter alternatives

We have named 
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 as a frequency cyclic shift pair of 
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 since they are equal up to a phase rotation with the frequency domain cyclic shift of +/-1 of 
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. A frequency cyclic shift means that a cyclic shift is performed on the frequency domain presentation of a sequence. The offset coff of the frequency cyclic shift pair (see Section 2) can be determined more easily if the ZC sequence is applied directly to the input of the IDFT as shown in Scheme B of Fig. A1. Then the frequency cyclic shift pairs appear corresponding to the cyclic shift of 
[image: image17.wmf]G

IDFT

N

uN

/

±

in the output of the IDFT. Here 
[image: image18.wmf]IDFT

N

is the number of samples in the IDFT. Even if the signature restrictions were not applied, Scheme B would be preferred because of simpler processing.  
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Figure A1. Alternatives for preamble generation.
APPENDIX B:
An example for the algorithm of preamble detection
The receiver utilizes also the correlation values of corresponding frequency cyclic shift pairs in addition to the correlation values in the timing uncertainty window in the RACH preamble. The correlation values of the cyclic shift triplet 
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 may be combined either coherently or non-coherently. The detection threshold may also be adjusted based on the comparison of cyclic shift triplet correlation values at the tentatively detected peaks. An exemplary reception/detection algorithm contains the following steps: 

1. Correlate the received signal with Zadoff-Chu sequence;

2. Estimate the level of noise and interference;

3. Tentatively detect a first set of peaks from the delays within the timing uncertainty window;

4. Non-coherently combine correlations values over the cyclic shift triplet for each delay within the timing uncertainty window, and tentatively detect a second set of peaks from the combined correlations;

5. For the tentatively detected peaks, calculate the ratio between the respective correlation values on the timing uncertainty window and on the frequency cyclic shift pairs. If any of the ratios is sufficiently close to one and the corresponding correlation values are significantly larger than the threshold, the thresholds are increased for both sets of tentatively detected peaks; and

6. The preamble is detected if the tentatively detected peaks exceed the updated threshold in either of the sets.

A minor drawback of this method occurs when multiple terminals transmit simultaneously with a high velocity terminal on different preambles derived from the same Zadoff-Chu base sequence. In such case, the detection probability for the weaker preambles may be reduced. The detection probability can be increased also in such case at the price of slightly increased false alarm rate.
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