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1. Introduction

The current working assumption is that the uplink (UL) data-associated reference signals will be based on Zadoff-Chu (ZC) sequences, a type of CAZAC sequences. In addition the Physical Resource Block (PRB) size has been chosen to be 12 sub-carriers. Consequently the minimum length of uplink reference signals, used for data demodulation, is either 6 or 12, depending on the UL sub-frame structure to be chosen. In either case, there are not enough ZC sequences (of length 6 or 12) to be allocated flexibly over the network. 
As such the three techniques, listed below, for deriving base sequences of length N, where N equals 6, 12 and their integer multiples have been proposed. Cyclic shifts and/or orthogonal coverings may be applied in order to derive a set of reference signals to be allocated across the network.
Method A: Generate ZC sequences of length N-1 (which is always odd and sometimes prime) and insert a zero at the end of each sequence to make it length N [1].
Method B: Generate ZC sequences of length M, where M is the largest prime number less than N; cyclically extend each sequence to length N [2].
Method C: Generate ZC sequences of length P, where P is greater than N and provides the desired number of sequences; truncate each sequence to length N [3].
In this document we first review the requirements of UL reference signals. We then analyze the properties of ZC and modified ZC sequences against these requirements. Although ZC sequences are well suited for other uses in E-UTRA (e.g. DL Reference Signals, RACH preambles etc) we believe they are not ideal candidates for UL reference signals for data demodulation. Finally, based on our analysis we recommend that the constraint that the bases sequences for UL data-associated reference signals be constructed using ZC sequences be lifted in order to improved receiver performance.
2. Requirements for UL Reference Signals used for Data Demodulation
We believe the sequences used as UL reference signals for data demodulations must satisfy the following requirements:

· Occupies the same bandwidth allocated to data

· Has constant amplitude in the occupied subcarriers
· Has low PAPR

· Sequences allocated to different users must have low cross correlation and
· Number of sequences must be sufficiently large to support user multiplexing within a frame and MIMO (Multi User and possibly Single User).
Note that it is unnecessary to constrain sequences to be derived from ZC sequences in order to fulfill the above requirements. More importantly, as we will see in the following section, reference signals based on ZC sequences do not perform well against some of the above requirements. 
3. UL Signals Based on ZC Sequences
In addition to the constant amplitude property, CAZAC sequences including ZC sequences posses the following desirable properties:
· zero autocorrelation

· minimum cross-correlation, given optimum autocorrelation and

· DFT/IDFT of the sequence also has constant amplitude.

If a base sequence has the zero auto-correlation property then all its cyclic shifts are mutually orthogonal and thus this set of sequences are ideal as reference signals. Although the original ZC sequences have zero auto-correlation, the auto-correlation property of sequences constructed using Methods B and C worsen as the number of elements being inserted/truncated increases. However this degradation is insignificant when only a few symbols are inserted/truncated. Reference signals generated using Method A retain the zero auto-correlation property. Note that we assume cyclic shifts are applied to the base ZC sequence prior to Methods A, B and C being applied. Similar arguments also apply for the cross-correlation property of sequences.
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Figure 1 An example of unequal bandwidth allocation
Although using base sequences derived from ZC sequences guarantees zeros or at least low cross-correlation between reference signals of the same length, cross-correlation between sequences of different lengths is effectively randomly distributed. For example, consider the case of two users connected to the same cell such that User 1 is allocated a single PRB while User 2 is allocated three PRB where one overlaps in the frequency domain with User 1’s allocation, as illustrated in Figure 1. In this scenario, assuming LB-only sub-frame format, User 1 will be allocated a reference signal of length 12 while User 2 will be allocated a length-36 reference signals which will overlap in the first 12 allocated subcarriers. The normalized cross-correlation between the overlapping parts of the reference signals, generated using Methods A, B and C, are shown in Figure 2. Note that some sequences are highly correlated and such would severely degrade channel estimation performance. 
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Figure 2 Cross correlation between overlapping sections of the reference signals
An important design criterion is that the reference signals must have low PAPR. In particular, it is highly beneficial to design reference signals with lower PAPR relative to data transmission using low order modulation. This will enable users in poor SINR environments to use their transmit power more efficiently. However results given in [2] for length 12 sequences indicate that many base sequences constructed using Methods A, B and C have a significantly higher PAPR relative to data transmissions using  π/2-BPSK and QPSK modulation schemes. We believe it is possible to choose a workable number of sequences that result in lower PAPR and sufficiently low cross-correlation without the ZC sequence restriction.
4. Conclusions

Restricting UL reference signals to be based on ZC sequences provides a convenient method of generating sets of orthogonal sequences with low cross-correlation between sequences belonging to different sets. However this constraint results in reference signals having with relatively large PAPR compared to data modulated using QPSK and, in particular, π/2-BPSK. In addition cross correlation between reference signals of occupying overlapping but different number of PRBs must be controlled efficiently. For these reasons, we believe that the ZC sequence requirement should be relaxed and a wider range of sequences, which can jointly satisfy requirements of UL reference signals should be considered.  
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