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1. Introduction

In determining the UL DM RS set to be used for E-UTRA, it would be useful to have a common understanding of the correlation properties of the sequences, as well as any implications for radio design.

In this contribution we shall put forth a concise definition of what is meant by the reference signal correlation properties, based on the reference signal generation.
We will show that a set of reference signals that has a true CAZAC property, such as that proposed in  [1], [2], or [3] has a distinct implementation advantage over Truncated and Extended Zadoff Chu sequences.  Furthermore, it is shown that for Truncated and Extended ZC sequences that implementation by a power-of-2 FFT leads to a loss of orthogonality. 
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2. Reference Signal Generation and Correlation Properties
UL demodulation reference signals are as per section 6.6 of [4]:
[image: image11.wmf]l


For the UL RS, the 
[image: image2.wmf]

 are the reference signal sequences, which are transmitted within each slot (we are ignoring the possibility of any slot dependency on reference signal sequences other than the hopping pattern).
It is assumed that they are generated as in Figure 1.
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Figure 1 Method of RS Generation.  IFFT need not be a power of 2.

It has been a common assumption amongst some companies that generation of UL RS would proceed by:

· Using a frequency domain representation of the RS sequences (and in the case of EZC or TZC sequences by extending or truncating sequences in that domain [5], and then

· Generating waveforms via cyclic shifts of the inverse FFT’d signal as illustrated in Figure 1.

2.1. IFFT length may result in Beat Frequency effects
In the figure we have indicated some method of an inverse FFT to generate the 
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 term; the inverse FFT need not be a power of 2.  For example, when the inverse FFT is 192 (=3X 64) length, an autocorrelation function such as in Figure 2   results.  With the numerology as shown in the figure, zeros occur at of multiples of 16 samples, which in this case is an integer number of 1/12 of the overall IFFT sequence length (at 32 samples, e.g., the correlation is 90dB below the peak, due to finite precision arithmetic). 
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Figure 2  Correlation lag for TZC sequences truncated in frequency

On the other hand, if a 2048 point FFT is used, because 2048 is not an integer multiple of 12, then an autocorrelation function would have a property as illustrated in   Figure 3  with a close-up as shown Figure 4 .
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Figure 3  Autocorrelation of TZC sequence generated by 2048 point IFFT
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Figure 4  Close-up of Autocorrelation generated by IFFT
It  is true that the signals, when D/A converted, and transmitted over the air will have cyclic correlation lags in continuous time that can generate an orthogonal signal sestet.  However, with discrete time signals, which will be generated by any practical implementation of a DFT-spread OFDM radio, the signals generated by TZC or EZC sequences with a power-of-2 FFT are by no means CAZAC sequences, because they do not sample the “true” IFFT waveform  at an integer multiple of the sequence length.  Based on extrapolations from [6] one may conclude that even without inter-cell/inter-sector interference, the use of a 2048 point FFT degrades SINR by at least 0.2dB.
2.2. Generation of cyclically shifted time domain waveform
Now to generate cyclic shifts in the time domain, there are several methods which can be used to get the desired results; e.g., using pointers in circular buffers, or using matrix multiplications as in section 8.3 of [2].  However, what one most certainly cannot do, for TZC or EZC sequences, is to generate cyclic shifts of the time waveform directly from the underlying sequences themselves.  This is because of the situation depicted in Figure 5 .
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Figure 5 Autocorrelations of lagged and cyclic-shifted TZC sequences
Because the underlying sequences themselves are not CAZAC sequences, cyclic shifts of a “base” sequence do not correspond to nulls of cyclic shifts of the time-domain waveform.  On the other hand, if the underlying sequence is a true CAZAC sequence such as generated by [1] or [2] or [3] then the underlying waveforms are easily generated by shifts of the base waveform, as shown in Figure 6.
Thus because the sequences are orthogonal, cyclic shifts of the time-domain waveform will be orthogonal as well, and therefore the computational burden of generating cyclic shifts of sequences is smaller than would be for TZC or EZC sequences.
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Figure 6  Autocorrelation and cross-correlation of lagged and cyclic shifted true CAZAC sequences (OZCL sequences[1])

We note that this property carriers over even when power of 2 FFTs are performed, again because the underlying sequences are orthogonal as depicted in Figure 7.
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Figure 7  True CAZAC sequences have nulls of autocorrelation functions aligned with peaks, even for power of 2 FFTs
3. Conclusions
In this contribution we have shown that the length of the DFT used to generate the UL RS waveform has an effect on its cross-correlation properties.  In addition we have shown that true CAZAC sequences have complexity advantage in generation vis-à-vis TZC or EZC sequences.  Therefore it is recommended that:
· In the determination of performance between various UL RS approaches, it should be understood that, 3X2N length  IDFTs  should be used if performance is to be optimized for Truncated or Extended Zadoff-Chu sequences  invoking the principle that one should make a system work before one makes it smaller, faster, cheaper, lighter, etc. 

· True CAZAC sequences with good CM and mean cross-correlation properties should be used for E-UTRA because of their relative ease of generation.
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The SC-FDMA symbols in a slot shall be transmitted in increasing order of � EMBED Equation.3  ���. The time-continuous signal � EMBED Equation.3  ��� in SC-FDMA symbol � EMBED Equation.3  ��� in an uplink slot is defined by 


� EMBED Equation.3  ���


for � EMBED Equation.3  ��� .
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