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1. Summary
The baseline uplink transmission scheme of EUTRA LTE (FDD and TDD) is based on single-carrier transmission (SC-FDMA) with cyclic prefix, with uplink reference signals based on GCL/CAZAC sequences. This contribution provides further details on three uplink pilot/reference signal generation methods from GCL/CAZAC sequences (‘prime’, ‘truncation’, and ‘cyclic extension’). It is found that
· Sequences may be directly applied in the frequency domain to uplink subcarriers, with no DFT processing

· All methods can provide, via cyclic shifts of a single base sequence, a number of orthogonal sequences for e.g. cells of a eNodeB or MIMO
· The ‘truncation’ method provides the most sequences for any given size RB allocation

· No single method always provides the most “good” (i.e., CM <= pi/2 BPSK or QPSK) sequences, so a combination of methods may be appropriate
· For 2RB, ‘cyclic extension’ has 4 more sequences with CM <= QPSK (12 versus 8)
· For 3RB, ‘truncation’ has 6 more sequences with CM <= pi/2 BPSK (6 versus 0)
· The methods that generate sequences that exactly fit within the number of assigned RBs are preferred

· The ‘prime’ method is typically the same or worse than either the ‘cyclic shift’ or ‘truncation’ method for a given number of RBs as the sequence length is smaller than the number of subcarriers in the assigned RB
· No CAZAC based RS sequence exist with CM below that of /2-BPSK data with Kaiser FDSS. 
· If the SB structure is used for the one-“slot” TTI (i.e. 0.675ms) of the EUTRA Alternative Frame Structure, for that structure it may be appropriate to have a 2 RB minimum data allocation. (Spectrum allocation is still defined in units of 12subcarrier RBs.)

Appendix B (for LB) and Appendix C (for SB) show the cross correlation and CM (slope 1.56) of the different methods.
2. Methods of Generating GCL/CAZAC sequences
The uplink reference signals are based on GCL/CAZAC sequences, which are non-binary unit-amplitude sequences.
,
 GCL have 0 dB PAPR/CM, ideal cyclic autocorrelation, and optimal cross correlation properties, and are therefore CAZAC (Constant Amplitude Zero Auto-Correlation). The cross correlation property allows the impact of an interfering signal be evenly spread in the time domain after correlating the received signal with the desired sequence, resulting in, at least, more reliable detection of the significant taps of the desired channel. Compared with BPSK or even QPSK pilots, the complex-valued GCL sequences can be systematically constructed with guaranteed good CM (PAPR) and good correlation.  
For a target length Np sequence, three methods of generating UL RS based on prime length-NG GCL/CAZAC sequences are:
1. Prime. Largest NG <= Np. Nulls in remaining positions. 
2. Truncation. Smallest NG >= Np. 
3. Cyclic Extension. Like ‘prime’ but instead of nulls sequence is cyclically extended.
Selecting NG as a prime number guarantees NG-1 sequences with near-optimal cross-correlation properties between any pair of the sequences. Additional details of how to construct sequences via the truncation method are in Appendix A.

The primes used for the different methods as a function of number of RBs (up to 10MHz) is given below in Table 1. For up to 9 RBs, yellow shading indicates the construction method expected to have best performance based on how close NG is to Np.
Table 1: Prime factors for GCL/CAZAC generation as a function of number of RBs.
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27 324 331 317 162 163 157
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32 384 389 383 192 193 191

36 432 433 431 216 223 211
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45 540 541 523 270 271 269

48 576 577 571 288 293 283

50 600 601 599 300 307 293
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The pilot sequence is applied to Np pilot subcarriers of the OFDM modulator as shown in Figure 1. Since the Fourier transform of a GCL sequence is also a GCL sequence, a GCL sequence can be applied in the frequency domain. The GCL PAPR/CM property will be slightly degraded, as the number of occupied sub-carriers are less than IFFT size (unused guard subcarriers), as the GCL sequence is effectively oversampled in time domain. The sequence extension or truncation in the frequency domain preserves the constant amplitude properties (in the frequency domain) and also the zero auto-correlation cyclic shift orthogonality of GCL sequences. However, the cross-correlation properties are slightly degraded as shown in Appendix B (for LB) and Appendix C (for SB). . 
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Figure 1.
Transmitter Structure for SC-FDMA Reference Signals – No DFT spreading on RS sequence.
3. GCL/CAZAC sequences with FDSS

The LB RS sequence CM (slope 1.56) with Frequency-domain spectral shaping (FDSS, Kaiser window) for the different RS generation methods are shown in Appendix D and Appendix E. It can be seen that the no CAZAC based RS sequence exist that have CM below that of /2-BPSK with Kaiser FDSS for allocations up to 6 RBs. Although results are shown for =2 and =2.5, this is true for other value of  also.
Appendix A – Sequence Design by Truncation
GCL/CAZAC sequence of odd-length NG is given by, 

	Su = (au(0)b, au(1)b, . . . , au(NG-1)b),
	(1)


where b is any complex scalar of unit amplitude and 
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where, 

u=1, . . . NG-1 is the GCL sequence index
k=0, 1, . . . NG-1
q=any integer.

For simplicity, it is proposed to use  b=1,  and q=0.

Any desired reference sequence length-Np (# of occupied pilot/reference sub-carriers) is obtained by truncating a length-NG GCL sequence where NG >= Np. i.e.,

	Ru = (ru(0), ru(1), . . . , ru(NP-1))
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The GCL sequence length-NG is selected as the smallest prime number that is greater than Np  The sequence is truncated to length Np and is then used as the pilot sequence.
Thus, GCL/CAZAC reference signals (FDM or CDM) of desired length-Np (number of occupied reference signal sub-carriers) is constructed by truncating a prime length-NG GCL sequence with a reference signal-specific sequence-u where NG the smallest prime number greater than or equal to Np. The length-Np GCL/CAZAC reference sequence is applied to Np reference signal sub-carriers of the OFDM modulator (i.e., IFFT) on the short blocks.
Appendix B – LB
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1 11 11 10 0.33 1.2 1.9 0 4 10 0.3 0.3 0.3 0% -

2 23 23 22 -0.044 1.1 2.3 2 12 20 0.21 0.21 0.21 0% -

3 31 31 30 -0.16 0.97 2.4 4 16 26 0.18 0.18 0.18 0% -
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2 24 29 28 0.53 1.8 2.3 0 8 24 0.21 0.2 0.38 46% 0.25
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Appendix C – SB
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2 11 11 10 0.33 1.2 1.9 0 4 10 0.3 0.3 0.3 0% -

3 17 17 16 0.004 1.3 2.3 2 8 14 0.24 0.24 0.24 0% -

4 23 23 22 -0.044 1.1 2.3 2 12 20 0.21 0.21 0.21 0% -
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1 6 7 6 0.82 1.5 2.3 0 2 4 0.41 0.37 0.64 43% 0.46

2 12 13 12 0.46 1.4 2.4 0 6 10 0.29 0.26 0.51 46% 0.35

3 18 19 18 0.089 1.2 2.3 2 10 14 0.24 0.23 0.43 49% 0.28

4 24 29 28 0.53 1.8 2.3 0 8 24 0.21 0.2 0.38 46% 0.25

5 30 31 30 -0.14 1 2.4 4 16 26 0.18 0.18 0.36 45% 0.21

6 36 37 36 -0.18 1 2.4 6 18 32 0.17 0.16 0.32 42% 0.2
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2 12 11 10 0.17 0.85 1.5 2 6 10 0.29 0.28 0.44 47% 0.34

3 18 17 16 0.082 0.85 1.8 4 10 16 0.24 0.23 0.41 49% 0.28

4 24 23 22 -0.093 0.83 2 4 12 22 0.21 0.2 0.36 45% 0.24

5 30 29 28 -0.13 0.92 2.1 6 16 28 0.18 0.18 0.34 48% 0.21

6 36 31 30 0.46 0.91 1.3 0 24 30 0.17 0.16 0.27 48% 0.2
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Appendix D – LB RS with FDSS (Kaiser window, beta=2.0)
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Appendix E – LB RS with FDSS (Kaiser window, beta=2.5)
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� B. Popovic, “Generalized Chirp-like Polyphase Sequences with Optimal Correlation Properties,” IEEE Trans. Info. Theory, vol. 38, pp. 1406-1409, Jul92. 


� Zadoff-Chu sequences are a special case of GCL sequences.
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