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Introduction
ZC sequences are used extensively in E-UTRA uplink for the following physical channels:

· PUSCH demodulation RS

· PUCCH signaling set and demodulation RS

· SRS
As the bandwidth allocation reduces, the length of ZC sequences also reduces, leading to a reduction in the number of available sequences. Regardless of whether the network relies on sequence planning or hopping or a combination thereof, this places a restriction for 1-2 RB allocations and this topic has been brought up in RAN1 and over the reflector.

To alleviate this problem, a methodology to construct random sequences with CAZAC properties was outlined in [1], along with the choice of 33 such sequences.
In this document, we propose an alternative set of random QPSK sequences with CAZAC properties and compare the CM/cross-correlation properties, along with the link performance of PUCCH with these sequences.
2
Random Sequences with CAZAC Properties
2.1
Sequence Generation
The proposed frequency domain QPSK (F-QPSK) sequences are constructed in frequency domain, as shown in Figure 1.
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Figure 1

F-QPSK Sequences
For length-12 sequences, there are a total of 
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candidate QPSK sequences. The sequences corresponding to “good” CM and cross-correlation properties are chosen based on exhaustive search, and are outlined in the Appendix. We observe that the sequence search space is identical to that outlined in [1].
2.2
CM Analysis
Table 1 compares the CM for QPSK modulated F-QPSK and random sequences outlined in [1]. We analyze the CM with modulated sequences, since for both ACK and CQI, QPSK modulation is applied on the base sequences.
	Signaling Set
	Number of Sequences
	Mean CM
	Min CM
	Max CM

	Extended ZC
	11
	1.2920
	-0.0906
	2.2357

	Truncated ZC
	13
	1.1812
	0.2764
	2.0670

	Random [1]
	33
	1.1583
	0.3136
	2.2182

	F-QPSK
	33
	0.6552
	0.2780
	0.7394


Table 1

CM Comparison – ZC vs. Random vs. F-QPSK
2.3
Cross-Correlation Analysis

The cross-correlation of these sequences is shown in Figure 2. It is seen that the cross-correlation properties are similar for F-QPSK and random sequences.
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Figure 2

Cross Correlation
2.3
LUT Comparison

Random sequences do not have any closed form expression by definition and have to be stored in a look-up table (LUT) at the transmitter and receiver. The size of LUT for 33 sequences is shown in Table 2. 

Note that the random sequences always need to be quantized, while F-QPSK sequences can be stored exactly.
	Signaling Set
	Sequence Length
	Number of bits per complex sample
	LUT Size (bytes)

	Random [1]
	12
	8
	396

	F-QPSK
	
	2
	99

	Random [1]
	24
	8
	792

	F-QPSK
	
	2
	198


Table 2

LUT Size – Random vs. F-QPSK
2.4
Receiver Complexity

The usage of random sequences requires a series of complex multiplications, to perform the frequency domain correlation.

The usage of F-QPSK sequences does not require complex multiplications, since the each element in the F-QPSK sequences are based on a QPSK constellation point.

2.5
Link Performance

The link performance of 8-bit CQI in TU30 and TU350 channels is shown in Figures 3-4. There are 6 simultaneous users, each occupying a different cyclic shift of the F-QPSK or ZC sequences.
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Figure 3

CQI – 6 Users – TU 30 kph
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Figure 4

CQI – 6 users – TU 350 kph
3
Conclusions

Based on the analysis shown in section 2, we observe that the usage of F-QPSK sequences leads to a smaller LUT size, eliminates the need for complex correlation at the receiver, while having good CM and cross-correlation properties. The CAZAC properties of the chosen sequences were further confirmed using link simulations.

We propose to adopt the attached F-QPSK sequences for the following scenarios:

· Demodulation RS for 1 RB allocation

· Signaling set for PUCCH

References

[1]

R1-072848, Design of CAZAC Sequences for Small RB Allocations in E-UTRA UL, Texas Instruments

Appendix

The candidate F-QPSK sequences are attached.
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		Seq #								Frequency Domain, Real Part

		1		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071

		2		0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071

		3		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071

		4		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071

		5		0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071

		6		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071

		7		0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071

		8		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071

		9		0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071

		10		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071

		11		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071

		12		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071

		13		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071

		14		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		-0.7071		-0.7071

		15		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071

		16		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071

		17		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071

		18		0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071

		19		0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071

		20		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071

		21		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071

		22		0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071

		23		0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071

		24		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071

		25		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071

		26		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071

		27		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071

		28		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071

		29		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071

		30		0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071

		31		0.7071		0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071

		32		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071

		33		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071

		Seq #								Frequency Domain, Imaginary Part

		1		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071

		2		0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071

		3		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071

		4		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071

		5		0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071

		6		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071

		7		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071

		8		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071

		9		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071

		10		0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071

		11		0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071

		12		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071

		13		0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071

		14		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071

		15		0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071

		16		0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071

		17		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071

		18		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071

		19		0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071

		20		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071

		21		0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071

		22		0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071

		23		0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071		-0.7071		0.7071		-0.7071		0.7071

		24		0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071

		25		0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071

		26		0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071

		27		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071		-0.7071

		28		0.7071		0.7071		0.7071		-0.7071		-0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071

		29		0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071		0.7071		-0.7071		0.7071		0.7071

		30		0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		-0.7071

		31		0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071

		32		0.7071		0.7071		-0.7071		0.7071		-0.7071		0.7071		0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071

		33		0.7071		-0.7071		0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		-0.7071		-0.7071		0.7071		0.7071
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