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1 Introduction

This document proposes a design of reference signal. The proposed design has the following features:

· Use of GCL (CAZAC) sequence, for improved cross correlation and improved channel estimation accuracy
· Sequence mapping that contains multiple GCL sequences in a sub-frame
· Group scrambling, to flexibly handle the situation where the sequence length becomes smaller (e.g., for the smaller channel bandwidths)
2 Requirements and assumptions

In the reference signal (RS) sequence design, the followings are assumed [4]:
· Demodulation of Layer 1 signaling without using the 2nd RS symbol (micro-sleep)
· Optional 2nd RS symbol located in the third last OFDM symbol within a sub-frame
· Staggered frequency position between 1st and 2nd RS symbols for each antenna

· Support of multi-antenna (up to 4 antenna)

· FDM/TDM inter-antenna orthogonality
· RS on every 6 sub-carriers in each RS symbol for each antenna 
· 1st RS symbol located in the first OFDM symbol within a sub-frame

· Optional CDM inter-cell (inter-sector) orthogonality

The assumptions shown above are based on fundamental requirements, such as for latency, UE power consumption, overhead, mobility and delay spread of propagation channel. However, the following property is additionally required for the RS sequence design to develop a competitive LTE system [1].
· Good cross correlation properties between cells
In order to provide reliable channel quality measurement, channel estimation and cell search, good cross-correlation properties are required for RS sequence. For the channel quality measurement (CQI), the receiver measures power of interference on the RS. The interference measurement is equivalent to analyzing cross-correlation of the received RS. For the channel estimation and CQI measurement, good cross correlation properties are helpful for distinguishing the desired signal and the interference.

3 Code sequence

In order to meet the additional requirement, generalized chirp like (GCL) sequence [3] is a good choice for the reference signal (RS) sequence [2]. RS sequences using the GCL sequence and properties of the GCL sequence are described in this section.
The sequence design methodology for any desired sequence length Nd is described first. We first choose a prime number NG that is the smallest prime number larger than Nd. Then, the reference signal sequences is generated according to
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(1)
The integer “u” is referred to as sequence index. We will have NG-1 sequences that have the optimal cyclic cross correlation between any pair of them. The sequences will be truncated to Nd and be applied to Nd sub-carriers. The reference signal used by different sectors/cells are obtained from different indices of the GCL sequences. A different “u” can also act as a cell ID.
The GCL sequence length NG and the truncated RS sequence length Nd, which are depending on the scalable bandwidth of the LTE system, are summarized in Table 1. The total number of sub-carriers includes the sub-carrier on zero Hz (DC sub-carrier). RS sequences may be additionally punctured, if an element of the RS sequences is mapped onto the DC sub-carrier.  As will be described later, group scrambling can be applied to further increase the number of available sequences in the system.
Table 1 GCL sequence length NG and RS sequence length Nd (RS on every 6 sub-carriers)

	System bandwidth [MHz]
	1.25
	2.5
	5
	10
	20

	Total number of sub-carriers
	76
	151
	301
	601
	1201

	RS sequence length (Nd)
	12
	25
	50
	100
	200

	GCL sequence length (NG)
	13
	29
	53
	101
	211


Because of the use of different indices of GCL sequences, any pair of the sequences will have low cross correlation, which improves the channel estimation and CQI estimation. The GCL sequence is a CAZAC sequence that has the following important properties:

1. The GCL sequence has constant amplitude, and its NG-point IDFT has also constant amplitude.

2. The GCL sequences of any length have an “ideal” cyclic autocorrelation (i.e., the correlation with the circularly shifted version of itself is a delta function)

3. The absolute value of the cyclic cross-correlation function between any two GCL sequences is constant and equal to sqrt(1/NG), when |u1-u2|, u1, and u2 are all relatively prime to NG (e.g., if NG is a prime number).

The cross-correlation sqrt(1/NG) at all lags achieves the minimum cross-correlation value for any two sequences that have the ideal autocorrelation property (meaning that the theoretical minimum of the maximum value of the cross-correlation over all lags is achieved). The minimum is achieved when the cross correlations at all lags equal to sqrt(1/ NG).
Figure 1 shows cross-correlation and auto-correlation of the GCL sequences. In the frequency domain, the cross-correlation is given by
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(2)
where Su1 and Su2 denote the GCL sequences, u1 and u2 denote the indices of the GCL sequences. The cross-correlation of the GCL sequences is represented by a GCL sequences, and thus the cross-correlation in the time domain has a constant amplitude. On the other hand, auto-correlation of the GCL sequence is constantly equal to one in the frequency domain. Therefore, the auto-correlation in the time domain is the delta function.

[image: image3]
Figure 1 Cross-correlation and auto-correlation of GCL sequences

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 in the time domain. Hence, the significant taps of the desired channel can be detected more reliably. A simple tap-selection or “de-noising” strategy can be used to take advantage of the cross-correlation property. Tap selection simply means that the channel taps below some threshold are set to zero. Thanks to the cross correlation property, the interference channels will be evenly spread over the IDFT window after correlating with the desired reference signal, thus increasing the benefit of tap selection as compared to other types of reference signals. 
Good cross-correlation properties are essentially maintained even if a minor truncation and over-sampling are applied. Figure 2 and Figure 3 show examples of cross-correlation of the GCL sequences and random QPSK sequences respectively. For the GCL sequences, the sequence length is truncated from 211 to 200. Moreover, over-sampling (256/200) is applied to both sequences. It is seen that the cross-correlation of GCL sequences is concentrated below about 0.08 while the random sequences are as high as 0.12.
	
[image: image4]
Figure 2 Cross-correlation of GCL sequences (truncated and over-sampled)
	
[image: image5]
Figure 3 Cross-correlation of random QPSK sequences


As described above, the good cross-correlation property of GCL sequence can provide improved channel estimation. For example, Figure 4 and Figure 5 show mean square error (MSE) of the channel estimation for Pedestrian A (PA) and Typical Urban (TU) channels, respectively. Each figure compares the MSE between the GCL RS sequence and a random QPSK sequence. In the simulations, two cells (one serving cell and one interfering cell) with independent fading are assumed. The GCL RS sequence provides improved channel estimation comparing to the random QPSK sequence, especially at low CIR (such as an edge-of cell condition). Therefore, the RS sequence using GCL sequence is beneficial for decoding of low rate traffic channels and control channels, which need to be reliable even in low CIR case.
	
[image: image6]
Figure 4 Channel estimation MSE for PA Channel
	
[image: image7]
Figure 5 Channel estimation MSE for TU Channel


4 Sequence mapping 

Figure 6 shows the proposed reference signal (RS) structure in a sub-frame using short cyclic prefix (CP) for the two or four antenna case. In the first symbol of the sub-frame (first RS symbol), the two RS sequences (Yn and Bn) are straightforwardly mapped on every six (6) sub-carriers, and with an offset of three (3) sub-carriers from each sequence. In the fifth symbol of the sub-frame (second RS symbol), the two RS sequences (Gn and Pn) are also mapped in the same manner of the first symbol. The total of four RS sequences are contained in the sub-frame. The overhead of the RS is approximate 10 percent. The advantages of the proposed structure are described in the following sections.
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Figure 6 Reference Signal Structure of Short CP Format (two or four antenna case)
4.1 Support of Multi-antenna
The proposed structure flexibly supports the multi-antenna configurations for single, two and four antennas as shown in Table 1. In case of a single transmit antenna, the antenna uses a pair of the RS sequences on the staggered sub-carriers (Yn and Pn)

In case of two antennas, each antenna uses a pair of the two RS sequences on the staggered sub-carriers. The proposed design can handle the case where the 2nd RS is optional or the case where the 2nd RS is mandatory.  Even if the 2nd RS symbol is not transmitted, the proposed structure gives good performance because each RS sequence is complete within the 1st RS symbol.
In case of four antennas, each antenna uses a RS sequence, which is full-length and gives good cross-correlation property. The 2nd RS symbol must always be transmitted in the case of four antennas. The overhead is same as the case of two antennas.
Table 2 Sequence assignments for multi-antenna configurations

	Configuration
	Antenna ID
	GCL sequence

	
	
	1st RS
	2nd RS

	
	
	Yn
	Bn
	Gn
	Pn

	Single
	1
	X
	–
	–
	O

	2
	1
	X
	–
	–
	O

	
	2
	–
	X
	O
	–

	4
	1
	X
	–
	–
	–

	
	2
	–
	X
	–
	–

	
	3
	–
	–
	X
	–

	
	4
	–
	–
	–
	X


X: used

– : not used
O: optionally used

4.2 Support of Micro-sleep

To save battery life, micro-sleep operation was proposed by some companies[5]. In the micro-sleep mode, UE is only awake at OFDM symbols containing the 1st RS symbol and the layer 1 signaling control channel. Therefore the 2nd RS symbol cannot be received in the mode. The proposed structure works fine even when the 2nd RS symbol is not present (regardless of “not transmitted by BTS” of “not received by UE”) because each sequence are complete within the 1st RS. The four antenna configuration is not supported in this mode.
5 Group Scrambling

Group scrambling defines a group of cells belonging to the same Node-B, or a larger group of Node-Bs such as a cluster of adjacent cells. The RS sequences of each cell in the group are scrambled with a group scrambling code. The RS sequences of cells belonging a different group are scrambled with a different group scrambling code. Our proposed scheme offers a large number of cell IDs and flexible cell design. For example, the following grouping scenarios are possible with the proposed scheme.

4. The number of cells in a group is up to the number of GCL sequence indices

This is a balanced scenario to keep good cross-correlation property within the group and offer a larger number of cell IDs than can be provided without group scrambling.

5. One group consists of single cell

This scenario (group scrambling code -> GCL sequence index) is similar to WCDMA system (code group -> scrambling code).  In this scenario, the sequences essentially become random sequences and have the same cross-correlation and performance as random sequences. While this scenario is not preferred, it shows that the proposed group-scrambling concept gives an operator complete flexibility to decide whether they want to take advantage of the GCL properties (and perform some group planning), or simply avoid all planning and get the random sequence properties.

6. One group in the entire system (no scrambling)

This is an aggressive scenario to utilize the cross-correlation benefits of GCL maximally. In a wider bandwidth system, the GCL sequence offers enough number of cell IDs without group scrambling. However, in narrower bandwidth system such as 1.25MHz, group scrambling (as described in scenario 1) may be needed.
6 Conclusions

Reference signal using GCL sequence designed based on the assumptions [4] was proposed. It is expected that the designed RS provides improved channel estimation and CQI measurement at low CIR. Moreover, the designed RS flexibly supports the multi-antenna up to four and the micro-sleep mode. The designed RS offers a large number of cell IDs and flexible cell design by combining with the group scrambling.
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