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1. Introduction

This paper discusses about uplink reference signal transmission for scheduled uplink. In the RAN1 meeting #46 held in Tallin, some working assumptions related to the UL reference signals were agreed. First of all, it was decided that the uplink reference signals (RS) are based on conventional Zadoff-Chu (ZC) sequences. At the same meeting it was decided that the TTI length is 1 ms and the size of one physical resource block (PRB) is 12 sub-carriers (180 kHz). 
The size of the physical resource block impacts also on the reference signal design. As discussed, e.g., in [2]-[4], the number of CAZAC sequences depends on the length of the sequence. The number of CAZAC sequences is the number of integers relatively prime to the sequence length. Assuming that the uplink resource allocation consists of only one PRB, the length of a short block (SB) in an uplink sub-frame is only 6 symbols. This means that the number of CAZAC sequences with SB of one PRB equals to only two. 
In order to minimize the interference of reference signals from other cells, different CAZAC sequences should be used in different cells. As discussed in [2]-[4], when the number of CAZAC sequences is small, the re-use planning of the sequences becomes very difficult.
To increase the number of CAZAC sequences, transmission of inband RS on a bandwidth wider than the one of data channel has been discussed in  [3],[4]. In this paper, we consider transmission of RS on a bandwidth narrower than the one of data channel, which increases the number of CAZAC sequences and, thus, alleviates the re-use planning of the sequences without a need to change the sub-frame format. The outline of this paper is as follows: the proposed RS modification increasing the number of CAZAC sequences is presented in Section 2, the reference signal designs are compared Section 3, and a brief summary is given in Section 4. 
2. Reference Signal Design
In this section, we propose a modification to the reference signal design yielding an increased number of RS sequences. The length of RS sequences is discussed first in Section 2.1 and the mapping of the proposed RS sequences to the sub-carriers is discussed in Section 2.2. 
2.1 Length of Reference Signal Sequences

As said, the number of Zadoff-Chu sequences is the number of integers relatively prime to the sequence length. In other words, the number of ZC sequences depends not only on the length of the sequence but also on the number and magnitude of its prime factors. When the length of ZC sequence is equal to the number of sub-carriers available in SB, denoted with N, it will be a multiple of 6 and has 2 and 3 as its prime factors. Since these factors are small, there exists only a small number of ZC sequences of that length. 
Each ZC sequence provides several RS sequences with the usage of cyclic shifts. The different cyclic shifts are almost completely orthogonal if the length of cyclic shift is larger than delay spread of radio channel. For example, with an assumption of 5 us delay spread in the radio channel 6 orthogonal cyclic shifts inside one short block (SB) can be used. 
The number of sequences as well as orthogonal cyclic shifts with the 5 us delay spread assumption are presented in Table 1 for UL resource allocations up to 6 PRBs.  It can be noted from the table that there are not enough RS sequences for the sequence re-use planning between cells. The shortage of the RS sequences is especially emphasized when UL resource allocations consist of only one or two PRBs.  
Even a small change on the length of ZC sequence can change the number and magnitude of its prime factors and, thus, the number of sequences. The use of sequences longer than N has been discussed in [3]-[5]. In this paper, we consider the use of ZC sequences of length N-1. With the PRB of 180 kHz, the prime factors of N-1 are relatively large and N-1 itself is a prime number in the most of the cases. As a result, the number of ZC sequences of length N-1 is significantly larger than the one of length N. This is readily seen from Table 1 which contains the number of ZC sequences also for length N-1. 
It should be noted that the number of RS sequences can be increased further by factor of 2 or 4 if the ZC sequences are combined with Hadamard codes, that is, with block-wise spreading over the SBs in the subframe as proposed in [6]. Hence, it is proposed that ZC sequences of length N-1 with Hadamard block-wise spreading are considered to be used as RS sequences.  
Table 1. Number of reference signal sequences of length N and N-1
	PRB
	N
	ZC sequences of length N
	ZC sequences of length N-1

	
	
	# of ZC sequences
	# of cyclic shifts
	# of RS sequences
	# of ZC sequences
	# of cyclic shifts
	# of RS sequences

	1
	6
	2
	6
	12
	4
	5
	20

	2
	12
	4
	6
	24
	10
	5
	50

	3
	18
	6
	6
	36
	16
	5
	80

	4
	24
	8
	6
	48
	22
	5
	110

	5
	30
	9
	6
	54
	28
	5
	140

	6
	36
	12
	6
	72
	24
	5
	120


2.2 Reference Signal Transmission

When the ZC sequence of N-1 symbols is transmitted over the duration of SB, the resulting signal bandwidth is narrower than the one of data channel. To prevent degradation in the channel estimation, it is proposed that the RS is placed symmetrically in frequency with respect to the data channel allocation. In other words, the SB sub-carriers are shifted half of SB sub-carrier spacing (15 kHz) with respect to the LB sub-carriers as illustrated in Figure 1.  If needed, the remaining space between the RS signals of different UEs may be used for the excess bandwidth induced by filtering of the SB burst. It should be noted that the proposed RS design does not require any modifications to the sub-frame format.


[image: image1]
Figure 1. Allocation of RS with respect to the data channel in frequency.
3. Comparison of Reference Signal Designs
The primary benefit of the proposed RS design is the increased number of RS sequences, especially when the ZC sequences are combined with blockwise Hadamard spreading discussed in [6].  The larger number of RS sequences alleviates the sequence re-use planning.
It is also shown that ZC sequences of length 5 have smaller cubic metric (CM) than ZC sequences of length 6. This can be seen in Figure 2, which presents the CM for ZC sequences of length 5 and 6. Different sequence indexes represents all the possible sequences of length 5 and 6 taking into account not only the different ZC sequences but also different cyclic shifts of the sequences. Results of Figure 2 show that CM for sequences of length 5 is about 0.4 dB smaller than the CM for sequences of length 6.


[image: image2]
Figure 2. Cubic metric for ZC codes of length 5 and 6.
In the proposed subcarrier mapping, the reference signal is placed symmetrically in the frequency on the UE resource allocation. This together with the small difference in the bandwidths of the data channel and reference signal prevents any noticeable channel estimation degradation on the edges of the data channel.  It should be noted that the channel estimation performance is degraded in the RS designs where the RS is transmitted with a considerably wider bandwidth than the data channel.   

There are no disadvantages on the proposed RS design. For example, the proposed RS design does not require any changes to the current numerology of the sub-frame format.
4. Summary

This paper discussed about the uplink reference signal transmission in E-UTRAN uplink. It is proposed that the inband reference signal (RS) sequences are shortened by one symbol. This modification increases the number of RS sequences, thus, facilitating the sequence re-use planning, especially with block-wise Hadamard spreading. The proposed modification improved also the cubic metric properties of the RS sequences for one PRB allocation. The RS sequences can be shortened by one symbol without any degradation on the properties of the reference signals when proposed sub-carrier mapping is used.
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