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1 Introduction

Reference signal design is an important issue to fully exploit the potential benefit of the SC-FDMA system considered in the uplink of the E-UTRA. The reference signal is needed for uplink CQI estimation and coherent data demodulation. There has been on-going discussion on the uplink reference signal structure in RAN1 [4-10]. Pros and cons of CDM and FDM reference signal structures are summarized in [11]. Summary of requirements for reference signal is provided in [12]. Some of the problems with the CDM or FDM reference signals are as follows:

1. FDM suffers from pilot collision problem for cell edge users. CDM reference signal provides large number of sequences that can be allocated in adjacent cells.

2. CDM suffers from near-far problem and power control is required to compensate for the different propagation conditions. 

In RAN1#45, we have proposed to use FDM reference signal that uses CAZAC sequence with repetition [9]. This method is based on the assumption that data Resource Block size is 25 and the pilot sequence length is at least 12. However, in RAN1#46, changes have been made in the numerology to ensure that coverage requirements of uplink control channels are satisfied. As a result, current working assumption on the Resource Block size for data is 12, resulting in minimum pilot block size of 6. With these changes, it is difficult to generate sufficient number of sequences for use in adjacent cells. One needs to consider larger pilot block sizes, by either grouping users or by incorporating distributed CDM reference signal. 

We have considered various CDM and FDM reference signal options that are suitable for new numerology. The hybrid solution proposed by DoCoMo [10] is the most promising solution. We point out the advantages of using the hybrid reference signal structure, in consideration of power control and UL scheduling. Most importantly, the hybrid reference signal structure with proper grouping depending propagation loss, power control requirement for CDM pilot can be reduced. We propose modification of the hybrid approach for CQI and coherent demodulation pilots, to support localized data allocation as well as distributed data allocation. 

2 Reference Signal Structure

The frame structure is shown in Figure 1. Each TTI consists of 2 sub-frames of duration 0.5 msec. There are 2 Short Blocks (SB) in a sub-frame, in which case 4 SBs are available in a TTI. Current assumption is that reference signal is transmitted in the SBs, and scheduled data is transmitted in the LBs.  
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Figure 1: Frame structure.
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Figure 2: Co-channel interference mitigation characteristic of the Zadoff-Chu sequence.

2.1 Reference Signal Generation

The Zadoff-Chu sequence was chosen as the reference signal because of unit magnitude property for equal channel sounding, optimal cyclic auto-correlation property, and low, constant cyclic cross-correlation property. The constant, low cyclic cross-correlation property is used for co-channel interference mitigation in case of pilot collision. Figure 2 shows the co-channel interference mitigation characteristic of the Zadoff-Chu sequence for sequence lengths ranging from 3 to 151. The full-length sequence has the capability to suppress the interference by up to 21.8 dB. Although the shorter sequence does not have these very low cross correlation values, we observe that most of the gain is obtained with shorter sequences.

A Zadoff-Chu sequence 
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(Eq.  1)

Using a length P sequence as the constituent sequence, we generate a longer sequence by block repetition. The transmitter structure for reference signal is shown in Figure 3. Block repetition by a factor of S results in a length (S x P) sequence. The sequence is DFT-precoded to generate the frequency-domain reference signal. The signal is mapped to appropriate sub-carriers by sub-carrier mapping block. For a user with localized data transmission, either localized or distributed reference signal may be used.  For distributed data transmission, distributed mapping is used. The resulting sequence is converted to time-domain signal by an N-point IFFT. After parallel-to-serial conversion, cyclic prefix (CP) is added before transmission. 
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Figure 3: Transmitter structure for the hybrid CDM/FDM reference signal. (P=length of the constituent sequence, S=repetition factor.)

2.2 CQI Reference Signal

CQI reference signal is transmitted over the entire bandwidth. Figure 4 shows the hybrid reference signal structure for a 5 MHz allocation. The number of occupied sub-carriers in a SB is 150. For example, length 73 sequence with repetition of S=2 can be used as CQI pilot. The number of orthogonal Zadoff-Chu sequences is
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(Eq.  2) 

By using FDM with S=2, total number of orthogonal sequences in a SB is 6, which is identical to CDM or distributed FDM reference signals. The number of sequences that can be allocated to adjacent cells is 72. With the repetition factor of S=4, the sequence length is reduced to 37. The number of orthogonal Zadoff-Chu sequences is
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(Eq.  3)
Total number of sequences is 2 (CDM) x 4 (FDM) = 8. 

Table 1 shows the comparison of number of sequences for various reference signal choices. In general, the number of sequences in a TTI for in-cell users is similar, except for the hybrid structure with S=4. The number of sequences for adjacent cells is reduced as the repetition factor increases.
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Figure 4: Sequence structure for the hybrid CDM/FDM reference signal for 5 MHz bandwidth allocation. (P=length of the constituent sequence, S=repetition factor.)

Table 1: Number of sequences for CDM, FDM and hybrid reference signal structure for UL CQI (Bandwidth = 5MHz).

	
	CDM
	Distributed FDM
	Hybrid (S=2)
	Hybrid (S=4)

	Sequence Length (P)
	150

(Truncated Zadoff-Chu sequence of length 151)
	25

(Zadoff-Chu sequence of length 25)
	73
	37

	Number of sequences in a SB
	6
	6 (assuming 1 pilot tone every 6 tones)
	6 (3 by CDM x 2 by FDM)
	8 (2 by CDM x 4 by FDM)

	Number of sequences in a TTI
	24
	24
	24
	32

	Number of sequences for adjacent cell
	150
	22
	72
	36


2.3 Reference Signal for Distributed Data Allocation

Reference signal for distributed data allocation follows the same hybrid structure as the CQI reference signal. This reference signal is transmitted over the entire bandwidth.

2.4 Reference Signal for Localized Data Allocation

Distributed reference signal structure is used for localized data allocation. Users occupying adjacent Resource Blocks are grouped together for reference signal transmission. For example, in a group of 72 data sub-carriers, 6 users can be multiplexed by FDM. This corresponds to pilot block of 36 pilot sub-carriers. A hybrid pilot structure with S=3, with length 12 can be used. The advantages of using hybrid structure with distributed allocation has the following advantages: 

1. Scheduling for SC-FDMA: Consistent with the SC-FDMA scheduling restriction. In SC-FDMA, consecutive blocks are scheduled, by ‘bandwidth expansion’ mechanism. By allowing the scheduler to send reference signal for adjacent RBs, separate transmission of CQI pilot is not always needed for users with on-going data transmission.

2. Multiplexing of CQI and coherent demodulation pilot is easier, since both reference signals have distributed structure.

3. Frequency hopping may be used for control channels or low data-rate channels. Either intra-TTI or inter-TTI hopping is considered. Distributed reference signal bandwidth larger than the localized data allocation is beneficial for channel interpolation. 

3 Comparison of Reference Signal Allocation and Multiplexing

Table 2 shows the comparison of CDM, FDM and the hybrid reference signal structures.

3.1 RS Allocation for Adjacent Cells

Reference signal for adjacent cells can use sequence hopping to avoid continued pilot collision. In addition, the hybrid reference signal, group-wise frequency hopping can be used, to further decrease the probability of continued collision. For Hybrid approach with S=4, each group can alternate between 4 possible frequency combs.

3.2 Multiplexing CQI and Coherent Demodulation RS

Time-multiplexing of CQI and coherent demodulation reference signals has been considered.  One obvious solution is to use 2 SBs for coherent demodulation pilot and 2 SBs for CQI pilot. However, this places limits on the number of reference signals that can be sent simultaneously in a TTI. A more flexible multiplexing structure is required.

Problem 1: Dimensioning Issue
The fixed multiplexing scheme allows 120 CQI pilots in a 10 msec period. Considering the number of users in LTE ACTIVE state is 200 per cell in a 5 MHz bandwidth, the number of CQI pilots with fixed allocation is not sufficient. 

Solution: Hybrid approach allows coherent demodulation pilot to be used as CQI pilots, for users with on-going data transmission.

Problem 2: Multiplexing Issue

· For low-speed UEs, CQI pilot is needed for frequency domain scheduling. CQI reporting period may vary depending on UE velocity. 

· For high-speed UEs, frequency domain scheduling may not be effective, and CQI pilot may not be needed. Instead, spacing of coherent demodulation pilot needs to be reduced for proper channel interpolation.

Solution: Hybrid approach allows multiplexing of CQI and coherent demodulation pilots in the same block, by FDM. 

Problem 3: Frame Structure

It is possible that a different frame structure may be considered. The hybrid reference structure is flexible enough to be used for different sub-frame formats.

Table 2: Comparison of CDM, FDM and Hybrid reference signal (Bandwidth = 5MHz).
	
	CDM
	Distributed FDM
	Hybrid (S=2)
	Hybrid (S=4)

	Sequence Length
	150

(Truncated length-151 Zadoff-Chu sequence)
	25

(Zadoff-Chu sequence of length 25)
	73
	37

	Reuse distance
	150
	22
	72
	36

	Co-channel interference mitigation [dB]
	21.79
	13.98
	18.63
	15.68

	Other-cell RS allocation
	Sequence hopping
	Hopping 
	Combination of sequence hopping and group-wise frequency hopping
	Combination of sequence hopping and group-wise frequency hopping

	Near-far problem
	Severe 

(need power control individually)
	None
	Less severe

Power control per group
	Least severe
Power control per group

	Effect of Doppler 
	Worst
Lose orthogonality


	Better
(Performance of FDM pilot is slightly better than CDM pilot)
	Worse

Lose orthogonality
	Worse

Lose orthogonality


4 Summary and Conclusion

We have considered the reference signal structure in the UL of E-UTRA. We have compared the CDM, FDM and hybrid reference signal structures in terms of number of sequences, multiplexing schemes, and performance aspects. In conclusion, we propose the following:

· Use hybrid CDM/FDM reference signal as the reference signal in the UL

· Use distributed reference signal for CQI and coherent demodulation, for both localized and distributed data allocation.

· Use sequence hopping and group-wise frequency hopping to avoid recurring pilot collision

· Allow flexibility in multiplexing of CQI and coherent demodulation reference signals. With the hybrid approach, TDM and FDM of two types of reference signals are possible.
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� The first term denotes the original Zadoff-Chu sequence and the second term denotes the number of Zadoff-Chu sequences obtained by the cyclic shift operation.
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