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1. Introduction

The remaining issues of the uplink reference signal (RS) design for demodulation are detailed RS structure for demodulation and RS sequence allocation. 
This document discusses the uplink RS structure for demodulation and RS allocation among adjacent cells to mitigate inter-RS sequence interference in case of narrow band data transmission, i.e. one or few RBs. We assume the sub-frame structure consists of only long blocks which is our preference in this document. 

2. Reference signal sequence structure

2.1. RS structure candidates
The followings are uplink RS structure candidates have been proposed in the RAN1 meeting and e-mail discussion. The candidates in case of one RB are shown in Figure 1. 
Option A: ZC sequence with sequence length equal to the number of sub-carriers [11] 
Option B: Frequency shifted ZC sequence with prime number sequence length (7.5kHz shift) [10] 
· Sequence length is the minimum prime number greater than the number of subcarriers
Option C: Truncation of ZC sequence in frequency domain [8] 
· Sequence length is the minimum prime number greater than the number of subcarriers
Option D: Repetition of ZC sequence in frequency domain 
· Sequence length is the maximum prime number smaller than the number of subcarriers
Note that, regarding option C and D, the repetition or the truncation can also be performed in time domain. However, the spectrum of the reference signals generated by time domain truncation or repetition is not flat and it causes significant channel estimation error. Therefore, we eliminated them from the candidates.
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Figure 1 Candidates of uplink reference signal structure (in case of 1 RB). 
In the following sections, we compare the above candidates from three following perspectives;

- The number of different root ZC sequences
- Raw CM property
- Block error rate performance
2.2. Comparison

Number of different root ZC sequences

The number of different root ZC sequences of each candidate in case of one RB is shown in Table 1.
ZC sequence length of Option A is 12 which is not prime number, so the number of available root ZC sequence is only 4. This number is too small and it makes severer interference form different eNodeB allocated the same root ZC sequences and complicated cell planning.
Meanwhile, ZC sequence length N of Option B, C and D is prime number. Therefore, N-1 different root ZC sequences are available.  Although their number still seems to be small, these increased sequences can much alleviate complexity of the cell planning and interference compared with Option A.
Table 1 Number of the available root ZC sequence (in case of one1 RB).
	
	Option A
(length of RB)
	Option B
(freq. shift)
	Option C
(truncation)
	Option D (repetition)

	ZC sequence length
	12
	11
	13
	11

	Number of root ZC sequence 
	4 

(index: 1,5,7,11)
	10 

(index: 1,…,10)
	12 
(index: 1,…,12)
	10 

(index: 1,…,10)


Cubic Metric comparison

Smaller bandwidth such as one or few RBs is used not only for small size packets (e.g. VoIP) but also the data transmission for UEs located on cell boundary in larger cell (i.e. transmission power limited condition). Therefore, good Cubic Metric (CM) property is important to select a RS sequence structure
Raw CM of each candidate is shown in Table 2 and Figure 2. The raw CM is much different from each other and depending on the sequence index of ZC sequences; therefore, the worst case of raw CM is shown in Table 2. 

From the results, Option D always achieves the best raw CM property compared with the other candidates, and Option C is always the worst raw CM property in case of narrow band transmission.
Table 2 Raw CM and PAPR of each candidate RS structure in 1RB (worst case).
	
	# of RB
	Option A

(length of RB)
	Option B

(freq. shift)
	Option C 

(truncation)
	Option D

(repetition)

	Raw CM 
	1RB
	5.20 dB
	4.55 dB
	5.20 dB
	3.86 dB

	
	2RB
	4.63 dB
	5.08 dB
	5.17 dB
	4.66 dB

	
	3RB
	4.48 dB
	5.22 dB
	5.25 dB
	3.60 dB

	
	6RB
	5.18 dB
	5.19 dB
	5.31 dB 
	5.02 dB 
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(a) 1RB (180kHz)                                              (b) 2RBs (360kHz)
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(c) 3RBs (540kHz)                                              (d) 6RBs (1.08MHz)

Figure 2 Raw CM of each candidate RS structures.
BLER performance

Evaluation results of BLER performance in case of 1 RB (180kHz) and 6 RBs (1.08MHz) under AWGN channel and TU 6-path channel of each candidate are shown in Figure 3 and Figure 4, where we use QPSK R=1/2, 16QAM R=1/2. The other simulation condition is shown in Table 3.
In QPSK evaluation, all candidates achieve almost the same BLER performance. The performance differences at 10% BLER are negligible.

In 16QAM case, the performance degradation of the frequency shifted ZC sequence (Option B) is very large under TU channel. The difference would not be negligible. The interpolation between sub-carriers of reference signals would make larger channel estimation error. The frequency domain repetition (Option D) also shows BLER performance degradation. However, this degradation is very small and it can be negligible.
Table 3 Simulation condition.

	Parameter
	Value

	System bandwidth
	5 MHz

	Sub-frame structure
	Long block sub-frame (with short CP)

	Interpolation
	Linear interpolation between two LB RS

	Equalization
	MMSE

	Intra-TTI hopping
	No hopping
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Figure 3 BLER performance (QPSK, R=1/2).
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(a) AWGN channel                                                    (b) TU 6-path channel (30km/h)
Figure 4 BLER performance (16QAM, R=1/2).
2.3. Discussion
The above comparison and discussion are summarized in Table 3
Table 4 Summary of comparison on uplink RS structure.
	
	Option A
(length of RB)
	Option B
(freq. shifted)
	Option C
(truncation)
	Option D
(repetition)

	# of root ZC
	Bad (4)
	Fair (10)
	Good (12)
	Fair (10)

	CM/PAPR
	Fair
	Fair
	Bad
	Good

	BLER performance
	Good
	Bad
	Good
	Good


· Option A: ZC sequence with sequence length equal to the number of sub-carriers

This option achieves good BLER performance and fair raw CM property, However this does not provide enough number of available root Zadoff-Chu sequences.  In addition, the cross correlation among root ZC sequences are not optimal due to the sequence length is not prime number.
· Option B: Frequency shifted ZC sequence

This option provides moderate number of root ZC sequences and the better raw CM property in case of one RB. However, the BLER performance is the worst among four, and the degradation would not be negligible.
In addition, assuming 3 RBs allocation, the ZC sequence length becomes 31 corresponding to 36 data sub-carriers, i.e. 5 sub-carriers has to be transmitted as null carrier. Therefore, other candidates are necessary in such case anyway.
· Option C: Truncation of ZC sequence in frequency domain 
This option provides the largest number of different ZC sequences and achieves better BLER performance. However, the raw CM property is the worst among four. Accordingly, BLER performance with accounting CM becomes worse. 
· Option D: Repetition of ZC sequence in frequency domain
This option provides moderate number of root ZC sequences and achieves good BLER performance. Furthermore, the lowest raw CM property can be achieved.  Therefore, there is some possibility to expand the coverage. 
Proposal
From the comparison, we propose

· Repetition of the ZC sequence in frequency domain should be applied for uplink RS for demodulation.
3. Orthogonal sequence allocation
For non-MIMO case

As discussed on downlink reference signal in Tallinn, Mutually orthogonal RS sequences allocation for uplink should not be limited to one cell, should be allowed to allocate cells which synchronizes frame timing, i.e. cells of the same eNodeB [8] .

In the uplink reference signal discussion in RAN1 so far, the number of available orthogonal sequence, i.e. cyclic-shift sequences of the same ZC sequence, is up to 6.  If we apply pure LB sub-frame structure, the number of cyclic-shift sequences of the same root ZC sequence would be up to 12.  Since it has been agreed that the transmission bandwidth of the reference signal for demodulation is the same bandwidth as the uplink data transmission,  the maximum number of UEs to be multiplexed is one in case of non-MIMO [3] 

 REF _Ref149959750 \n \h 
[6] . Therefore, the remaining cyclic-shift sequences can be shared among cells associated with the same eNodeB as illustrated in Figure 5, because frame synchronization is established among the cells.  If the number of sectors is more than the number of available cyclic-shift sequences, the cyclic-shift sequences can be re-used to different cells of the same eNodeB. 
In this allocation, the number of root ZC sequences is not increased, however, the distance between the cells allocated the same ZC sequences is increased. As a result, inter-cell interference of RS can be mitigated.
In addition, when allocating multiple cyclic-shift sequences to one cell, allocating cyclic-shift sequences which are not consecutive profile detection window would be preferable as shown in Figure 6. It would help to reduce channel estimation error when multipath delay exceeds cyclic-shift duration. 
For MU/SU-MIMO case

If multi-user MIMO or single user MIMO is applied, more number of orthogonal RS has to be allocated to the same RB. In this case, the combination of ZC sequence and block-wise orthogonal sequences, i.e. Hadamard code, can be applied for 2 consecutive LBs within a TTI as additional orthogonal sequences [1] 

 REF _Ref149959720 \n \h 
[3] 

 REF _Ref149959942 \n \h 
[5] 

 REF _Ref149959750 \n \h 
[6] .

This approach can increase the number of orthogonal code with simple implementation as discussed in [6] . Meanwhile, the orthogonality among different Hadamard codes is restricted to the Doppler spread of the channel.  According to [5] , the mobility range to keep best orthogonality is 0 - 50km/h.  

MU-MIMO and SU-MIMO may be applied for low mobility UEs which are allocated uplink RBs based on estimated channel quality prior data transmission with frequency channel dependent scheduling. Therefore, we believe the orthogonal RS sequence composed of ZC sequence and block-wise Handmaid code can work well in the most of case for MU/SU-MIMO transmission.
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Figure 5 Cyclic-shift sequence allocation among cells of the same eNodeB (in case of cell reuse: 9)
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Figure 6  Cyclic-shift sequence allocation with large shift duration in a cell (6 cyclic-shift sequences)
Proposal

· Cyclic-shift sequences of the same root Zadoff-Chu sequence should be allowed to be shared among the cells of the same eNodeB, especially for narrow band RB and RS transmission 
· Block-wise Hadamard code can be used as additional orthogonal sequences within a cell for MU/SU-MIMO transmission.
4. Conclusion
In this document, we discuss the uplink RS structure for demodulation and RS allocation among adjacent cells to mitigate inter-RS sequence interference in case of narrow band data transmission, i.e. 1 or few RBs.
From the discussion, we propose 
RS sequence structure

· Repetition of the ZC sequence in frequency domain should be applied for uplink RS for demodulation.
RS sequence allocation

· Cyclic-shift sequences of the same root Zadoff-Chu sequence should be allowed to be shared among the cells of the same eNodeB, especially for narrow band RB and RS transmission 
· Block-wise Hadamard code can be used as additional orthogonal sequences within a cell for MU/SU-MIMO transmission.
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