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1. Introduction
Uplink reference signal can have two categories according to their purposes; one is for channel quality measurement for uplink scheduling (CQ reference signal) and the other is for channel estimation for data demodulation (DM reference signal)[1]. Until now, there has been a lot of discussion on the various aspects of reference signal multiplexing. They are largely classified as follows;

(1) How to multiplex DM reference signals from multiple UEs?

(2) How to multiplex DM reference signals and CQ reference signals?

(3) How to multiplex CQ reference signals from multiple UEs?

(4) How to multiplex DM reference signals in case of MIMO?

(5) How to multiplex DM reference signals in case of virtual MIMO?

However, discussion up to now has been based on the assumption that TTI length is 0.5ms and resource block size is 25 subcarriers. Therefore, it is necessary to reflect the recent decision on the numerology. In this contribution, LGE’s views on several aspects of reference signal multiplexing in LTE uplink are presented, reflecting the recent decision on numerology.
2. Uplink reference signal multiplexing
During the last RAN1 meeting, several agreements were reached on various aspects that could affect the discussion for reference signal design in uplink. They are summarized as follows [2];
(1) TTI length should be 1ms and resource block size should be unit of 12 subcarriers in 0.5ms subframe.

(2) CAZAC sequence should be used as reference signal sequence.

(3) Frequency domain scheduling is supported for the UL
(4) CQ reference signal (distributed sounding RS) should be supported for frequency domain scheduling in UL
These agreements should be reflected when designing multiplexing mechanism for reference signal. Also, there are several aspects that need to be decided before one can come up with the complete design for uplink reference signal. One of them is discussion on uplink data transmission mode, whether both L-FDMA and D-FDAM are supported or only L-FDMA is supported for uplink data transmission. A lot of proposals have been submitted, proposing to utilize only L-FDMA for uplink data transmission even though there are still some proponents advocating D-FDMA for uplink data transmission[3][4][5][6]. If L-FDMA is agreed as data transmission mode for uplink, DM reference signal can also be transmitted in L-FDMA manner within the same region as data transmission. In this case, it is not necessary to deliberate on the orthogonality constraint among UEs within the same cell, making the design for DM reference signal somewhat simpler. Among adjacent cells, different CAZAC sequences can be allocated for each cell by means of cell planning and/or sequence hopping so that one can reduce the interference from the other cells utilizing good cross correlation property of CAZAC sequences [7][8]. Since the number of available CAZAC sequences is function of sequence length, it is necessary to take somewhat special consideration on the minimum RB allocation [9]. The question is how many sequences should be supported for cell planning. Due to the recent agreement on RB size of 12 subcarriers, only 5 different CAZAC sequences are available if one assumes localized uplink data transmission within two RBs or one RB (12 subcarriers over 12 long blocks in 1ms or 12 subcarriers over 6 long blocks in 0.5ms) and localized DM reference signal transmission confined within the same region as localized data transmission. The question is whether one can live with 5 different CAZAC sequences. If one could manage to operate with this small number of sequences, simple L-FDMA could be a solution for DM reference signal multiplexing. However, if sequence number larger than 5 is to be supported, somewhat special treatment is necessary to secure large number of CAZAC sequences. In [8], it was proposed DM reference signal could be allowed to be wider than resource allocation for data. In this case, reference signal multiplexing may be necessary among multiple UEs sharing the wider reference signal bandwidth. 

Reflecting the above discussion and recent agreements, various multiplexing schemes could be devised for uplink reference signal.
2.1 General design strategies for reference signal structure reflecting the decision on TTI length
Within 1ms TTI, there are four short blocks available for reference signal. Before deciding how to share these short blocks between CQ reference signal and DM reference signal, it should be decided whether resource allocation in unit of 1 RB (in unit of 0.5ms) is to be supported. Figure 1 shows general structure how to multiplex DM reference signal and CQ reference signal in 1ms TTI, assuming that resource allocation is only possible in unit of 1ms. 
As shown in Figure 1, one short block (SB2 in this figure) is reserved in order to support CQ reference signals for multiple UEs. The exact location where CQ reference signal should be located is FFS. The multiplexing of CQ reference signals from multiple UEs can be done either in FDM or CDM. But it is preferable to utilize CDM since it provides larger number of CAZAC sequences than FDM. On top of CDM within one TTI, TDM can be supported at TTI level in order to support larger number of UEs as proposed in [10] without significant loss in sector throughput. The remaining 3 short blocks are utilized for DM reference signal. The DM reference signal is transmitted in L-FDMA within the same region as data. 
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Figure 1. General structure of reference signal in uplink assuming RB allocation only in unit of 1ms

If RB allocation in unit of 0.5ms is to be supported, reference signal structure shown in Figure 2 can be used.
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Figure 2. General structure of reference signal in uplink assuming RB allocation in unit of 0.5ms
As shown in Figure 2, two alternative structures can be considered. For convenience’ sake, only the parts of short blocks are illustrated in the figure.

Figure 2(a) shows CQ reference signal is still taking one separate short block (SB2 in this figure) and hence DM reference signal for UE located in the upper part (yellow box with diagonal line) should be multiplexed together with that for UE located in the lower part (light green box with diagonal line). The multiplexing of reference signals from these two UEs can be done in FDM or CDM. But CDM is a preferred in terms of the available number of reference signal sequences. This method has a demerit of imbalance in the position of reference signals within 1ms. In other words, reference signal position in Figure 2(a) works adversely to the UE located in the upper part, compared to the UE located in the lower part. In order to solve this imbalance problem, reference signal can be allocated as given in Figure 2(b). As shown in this figure, CQ reference signals and DM reference signal are multiplexed within the same short block in distributed FDM manner. In this case, reference signal multiplexing cannot help resorting to distributed FDMA since the bandwidth of two reference signals will be different with each other. In order to make balance between two subframes, SB2 and SB4 are used for both CQ reference signals and DM reference signal. Using this scheme, all the UEs can be treated fairly regardless of allocated position. However, the length of DM reference signal is cut in half owing to the utilization of distributed FDMA, resulting in the reduced availability of CAZAC sequences. 
Among these two schemes, our slight preference is on the latter scheme since it will provide balanced reference signal allocation.
2.2 Design for DM reference signal reflecting the decision in resource block size
The remaining issue to be considered for reference signal multiplexing is how many difference CAZAC sequence should be supported for cell planning. This discussion should take the minimum resource block size for data transmission into account since the number of available CAZAC sequence is function of sequence length and hence function of resource block size. Three different options can be considered
(a) Only L-FDMA is supported for reference signal regardless of size of RB allocation for data
In this option, DM reference signal transmission is done only by pure L-FDMA within the same frequency region as data transmission even for the minimum resource block allocation of 12 subcarriers. In this case, the number of different CAZAC sequence is only 5 for the minimum resource block size. Therefore, large other cell interference on reference signal is inevitable even with very strict cell planning due to the limited sequence number. However, if possibility of resource allocation in unit of 0.5ms subframe can be excluded, this option may be considered as one alternative since the harmful effects of the other cell interference can be compensated by utilization of 3 short blocks for DM reference signal. But, it is very questionable if one can utilize this option also for the case of resource allocation in unit of 0.5ms.
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Figure 3. Pure L-FDMA for reference signal regardless of size of RB allocation for data
(b) DM reference signal is allowed to be potentially wider than resource allocation: uplink data transmission from multiple UEs can be multiplexed in L-FDMA within the DM reference signal bandwidth
In this option, span of DM reference signal is devised to be wider than or at least be equivalent to a certain predefined minimum resource block allocation in order to allow longer sequence length and therefore have more reference signal sequences for cell planning. The minimum resource block allocation for reference signal should be determined by reflecting upon the requirement on the number of reference signal sequences for cell planning. For example, if the required number of reference signal sequence is at least 20, then minimum resource block allocation for DM reference signal is 4 RB (48 subcarriers in long block) since one can get 23 different sequences with 4 RB allocations. Therefore, even though RB allocation for data is less than 4 RB, DM reference signal should span as long as 4 RB allocations. Since RB allocation for DM reference signal is wider than actual data transmission, it is possible to accommodate multiple UEs whose data allocation is less than 4 RB within DM reference signal bandwidth. In this option, data multiplexing between multiple UEs within this bandwidth is done in L-FDMA. Figure 4 shows illustrative example of this option assuming resource allocation in unit of 1ms. Nevertheless it is not explicitly illustrated in figure, the same logic and discussion in 2.1 can be applied here again for resource allocation in unit of 0.5ms.
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Figure 4. Minimum resource block allocation for DM reference signal is 4 RBs and L-FDMA multiplexing of UEs within DM reference signal bandwidth
If data is allocated with resource block larger than the minimum resource block for reference signal, DM reference signal can be transmitted by means of L-FDMA within the same region as data transmission as usual.

(c) DM reference signal is allowed to be potentially wider than resource allocation: uplink data transmission from multiple UEs can be multiplexed in D-FDMA within the DM reference signal bandwidth

This option is equivalent to the previous option, except for the fact that multiplexing of UE data within DM reference signal bandwidth is done by D-FDMA rather than L-FDMA. Given that DM reference signal should be transmitted over wide bandwidth anyhow, there is no reason to confine data transmission within localized region, giving up the free lunch of additional frequency diversity. Therefore, this option seems to be reasonable choice. However, it should be noted that D-FDMA is allowed only when the allocated resource blocks for data transmission are smaller than the minimum resource block allocation for DM reference signal. If data is allocated with resource block larger than the minimum resource block for reference signal, L-FDMA should be used both for data and DM reference signal transmission. Figure 5 is an illustrative example that explains this option assuming resource allocation in unit of 1ms. Nevertheless it is not explicitly illustrated, the same logic and discussion in 2.1 can be applied here again for resource allocation in unit of 0.5ms. One possible drawback of this option is that there is some restriction in allocating resource blocks for UEs multiplexed together within DM reference signal bandwidth. For example, if minimum allocation is 4 RB, Allocation of 3 RB for data traffic is not possible because it cannot be multiplexed with the other RB allocations within the bandwidth. 

[image: image5.emf]Frequency

T

i

m

e

LB for data transmission

SB for CQ pilot transmission

1

 

T

T

I

SB for DM pilot transmission

...

...

...

1RB

Region A Region B


Figure 5. Minimum resource block allocation for DM reference signal is 4 RBs and D-FDMA multiplexing of UEs within DM reference signal bandwidth
In order to evaluate the performance of three options, some link level simulations have been performed. The simulation parameters and configurations are summarized in Table 1. Two types of resource block allocations have been simulated. One is uplink data transmission with 12 subcarriers over 12 long blocks (1ms) and the other is with 24 subcarriers over 12 long blocks. The results are summarized in Figure 6. As shown in Figure 6, option 1 (pure L-FDMA) and option 3 (D-FDMA) performs similarly with each other. These results conform to the findings in [6]. Compared to option 2 (L-FDMA within larger reference signal bandwidth), option 3 performs better especially in case of 12 subcarrier resource allocation due to the frequency diversity effect. It may be argued option 2 would perform comparably to option 3 if frequency domain scheduling is taken into account so that best resource can be allocated for localized data transmission at every TTI. This argument may be persuasive to some extent and is worthy of further investigation through system level simulation. However, it is quite doubtful whether Node B can perform appropriate frequency domain scheduling over such a narrow bandwidth since the channel quality estimation for such a narrow bandwidth may not be accurate enough for precise frequency domain scheduling.
Table 1. Simulation parameters and configurations
	Parameters
	Value

	Number of simulation
	80,000 TTIs

	Bandwidth
	5MHz

	Modulation & Channel coding
	QPSK (Turbo R=1/3), for intial Tx

	Amount of resource used in data 
	12,  24 subcarriers over 12 long blocks

	TB Size
	96 (12 subcarriers, QPSK) 192 (24 subcarriers, QPSK)

	Channel model
	TU

	UE speed (km/h)
	3km/h

	Channel estimation
	Freq. domain: Iterative DFT based interpolation

Time domain: Averaging 3 short blocks in 1ms

	Number of antennas
	Tx 1, Rx 2 (MMSE receiver)

	HARQ method
	Chase combining

	Maximum number of HARQ retransmissions
	4

	HARQ transmission interval
	6 TTIs
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(a) 12 subcarrier allocation during 1ms, QPSK, R=1/3
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(a) 24 subcarrier allocation during 1ms, QPSK, R=1/3

Figure 6. BLER performance of 3 options for DM reference signal multiplexing
3. Conclusions

In this paper, we discussed reference signal transmission methods in Evolved UTRA uplink, reflecting the recent decision on numerology.
Followings are the summary of discussion.

(1) If RB can be allocated only in unit of 1ms, 3 SBs are used to transmit DM reference signal for one UE. One SB will be dedicated for CQ reference signal transmission from multiple UEs. Multiplexing of CQ reference signal from multiple UEs can be done in CDM. The exact position of CQ reference signal is FFS.

(2) If RB can be allocated in unit of 0.5ms, one SB within each 0.5ms is shared by CQ reference signal and DM reference signal. The multiplexing of CQ reference signal and DM reference signal is done in D-FDMA so that CQ reference signal and DM reference signal occupy every other subcarrier in frequency domain. The multiplexing of CQ reference signals from multiple UEs is done in CDM. The other SB within each 0.5ms is dedicated for DM reference signal transmission.
(3) Minimum RB allocation for DM reference signal should be defined. Therefore, if RB allocation for data is less than this minimum, DM reference signal shall be transmitted over wider bandwidth than necessary. In this case, uplink data transmission is distributed over wider DM reference signal bandwidth for better frequency diversity. However, if RB allocation for data is larger than or equal to this minimum, both uplink data and its corresponding DM reference signal are transmitted in L-FDMA.
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