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1
Introduction
In RAN1#55bis, it was agreed that uplink non-contiguous resource assignment within a component carrier would be supported in LTE-Advanced:

· Non-contiguous data transmission with single DFT per component carrier (CL-DFT-S-OFDM)

· FFS: Resource allocation based on Rel-8 DL schemes (allocation type 0 and/or 1)

· FFS: At most one new DCI format for non-MIMO. 

In RAN1#60, it was agreed that frequency hopping is not supported simultaneously with non-contiguous PUSCH resource allocations. However, many other design aspects remain open. In this contribution, we investigate several design aspects of supporting non-contiguous UL resource allocation for PUSCH in LTE-A.
2
Discussion

2.1 Rel-8 Specification
In LTE Rel-8, only DCI format 0 is supported for UL resource allocation. This DCI format is tied with DCI format 1A in terms of the following:

· Both formats exist in all the seven downlink transmission modes

· Both formats exist in both the common search space and the UE-specific search space

· The two formats have the same size, and are distinguished by a one-bit differentiation flag.
The enforcement of the same size helps reducing the number of PDCCH blind decodes. Indeed, the number of DCI sizes on each downlink transmission modes is kept at 2, one of which is based on DCI formats 0/1A while the other one is:

· Common Search Space: DCI format 1C

· UE-specific Search Space: dependent on the specific downlink transmission mode. 

This is summarized below:

Table 1 Rel-8 DCI Formats Structure

	Search Space
	DL Tx Mode
	Size 1
	Size 2

	Common
	1 to 7
	1A/0
	1C

	UE-Specific
	1, 2, 7
	1A/0
	1

	
	3
	1A/0
	2A

	
	4
	1A/0
	2

	
	5
	1A/0
	1D

	
	6
	1A/0
	1B


This, along with the definition of the PDCCH decoding candidates, results in a manageable max number of blind PDCCH detection of 44:

· 2 * 16 (UE-specific max number of PDCCH decoding candidates) + 2 * 6 (Common PDCCH decoding candidates) = 44

In Rel-8, UL resource allocation ensures single-carrier waveform operation. In any given slot, the assigned UL resource allocation is always physically contiguous. Between slots and between H-ARQ re-transmissions, the assigned UL resource may hop. The number of bits required by UL resource block assignment is given by:
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It is worth noting that the minimum resource allocation unit is per RB.

2.2 UL Resource Allocation in LTE-A
Similar contributions on this topic are presented in [1]-[4]. Herein we provide our views on several design aspects of supporting clustered DFT-S-OFDM operation on UL.

2.2.1 Resource Allocation for Multi-Cluster and SU-MIMO

In LTE-A, along with the feature of multi-cluster resource assignments, UL SU-MIMO will also be supported. Therefore, in addition to addressing the resource allocation signaling of the multi-cluster UL resource allocation, the UL resource allocation design has to take into account SU-MIMO operation in the UL as well. These two aspects have to be jointly considered for a complete design. Therefore, we propose:
· Proposal 1: UL RA design has to jointly consider both multi-cluster assignments and SU-MIMO operation.
2.2.2 Support of Rel-8 UL Resource Allocation

Rel-8 DCI format 0 supports the following resource allocation schemes:

· Contiguous resource allocation with 1 RB granularity.

· Type-1 and type-2 PUSCH hopping with 1 RB granularity.

It is highly desirable that LTE-A UEs can still be assigned UL resources using the same Rel-8 mechanism. In other words, for LTE-A UEs, the supportable UL resource allocation schemes should include:
· Rel-8 resource allocation signaling (with and without hopping), and

· Multi-cluster/SU-MIMO resource allocation signaling
Multi-cluster signaling helps improve UL packing efficiency. However, it should be used as a supplemental means in addition to, as opposed to in place of, the Rel-8 RA signaling. This is motivated by the fact that it is still valuable to maintain the single-carrier waveform property, and it is desirable to maintain Rel-8 UL RA signaling compatibility. 
· Proposal 2: In addition to multi-cluster resource allocation,  eNB should be able to assign, in a given subframe, UL resources to LTE-A UEs using the same Rel-8 signaling approach

2.2.3 Number of Clusters

One issue in multi-cluster resource allocation is whether the number of clusters should be explicitly limited or not, in particular for simplified UL resource allocation design and potentially reduced UL overhead. Contribution [1] proposes no explicit limitation on the number of supportable clusters, while [2]-[4] assume supporting of up to 2 clusters only. Note that the number of clusters has impact on the following:

· UL CM

· UL scheduling efficiency

· UL resource allocation signaling complexity.
UL cubic metric (CM) analyses comparing SC-FDMA and clustered DFT-S-OFDM can be found in [5]. Generally speaking, the larger the number of clusters, the larger the impact on the UL CM. Multi-cluster resource allocation will have impact on the PDCCH signaling as well – unrestricted multi-cluster resource allocation may require larger amount of signaling overhead. From this perspective, it may be desirable to limit the number of clusters.
On the other hand, clustered DFT-S-OFDM offers enhanced UL scheduling efficiency and helps improve UL throughput. It was shown in [5] that under full-buffer traffic, UL bandwidth utilization can be increased from 93% for SC-FDMA to 99% for the multi-cluster operation (up to 4 clusters). In addition, 12.5% cell throughout increase and 17% cell edge UE throughput increase were also observed. It was also noted in [5] that roughly only 10% of the UEs were scheduled with 3 or more clusters.
It is obvious that the benefits of multi-cluster resource allocation depend on many factors, e.g., scheduling design, traffic types, etc. It is expected that multi-cluster resource allocation is beneficial especially for frequency-selective scheduling and mixed traffic types. UL resources may become fragmented due to frequency-selective scheduling and the existence of low rate PUSCH transmissions (due to traffic and/or channel limitations). It is thus necessary to support PUSCH transmissions with 3 or more clusters in order to enable more efficient UL resource utilization.
Based on the discussion, we propose:

· Proposal 3: Support 3 or more clusters.
2.2.4 Multi-Cluster Resource Allocation Signaling
In order to support multi-cluster UL resource assignments, new resource allocation signaling has to be supported, e.g., DL type 0/type 1-like resource allocation [1], even split of resource allocation bits for the two clusters (but maintain Rel-8 DCI format 0 like resource assignment per cluster) [2], and ‘n choose k’ based approach [3][4]. 

In order to minimize the number of bits for UL resource allocation signaling, contributions [1]-[4] discussed the applicability of the same RB group (RBG) concept for UL multi-cluster resource allocation as in the Rel-8 downlink type 0 and type 1 resource allocation schemes. This naturally brings the compromise between resource allocation granularity and the associated UL resource allocation overhead and complexity. However, as discussed in Section 2.2.2, the desirability of 1 RB granularity should at least be achievable via the original Rel-8 RA signaling.
The detailed UL resource allocation signaling should be tied with whether to limit the number of clusters or not, as in Section 2.2.3. It is also related to how the DCI structure would be designed, as detailed below. 

2.2.5 New DCI Formats Structure

The new resource allocation signaling will effectively result in a new DCI format. Regardless of how this DCI format will be designed, it is desirable that the number of blind PDCCH detections is kept the same as in Rel-8. Otherwise, the increased blind detection would result in additional UE complexity, and more importantly, increase the false alarm probability. Increased false alarm probability will cause negative performance impact especially due to unintended UL transmissions (ACK/NAK, PUSCH, etc.). Given that, we propose:

· Proposal 4: Strive for the support of multi-cluster UL resource allocation signaling without increasing the number of PDCCH blind decodes

There are two options of structuring the new DCI format(s) supporting the two UL features (multi-cluster resource allocation and SU-MIMO). One way is to design the new DCI format(s) primarily based on DCI format 0, and match it with the compact DCI format size in Rel-8 (DCI formats 0/1A). For convenience, let us denote the new UL DCI format as 0’. Note that one-bit is needed to differentiate 0 and 0’, if both are supported simultaneously. The differentiation of 0, 0’ and 1A can also be jointly coded, for which 2 bits would be necessary. Another option is to replace 0 by 0’ such that only 1A and 0’ are supported, for which the original 0/1A differentiator can be re-used to differentiate 1A and 0’. It is also possible to revise the size of DCI format 1A to match it with DCI format 0’, if the latter requires more bits due to multi-cluster resource allocation signaling.  Although the latter option makes sharing of DCI format 1A messages in the common search space between Rel-8/9 and Rel-10 UEs more difficult.  
Note that, as shown in Table 2, in order to support SU-MIMO, a 2A’ or 2’ can be designed for UL and matched with 2A or 2, respectively. Such tie would of course imply that the support of SU-MIMO in the DL and in the UL is bundled. 
Note that Alt 1 is more suitable for signaling limited number of clusters.  
Table 2 Rel-10 DCI Formats Structure, Alt 1

	Search Space
	DL Tx Mode
	Size 1
	Size 2

	Common
	1 to 7
	1A/0 + 0’
	1C

	UE-Specific
	1, 2, 7
	1A/0 + 0’
	1

	
	3
	1A/0 + 0’
	2A + 2A’

	
	4
	1A/0 + 0’
	2 + 2’

	
	5
	1A/0 + 0’
	1D

	
	6
	1A/0 + 0’
	1B


Another option is to leave DCI format 1A/0 untouched, but design the new DCI format based on the other DL transmission mode dependent DCI, as shown in Table 3. The UL format is introduced to match with DL DCI formats 1/1B/1D/2/2A, respectively. By doing so, the resource allocation signaling for UL assignments can be naturally made similar to that of DL type 0 and type 1 resource allocation signaling when DCI formats 1, 2, and 2A are applicable. For the cases when DCI formats 1B and 1D are applicable, it is possible not to introduce the multi-cluster UL signaling. Note that one bit is necessary to distinguish the newly introduced UL DCI format from the existing DL DCI format. Such bit can be either borrowed from one of the existing bits in the respective DCI formats, or newly introduced. The advantages of this option include:
· It accommodates both UL features (multi-cluster signaling and UL SU-MIMO)

· LTE-A UEs can be addressed by Rel-8 resource allocation signaling (DCI format 0) and multi-cluster signaling (new DCI format)

· The number of blind decodes is the same as in Rel-8

· The number of clusters, at least for the cases when DCI formats 1/2/2A are applicable, are NOT explicitly restricted.

Table 3 Rel-10 DCI Formats Structure, Alt 2

	Search Space
	DL Tx Mode
	Size 1
	Size 2

	Common
	1 to 7
	1A/0
	1C

	UE-Specific
	1, 2, 7
	1A/0
	1 + 1’

	
	3
	1A/0
	2A + 2A’

	
	4
	1A/0
	2 + 2’

	
	5
	1A/0
	1D + 1D’

	
	6
	1A/0
	1B + 1B’


3
Conclusions
In this contribution, we discussed a few design aspects of UL resource allocation for clustered DFT-S-OFDM operation in LTE-A. In particular, we propose that:

· UL resource allocation design has to consider both multi-cluster assignments and SU-MIMO operation jointly
· In addition to multi-cluster resource allocation,  eNB should be able to assign, in a given subframe, UL resources to LTE-A UEs using the same Rel-8 signaling approach 

· 3 or more clusters should be supported
· The support of multi-cluster UL resource allocation signaling should not increase the number of PDCCH blind decodes
Based on the above design considerations, two types of DCI format structures were discussed. The second alternative shown in Table 3 provides efficient support for PUSCH transmissions with 3 or more clusters and/or MIMO operations, while maintaining the same Rel-8 UL resource allocation capability and the same total number of PDCCH blind decodes.
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