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1 Introduction

During the RAN1#55bis meeting, non-contiguous data transmission with a single DFT per component carrier (clustered DFT-S-OFDM) was agreed. The PUSCH resource allocation has to handle multiple clusters but also SU-MIMO, as already discussed in [1]-[18]. Some of these contributions have been discussed in the RAN1#60 meeting, and it was identified that further discussion was needed on the maximum number of supported clusters, if any, and the possible restrictions on their size. This contribution presents our views on this topic.
2 PDCCH blind decoding complexity

Introducing new payload sizes for handling uplink clustered DFT-S-OFDM and SU-MIMO will increase the PDCCH blind decoding complexity and the false alarm probability. In order to keep the number of blind detections unchanged compared to Rel-8, the payload sizes of new UL DCI formats should be equal to the DL ones (i.e., size 1 of DCI format 0/1A and sizes 2 of configurable formats 1, 1B, 1D, 2, 2A). As already discussed, e.g., in [7][11], there are different options.
2.1 Single-stream UL transmission

Let us consider a UE configured for single-stream transmission in UL. It should blindly decode Format 0/1A and Format 1/1B/1D/2/2A. The new DCI format for discontinuous uplink allocation should have the same size as Format 0/1A or Format 1/1B/1D/2/2A in order to keep the same number of blind detections as in Rel-8/9. Using the size of Format 1 might lead to an unnecessary resource allocation overhead and PDCCH miss-detection probability (due to the high resulting coding rate) for high system bandwidth if a high number of clusters is not deemed beneficial for uplink. It is even more true for the size of Format 2/2A. On the other hand, using the same size as Format 0/1A provides a compact-size uplink discontinuous assignment, which is compatible with any UL/DL bandwidth configuration and any DL transmission mode.
2.2 Multi-stream UL transmission and multi-stream DL transmission

Let us consider a UE configured for multi-stream transmission in UL and DL. It should blindly decode Format 0/1A and Format 2/2A. The new DCI format for discontinuous uplink allocation could have the same size as Format 0/1A or Format 2/2A in order to keep the same number of blind detections as in Rel-8. Using the size of Format 2/2A should be possible in this case, unless the DL bandwidth is much lower than the UL bandwidth. In the latter case, the same padding principle as for Format 0/1A could be applied. In addition, using the same size as Format 0/1A in order to provide compact-size uplink discontinuous assignment in a single-stream fallback mode should also be possible.
2.3 Multi-stream UL transmission and single-stream DL transmission

Let us consider a UE configured for single-stream transmission in UL and multi-stream transmission in DL. It should blindly decode Format 0/1A and Format 1/1B/1D. Unless the DL bandwidth is much higher than the UL bandwidth, it will be difficult to arrange a new SU-MIMO uplink format within the number of bits of DCI Format 1/1B/1D. Thus, in order to keep the number of blind detections unchanged compared to Rel-8/9, the combination of DL single-stream and UL multi-stream transmission should be precluded, at least when the DL bandwidth is lower than or equal to the UL bandwidth. Another possibility in the latter case is to put stronger constraints on the uplink multi-cluster resource allocation.
2.4 Proposal
Our proposal, as shown in Tables 1 and 2 is the following:
· Handle single-stream multi-cluster UL transmission with a DCI format having same size as DCI Format 0/1A

· Handle multi-stream UL transmission with DCI formats having same size as DCI Format 2/2A

· Preclude the combination of DL single-stream and UL multi-stream transmission, at least when the DL bandwidth is lower than or equal to the UL bandwidth
· Another possibility is to impose stronger constraints on the UL resource allocation in this case.
	Search space
	DL Tx mode
	Size 1
	Size 2

	Common
	1 to 7
	(0 and/or new0)/1A
	1C

	UE-Specific
	1, 2, 7
	(0 and/or new0)/1A
	1

	
	3
	(0 and/or new0)/1A
	2A

	
	4
	(0 and/or new0)/1A
	2

	
	5
	(0 and/or new0)/1A
	1D

	
	6
	(0 and/or new0)/1A
	1B


Table 1: UL single-stream transmission - Insertion of 1 new DCI format new0.
	Search space
	DL Tx mode
	Size 1
	Size 2

	Common
	3 or 4
	(0 and/or new0)/1A
	1C

	UE-Specific
	3
	(0 and/or new0)/1A
	2A and new2A

	
	4
	(0 and/or new0)/1A
	2 and new2


Table 2: UL multi-stream transmission - Insertion of 3 new DCI formats new0, new2A and new2.
3 New DCI format with same size as DCI Format 0/1A

In order to provide a compact DCI format for uplink multi-cluster single-stream resource allocation, the downlink resource block group (RBG) used in downlink can be reused in uplink (e.g., [2][8]). It has already been agreed not to use frequency hopping in conjunction with a multi-cluster allocation. In addition, several constraints can be included in order to limit the DCI format size:

· Limit the number of clusters to find a good compromise between performance and signalling overhead:

· E.g., 2 or 3 clusters considering results in [1][2][9][10][16]
· Restrict the size of clusters: 
· Keep clusters with equal size
· Take into account existing constraints

· Total size of clusters multiple of 2, 3 or 5 RBs

We evaluate the required overhead for non-contiguous UL resource allocation with different numbers of clusters and different types of restrictions on cluster size and spacing.
	BW (MHz)
	NRBG
	DCI format 0 RA size
	New DCI format RA size

	
	
	
	Exactly 2 clusters
	2 or 3 clusters
	2,3 or 4 clusters

	
	
	
	O1
	O2
	O3
	O1
	O2
	O3
	O1
	O2
	O3

	1.4
	6
	5
	6
	4
	-
	6
	5
	4
	-
	-
	-

	3
	8
	7
	7
	6
	-
	8
	6
	6
	8
	6
	6

	5
	13
	9
	10
	8
	-
	12
	9
	8
	13
	10
	8

	10
	17
	11
	12
	9
	-
	15
	11
	9
	16
	12
	10

	15
	19
	12
	13
	10
	-
	16
	11
	10
	18
	13
	10

	20
	25
	13
	14
	11
	-
	18
	13
	11
	21
	15
	11


The number of bits is computed by ignoring the fact that only allocations of total size 
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 are possible

X = one bit can be saved by considering only the allocations of total size 
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Table 3: Number of bits required with different resource allocation options.
3.1 Option 1: Clusters with any size

When the bandwidth is divided into NRBG RBGs, there are C(NRBG+1,2n) ways to allocate n clusters to a UE, where C(n,k) stands for the n choose k function. With an optimized resource allocation, 
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 bits are needed to signal all possibilities of allocation with nmin to nmax clusters. 
This is depicted in the columns labeled O1 in Table 3, for nmin=2 and nmax = 2,3 or 4. If we want to fit within the Rel-8/9 DCI format 0 resource allocation (RA) size plus one released frequency hopping flag and keep the same RBG size as in Rel-8/9, no more than 2 clusters can be supported.
In order to match the Rel-8/9 DCI format 0 resource allocation (RA) size with more than 2 clusters, the RBG size P can be increased. In Table 4, the resource allocation sizes with different RBG sizes are compared with the Rel-8/9 DCI format 0 RA size. We see that for a bandwidth of 20 MHz, the RBG size P must be doubled in order to accommodate up to 4 clusters within the DCI format 0 RA size.
	BW (MHz)
	DCI format 0 RA size
	P
	NRBG
	New DCI format RA size with O1

	
	
	
	
	2 or 3 clusters
	2,3 or 4 clusters

	5
	9
	2
	13
	12
	13

	
	
	3
	9
	9
	9

	10
	11
	3
	17
	15
	16

	
	
	4
	13
	12
	13

	
	
	5
	10
	10
	10

	15
	12
	4
	19
	16
	18

	
	
	5
	15
	14
	15

	
	
	6
	13
	12
	13

	20
	13
	4
	25
	18
	21

	
	
	5
	20
	16
	19

	
	
	6
	17
	15
	16

	
	
	7
	15
	14
	15

	
	
	8
	13
	12
	13


X = one bit can be saved by considering only the allocations of total size 
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Table 4: Number of bits required with different RBG sizes for Option 1.
3.2 Option 2: Clusters with equal size

In order to support allocations with more than 2 clusters and keep the same RBG size as in Rel-8/9, some constraints have to be imposed. For example, the allocations can be restricted to equal cluster sizes, at the expense of some resource allocation flexibility reduction. Having clusters with same size also has a beneficial impact on CM [4].

The number of bits needed to signal nmin to nmax equal clusters with any spacing is depicted in the columns labeled O2 in Table 3. In order to match the Rel-8/9 DCI format 0 RA size plus one for all bandwidths, no more than 3 equal clusters can be supported. Up to 4 equal clusters can be supported for bandwidths up to 15MHz. For the 20MHz bandwidth, other reduction methods have to be used (e.g., increasing the granularity by increasing the RBG size to 5 RBs).
3.3 Option 3: Equally-spaced clusters with equal size

In order to support allocations with more than 3 clusters and keep the same RBG size as in Rel-8/9, the allocations can be restricted to equally-spaced equal clusters.

The number of bits needed for signaling from nmin up to nmax clusters is depicted in the columns labeled O3 in Table 3. With Option 3, 4 equally spaced equal clusters can be supported while still having a resource allocation size lower than the Rel-8/9 DCI format 0 RA size plus one. Some extra bits (1 to 3) remain unused, leaving the possibility to somehow relax the equal gap constraint, which is rather restrictive. 

3.4 Discussion
Having a resource allocation for multiple clusters with same size as the Rel-8/9 DCI format 0 resource allocation, while keeping the same RBG size is possible:
· with 2 clusters with fully flexible allocation

· with 2 or 3 clusters with equal size

· with 2,3 or 4 clusters with equal size and equal spacing

· This constraint has strong impact on scheduling efficiency

Having a resource allocation for multiple clusters with same size as the Rel-8/9 DCI format 0 resource allocation, while keeping full flexibility is possible at the expense of a strong loss of granularity:

· with 2 or 3 clusters by increasing the RBG size from 2 to 3 in 5MHz BW and from 4 to 7 in 20MHz BW

· with 2 or 4 clusters by increasing the RBG size from 2 to 3 in 5MHz BW and from 4 to 8 in 20MHz BW

Table 3 indicates the size reduction which would result from avoiding allocations with a total size not being a multiple of 2, 3 and 5 PRBs. Since the number of such cases is quite restricted, the number of bits to be saved does not exceed one bit for a few allocation cases. Taking into account that the total allocation size is a multiple of 2, 3 and 5 RBs does not significantly reduce the resource allocation size and might complicate the resource allocation.
Including the one-cluster case in the multi-cluster allocation is not desirable since it would preclude RB granularity for single-cluster allocation. Thus, a 1-bit flag is necessary to distinguish the new format 0 from format 0/1A. The flag might be
· a padding bit in DCI format 0 when available
· The frequency hopping flag cannot be used for this purpose because frequency hopping is still needed for single-cluster RB-based allocation.

· or an added bit, added to all relevant uplink and downlink formats

· It is necessary when there is no padding bit in some asymmetrical FDD UL/DL configurations.
4 New DCI format with same size as DCI formats 2/2A

For SU-MIMO multi-stream transmission, the same analysis can be undertaken in order to identify appropriate constraints to be applied on resource allocation in order to keep the same size as Rel-10 DCI formats 2/2A. However, these DL DCI formats might evolve compared to Rel-8/9. For instance, the PMI fields will not be needed anymore.
As for the single-stream case, the one-cluster allocation can be separated from the multi-cluster allocation in order to provide RB granularity for single-cluster allocation. Thus, a flag is also necessary to distinguish the two allocation types.
5 Multi-cluster resource allocation methods

5.1 Alternative 1: Reuse Rel-8 Type 0/Type 1 resource allocation
As proposed in [18], DL Type 0 and Type 1 resource allocation methods can be reused for uplink in order to provide allocation with any number of clusters. However, the gain from having more than 4 clusters is unclear from system performance point-of-view. Furthermore, the number of bits is too high to fit into Format 0 RA size for bandwidths larger than or equal to 10 MHz.
5.2 Alternative 2: Use different cluster spans for different clusters

As proposed in [12][19][20], different clusters may have different cluster spans, each span having a bandwidth lower than the system bandwidth. However, in order to match the Format 0 RA size in 20 MHz, the RBG size has to be increased. This is due to the non-optimality of this allocation method. With 3 clusters, the overhead is further increased. Furthermore, not all possible multi-cluster allocations are addressed. The advantage of this method is its simplicity. 
5.3 Alternative 3: Optimum two-cluster allocation
In [13], an optimum resource allocation approach based on the Rel-8 resource indication value (RIV) method is proposed achieving full flexibility in the allocation of two clusters with the optimum number of bits. The signalled RIV is computed based on the total allocation including the first cluster, the gap and the second cluster on one hand and the gap position and size on the other hand. However, the resulting equations are complicated and the resource allocation complexity should be further evaluated.
5.4 Alternative 4: Two-cluster allocation with two single-cluster UL grants
In [4], it is proposed to use two separate Rel-8 UL grants in order to allocate two clusters. Here again, the allocation is not optimal, leading to unnecessary PDCCH overhead.
5.5 Discussion

Details of multi-cluster resource allocation are FFS. The inclusion of some constraints like equal-cluster size may limit the RA size but also simplify the resource allocation by only requiring the signalling of one cluster and one gap.
6 Summary

Based on the discussion above, our proposal is the following.

· In order to keep the same PDCCH blind decoding complexity as in Rel-8/9:

· Handle single-stream multi-cluster UL transmission with a DCI format having same size as DCI Format 0/1A

· Handle multi-stream UL transmission with DCI formats having same size as DCI Format 2/2A

· Preclude the combination of DL single-stream and UL multi-stream transmission, at least when the DL bandwidth is lower than or equal to the UL bandwidth.
· Another possibility is to impose stronger constraints on the UL resource allocation.
· Limit the number of clusters to 2 or 3 clusters in multi-cluster allocation
· Keep the same RBG size as in Rel-8/9

· Full flexibility with 2 clusters
· Equal cluster size with 2 or 3 clusters
· Switch from RBG-based multi-cluster allocation to RB-based single-cluster allocation using 1 bit

· Padding bit when available in Rel-8/9

· Additional flag otherwise
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