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1 Introduction

LTE-Advanced will definitely require L1/L2 control signalling to carry both downlink and uplink resource allocation information corresponding to a number of frequency blocks where all or some of the frequency blocks are backward compatible so that LTE terminal can be scheduled to one of the frequency blocks. However, LTE-Advanced terminal can be scheduled from one-to-all of the frequency blocks based on its capability. Therefore, for LTE-Advanced system with such large bandwidth, the signalling overhead reduction is very demanding, more specifically the resource allocation is the most critical field that needs to be drastically reduced. 

In this contribution, we describe the following three methods of signalling downlink and uplink resource block allocations:
· Virtual Contiguous Resource Block assignments (VCRBs): A UE can be assigned to contiguous localized RBs that can physically span across multiple frequency blocks. 
· Virtual Dis-contiguous Resource Block assignments (VDRBs): A UE can be assigned to a multiple of discontinuous RB groups that can be physically located on multiple frequency blocks where each RB group is a certain number of contiguous resource blocks. However, the number of bits scales with the UE capability and its configured PDSCH/PUSCH transmission bandwidth.
· Fixed-length Virtual Dis-contiguous Resource Block assignments (FVDRBs): A UE can be assigned to multiple discontinuous RB groups that can be physically located on multiple frequency blocks where each RB group is a certain number of contiguous resource blocks.  However, the number of bits are fixed and do not scale with the UE capability and its configured PDSCH/PUSCH transmission bandwidth.

The DL/UL resource signaling methods that are proposed in this contribution are applicable to both the contiguous and non-contiguous frequency block cases.
2 Method 1: Virtual Contiguous Resource Block assignment (VCRBs)
In Rel’8 LTE, it is standardised an efficient contiguous resource block allocation for both downlink and uplink resource assignment where UE can be assigned to a number of consecutive resource blocks [1]. The method is called enhanced tree structure where a triangular tree structure is constructed with the number of resource blocks (RBs) available for any bandwidth equal to the number of leaf nodes [2]. The number of nodes of the tree structure equals to NRB(NRB+1)/2 and any one of the nodes can be signalled using ceil (log2 (NRB*(NRB+1)/2)) bits which represents a starting RB and a number of consecutive RBs. The method is further incorporated with a simple encoding and decoding scheme that do not require a lookup table.

In LTE-Advanced, the same enhanced tree structure method can be re-applied by introducing the concept of virtual contiguous resource blocks (VCRBs). In some cases, frequency blocks are not physically contiguous, but they can be assumed to be virtually continuous by just concatenating the number of RBs containing in all the configured frequency blocks. The RB numbering starts from bottom-up (from the lowest to the highest frequency block) in the assigned/configured transmission bandwidth.

· By re-using the enhanced tree structure, the number of bits for different bandwidths can be estimated as follows by assuming each frequency block to be 20MHz:

a) 13bits for 20MHz (1x20MHz bandwidth) and NRB ~ 110RBs

b) 15bits for  40MHz (2x20MHz bandwidth) and NRB ~ 220RBs

c) 16bits for 60MHz (3x20MHz bandwidth) and NRB ~ 330RBs

d) 17bits for 80MHz (4x20MHz bandwidth) and NRB ~ 440RBs

e) 18bits for 100MHz (5x20MHz bandwidth) for NRB ~ 550RBs

· In the uplink, some RBs will be reserved for PUCCH, and are therefore not available for PUSCH transmission. There are two ways to handle this: 

a) RBs used for PUCCH channels are excluded in the RB numbering (i.e. PUCCH RBs are not counted) and NRB represents only the available resources for PUSCH channel.

b) RBs used for PUCCH channels are included in the RB numbering, but it is understood that any PUCCH RBs within the allocation signalled by the eNB are not used PUSCH transmission at the UE.   
In order to avoid different DCI formats and also reduce the number of blind decoding attempts, it is then desirable to have a fixed-size resource allocation field for all allocations of two or more frequency blocks, therefore 18 bits may simply enough for LTE-A system as in e) above. 
This method could be extended to include multiple discontinuous allocations, each signalled by a separate bit-field.
3 Method 2: Virtual Dis-contiguous Resource Block assignment (VDRBs)
Virtual Dis-contiguous resource blocks (VDRBs) can be introduced by concatenating the RBs contained in all the allocated frequency blocks, and then applying a bit-map allocation method similar to Rel’8 DL resource allocation type 0. An example is shown in Table 1.
     Table 1. VDRBs assignment across multiple frequency blocks 
	Number of 20MHz frequency blocks assigned for PDSCH/PUSCH
	1
	2
	3
	4
	5

	Total of assignable RBs, NRB
	~110
	~220
	~330
	~440
	~550

	RBG size, P
	4
	6
	8
	10
	10

	RBG Assignment bit mask size = ceil (NRB /P)
	28
	37
	42
	44
	55

	Frequency Block Assignment bit mask size
	5
	5
	5
	5
	5

	Total size (bits)
	33
	42
	47
	49
	60


The Frequency Block Assignment bit mask consists of one bit per frequency block and identifies which frequency blocks are allocated to the UE for PDSCH/PUSCH transmission. The number of frequency blocks allocated (i.e. the number of ones in the bit mask) defines the total number of assignable RBs, NRB, and the RBG size, P. The NRB RBs in the allocated frequency blocks are numbered from 0 to NRB-1 from lowest to highest frequency, and grouped into ceil (NRB /P) RB groups where one RB group consists of P RBs. The RBG Assignment bit mask contains one bit for each RB group, and indicates which RB groups are allocated. An example is shown in Figure 1. 
Figure 1. VDRBs assignment example.
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In Table 1, the RB group size P increases with the number of frequency blocks. It is assumed that if finer granularity is required then a lower number of frequency blocks (with a corresponding smaller value of P) will be allocated.

Although the above discussion is based on Rel’8 DL resource allocation type 0, the method could be extended to include type 1.
4 Method 3: Fixed-length Virtual Dis-contiguous RB assignment (FVDRBs)
The disadvantage of Method 2 is that the total bit width of the resource allocation field depends on the number of configured frequency blocks, which implies that a different DCI format is needed for each case. Since the UE does not know how many frequency blocks it might be allocated for PDSCH/PUSCH, it must make a blind decoding attempt for each case resulting drastic increase of number of blind decodings. To reduce the number of blind decoding attempts, an alternative is to use a fixed-length resource allocation field (i.e. a single DCI format) for all allocations of two or more frequency blocks. The format of the field depends on the number of allocated frequency blocks. An example is shown in Table 2 below:
            Table 2. FVDRBs assignment across multiple frequency blocks
	Number of 20 MHz frequency blocks assigned for PDSCH/PUSCH
	2
	3
	4
	5

	Total number of assignable PRBs (NRB)
	~220
	~330
	~440
	~550

	RBG size (P)
	5
	8
	10
	12

	RBG Assignment bit mask size, (a = ceil (NRB /P) bits)
	44
	42
	44
	46

	Frequency Block Assignment bit mask size (m)
	5
	5
	5
	5

	Remainder bits (r)
	2
	4
	2
	0

	Total size bits (y)
	51
	51
	51
	51


It can be seen that regardless of the number of allocated frequency blocks, each LTE-Advanced UE monitors a fixed-length resource allocation field that has a constant number of bits (i.e. 51bits in the above example). 
In general, for any required total size y, the size of each field can be calculated as follows.
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If additional control fields are present in the resource assignment message then it may be possible to use the r remainder bits in those fields. Otherwise they can simply be filled with padding bits.
5 The Pros and Cons of the three methods
This section provides pros and cons of each of the three methods shown on Table 3.

     Table 3. Pros and Cons of each of the three methods

	
	Method 1
	Method 2
	Method 3

	General
	· Signalling overhead depends on the number of dis-contiguous RB group allocations.
	Signalling overhead depends on the resolution of the RB group size ( P)

· 
	Signalling overhead depends on the resolution of the RB group size ( P)



	Pros
	· Signalling is efficient if only a small number of discontinuous allocations are required. 

· Size of each discontinuous allocation is not limited by RBG size.
	Signalling is efficient if a large number of discontinuous allocations are required.
	Signalling is efficient if a large number of discontinuous allocations are required.
Only one Blind decoding attempt is needed due to the fixed size of the resource allocation field.

	Cons
	Can not handle large number of dis-contiguous RB group allocations

	Increased number of Blind decoding attempts due to the variable size of the resource allocation field.
Size of each discontinuous allocation cannot be smaller than RBG size, which is large for high bandwidths.
	 Size of each discontinuous allocation cannot be smaller than RBG size, which is large for high bandwidths.


6 Conclusions

In this contribution, we have described three methods for signaling downlink and uplink resource block allocations.  The best choice depends on how many discontinuous allocations are typically required, and what RBG size is tolerable.
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