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1
Introduction
While LTE-Advanced has to support Rel-8 control it would be beneficial to introduce new aspects that would improve LTE-Advanced functionality by adjusting to the newly introduced features.
In this document we address the benefits of introducing multicarrier DL and UL assignments. The multicarrier assignments are more suitable for multicarrier configuration as they can provide overhead reduction compared to the single carrier Rel-8 assignments and possibly reduce the UE assignment monitoring to one carrier. We also present a preliminary view of possible multicarrier DCI formats for DL and UL. 
2
Discussion 
Rel-8 assignment sent on one DL carrier assigns DL/UL resources to the target UE on that same DL carrier/corresponding UL carrier. In addition to Rel-8 assignments, it would be beneficial to introduce multicarrier assignments for LTE-Advanced that would be more suitable for multicarrier configuration and provide overhead reduction compared to the single carrier Rel-8 assignments. 
A multicarrier assignment or grant would allocate resources on multiple carriers. It would have smaller overhead since potentially common fields across carriers, such as CRC, HARQ process ID, and flags, are not repeated as in the case of multiple Rel-8 grants used for multicarrier assignment. Also, Rel-8 based assignments per carrier would incur number of blind decodes that linearly increases with the number of carriers in the system (independent assignment blind decoding on each carrier). On the other hand, decoding of the multicarrier assignment would be limited to the possible CCE aggregations of one assignment, common for all carriers.
The multicarrier assignment could be transmitted on any DL carrier and could assign resources for any DL/UL carrier(s). For the purpose of monitoring of assignments, PDCCH blind decodes and scheduling flexibility it is beneficial to have a multicarrier assignment sent on one component carrier only. If anchor carriers were configured as described in [1] they would provide reliable control coverage, and the multicarrier assignments should be transmitted on those by default. The multicarrier assignment sent on a specific anchor carrier would provide reliable data scheduling on carriers on which control may not be reliably conveyed. RRC signalling would inform UEs if there are additional DL carrier(s) to monitor for possible multicarrier assignments. More than one component carrier to monitor could be beneficial for power control and load balancing purposes.
Multicarrier control could be sent in the Rel-8 PDCCH region or for LTE-A UEs exclusively in a new control region. The new control region would be located in the Rel-8 PDSCH (data) region and could be semi-statically configured. The resources are devoted to the new control region only if it is needed. The need for new control region may be due to the insufficient legacy control space because of larger size of multicarrier assignments and larger number of UEs to be addressed. The new (multicarrier) DCI formats with large size can be supported without the concern whether the 8 CCE aggregation level is sufficient. Also, the special operation mode of LTE-A UEs with low data rate requirements, such as VoIP UEs, may be configured to receive control and data confined within a bandwidth segment smaller than 20 MHz to improve power consumption. Such UE would receive its control in the new control region confined within the segment of the band where it operates. Finally, in the heterogeneous network deployments it may be necessary to utilize intercell interference coordination to provide sufficiently good control channel performance. The interference on the new control region in the Rel-8 data region can be controlled without big challenges which would provide deep control penetration on those resources. In addition, in certain scenarios, such as the one described in [2], it may be necessary to clear the Rel-8 PDCCH resources to prevent jamming of other cells PDCCH, in which case the control couldwould be sent in the new control region.
Since the multicarrier assignment is transmitted as one grant for multiple carriers, in order to address multiple active carriers for a certain UE, new assignment formats are needed. In the following subsection we discuss possible multicarrier assignment formats for DL and UL, based on Rel-8 DCI formats but applicable for LTE-Advanced only.
2.1
DL Grant DCI formats

In order to address multiple active carriers for a certain UE, multicarrier DL grants require new DCI formats. Depending on the type of UE carrier association configuration, multicarrier DL grant DCI formats can be defined for 

•
Semi-static UE carrier configuration

•
Dynamic UE carrier configuration.
The semi-static UE carrier configuration is suitable for the case where the number of assigned carriers does not fluctuate much compared to the number of semi-statically configured carriers for that UE. The dynamic UE carrier configuration allows dynamic assignment format adaptation to the number of carriers that are actually assigned. This configuration is therefore suitable for the case where significant variation in the number of assigned carriers is expected. 
2.1.1
Semi-static UE Carrier Configuration

Semi-static UE carrier configuration assumes that a UE in RRC connected state is semi-statically configured to receive data transmissions on a subset of all carriers in the system. Bitmap of (N-1) bits (N is the number of carriers) with information on which carriers are utilized could be given to a UE by RRC signalling. The DCI format to be used would be determined by the number of carriers for which a UE can expect the assignment.

Multicarrier DCI formats are defined for several bandwidth cases (multiple of 110 RBs): 220 RBs, 330 RBs, 440 RBs, 550 RBs. Each bandwidth case corresponds to the certain number of carriers: 2, 3, 4, and 5 carriers, respectively.

The actual bandwidth of a carrier could be smaller than 20 MHZ (110 RBs), but the resource addressing space has to provision for the maximum possible bandwidth per carrier.

Resource allocation granularity needs to be decreased in comparison to Rel-8 in order to reduce overhead. One possible configuration is to have 8 RB granularity for bandwidths 220 RBs, 330 RBs, 440 RBs, and 10 RB granularity for 550 RBs bandwidth.

Multicarrier DCI format for DL-SCH assignments for one codeword, given in Table 1, is based on Rel-8 Format 1:
· One MCS and HARQ information are defined per carrier
· Common HARQ process ID across carriers
· Multiple carriers are handled in a similar way as multiple code words in MIMO format

· New data indicator and redundancy version are per carrier.
Table 1:
Multicarrier DCI format for DL-SCH assignments for one codeword

	
	NRB

	
	100
	220
	330
	440
	550

	Field
	Bit-width
	Bit-width
	Bit-width
	Bit-width
	Bit-width

	Resource allocation header
	1
	1
	1
	1
	1

	Resource allocation  
	25
	28
	42
	55
	55

	MCS
	5
	10
	15
	20
	25

	HARQ process id
	3
	3
	3
	3
	3

	New data indicator
	1
	2
	3
	4
	5

	Redundancy version
	2
	4
	6
	8
	10

	TPC 
	2
	2
	2
	2
	2

	Downlink Assignment Index
	0
	0
	0
	0
	0

	CRC
	16
	16
	16
	16
	16

	 
	 
	 
	 
	 
	 

	Total:
	55
	66
	88
	109
	117


Multicarrier DCI format for DL-SCH assignments for MIMO (Open Loop and Closed Loop), given in Table 2, is based on Rel-8 Format 2:

· Two code words are defined per carrier
· Common HARQ process ID across carriers and code words
· HARQ swap flag
· 1 bit per carrier to indicate whether the two code words of that carrier should be swapped
· New data indicator and redundancy version are per code word per carrier
· Precoding information is defined per carrier
· Number of reserved bits (which may have to be larger) is:
· 2 bits for rank indicator (RI)

· N*4 bits for precoding information, where N is the number of carriers
Table 2:
Multicarrier DCI format for DL-SCH assignments for MIMO

	
	NRB

	
	100
	220
	330
	440
	550

	Field
	Bit-width
	Bit-width
	Bit-width
	Bit-width
	Bit-width

	Resource allocation header
	1
	1
	1
	1
	1

	Resource allocation  
	25
	28
	42
	55
	55

	TPC 
	2
	2
	2
	2
	2

	HARQ process id
	3
	3
	3
	3
	3

	HARQ swap flag
	1
	2
	3
	4
	5

	Downlink Assignment Index
	0
	0
	0
	0
	0

	MCS – 1st codeword
	5
	10
	15
	20
	25

	New data indicator - 1st codeword
	1
	2
	3
	4
	5

	Redundancy version - 1st codeword
	2
	4
	6
	8
	10

	MCS – 2nd codeword
	5
	10
	15
	20
	25

	New data indicator - 2nd codeword
	1
	2
	3
	4
	5

	Redundancy version - 2nd codeword
	2
	4
	6
	8
	10

	Precoding information
	6
	10
	14
	18
	22

	CRC
	16
	16
	16
	16
	16

	Total:
	70
	94
	129
	163
	184


The presented DCI formats for the semi-static UE carrier configuration can be optimized for the case when carrier bandwidths are smaller than 20 MHz. The DCI formats can be defined such that the number of RBs corresponds to the sum over all carriers, and the number of MCS fields and HARQ information is appropriately scaled with the number of carriers. For example, if there are four carriers, each of 25 RBs (5 MHZ), the appropriate DCI format would be the one addressing 100 RBs with four fields for MCS information (per code word for MIMO case) and four fields for each of NDI and RV(per code word for MIMO case). This approach can save overhead when carrier bandwidths are smaller than 20 MHZ (110 RBs), as the resource addressing space does not have to provision for the maximum possible bandwidth (20 MHz) per carrier. There is only one multicarrier DCI format in addition to the Rel-8 formats with respect to blind decoding. Different DCI format corresponding to cases of interest would need to be specified.
2.1.2
Dynamic UE Carrier Configuration

Dynamic UE carrier configuration assumes that a UE can dynamically be assigned any number of carriers configured in the cell it is connected to. This enables to dynamically adapt the assignment overhead to the actual assignment (as opposed to the semi-static approach where assignment overhead corresponds to the number of configured carriers although UE could be assigned resources only on a subset of them). 
DL assignment for dynamic carrier configuration would consist of two parts:

· Carrier common DCI format
· Carrier specific DCI format.

With dynamic UE carrier configuration no redundant overhead when less than maximum number of carriers in the system is scheduled for a UE. It also provides strong CRC protection (at the expense of additional overhead), as there are 2 CRCs, one for each DCI that consist the assignment.
2.1.2.1
Carrier Common DCI Format
Carrier common DCI format contains common fields regardless of the number of assigned carriers and number of carriers in the system:

· Header, TPC, HARQ process ID
· 6 bits
· Information about which carriers are scheduled
· N bits: 1 bit per carrier.
Carrier common DCI is close in size to Format 1C for Rel-8:

· 27 (for maximum of 5 carriers) vs. 26 bits
· It may be possible to make them the same by reducing 1 bit in the common MC DCI format
· No additional blind decodes as compared to Rel-8
· To distinguish them altered CRC mask could be used.

Carrier common DCI format is given in Table 3.

Table 3:
Carrier common DCI format

	
	NRB

	
	220
	330
	440
	550

	Field
	Bit-width
	Bit-width
	Bit-width
	Bit-width

	Resource allocation header
	1
	1
	1
	1

	Scheduled carriers  
	5
	5
	5
	5

	HARQ process id
	3
	3
	3
	3

	TPC
	2
	2
	2
	2

	CRC
	16
	16
	16
	16

	 
	 
	 
	 
	 

	Total:
	27
	27
	27
	27


2.1.2.1
Carrier Specific DCI Format
Carrier specific DCI format follows after the carrier common DCI format. Additional bits could be added to the carrier common DCI to point to the location of the carrier specific DCI. This would give more flexibility than in case where the specific DCI just follows the carrier common DCI.

The same DCI formats as defined in case of semi-static carrier configuration just without header, TPC, and HARQ process ID can be used for carrier specific DCI formats. Utilized carrier specific DCI format is determined by the number of scheduled carriers, contained on the carrier common DCI. 
The Table 4 shows the overhead reduction provided by multicarrier grants compared to the multiple single carrier (Rel-8) grants (assuming one assignment for each 110RB carrier). It can be seen that for all considered cases there is a significant overhead reduction of over 50 % in some cases, and increasing with the number of carriers.
Table 4:
Overhead reduction provided by the DL multicarrier assignments 
over multiple single carrier assignments

	
	Semi-static configuration - one code word
	Semi-static configuration - two code words
	Dynamic configuration - one code word
	Dynamic configuration - two code words

	220 RBs
	44 bits (40 %)
	46 bits (33 %)
	23 bits (21 %)
	25 bits (18 %)

	330 RBs
	77 bits (47 %)
	81 bits (39 %)
	56 bits (34 %)
	60 bits (29 %)

	440 RBs
	111 bits (50 %)
	117 bits (42 %)
	90 bits (41 %)
	96 bits (34 %)

	550 RBs
	158 bits (57 %)
	166 bits (47 %)
	137 bits (50 %)
	145 bits (41 %)


2.2
UL Grant DCI formats

Rel-8 UL grant sent on one DL carrier assigns UL resources to the target UE on the UL paired with that DL carrier. Similarly as in the case of DL assignments, from the perspective of UE assignment monitoring and overhead it would be beneficial to define UL multicarrier grants that would assign UL resources on multiple carriers. Mew DCI formats are required for multicarrier UL assignment.
Multicarrier DCI format for UL-SCH assignment is given in Table 4 and is based on Rel-8 Format 0.

Table 5:
Multicarrier DCI format for UL-SCH assignment
	NRB
	110
	220
	330
	440
	550

	Flag format0/format1A differentiation
	1
	1
	1
	1
	1

	Hopping flag
	1
	1
	1
	1
	1

	Resource block assignment and hopping resource allocation
	13
	15
	16
	17
	18

	MCS
	5
	10
	15
	20
	25

	NDI
	1
	2
	3
	4
	5

	TPC 
	2
	2
	2
	2
	2

	Cyclic shift for DM RS
	3
	3
	3
	3
	3

	UL index (TDD only)
	0
	0
	0
	0
	0

	Aperiodic CQI request
	1
	2
	3
	4
	5

	ACK/NACK Transmission
	1
	2
	3
	4
	5

	CRC
	16
	16
	16
	16
	16

	Total:
	44
	54
	63
	72
	81


Table 6 shows the overhead reduction provided by the multicarrier assignments over the multiple single carrier assignments (Rel-8) on UL (assuming one assignment for each 110RB carrier). The savings benefit of multicarrier assignments is significant and ranges from 39 % for two carriers, up to 63 % for five carriers.
Table 6:
Overhead reduction provided by the UL multicarrier assignments 
over multiple single carrier assignments
	220 RBs
	330 RBs
	440 RBs
	550 RBs

	34 bits (39 %)
	69 bits (52 %)
	104 bits (59 %)
	139 bits (63 %)


4
Summary 
In this document we addressed the benefits of introducing multicarrier DL and UL assignments. The multicarrier assignments carry resource allocation for multiple UL/DL component carriers and are sent within one component carrier. They are more suitable for multicarrier configuration as they can provide significant overhead reduction, reduce the UE assignment monitoring to one anchor carrier (or reduced number of carriers, as determined by UE configuration), and decrease number of required blind decodes compared to the multiple single carrier Rel-8 assignments. The multicarrier assignments are also beneficial as they can be used to schedule data on carriers on which control may not be reliable [1].
We also presented the possible multicarrier DCI formats for DL and UL, with applicable fields and number of bits that are required. 
Based on the benefits multicarrier assignments have to offer for LTE-Advanced, we propose to include them in the LTE-Advanced specification.
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