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1. Introduction

This contribution addresses the required E-UTRA downlink control signaling, aiming at providing some insight into the amount of overhead to be accounted for in the evaluation phase of the E-UTRA study item. A companion paper ‎[6] addresses the uplink control signaling overhead.

The downlink control signaling required to support data transmission includes at least
:

· scheduling information for downlink data,

· scheduling grants for uplink transmission, and

· ACK/NAK related to uplink transmission.

In the following, each of these is discussed.

2. 
Downlink Scheduling Information

Downlink control signaling is required to inform the UE how to process the received signal. As a minimum, the signaling need to indicate the identity of the scheduled UEs, the corresponding resource assignments (the set of virtual resource blocks scheduled for each scheduled UE), and information necessary to demodulate and decode the payload. To avoid excessive UE processing, blind detection of transport formats should be avoided. 

The information can be divided into three categories, category 1, 2, and 3, as summarized in Table 1.

	
	Contents
	Format
	Signaling frequency

	Category 1
	Information identifying the resource-block assignment.
	Must be transmitted using an a priori known time/frequency location.
	May not be required every TTI

	Category 2
	Information required to demodulate and decode the payload
	Could be transmitted inside the scheduled resource blocks.
	

	Category 3
	Information required for hybrid ARQ operation,
	
	Required every TTI.


Table 1: Properties of category 1, 2, and 3 for downlink scheduling information.
Categorizing the information into information required in every TTI (category 3) and information possibly being valid for multiple
 TTIs (category 1 and 2) can be useful to reduce the control signaling overhead. If downlink resources are assigned to a terminal for a duration longer than one subframe, e.g., by indicating that the assignment is valid for an extended duration or through the use of persistent scheduling ‎[4], there is no need to transmit category 1/2 for the scheduled UE in each TTI. Category 3, on the other hand, is required for every TTI to handle hybrid ARQ retransmissions, even if the resource assignment is valid for a longer period than one TTI. Dividing the information between categories 1 and 2/3 can be exploited in the design of the control signaling structure; at least category 1 needs to be transmitted with an a priori known format, whereas category 2 and 3 in principle could be transmitted in the assigned resource blocks.

A summary of the downlink control signaling is given in Table 2, together with an approximate number of bits.  

	
	Field
	Approx. size
	Comment

	Cat. 1
	ID (UE or group specific)
	8-9
	Support of more than 200/400 active users in each cell ‎[3].

	
	Resource block assignment
	(see Figure 3)
	Indicates which resource blocks the UE shall demodulate

	
	Duration of assignment
	2-3
	The duration for which the assignment is valid, could also be used to control persistent scheduling.

	Cat. 2
	Modulation scheme
	2
	QPSK, 16QAM, 64QAM

	
	Antenna information
	2
	MIMO related information (e.g., number of streams).

	
	Payload size
	8
	Interpretation could depend on e.g. modulation scheme (c.f. HSDPA)

	Cat. 3
	Hybrid ARQ process number
	0 or 3 
	Only required in case of an asynchronous hybrid ARQ scheme

	
	Redundancy version
	2-3
	To support incremental redundancy. Also serves as a ‘new data indicator’. 


Table 2: Required downlink control information for a scheduled UE (or group of UEs) and approximative number of bits.

2.1. Resource Block Assignment (category 1 information)

Encoding of the assigned resources could be done in several ways. One straightforward possibility is to signal the ID of the scheduled UE together with a bitmap, indicating which resource blocks the UE has been assigned.  This is illustrated at the top of Figure 1. 

Another possibility is illustrated at the bottom of Figure 1. A table is defined, mapping the UE ID to an index. This mapping could be explicitly signaled as part of the downlink control signaling, i.e., a list of UE IDs is signaled, where the first ID corresponds to the first index, the second ID to the second index, and so on. In addition, a second list is signaled, indicating to which index in the first table each resource is assigned. Note that this approach implies that several users’ control signaling must be jointly coded, which may have implications on the possibility for individual power control and dynamic beamforming.

A third possibility is to use run length coding ‎[5]. Instead of signaling ‘01’ twice in the example at the bottom of Figure 1, the index could be signaled once, followed by an indication of the number of resource blocks. In case of a large number of contiguous resource blocks scheduled to a single user
 this could reduce the amount of control signaling, but also results in a varying length of the control message. 

For simplicity, the duration of the assignment (included in Table 2) has not bee included in Figure 1. It is straightforward to extend the figure with a duration field together with each ID.
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Figure 1: Two possibilities for signaling of resource block assignment (‘bitmap’ approach at the top, ‘table’-based approach at the bottom).

2.2. Coding and Physical Channel Mapping

Four different possibilities for coding the downlink control information are illustrated in Figure 2.
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Figure 2: Different possibilities for coding the downlink control information (the colors denote three different UEs). The CRC is optional (ID-CRC indicates that eh ID could be implicitly included in the CRC).

In the first alternative, category 1, 2, and 3 information for all UEs are jointly coded and transmitted on time-frequency resources a priori known to the UEs. Joint coding allows for maximum compression of the resource assignment information as discussed in Section ‎2.2. The code blocks will also be somewhat larger, which may positively impact the performance. At the same time, joint coding of the information for multiple UEs results in inflexible handling of (power) resources as there is no possibility for individual power control of the different UEs’ control information. There are also implications on the possibility for dynamic beamforming, e.g., for extending coverage, as the control information must be transmitted using a beam pattern covering all scheduled users. One possibility to mitigate this somewhat could be to define M control channels, each channel being capable of carrying information for N UEs. The scheduler could then distribute users among the control channels to suit a certain beamforming and/or power control strategy, e.g., use the same control channel for users with similar power requirements. The transmission power of unused control channels can be set to zero, thereby freeing up (power) resources than may be used by other purposes
.

The second alternative codes category 1 information jointly for multiple UEs and transmits it on an a priori known time-frequency resource. The benefits of compressing the resource block information and the drawbacks regarding power control and dynamic beamforming are shared with the first alternative. Unlike the first alternative, category 3 information for a certain UE can be transmitted more frequently than category 1 (for example by including the category 3 information within the resource blocks). Furthermore, category 2 and 3 information can be transmitted using part of the scheduled resource blocks as these are given by the category 1 information.

In the third alternative, the category 1/2/3 information for one UE is transmitted independently of other UEs control signaling, i.e., a structure similar to the one used for HSDPA. This alternative allows for individual power control and beamforming. It has limited support for less frequent signaling of category 1/2 than category 3 information. The UE must know the location of the control channels it is supposed to monitor.

The fourth alternative allows for individual power control and beamforming. Category 1/2 information can be transmitted less frequently as the coding of category 1/2 and category 3 information is separated. Category 3 information for a given UE can be transmitted using parts of the resource blocks scheduled for that UE.

For all four alternatives, a CRC can be attached if deemed necessary. Furthermore, in the third and fourth alternative, the CRC can be made ID-specific, i.e., the ID can be transmitted implicitly as in HSDPA. However, unlike HSDPA, it is proposed to avoid UE-specific scrambling of the control information. Avoiding UE-specific scrambling allows a single UE to monitor multiple IDs (e.g., one unique ID and one or several group IDs) without having to use multiple decoding attempts of the control signaling.

In Figure 3 the overhead expressed as the number of bits for the four different structures considered in Figure 2 (with the low-end assumptions from Table 2) is illustrated. The corresponding figure for HSDPA is also included. For a full comparison, the overhead in terms of power should also be investigated for the different structures, including any impact from individual power control.
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Figure 3: Number of required control signaling bits for the different alternatives in Figure 2 (open the figure for details on assumptions). 

3. Uplink Scheduling Grants

Scheduling of uplink data transmissions is controlled by providing scheduling grants to a UE requesting resources. A first estimate of the contents is given in Table 3. Note that additional information may be required, e.g., power and/or timing control information. This is left for further study.

	Field
	Approx. size
	Comment

	ID (UE or group specific)
	8-9
	Support of more than 200/400 active users in each cell ‎[3].

	Resource assignment
	(see Figure 4)
	Indicates which uplink resources the UE is allowed to use for uplink data transmission.

	Duration of assignment
	2-3
	The duration for which the assignment is valid. Could also be used to control persistent scheduling and/or ‘per process’ operation.

	Transport format
	8 or 0
	If the transport format is controlled by the Node B scheduler (if the UE is in control, uplink control signaling must include this information instead).


Table 3: Required downlink control information for uplink scheduling grants.

Similarly to the downlink resource assignment, the uplink resources assignment information can be encoded separately or jointly. In the case of separate encoding, the start and the number of consecutive ‘resource blocks’ could be signaled
. Note that, in case of localized transmission, all uplink resources for a single UE are contiguous in the frequency domain due to the single carrier transmission scheme. In case of distributed transmission, the starting value could indicate one out of several ‘combs’. In case of joint encoding, the start resource block is only required for one of the UEs in the joint scheduling message if it can be assumed that different users’ uplink transmissions are next to each other in the frequency domain
.

These two possibilities are illustrated in Figure 4.
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Figure 4: Two possibilities for encoding the uplink resource assignment.

As discussed in Section ‎2.2, separate coding of different UEs scheduling grants offer benefits in terms of power control and beamforming whereas joint coding could lead to a reduction in the amount of signaling. In the latter case, joint coding of uplink-related and downlink-related control signaling could also be considered.
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Figure 5: Number of bits required for joint and separate coding of the uplink scheduling grants.

4. Acknowledgement of Uplink Data Transmission

Transmission of the downlink ACK/NAK related to uplink data transmission. As acknowledgements of uplink data transmissions may need to be transmitted in the downlink irrespective of whether the UE receives downlink scheduling information or uplink scheduling grants, coding of the downlink acknowledgements separately from the other downlink control channels should be considered. A single bit per uplink transmission per TTI is required.

	Field
	Approx. size
	Comment

	Acknowledgement
	1
	One bit per uplink transmission and TTI.


Table 4: ACK/NAK signaling in downlink.

For enhanced uplink, the ACK/NAK bit in the downlink is uncoded and transmitted separately for each UE and a similar structure could be considered for E-UTRA as well. This approach allows UE-specific power control and beamforming but may have poor error properties.

Alternatively, multiple ACK/NAK messages can be encoded and transmitted together. This may provide better error performance but in case of beamforming the jointly coded acknowledgements need to be transmitted using a beam pattern covering all the UEs expecting an acknowledgement.

Regardless of the structure, the ID of the UE for which the ACK/NAK is intended may not have to be explicitly signaled
. If the ACK/NAK is specified to be sent a well defined time after receiving the uplink data transmission, a one-to-one mapping between the uplink resources used for data transmission and the location of the corresponding ACK/NAK bit could be defined. 

5. Conclusion

It is proposed to take the numbers above as a guideline when modeling the downlink control signaling overhead in the system simulations.
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� Downlink control signaling may also be required to support, e.g., random access and paging. Although the focus of this contribution is unicast uplink/downlink data transmission, it may be possible to reuse this signaling also for other purposes � REF _Ref126387182 \r \h ����‎[1]�� REF _Ref126387183 \r \h ��‎[2]�. 


� Note that the TTIs could be non-contiguous.


� This basically implies low frequency selectivity.


� Which channels/users that can exploit the ’unused’ power depends on the details of the physical channel mapping; power can be shared in the frequency domain but not in the time domain.


� This is the same approach as used for signaling the channelization codes in HSDPA.


� This assumption may have an impact on the possibility for frequency-domain scheduling.


� If transmission from multiple users on overlapping time-frequency resources is allowed, means to ensure that each UE is receiving the correct acknowledgement message is required, e.g., some form of UE-specific scrambling.
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		8		3		8				3		5						2		2				115		107

		8		3		8				3		6						2		2				138		128

		8		3		8				3		7						2		2				161		149

		8		3		8				3		8						2		2				184		170

		8		3		8				3		9						2		2				207		191

		8		3		8				3		10						2		2				230		212

		8		3		8				12		1						4		4				27		27				22

		8		3		8				12		2						4		4				54		50				44

		8		3		8				12		3						4		4				81		73				66

		8		3		8				12		4						4		4				108		96				88

		8		3		8				12		5						4		4				135		119				110

		8		3		8				12		6						4		4				162		142				132

		8		3		8				12		7						4		4				189		165				154

		8		3		8				12		8						4		4				216		188				176

		8		3		8				12		9						4		4				243		211				198

		8		3		8				12		10						4		4				270		234				220

		8		3		8				48		1						6		6				31		31

		8		3		8				48		2						6		6				62		56

		8		3		8				48		3						6		6				93		81

		8		3		8				48		4						6		6				124		106

		8		3		8				48		5						6		6				155		131

		8		3		8				48		6						6		6				186		156

		8		3		8				48		7						6		6				217		181

		8		3		8				48		8						6		6				248		206

		8		3		8				48		9						6		6				279		231

		8		3		8				48		10						6		6				310		256
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