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1. Introduction

In RAN1#49, it was agreed that UL ACK/NACK assignment is implicitly associated with the control channel index used for the downlink scheduling grant.  To minimize the required ACK/NACK resources, the first CCE of the PDCCH can point to an ACK/NACK index.  As a result, ACK/NACK index is effectively mapped to the CCE index and the number of acknowledgements required is identical to the number of CCEs available for downlink scheduling grant.  This contribution discusses UL ACK/NACK resource provisioning as a result of the dynamic sizing of the control region via the PCFICH and offers some possible solutions to minimize ACK/NACK resource utilization.
2. UL ACK/NACK Resource Provisioning
A conceptual view of the amount of UL ACK/NACK resources required is illustrated in Figure 1.  Here, a fixed number of acknowledgements are reserved for explicit assignment to persistently scheduled UEs.  A variable number of acknowledgements are required based on possible number of CCEs used in downlink scheduling.  This number naturally depends on whether n=1, 2, or 3 OFDM symbols are used for control in the associated sub-frame.  The actual amount of ACK/NACK resource utilized obviously depends on the number of acknowledgements that can be accommodated in one control resource.  This in turn depends on system deployment parameters such as cyclic prefix length and UL/DL split (for TDD system).  In addition, high mobility may also reduce the number of possible acknowledgements under some scenarios.  Note that each control resource occupies 2 resource blocks (one per slot).
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Figure 1.  Amount of UL ACK/NACK resources required.
In practice, UL ACK/NACK resource may need to be provisioned based on the maximum PCFICH value (n=3) but in certain cases this will result in substantial over-provisioning of the ACK/NACK resource compared to the number of ACK/NACK indices required for smaller n or the number of users that may actually be scheduled in the sub-frame.  For instance, in a 20 MHz system with 2 transmit antennas, 10, 30, and 44 CCEs may be available for n=1, 2, and 3, respectively [1].  As a result, 44 acknowledgements may have to be reserved for but only 10 will be needed when n=1.    Whether this will lead to a substantial increase in uplink overhead depends on several factors as discussed below –

· Normal CP:  With normal cyclic, one control resource can support 18 acknowledgements (or 12 in high mobility scenarios).  As a result, the number of RBs required for ACK/NACK may not increase substantially if resource is always provisioned for n=3, especially for system bandwidth less than 5 MHz.  Table 1 provides examples of the number of CCEs available for different values of n and system bandwidths taken from [2].  From the table, it can be seen that for 10 & 20 MHz systems, potentially 2 or 4 RBs may be wasted.  This corresponds to 1-2% of the uplink resource being wasted in some sub-frames.
Table 1. Examples of number of available CCEs (2 Tx Ants) [1].

	Bandwidth
	Number of control OFDM symbols (n)

	
	1
	2
	3

	5
	4
	12
	18

	10
	6
	19
	27

	20
	10
	30
	44


· Extended CP:  With extended cyclic prefix, however one control resource can support only 8 acknowledgements since larger cyclic shift separation is required and only two reference symbols are present.  As a result, UL ACK/NACK will consume a much larger overhead, especially if worst-case provisioning is assumed.  For example, in 20 MHz system, 6 RBs may be required with PCFICH value n=1 while 12 RBs is needed for n=3.  This corresponds to possible 2-4% of the uplink resource being wasted in some sub-frames.
· TDD:  Although ACK/NACK structure for TDD has not been agreed, due to the UL/DL imbalance an ACK/NACK may need to address downlink transmissions from multiple sub-frames.  For instance, with the current agreed structure it is possible to modify the ACK/NACK structure to address transmissions from four downlink sub-frames in one ACK/NACK by using SF=1 instead of SF=4.  However, this will substantially reduce the number of addressable users from 18 to 6 in one RB.  As a result, ACK/NACK may consume a disproportional amount of uplink resource if it is always provisioned for PCFICH value n=3.
3. Discussion
From the above discussion it can be seen that, in certain deployment scenarios, a considerable amount of uplink resource may be wasted due to over-provisioning of the ACK/NACK.  Several options to alleviate this waste are possible as outlined below - 
Option 1: Explicit signalling of ACK/NACK index – In this case, ACK/NACK index is explicitly provided in the scheduling grant.  As a result, a fixed number of acknowledgements are required based on expected number of scheduled and persistent users.  In general, this can lead to a substantial saving in the uplink resource required.  However, this option may add considerable overhead to the scheduling grants and is not preferred.
Option 2: Reduced search space for DL scheduling grant – Because the ACK/NACK index is mapped to the CCE index, the number of acknowledgements required is identical to the number of CCEs available for downlink scheduling grant.  By reducing the candidate search space for the DL scheduling grant, the number of associated acknowledgements is also reduced.  For instance, in a 20 MHz system with n=3, only 26 out of 44 CCEs may be used for DL scheduling grants.  Note that this also limits the number of blind decoding to be performed by the UE.   An example of search space definition and associated complexity reduction is provided in [1].   It should be noted that with this approach ACK/NACK resource may still be wasted, but possibly in much smaller quantity and without significant performance sacrifice.
Option 3: Reuse ACK/NACK resource for other control signalling – One possible solution is to reuse ACK/NACK resource for other control signalling such as scheduling request or CQI.  From reading the PCFICH, it is possible for the UEs to know whether particular set of ACK/NACK resource will not be used.  Thus, based on a previous configuration message by the eNB, UEs could use this resource to transmit other control signalling.  This may bring substantial benefits for a system with truly dynamic control channel configuration (i.e. n changes often) since all unused ACK/NACK resource can be utilized.  Note that these extra feedback opportunities can be seen as complementary to existing feedback opportunities.  However, with this approach there is a risk of collision or interference when the PCFICH is erroneously demodulated.   In addition, this solution will require signalling support to enable this auxiliary signalling.  As a result, this approach may not provide significant benefits in light of the additional overhead and potential collision.  
Option 4: Schedule data transmission in unused ACK/NACK RBs – As noted earlier, for system bandwidth less than 10 MHz, ACK/NACK provisioning may not be an issue since extra control resources are usually not needed.  When extra control resources are needed, one simple solution is to allow data transmission in unused ACK/NACK RBs. This is mostly an implementation issue that is best handled by the scheduler.  However, some attentions are required when these RBs are used.   First, during re-transmissions these RBs may not be available so additional scheduling grants may be needed to handle retransmission.  Next, the scheduler needs to keep track of available RBs since the ACK/NACK resource will occur some time after initial DL transmission (timing issue), so this will increase the complexity to the scheduler slightly.  Also, both intra-subframe hopping and frequency selective assignment may be problematic since these RBs may not always be there.  To get around this issue, these RBs may have to be assigned individually rather than in pairs so appropriate rate-matching (or puncturing) of the data packet must be done.  However, this is similar to the issue when odd number of control resources is present and is therefore not expected to be a problem as the agreed way forward in that situation [3] can be applied in this case as well.
From the discussion, it is seen that in general Options 2 & 4 provide complementary ways that provide flexible and efficient ways to handle the resource over-provisioning issue.  The two approaches are complementary with Option 4 being implementation specific.
4. Conclusions
This contribution discusses UL ACK/NACK resource over-provisioning as a result of the dynamic sizing of the control region via the PCFICH.  From the above discussion it can be seen that, in certain deployment scenarios, a considerable amount of uplink resource may be wasted due to over-provisioning of the ACK/NACK.  As a result, it is proposed that (1) search space for DL scheduling grant is reduced to alleviate this problem, and (2) eNB has the ability to schedule data transmission in unused ACK/NACK RBs.
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