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1. Introduction 
The load on PUCCH resource in Rel-10 has increased significantly since Rel-8 (e.g. due to the use of carrier aggregation), and this could grow substantially more in Rel-11 from resources allocated for ACK/NACK in response to EPDCCH.  Therefore, it is important to design efficient PUCCH resource allocation schemes for EPDCCH.
This contribution is an update of [1] that takes into account conclusions reached in RAN1#70.  We examine the efficiency of approaches for implicit PUCCH resource allocation for EPDCCH. Both Rel-10 based approaches and techniques that allow infrequently used PUCCH resources to occupy the same region of uplink PRBs are considered.  By creating regions of infrequently used PUCCH resource, uplink PRBs can be reused for PUSCH to increase efficiency.  In the example scenario we simulate, we find that a substantial (up to 4 times) reduction in PUCCH resource overhead is possible over Rel-10 approaches for both TDD and FDD.  We therefore recommend that PUCCH resource allocation allows infrequently used PUCCH resources to occupy the same region of uplink PRBs.
2. Background

In RAN1#70, the following conclusions were reached: 

Agreements:

· Lowest eCCE index of the corresponding EPDCCH is a component of PUCCH resource determination

· A UE is configured with a semi-static PUCCH resource starting offset for each EPDCCH set; eCCE is indexed per EPDCCH set

· FFS until RAN1#70bis between 

· Option A) not to use dynamically signaled PUCCH resource offset by EPDCCH

· Option B) dynamically signaled PUCCH resource offset by EPDCCH

· Whichever of options A and B is chosen, RRC signaling will not be introduced.

· FFS until RAN1#70bis for localized EPDCCH among
· Option X) not to use antenna port index
· Option Y) to use antenna port index of EPDCCH
· Option Z) to use antenna port index of PDSCH
TDD aspects are FFS – if solutions are needed, aim for solutions without RRC impact. 

An implication of the agreements for PUCCH resource allocation is that PUCCH resource can be mapped from multiple locally indexed EPDCCH sets, where each EPDCCH set can be independently positioned in PUCCH resource.  The methods in this contribution are updated accordingly. Further, the proposals are applicable whether the PUCCH resource is dynamically signaled or not. They can also easily incorporate antenna port index of EPDCCH or PDSCH, if this is agreed for localized EPDCCH.
3. PUCCH A/N overhead and resource allocation methods
Within each ePDCCH set, a Rel-10 based implicit PUCCH resource allocation would likely assume a one to one mapping between EPDCCH resources (i.e. eCCE or PRBs for PDSCH and/or DMRS port) and PUCCH A/N resources.  Since eCCEs are used for PUCCH A/N resource mapping, considering that the PRBs configured for EPDCCH can be shared with PDSCH at least for localized transmissions, it is possible that a large number of PRBs could be configured for EPDCCH without actually causing additional downlink overhead.  Therefore, the total number of eCCEs configured could potentially be large. For example, for a 10 MHz carrier, if a UE monitors 3 EPDCCH sets each with 4PRBs, and EPDCCH is frequency domain coordinated in 2 different PDSCH regions to support one cross carrier scheduled SCell, 3*4*2= 24 PRBs are configured.  If there are four eCCEs per PRB, then there are a total of 96 eCCEs. With a one to one mapping between eCCEs and PUCCH resources, these eCCEs would be mapped to 96 PUCCH A/N resources, requiring 6 uplink PRBs (with 18 PUCCH resources / PRB) , or 12% of uplink PRBs just for PUCCH A/N.  Using this number of PUCCH resources in response to one DL subframe is much larger than what is used for PDCCH in Rel-10.  When TDD is considered, the problem is multiplied since one uplink subframe may need to provide PUCCH A/N for multiple downlink subframes.
Also, Rel-10 implicit PUCCH resource mapping is not especially efficient.  Because the average PDCCH aggregation levels are greater than 2, the Rel-10 one to one mapping causes at least half of the A/N PUCCH resource to be wasted. 
Furthermore, the PUCCH resource inefficiency is further exacerbated due to the lack in Rel-11 of dynamic control over overall EPDCCH resource allocation. CFI is available in Rel-10 to dynamically adjust the size of PDCCH resources, thus the overhead of PUCCH can be adjusted accordingly. While each EPDCCH set can be scheduled dynamically, the resulting PUCCH resource compression is not as high as that of CFI. Particular eCCEs (corresponding to the highest PUCCH resource) must be unoccupied by EPDCCH to reduce PUCCH resource, which increases scheduler blocking. 
Two approaches could be used to reduce the PUCCH overhead and are discussed below.  PUCCH resource remapping can improve PUCCH efficiency by mapping infrequently used PUCCH resource to occupy the same region of uplink PRBs.  This can be done without additional EPDCCH overhead.  Moreover, further PUCCH efficiency can be obtained by including a couple of bits in DCI to dynamically select PUCCH resource regions.
3.1. PUCCH resource remapping 

3.1.1. PUCCH Resource Occupation Probability and PUCCH Resource Groups

If the first eCCE of an EPDCCH for a given aggregation level L satisfies   
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 is the index of the first eCCE relative to the beginning of the EPDCCH set it occupies, it can be observed that some PUCCH resources are more frequently occupied than others when the first eCCE is used to determine the PUCCH resource using the Rel-10 methodology.  If we change the PUCCH mapping such that the eCCE indices most frequently used as the lowest eCCE index for any L map to lower PUCCH resource indices, PUCCH PRBs corresponding to high PUCCH resource indices will be infrequently occupied. Therefore, it is likely that a smaller amount of total PUCCH resource is actually occupied in a given subframe. 
Figure 1 below illustrates how remapping can concentrate the used PUCCH resource.  Here, we assume a TDD system with UL/DL configuration 2, 10 UEs scheduled per downlink subframe and an ITU UMi channel.  In the simulation, 3 EPDCCH sets with 16 eCCEs in each set are available in each DL subframe.  Further details of the simulation setup are given in the Appendix.  Since there are M=4 subframes requiring A/N, a total of 4*16=64 PUCCH resources correspond to each EPDCCH set.  The PUCCH resources corresponding to the first EPDCCH set are shown. The ‘Rel-8’ curve indicates the probability that a PUCCH resource is occupied using Rel-8 PUCCH mechanisms, while the ‘Remapped’ curve shows the results when the PUCCH resources are reordered.  The more frequently occupied Rel-8 PUCCH resources are distributed evenly across the available PUCCH resource.  After remapping, it can be seen that the heavily occupied PUCCH resources are concentrated in the first 16 resources, the next 16 resources are occasionally occupied, and the last 32 are almost unused.  Therefore, up to half of the PUCCH resource could be saved for PUSCH transmission with a small increase in scheduler blocking by not scheduling UEs in the last 32 PUCCH resources.
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Figure 1:  Example PUCCH Resource Occupancy with and without PUCCH remapping

One way to remap PUCCH resource can be expressed by defining a PUCCH resource group, 
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is the number of PUCCH resource groups.  In the above example, there are 4 PUCCH resource groups, and the average probability that group 
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 is occupied is, respectively, 78%, 1%, 18%, and 3%.  Therefore the remapping function used remaps groups 0, 2, 1, and 3 to occupy consecutively higher indexed PUCCH resource.  Note that since remapping is done one-to-one, it does not introduce PUCCH resource conflicts or affect scheduler blocking when the full number of PUCCH resources is used (i.e., when resources are equal to the number of eCCEs in the subframes where the UE is scheduled).  
The basic remapping function for FDD and TDD configurations with only M=1 can then be expressed as: 
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(Eq. 1)
where 
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is the UE’s assigned PUCCH resource, 
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  is the UE’s PUCCH resource offset for the EPDCCH set in which it is scheduled, 
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 is a parameter that sets the position of the resource groups in PUCCH resources, and 
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is the PUCCH group remapping function (in this example, 
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).  In TDD subframe configurations with M>1, the PUCCH resource corresponding to the downlink subframes is ordered blockwise within a PUCCH resource group to be compatible with the block interleaving approach used in Rel-10 TDD.  Also, an antenna port offset can be added to equation 1 to support EPDCCH MU-MIMO using the concepts in [2].
Observation:

· With a Rel-10 based eCCE to PUCCH resource mapping, some PUCCH resource is more likely used  than the others

· PUCCH resource re-mapping allows infrequently used PUCCH resources to occupy the same region of uplink PRBs
Proposal:

· Implicit PUCCH resource allocation can map groups of PUCCH resources corresponding to infrequently used eCCEs to the end of a PUCCH resource region.

3.1.2. Mapping EPDCCH Sets to PUCCH Resource

Since multiple EPDCCH sets can be configured, each with a different PUCCH resource offset, it is possible to map the sets differently to PUCCH resource.  While there are a variety of approaches, only one preferred approach is discussed here for brevity.  In this approach, the remapped PUCCH resource corresponding to each EPDCCH set is contiguous, and resources from different sets may overlap (by setting the 
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 appropriately).  This is illustrated in Figure 2, which shows the probability that a PUCCH resource is occupied for each EPDCCH set. 
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Figure 2:  EPDCCH Set and Resource Group Mapping to Overlapped PUCCH Resource
We first observe that since PUCCH resource corresponding to each EPDCCH set is contiguous, when an EPDCCH set is empty (i.e. no ePDCCH is scheduled in the set), a contiguous block of PUCCH resource can be freed up.  Furthermore, remapping causes the higher PUCCH resources of each set to be infrequently used.  If we consider the plot above, the first two PUCCH resource groups (of the first EPDCCH set) are contiguous, occupying resources 0-31.  When EPDCCH sets 2 and 3 are empty, PUCCH resources above, say, resource 31 tend not to be occupied, and they can be reused for PUSCH.  Therefore, it is possible to reduce PUCCH resource substantially when EPDCCH load is light such that multiple sets are not needed, and even the PUCCH resource needed for 1 EPDCCH set can be reduced.
Because the infrequently used PUCCH resources are mapped to the higher PUCCH resources, the infrequently used PUCCH resource of one EPDCCH set tends to overlap with the frequently used PUCCH resource of the adjacent EPDCCH set.  This helps avoid PUCCH resource collisions between sets, allowing better PUCCH resource efficiency.
Given these beneficial properties, we prefer that remapped PUCCH resources corresponding to an EPDCCH set are contiguous.
Preference:

· All implicitly allocated PUCCH resources corresponding to each EPDCCH set are contiguous. 

· Remapped PUCCH resources remain within those corresponding to the EPDCCH set.

3.2. DCI based dynamic PUCCH resource selection
In an alternative approach, DCI can be used to determine PUCCH resource.  This can be done using a one-to-one mapping where each eCCE can map to one PUCCH resource and the total number of PUCCH resources is equal to the number of eCCEs.  One simple example of this approach is to use the following equation, where 
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 is the index of the first eCCE relative to the beginning of the EPDCCH set it occupies, 
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 is a PUCCH resource shift dynamically signalled in DCI, 
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  is the UE’s PUCCH resource offset for the EPDCCH set in which it is scheduled:
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(Eq. 2)
This equation generally does not allow fewer resources than 
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 to be allocated if a small set of 
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 values are supported, and consequently it does not improve PUCCH resource efficiency of one EPDCCH set significantly. 
Observation:

· DCI based approaches with a one-to-one eCCE to PUCCH resource mapping may not improve PUCCH resource efficiency significantly with a few supported 
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A multiple–to-one mapping could instead be used with DCI where multiple eCCEs can be potentially mapped to the same PUCCH resource.  In this case, the size of the PUCCH resources could be limited to a predetermined value.  Due to the nature of multiple-to-one mappings, PUCCH resource conflict could occur where two EPDCCHs are mapped to the same PUCCH resource.   There are a few options to handle the conflict.   In one option, the eNB could try to relocate one of the EPDCCHs to avoid the conflict.  If the relocation cannot be done, the UE can’t be scheduled in the EPDCCH in the subframe.  In another option, multiple regions of PUCCH resources could be configured.  The multiple-to-one mapping would be done to the first PUCCH region.  If there is a PUCCH resource conflict that cannot be resolved by EPDCCH relocation, then the conflicted EPDCCH is mapped to the second PUCCH region. If there is conflict in the second region and it cannot be resolved by EPDCCH relocation, the one of the conflicted EPDCCH is mapped to the third PUCCH region and so on. An example is shown in Figure 3, where four regions {B,C,D,E} of PUCCH resources for EPDCCH scheduled PDSCHs are configured. Two bits can be used in DCI to indicate to a UE which region the corresponding PUCCH resource(s) is allocated.  It is understood that in majority of the time, the PUCCH resources are only mapped to the first one or two regions, the rest of the regions are empty and the corresponding PRBs can be used for PUSCH transmission.  
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Figure 3:  A/N resource mapping for E-PDCCH scheduled PDSCH with multiple A/N resource regions
A straightforward way to map from EPDCCH resources to PUCCH resource(s) within a resource region is to compress the eCCE indices to map to within a resource region.  This can be accomplished by setting the PUCCH resource using the following equation,: where 
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  is the UE’s PUCCH resource offset for the EPDCCH set, and 
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(Eq. 3)
In this way, the PUCCH region is set by 
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Proposal:

· DCI can indicate a PUCCH resource region, wherein each eCCE can map to a different region.
3.3. Simulation results:

We have done some simulation to verify the efficiency of PUCCH resource utilization and UE blocking probability using the different mapping schemes described above, i.e.

· Rel-10 PDCCH based one-to-one implicit mapping of each EPDCCH set using eCCE indices (‘Rel-10 implicit’) 
· DCI based dynamic PUCCH resource selection (Section 2.2)
· PUCCH resource remapping (Section 2.1)
The results are summarized in Table 1 and Table 2 below.  The aggregation level probabilities are based on DCI format 1A transmission using distributed EPDCCH in a 10 MHz UMi scenario. A single attempt is made to schedule each UE in a subframe using one aggregation level, and multiple retries of each grant (up to a limit) are allowed in subsequent subframes.  PUCCH resource savings are quantified by the factor that the average required resource is reduced relative to Rel-10 one-to-one implicit resource allocation of each EPDCCH set (with non-overlapping EPDCCH sets).  Note that the PUCCH resources corresponding to adjacent EPDCCH sets can overlap for all 3 methods (by an amount according to the savings factor).  TDD configurations 0 and 2 are considered, in order to study the impact of providing A/N bits for different numbers of DL subframes.  Two EPDCCH sets are used, and 7 UEs have new grants in each downlink subframe. Detailed simulation assumptions are given in the Appendix.
Table 1: Scheduler Blocking vs. Resource Allocation Scheme (TDD Configuration 0: M=1)
	
	DCI Based
	PUCCH Remapping
	Rel-10 Implicit

	Retries
	1x Savings
	2x Savings
	4x Savings
	1x Savings
	2x Savings
	4x 
Savings
	1x Savings
	2x 
Savings
	4x 
Savings

	0 
	3.1%
	3.2%
	5.6%
	3.3%
	7.5%
	31.7%
	3.4%
	14.7%
	46.0%

	1 
	0.4%
	0.3%
	0.6%
	0.3%
	0.7%
	15.3%
	0.3%
	8.2%
	32.9%

	3 
	0.0%
	0.0%
	0.0%
	0.0%
	0.0%
	4.9%
	0.0%
	1.3%
	57.4%


Table 2: Scheduler Blocking vs. Resource Allocation Scheme (TDD Configuration 2: M=4)
	
	DCI Based
	PUCCH Remapping
	Rel-10 Implicit

	Retries
	1x Savings
	2x Savings
	4x Savings
	1x Savings
	2x Savings
	4x 

Savings
	1x Savings
	2x 

Savings
	4x 

Savings

	0 
	3.3%
	3.3%
	5.4%
	3.3%
	7.4%
	31.6%
	3.2%
	22.5%
	61.2%

	1 
	0.4%
	0.4%
	0.6%
	0.4%
	0.5%
	15.2%
	0.4%
	16.1%
	57.6%

	3 
	0.0%
	0.0%
	0.0%
	0.0%
	0.0%
	5.2%
	0.0%
	21.3%
	62.6%


Observations:

1. Even if we overlap PUCCH resources between EPDCCH sets, truncating the high PUCCH resources to improve Rel-10 implicit resource allocation efficiency will increase blocking significantly, especially for configuration 2 (where M=4 DL subframes require A/N).  While multiple scheduling attempts for a grant can reduce blocking, at a given number of retries this method tends to have much higher blocking probability than the DCI based method and PUCCH remapping.
2. Using 2 DCI bits to select a PUCCH resource region allows large resource savings under the most conditions, providing gains even for 4x savings with M=4 in all subframes with little increase in blocking.

3. PUCCH resource remapping also yields large resource savings, but the gains are more limited, showing increased blocking at 4x savings.

4. Conclusions

We have studied the PUCCH resource allocation efficiency of three different approaches for implicit PUCCH resource allocation for EPDCCH.  In the scenario we simulated, we found that techniques that allow infrequently used PUCCH resources to occupy the same region of uplink PRBs can provide a substantial (up to a factor of four) increase in PUCCH resource efficiency over Rel-10 approaches for both TDD and FDD.  We therefore recommend:
· PUCCH resource mapping and/or DCI allow infrequently used PUCCH resources to occupy the same region of uplink PRBs so that when unused, the PRBs can be reused for  PUSCH
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6. Appendix: Simulations

We measure the spectral efficiency impact of resource allocation schemes by the ability to schedule a UE in a subframe.  Results provided here are based on the simulation methodology given in [3] and EPDCCH SINR requirements from [4].  Note that the use format 1A is expected to give conservative estimates of the benefit of improved resource allocation schemes, since the aggregation levels for EPDCCH could tend to be larger for other DCI formats.  We consider how often a UE can be scheduled on a PDSCH using EPDCCH and PUCCH on a single serving cell, assuming that 10 UEs’ PDSCHs are scheduled.  A simple scheduler is used, wherein only the UE specific search space is scheduled and a single attempt is made to schedule each UE in a subframe using one EPDCCH size.  Multiple retries of each grant (up to a limit) are allowed in subsequent subframes. The simulation parameters are given in Table 2 below. 

PUCCH resource savings are quantified by comparing blocking when different amounts of PUCCH resource are occupied.  When PUCCH resource is reduced, a contiguous block of PUCCH resource above a threshold is left unused.  The PUCCH resource reduction factor is calculated as the ratio of the Rel-10 implicit average resources used to the average used with the new resource allocation scheme.  For example, in TDD configuration 2 with 3 EPDCCH  sets and 16 eCCEs per set (and therefore 16*3=48 one to one mapped PUCCH resources per DL subframe), if the highest 96 PUCCH resources are not used, then the ratio is (4*48)/(4*48-96)=2.

Table 2: Simulation Parameters
	Parameter
	Value

	System bandwidth
	10 MHz

	Number of eCCEs per EPDCCH set
	16

	Number of EPDCCH sets
	2 or 3

	Search Space
	Distributed among EPDCCH sets using the parameters of [5], and such that search candidates are spread across PRBs as much as possible.  The first search space candidate is independently randomized for each UE. 

	PUCCH Resource Mapping
	PUCCH resources corresponding to adjacent EPDCCH sets are overlapped by a fraction of about (1-1/x), where x is the savings factor in Table 1. For example, with x=4, about 75% of resources from adjacent EPDCCH sets overlap.

	Number of scheduling cells
	1 (PCell)

	Number of serving cells
	1

	Scenario
	ITU UMi [6]

	Link adaption of PDCCH

assuming DCI format 1A [3]
	Aggregation 1 (SNR >=  8.0 dB)

Aggregation 2 (1.6 dB <= SNR < 8.0 dB)

Aggregation 4 (-1.3 dB <= SNR < 1.6 dB)

Aggregation 8 (-4 <SNR <= -1.3 dB)

	UE probability per CCE 
aggregation level [1 2 4 8]
	[37 35 18 10]% 



	Scheduling
	10 UEs are randomly selected

0, 1,or 3 retries are allowed

	PUCCH Configuration
	4 bit format 1b channel selection, 1 Tx

	Resource Allocation
	Rel-10 Implicit Resource Allocation 

PUCCH Resource Remapping

Dynamic PUCCH region selection

	TDD Configuration
	0 or 2
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