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1. Introduction
In RAN plenary meeting (RAN#51), a new study item was agreed upon for “Downlink MIMO Enhancement for LTE-Advanced” [1]. One of the main objectives of this study is to:  
· Evaluate enhancements for downlink control signalling:
· to support MU-MIMO;
· based on UE-specific reference signals.
In last RAN1 meeting, several contributions discussed the motivations for PDCCH enhancements (E-PDCCH), and some design considerations [2-7]. In this contribution, we first summarise the motivations for DL control channel enhancements in order to formulate general requirements for the design. Then, we address some design considerations, and our view. 
2. Motivation for control channel signalling enhancements

Many contributions in last RAN1 meeting identified several reasons for control channel signalling enhancements [2-7], which are briefly described below. 

1) Need to increase PDCCH capacity to handle present and future traffic demands, as well as to support technical enhancements from Rel-11 on wards such as CoMP, enhanced DL-MIMO. 
a. Capacity enhancement of the DL control channel that is suited to the MBSFN subframe 
· More demand for MU-MIMO and CoMP that require TM9 in Rel-10/11.
· Reduce CRS overhead
b. Capacity enhancement for non-uniform network deployment that has a macro-node with several low-power RRHs using the same cell ID.
· One common PDCCH for the macro eNB and all RRHs
c. Cross-carrier scheduling where a single carrier may need to maintain control channel resources for many carriers.
d. Increased PDCCH capacity for machine-2-machine communication, where a multitude of devices trigger many small PDSCH transmissions per sub-frame.

e. In case of power boosting for PCFICH/PHICH/CRS, the PDCCH has to be powered down. The aggregation level for each DCI format will be adjusted accordingly. And more CCE resource will be needed.
2) Reduce inter-cell interference particularly in HetNet deployment scenarios since REGs associated with PDCCH are not totally orthogonal among different cells.
3) Availability of more transmit antennas (up to 8)
a. PDCCH coverage remains the same since the PDCCH does not exploit the potential of large antenna arrays.
3. General requirements for control channel enhancements

The following general requirements are identified for control channel signalling enhancements considering the motivations as well as network and UE operational aspects. 

· REG1: Backward compatibility

· E-PDCCH shall have no impacts on performance of any Rel-8/9/10 physical channels.  

· E-PDCCH shall coexist with the regular PDCCH in a transparent way.  . 
· REG2: Increased E-PDCCH capacity anticipating future PDSCH enhancements (CoMP, eDL-MIMO, eICIC etc.) and future traffic condition.

· It is also desirable to consider the following aspects as well.

· Flexibility to increase resources for E-PDCCH
· Better DCI format design to reduce number of transmission bits for E-PDCCH (compact DCI formats)

· REG3: Better ICIC coordination for HetNet deployments, and cell edge performance improvements with E-PDCCH. 
· REG4: E-PDCCH performance is better than Rel-8 PDCCH performance.

· The following aspects could be considered to enhance the performance.

· Exploit frequency diversity gain. However, frequency diversity gain for E-PDCCH could be limited, and not comparable to that of PDCCH. 
· Exploit pre-coding gain

· Exploit area splitting gain in CoMP   

· REG5: Coding, scrambling and modulation for the E-PDCCH follow the same principles as for the PDCCH. 

· This is to minimise UE implementation complexity. 

· REG6: E-PDCCH decoding delay shall have minimal impacts on UE procedures. 
· This is to ensure that timing and latency requirements upon reception of DCI are not changed from Rel-8/9/10 requirements. That means:

· ACK/NACK is transmitted at (n+4)-th sub-frame up on reception of PDSCH on n-th sub-frame. 

· No impacts on timing of UL transmission and power control applicability

· REG7: UE complexity is not increased significantly.

· Blind decoding attempts and control channel detection procedures are not changed significantly compared to Rel-8/9/10.

· REG8: UE shall have power saving opportunity 
· REG9: UE shall support high mobility 

· REG10: Flexibility for network scheduling  
4. Design considerations based on the requirements
Rel-10 R-PDCCH is good starting point for E-PDCCH design considerations. However, significant differences in the operation of Rel-10 relay node and Rel-11 UE shall be considered which basically forms part of the requirements in Section 3. The following are different aspects of E-PDCCH design compared to R-PDCCH. 

· Higher capacity is needed for E-PDCCH, whereas R-PDCCH capacity was low in real deployment scenario (ie., number of relay nodes are much smaller than number of UEs in a cell).  
· R-PDCCH resources are allocated by higher layer signalling. This is less flexible for link adaptation.  
· E-PDCCH shall support high mobility, whereas R-PDCCH was designed for fixed deployment scenario. 
In the following, we discuss several E-PDCCH design aspects considering the requirements. 

4.1 E-PDCCH multiplexing
In Rel-8/9/10, PDCCH is multiplexed and mapped in TDM manner using the first 1-3 OFDM symbols in a sub-frame, but across the full bandwidth. The main motivations are high frequency diversity gain, low latency for detecting PDSCH and support for high UE mobility. In Rel-10, R-PDCCH was mapped in FDM+TDM manner. 

One TDM mapping approach for E-PDCCH is to allocate a number of OFDM symbols, adjacent to legacy PDCCH region as E-PDCCH resources. However, it is rather difficult to multiplex E-PDCCH in the legacy region of PDSCH, where Rel-8/9/10 UE may not aware of E-PDCCH. Alternatively, TDM mapping could be used for E-PDCCH in non-backward compatible carrier with carrier aggregation. We discuss this carrier aggregation solution in our companion paper in [9].  
FDM approach for E-PDCCH is to allocate a number of physical resources blocks (PRB) in the legacy PDSCH region as E-PDCCH resources. This approach has no issues with legacy Rel-8/9/10 UEs, and transparent to legacy PDCCH (REG-1). To simplify the description of mapping and multiplexing, we call PRBs allocated to E-PDCCH as “Physical Control Resources Block (PCRB)”, and it consists of 
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 is the number of sub-carriers and could be equal to 12 or multiple of 12, and 
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 could be number of OFDM symbols available for PDSCH transmission in a slot. However, the dimension of PCRB could be studied further considering required E-PDCCH capacity and its configuration.    

The following three variance of PCRB mapping and dimensioning could be considered for E-PDCCH, which are shown in Figure 2.

· Option 1: PCRB mapped across two slots in a sub-frame  
· Option 2: PCRB mapped first slot in a sub-frame
· Option 3: PCRB defined first and second slots separately
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Figure 1: Candidates for PCRB mapping   

The pros and cons of each mapping options are summarised below. 
Option 1: PCRB mapped across two slots in a sub-frame  
· Pros:

· Could provide more capacity for E-PDCCH (REG-2)

· Frequency domain ICIC coordination for E-PDCCH for HetNet deployment (REG-3)

· Flexible for network scheduling (REG-10)
· It can achieve frequency diversity gain. 
· No need to change PDSCH mapping due to the presence of E-PDCCH (ie., consistent PDSCH mapping across sub-frame)  

· Cons:

· Might have issue with timing & latency requirements for PDCCH decoding (REG-6)
· UE implementation complexity due to increased buffering of received data 
· No UE power saving opportunity (REG-8)

· Might have performance degradations at high speed (REG-9)

Option 2: PCRB mapped first slot in a sub-frame
· Pros:

· Could provide adequate capacity for E-PDCCH (REG-2)
· Less issue with timing & latency requirements for E-PDCCH decoding (REG-6)

· Buffering of received data is not increased significantly and thus attractive for UE implementation. 
· It can achieve frequency diversity gain. 

· UE power saving opportunity (REG-8)

· Less performance issues at high speed  (REG-9)
· Cons:

· Frequency domain ICIC coordination for E-PDCCH for HetNet deployment (REG-3) may be bit complicated due to the presence of PDSCH on the same frequency 
· Not flexible for network scheduling since PDSCH mapping across sub-frame is inconsistent (REG-9)

· Need to change PDSCH mapping due to the presence of E-PDCCH (ie., in-consistent PDSCH mapping across sub-frame)  
Option 3: PCRB defined first and second slots separately
This is bit similar to R-PDCCH [8], and basically combines the advantages of option 1 and option 2 with the following restrictions.

· DL scheduling assignment is always mapped to first slot.

· UL scheduling assignments and UL power control could be mapped to either first slot or second slot.

The pros and cons of this option 3 can be summarised as:
· Pros:

· Could provide more capacity for E-PDCCH (REG-2)

· Frequency domain ICIC coordination for E-PDCCH for HetNet deployment (REG-3)

· No need to change PDSCH mapping due to the presence of E-PDCCH (ie., consistent PDSCH mapping across sub-frame)  
· It can achieve frequency diversity gain. 
· Less issue with timing & latency requirements for PDCCH decoding (REG-6)

· Less performance issues at high speed  (REG-9)
· Cons:

· Scheduling flexibility and resources allocations for E-PDCCH could be limited to certain level. 

· UE implementation complexity due to increased buffering of received data 
· Frequency domain ICIC coordination for E-PDCCH for HetNet deployment (REG-3) may be bit complicated due to the presence of E-PDCCH in slot 1 and 2.  
Observation 1: These mapping schemes could be investigated further along with signaling, performance aspects and E-PDCCH use cases.
4.1.1 E-PDCCH mapping within VCRB
To exploit frequency diversity gain, E-PDCCH could be mapped to across the physically separated PCRBs, similar to R-PDCCH and PDSCH. We define “Virtual Control Resources Block (VCRB)” as resources to be mapped to PCRB. 

· Each VCRB is of the same size as PCRB.

· Two types VCRB could be considered based on the need to exploit frequency diversity gain:

1.  Localised VCRB

2. Distributed VCRB

· Allocated number of VCRBs for UE is based on E-PDCCH aggregation level. 

· E-PDCCH shall not be cross-interleaved across the VCRBs.

It might be possible to use the existing VRB to PRB mapping with resources allocation types 0, 1 and 2 defined for PDSCH. This is also used for R-PDCCH. However, this depends on how E-PDCCH is configured in the first place. 
Observation 2: Both localized or distributed VCRB mapping and its performance, without cross interleaving across the VCRBs could be studied further. 
4.2 E-PDCCH configurations
4.2.1 E-PDCCH and PDCCH
Rel-11 UE needs to support legacy PDCCH configuration to operate in Rel-8/9/10 network. Further, E-PDCCH shall coexist with the regular PDCCH in a transparent way to guarantee backwards compatibility for legacy UEs (REG1).  Therefore, it would be simpler to design E-PDCCH independently. However, the following two approaches could be considered. 

· Approach 1: UE detects both PDCCH and E-PDCCH in a sub-frame. 

· Approach 2: UE detects either PDCCH or E-PDCCH in a sub-frame. 
The approach 1 could provide more robust transmission and optimized resources allocations for control channel, but it may increase UE complexity. On the other hand, approach 2 could provide less UE complexity, but it may require signalling mechanism. The choice of approach also depends on the contents of E-PDCCH and E-PDCCH resources allocation mechanism, which are discussed below. 
4.2.2 E-PDCCH contents
Rel-8/9/10 PDCCH conveys information for the following purposes.

· DL scheduling assignment (DCI formats 1C, 1A,1B, 1D, 1, 2A, 2, 2B, 2C)

· UL grant assignment (DCI formats 0 and 4)

· Power control (DCI formats 3 and 3A)

The following two approaches could be considered for E-PDCCH contents:

· Option 1: Support all existing DCI format types (DL/UL assignments and power control)
· Option 2: Support only existing DCI formats related to DL scheduling assignments. This means UE needs to detect PDCCH simultaneously to detect UL grants and power control commands.  
Option 1 could provide more flexibility for scheduling (REG10) and better support for HetNet deployment scenario, and CoMP (REG3). On the other hand, Option 2 could reduce the E-PDCCH design complexity, but the overall UE complexity might be higher than option 1.   

Observation 3: E-PDCCH use cases are to be further investigated to identify DCI types to be supported for E-PDCCH.   

4.2.3 E-PDCCH resources allocations
Two possible approaches could be considered for E-PDCCH resources (PRBs) allocations. 

Option 1: Dynamic signalling (through another PDCCH) to indicate which PRBs to monitor to detect E-PDCCH

Option 2: Higher layer semi static signalling (through RRC) to indicate which PRB to monitor to detect E-PDCCH

Option 1 could increase UE complexity due to two level of decoding PDCCH/E-PDCCH contents, and reduce overall PDCCH capacity. However, option1 provides better scheduling flexibility and link adaptation. On the other hand, option 2 is less complex compared to option 1, but it provides less scheduling flexibility  and link adaptation due to slow signalling. 

Within the allocated PRBs, UE blindly detects DCI (common and UE specific search space). This means UE needs to perform independent blind decoding across allocated PRBs.  
4.2.4 Dynamic signalling for E-PDCCH resources allocations

In some deployment scenarios such as HetNet (with same and multiple cell ID cases), it is much beneficial to use E-PDCCH only so that interference and resources would be well coordinated efficiently. The following tow approach could be used to signal the UE about E-PDCCH configuration:
Option-1: 
1. Certain numbers of PRBs are reserved for E-PDCCH (static PRB allocation). Unless UE is signalled otherwise for PDSCH allocations, these PRBs are reserved for E-PDCCH transmission only.
2. UE is signalled whether static PRB allocation for E-PDCCH is configured in the cell.  This signalling could be done using the reserved bit (4th bit) in PCFICH.

· This reserved bit could indicate either E-PDCCH is configured in the cell or not.

· Rel-8/9/10 UE discards this information, and use PDCCH as in Rel-8/9/10.

3. Rel-11 UE could search for PDCCH in the PDCCH region, and E-PDCCH in the reserved PRBs. 

Option-2: 
1. UE is signalled whether static PRB allocation for E-PDCCH is configured in the cell.  This signalling could be done using the reserved bit (4th bit) in PCFICH.

· This reserved bit could indicate either E-PDCCH is configured in the cell or not.

· Rel-8/9/10 UE discards this information, and use PDCCH as in Rel-8/9/10.

2. Rel-11 UE could search for PDCCH in the PDCCH region and it could detect new DCI format (say DCI-x) to find PRB allocations for E-PDCCH.

· This new DCI format provides dynamic allocations of PRBs for E-PDCCH.

5. Conclusion

We presented our views on requirements and design aspects for Rel-11 PDCCH enhancements (E-PDCCH). Our initial view on E-PDCCH transmission and performance aspects are discussed in our companion paper [10] with some preliminary simulation results. We propose RAN1 to investigate further on requirements for E-PDCCH design, and resulting design options. 
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