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1 Introduction
At RAN1#65, there were some initial discussions on downlink control signalling enhancements within the scope of the downlink MIMO enhancement study item. According to the online discussions and submitted contributions, there is the common view that PDCCH needs to be enhanced to improve PDCCH capacity and reduce interference on the PDCCH [1]~[7]. 

In this document, to address the issues of PDCCH capacity enhancement and interference mitigation, an FDM-based extension for PDCCH (E-PDCCH) is and analyzed and proposed. Furthermore, the method of resource allocation and signalling for E-PDCCH in case of FDM-based extension is discussed. 

2 FDM extension for PDCCH

The PDCCH capacity is restricted to the maximum number of three OFDM symbols. Increasing the PDCCH capacity requires additional control channel resources. The additional resource (extension) can be done in either a TDM or a FDM fashion. 

With a TDM extension, the maximum number of available OFDM symbols for PDCCH is increased, e.g. adding a fourth or fifth symbol. For TDM extension, there are the following drawbacks,

· Backward compatibility cannot be fulfilled because the legacy UEs will assume that the additional symbols assigned to E-PDCCH are used for its own PDSCH transmission and perform detection.

· The E-PDCCH transmitted in the extension area needs to use CRS, which cannot improve the transmission efficiency of E-PDCCH especially in scenario 4.

· It is not easy to manage the interference mitigation in case of non-uniform network deployment. 

For an FDM extension, a number of resource blocks (RBs) in the data region within one sub-frame is used for E-PDCCH transmission, and the extension region is multiplexed with data channels in the frequency domain, such as shown in Figure 1. 

[image: image1.emf]PDCCH

FDM extension of PDCCH

FDM extension of PDCCH


Figure 1. Location of the PDCCH FDM extension in the data region.
Several main properties make the FDM extension be an attractive solution to improve the PDCCH capacity, mitigate the effects of interference and support backward compatibility on the downlink.   

· The FDM extension can provide flexible resources for PDCCH capacity improvement. The eNB has more freedom to allocate PDCCH resources which can increase the number of scheduled UEs and reduce PDCCH blocking probability.  
· An FDM extension may occupy a subset of frequency resources, thereby providing orthogonality for control channels from different HetNet layers unlike other TDM HetNet solutions. 
· An FDM extension does not disrupt or conflict with the current PDCCH, so prior release UEs are not impacted and are without a reduction in peak data rate. 
· With a FDM extension and when the control signalling load is moderate, it is possible to reduce the number of symbols used for PDCCH, thus improving the overall capacity of PDSCH (each control symbol uses 1/14th of the time resources with normal CP, but fewer frequency resources, e.g., 1/50th of the resources for a 10 MHz deployment). 
· It is possible to use DMRS on such an FDM extension. This could create a more efficient control channel that can take advantage of technologies such as dynamic link adaptation, frequency selective resource allocation, and MIMO transmission (e.g., rank 2 transmission, MU-MIMO). 
Based on the above analysis, an FDM extension for PDCCH is proposed.
3 Resource allocation and signalling for E-PDCCH
When E-PDCCH is transmitted in the extended region in case of an FDM extension, the PDCCH is still transmitted at least for legacy UEs scheduling and broadcast information transmission. In this case, the UEs with the capability receiving E-PDCCH need to know how to monitor PDCCH and/or E-PDCCH. The location of E-PDCCH is related to resource allocation and signalling. There are two alternatives for E-PDCCH resource allocation which are semi-static resource allocation and dynamic resource allocation. These two alternatives are discussed below. 
Alternative 1: semi-static resource allocation
Similar to R-PDCCH, frequency location candidates for E-PDCCH are configured by RRC signalling, which is illustrated in Figure 2. Once configured, the UEs blindly detect these configured frequency location candidates to find their E-PDCCH. The difference with R-PDCCH detection is that the UEs may also need to detect the common search space in PDCCH region. The reason is that the PDCCHs for some broadcast information transmissions, e.g. PDCCH with CRC scrambled by SI-RNTI are transmitted in the common search space. 
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Figure 2: Illustration of semi-static resource allocation.
For Alternative 1, the advantages include that E-PDCCH transmission is independent of PDCCH, new DCI format design is not needed and the current DCI formats can be reused as R-PDCCH, there is lower E-PDCCH resource allocation signalling overhead. Also the principle of R-PDCCH design can be reused to reduce standardization effort. However, it may be challenging for an E-PDCCH to perform dynamic rank adaptation and flexible UE pairing for MU-MIMO with Alternative 1. Note that what is signalled is a potential location for the E-PDCCH. If the E-PDCCH is not present, the resources for potential location may be used for PDSCH transmission.
Alternative 2: dynamic resource allocation
The frequency location for the E-PDCCH is indicated by a new DCI format transmitted in the PDCCH region. The UEs first performs blind detection in the PDCCH region to search the new DCI format and then determines whether there is E-PDCCH in the data region according to the status of the new DCI format detection. Hence the detection of E-PDCCH really relies on detecting the new DCI format in the PDCCH region. This design is hierarchical, and is illustrated in Figure 3. 
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Figure 3: Illustration of dynamic resource allocation.
For Alternative 2, the new DCI format can be UE-specific or shared by a number of UEs. When the UE-specific new DCI format is applied, a corresponding new DCI format transmitted in the PDCCH region for each E-PDCCH. In this case, the PDCCH capacity problem may not be solved even though the payload size of the new DCI format is less than the current PDCCH DCI formats. Thus it is preferred that the new DCI format is shared by a number of UEs. The new DCI format indicates which UE has E-PDCCH transmitted in the data region and the allocated resources for all the E-PDCCHs.  
The benefit of Alternative 2 is that the frequency location for E-PDCCH can be dynamically assigned by using the new DCI format transmitted in the PDCCH region, which can achieve better scheduling gain than Alternative 1. However, to achieve the scheduling gain, it may require a specific CSI reporting for E-PDCCH because the reported CSI for PDSCH is not accurate for E-PDCCH link adaptation due to different rank transmission for PDSCH and E-PDCCH. Furthermore, in both alternatives, we should have the blind decoding in mind when working on detail designs.
According to the above discussion, the performance of E-PDCCH, the increased blind decoding and the standardization effort should be considered when determining the resource allocation for E-PDCCH.
4 Transmission Improvements

The E-PDCCH is an addition to the PDCCH. Every subframe needs to carry a PDCCH for backwards compatibility reasons. This area can be used for legacy users, and, for some deployment scenarios, provide the robustness needed for UEs in challenging radio conditions. Consequently, it may be advantageous to be more aggressive for E-PDCCH transmission than for existing PDCCH transmission. Transmission improvements such as higher order modulation (16-QAM) or support for MIMO on the E-PDCCH should be studied to see if they bring significant performance benefits.

Supporting such transmission improvements presents some challenges: new information needs to be conveyed, such as the modulation order or the antenna port to use. One possibility could blindly decode each possibility (e.g., both 16-QAM and 64-QAM), but the impact on the number of blind decodings would be severe. When alternative 2 is used, another possibility is to include this information in the new DCI format.

5 Conclusion
In this document, an FDM-based PDCCH extension is proposed to increase PDCCH capacity and mitigate interference, and two alternatives for E-PDCCH resource allocation and signaling are discussed. The following is proposed:
· Alternative 1 (semi-static assignment) and Alternative 2 (dynamic assignment) should be compared
· If Alternative 2 is selected, a new DCI format shared by a number of UEs is needed, and support for dynamic rank adaptation and flexible UE pairing for MU-MIMO should be studied
· Transmission improvements benefits (e.g., higher order modulation, support for MIMO on the E-PDCCH) need to be quantified
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