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1 Introduction

At RAN#51, it was agreed to start a Study Item on DL MIMO enhancements for LTE-Advanced [1]. This Study Item includes improvements of DL control signalling:
The objectives of the study are to:

· With first priority […]
· Identify the need for DL MIMO enhancements, and evaluate such enhancements, applicable to non-uniform network deployments, low-power nodes (including indoor), relay backhaul scenarios, and practical antenna configurations (especially 4 tx, and including geographically-separated antennas i.e. macro-node with low-power RRHs) […]
· Evaluate enhancements for downlink control signalling:
· to support MU-MIMO;
· based on UE-specific reference signals.

In this contribution, a rationale for improving the DL control signalling is presented. To address control channel capacity limitations and potential interference on the control channels, it is proposed to study a FDM-based extension of the PDCCH using similar design principles as the R-PDCCH.  
2 Limitations of the current PDCCH design
With the current DL control channel design, the PDCCH capacity is related to the number of available CCEs (control channel element) and the aggregation level assigned to each allocated PDCCH. Since the control region is restricted to e.g., three OFDM symbols, there might be some scenarios where the eNB runs out of resources for PDCCH transmission. First, with the increased usage of DMRS, DCI format 2C will be used more often. DCI format 2C should use at least two CCEs for most UEs since using only one CCE results in high coding rates (e.g., 0.81 for a 10MHz FDD system). Second, for the UEs at the cell edge with CoMP mode, a large number of CCEs is needed for PDCCH to maintain coverage because the PDCCH cannot use CoMP to improve cell edge performance. Finally, as stated in [1], DL MIMO enhancement for non-uniform network deployment (such as the one shown in Figure 1) is high priority. One possible non-uniform network deployment has a macro-node with several low-power RRHs using the same cell ID as the macro eNB. In such case, there is one common PDCCH for the macro eNB and all RRHs, thus the capacity of the current control region might be too small for sending all PDCCHs.  
In addition to limited capacity, the current PDCCH design also has some other limitations. First, the PDCCH is designed for frequency diversity and demodulation using the CRS. Extending the current design to support UE-specific reference signals may be difficult given that the PDCCH is distributed in frequency. Also, more importantly, while the Rel-10 design provides means to mitigate interference for the control region of the subframe, the REGs associated with PDCCH are not totally orthogonal among different cells. Hence, the residual interference can be very strong in certain scenarios. This residual interference may become a serious issue for, e.g., heterogeneous deployments with both low and high power nodes coexisting, possibly without deployment coordination.
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Figure 1. Example of heterogeneous deployment where current PDCCH design might be suboptimal.
PDCCH enhancements need to be studied to improve the PDCCH capacity and mitigate the interference.  
3 Usage of a FDM extension for PDCCH 
As explained earlier, the PDCCH capacity may need to be increased. This can be done in either a TDM or a FDM fashion. Extending it in a TDM fashion by, e.g., adding symbols assigned to the current PDCCH region may be problematic for backward compatibility. Furthermore, it does not solve the interference problem: if the current PDCCH design is extended without addressing this issue, the PDCCH transmission will be inefficient, and may require the use of high aggregation levels. This may cause a significant increase in the control overhead. 
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Figure 2. Location of the PDCCH FDM extension in the data region.
To address the limitations of the current PDCCH design, it is proposed to study a FDM extension of the PDCCH into the data region of the subframe. This FDM extension is multiplexed with data channels in the frequency domain, such as shown in Figure 2.  
Several main properties make the PDCCH FDM extension an attractive solution to improve the PDCCH capacity and mitigate the effects of interference on the downlink.  
1. The FDM extension can provide flexible resources for PDCCH capacity improvement. The eNB has more freedom to allocate PDCCH resources which can reduce PDCCH blocking probability.  
2. 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. 
3. 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.

4. 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 can be much lower in frequency, e.g., 1/50th of the resources for a 10 MHz deployment). 
5. It is possible to use DMRS on such a 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). 
It should be noted that the R-PDCCH, designed for the control signalling of the relay backhaul link, is already a channel providing most of the characteristics of a PDCCH FDM extension: it provides flexible resource allocation, both to grow the control region and to orthogonalize interference between transmitting nodes, and enables the use of DMRS. Thus, it is proposed to reuse most of the R-PDCCH design for the PDCCH FDM extension. There may however be some UE specificities to take into account, such as UE mobility or the fact that typically, more UEs are present in a cell than RNs. This may require some modifications of the R-PDCCH design. Furthermore, it might also be beneficial to improve the signalling link efficiency, especially if DMRS is used. 
4 Conclusions
In order to improve downlink control signalling, especially increasing PDCCH capacity and mitigating interference in heterogeneous deployments, the following way forward is proposed:
· An FDM-based extension of the PDCCH should be studied
· This FDM-based extension should reuse the underlying principles of the R-PDCCH
· UE specificities and other improvements of the PDCCH/R-PDCCH (Adaptive Modulation/Coding, MIMO, etc.) should be considered for the design of the PDCCH FDM-based extension 
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