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1 Introduction

In RAN1#66 the following issues were identified as with high priority for further study 

· Time misalignment / antenna calibration

· Downlink control signaling enhancement (including UE-specific RS-based)

· Further discussion required on prioritization
· Feedback and related enhancements, including: 

· Interference measurement enhancement

· Rank reporting

· Further discussion required on prioritization

· CSI accuracy (especially for MU-MIMO) for the high-priority scenarios and antenna configurations.
This contribution discusses various design aspects for downlink control signaling enhancement including evaluation aspects. 
2 Scenarios for DL Control Channel Enhancements
Enhanced Control Channels (eCCHs) in the DL (i.e. ePDCCH, ePHICH, ePCFICH) can improve or enable important functionalities for various operations including:

a) Carrier Aggregation

a. CA can most efficiently support ICIC - PDCCHs scheduling PDSCH/PUSCH in multiple cells (typically two or three cells for macro-pico/macro-femto or macro-pico-femto deployments) need to be transmitted in a single cell – despite enabling cross-cell scheduling functionality, the Rel.10 PDCCH accounts for single-cell scheduling and does not provide the required capacity.
b. Extension carriers (if introduced) should either have respective PDSCH scheduling from a Rel.10 carrier or include their own DL control signaling (cannot be the CRS-based DL control signaling of Rel.10 because then an extension carrier is effectively a Rel.10 carrier).
b) MU-MIMO
a. Increasing use of MU-MIMO to improve DL/UL system throughput is constrained by Rel.10 PDCCH capacity limitations [1].

c) CoMP

a. For CoMP scenario 3 and CoMP scenario 4, the Rel.10 PDCCH is capacity limited (e.g. [2]).

d) Single-cell ICIC

a. The use of ABS results to highly inefficient spectrum utilization at the macro-node in ABS as Rel.10 PDCCH transmissions for PDSCH/PDCCH scheduling can only be with substantially reduced power (including no transmission). Introduction of an enhanced DL control region that can support FDM-ICIC avoids such shortcomings (for Rel.11 UEs).  
Observation 1: Sufficient benefits exist to specify DL control signaling enhancements in Rel.11.
3 Considerations for Control Channel Enhancements
Enhanced Control Channel Structures

As discussed in [2], the eCCH region can be configured either in non-interleaved mode or in interleaved mode. For the non-interleaved mode, the transmission of an eCCH consists of a set of localized REs in the configured VRB region; for interleaved mode, the REs  are distributed over  configured VRB region.
The multiplexing options for enhanced DL control signaling are: 
· Pure FDM mode

· One eCCH spans both slots in a subframe.
· 1st-slot FDM mode
· One eCCH spans only the 1st slot in a subframe

· Hybrid FDM/TDM

· One eCCH spans the 1st slot, and/or the 2nd slot
The tradeoffs of the above three multiplexing options have been extensively discussed. Pure FDM allows simplicity for scheduling of PDSCH and enhanced DL control channels and avoids resource fragmentation  but incurs larger delay and buffering requirements for eCCH and subsequent PDSCH decoding. 1st-slot FDM incurs smaller delay as ePDCCH decoding can start from the 2nd slot but more complicated scheduling and receiver processing are needed compared to pure FDM. Moreover,  the resource fragmentation issue will still exist as full utilization of every PRB resource, e.g., when only an UL grant is transmitted to a UE, cannot be guaranteed. FDM/TDM approach incurs both decoding delay and resource fragmentation. As the UE processing capability will continue to improve, the decoding delay and buffer requirements will continue to be less important in the overall system/UE design and a simple design is more important in this case. Therefore, pure FDM multiplexing provides the better tradeoff.
Similar analysis also applies to interleaving mode, considering its pre-allocated VRB configuration.
Observation 2: Pure FDM eCCH multiplexing provides the better tradeoff between resource utilization and scheduling/design complexities.
Reference Signal Design
Possible RS design alternatives for enhanced DL control signaling demodulation include:
CRS-based enhanced control signaling
eCCH demodulation can be based on the legacy wideband CRS (WB-CRS) when using for example transmit diversity or when multiple UEs are multiplexed in the same RBs. As the WB-CRS is widely and densely distributed, channel estimation accuracy will be better compared to other RS design alternatives. However, a WB-CRS based design cannot achieve cell-splitting gains which are important for CoMP scenario 4 and will be problematic for operation in heterogeneous networks. 
UE-specific DMRS-based enhanced control signaling
A UE-specific DMRS is transmitted per PRB and can be optimized for eCCH transmission with beamforming (assuming UE feedback is available and appropriately accurate) as no additional precoding configuration is needed. A UE will be allocated an exclusive DMRS port for eCCH decoding. Multiple UEs can be allocated with the same eCCH resources if the inter-UE interferences are identified to be small enough. Otherwise, multiple UEs can be allocated with orthogonal eCCH resources based on different DMRS ports. 
Group-UE-specific DMRS based enhanced control signaling
Different from UE-specific DMRS, a group of UEs (or all UEs) can be configured with the same DMRS ports for eCCH demodulation. Within each group, the UEs are assigned with orthogonal resources for eCCH transmission. The eNB can configure multiple groups in a cell reusing the same eCCH resources when mutual inter-group interference is small enough. The UE groups may be configured to use the same DMRS resources or orthogonal DMRS resources. Group DMRS is particularly applicable for transmission of eCCHs conveying UE-common information (e.g. ePHICH, ePCFICH, DCI format 3/3A, etc.).
Observation 3: Both UE-specific and group-UE-specific RS based designs should be further studied.
Non-interleaving vs. interleaving mode
For the R-PDCCH design, both interleaving and non-interleaving modes are supported in order to adapt to different channel conditions and channel information. The same philosophy can apply to the eCCH design since the performance with precoded UE-specific DMRS strongly depends on the availability and accuracy of the channel information at the eNB. which may not always exist. Then, open-loop transmission with antenna diversity is a better and more robust option for transmission of control channels and should be always available at least for the transmission of common control information, ePHICH, and ePCFICH. The interleaving mode spreading the eCCH resources over the configured VRB set would be the natural approach. 
Observation 4: Support of both interleaving and non-interleaving modes should be considered.
Support of MU-MIMO ePDCCH Transmissions

MU-MIMO was not used for R-PDCCH as the number of RNs is typically small and the channel from the DeNB to RNs is typically constant. For the eCCH, the capacity gains may be significant for some applications (e.g. in pico-cells where many UEs with low mobility may experience opportunistic channel conditions) but the previously discussed robustness of the eCCH transmission and the availability of reliable link adaptation should be considered. The evaluations should practically consider the same issues as for the structure of the UE-specific RS. 

A natural candidate for use of MU-MIMO is CoMP scenario 4 where, under the assumption of relatively isolated RRHs, MU-MIMO is essentially mandatory in order to avoid excessive eCCH overhead and, due to the assumed isolation of RRHs, robustness concerns are substantially alleviated. 
Observation 5: CoMP scenario 4 is a primary candidate to evaluate for support of MU-MIMO eCCH transmissions. 
Support of multi-layer (MIMO) ePDCCH Transmissions

MIMO with multi-layer transmission was not used for R-PDCCH either since the need for further R-PDCCH capacity enhancement from MIMO is not very clear. However, MIMO can be a promising candidate to increase the eCCH capacity and the PDSCH throughput as well. The LTE UEs already have MIMO receiver structure for PDSCH reception so that extending the MIMO support to eCCHs will not be a significant issue in UE implementation. Since multi-rank channel may not be available for all the UEs, applying MIMO to transmission of eCCHs conveying UE-common information (e.g.  ePHICH, ePCFICH, DCI format 3/3A, etc.) should be avoided. On the other hand, UE-specific control channels such as ePDCCH can take advantage of MIMO transmissions for the UEs experiencing rich-scattered channels. Since robustness and reliability are the most important factor for control signaling, evaluations are needed to check the feasibility of MIMO support for ePDCCH.

Observation 6: Supporting multi-layer transmission (MIMO) for ePDCCH should be further studied.
4 Evaluation for DL Control Signaling Enhancements

Several alternatives exist for the design of each particular component associated with an eCCH (ePDCCH, ePHICH, ePCFICH) and the combinations and inter-dependencies of these alternatives can substantially increase the number of possible designs. 
One high level principle is that eCCHs should provide at least the capabilities of Rel.10 DL control signaling including support of eCCHs providing UE-common information, support of ePHICH, and support of ePCFICH. For example, for single-cell ICIC as well as for future CSI-RS/DMRS centric systems (e.g. extension carriers), UE-common control and HARQ-ACK information should be provided by respective eCCHs. Another high level principle is that the design of eCCHs should provide robust and efficient performance for all applicable scenarios instead of being optimized for a particular scenario and performing poorly for other scenarios.  

The evaluation assumptions must reflect actual system operation; otherwise, incorrect conclusions may be drawn leading to flawed designs. It is noted that operating conditions considered for R-PDCCH are not applicable for ePDCCH (e.g. UEs are not stationary, LoS cannot be assumed, UE SINR can be low, interference experienced by UEs is varying, etc.). 
Observation 7: Evaluations should consider the performance and robustness for all applicable scenarios of eCCHs.   
5 Conclusions

This contribution considered the applicable scenarios for the introduction of enhanced DL control signaling and the necessary evaluations for the choices for the individual components of this design. The following observations are made.
· Sufficient benefits exist to specify DL control signaling enhancements in Rel.11.
· Pure FDM eCCH allocation makes good tradeoff between resource utilization and scheduling complexities.

· Both UE-specific and group-UE-specific RS based approaches should be considered.

· Both interleaving and non-interleaving modes should be considered.

· CoMP scenario 4 is a primary candidate to evaluate for support of MU-MIMO eCCH transmissions. 
· Supporting multi-layer transmission (MIMO) for ePDCCH should be further studied.
· Evaluations should consider the performance and robustness for all applicable scenarios of eCCHs.   
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