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1
Introduction

The DL MIMO Study Item description [1] states as one objective the following: 
· “Evaluate enhancements for downlink control signalling:
· to support MU-MIMO;
· based on UE-specific reference signals.”
Currently downlink control signaling is based on common reference signals and transmit diversity while closed-loop MIMO operation is not supported. Resource mapping is TDM-based to first 1-3 OFDM symbols (2-4 OFDM symbols for 1.4 MHz bandwidth case) of each subframe. Basically, the resource mapping is determined by the cell ID and the CFI value signalled on PCFICH, i.e. it is fixed in each cell. In addition to above design, we do have a precedent of downlink control signalling operating on UE-specific reference signals, that is the R-PDCCH specified for relay backhaul in Release 10.
In this contribution we discuss the scope and targets for the possible control signaling enhancements, and furthermore discuss the framework for enhanced PDCCH design.

2
Scope and targets of the enhancements
The DL MIMO Study Item description [1] does not explicitly mention which downlink control channels are within the scope of potential enhancements. However, legacy UEs already place some limitations to which channels can be even considered to be within the scope of current study as all legacy UEs starting from Release 8 need to be able to receive common channels such as PBCH, PCFICH and BCCH mapped on PDSCH, hence these channels can not be really modified.
Essentially the only channels that may be within the scope of targeted enhancements are PDCCH and PHICH. However regarding PHICH, it has to be noted that the ACK/NACK transmission can always happen alone without a new DL/UL grant transmitted to the same UE in the same subframe. In such case, having UE-specific RS transmitted only for a few ACK/NACK bits seems to be too much from overhead perspective. Furthermore it is also worth observing that PHICH capacity seems not to be a limiting factor currently compared to PDCCH capacity (see e.g. [2]). On the other hand in the single cell ID scenario with several RRHs under one macro, the use of UE-specific RS would allow area splitting gains also for PHICH as discussed in [3]. This could become relevant from capacity perspective if heavy usage of uplink MU-MIMO is used within the single cell ID area, in which case a lot of PHICH resources could be required. Anyway it seems that PDCCH enhancements are better motivated currently and we believe that PDCCH design and evaluation should be prioritized over PHICH.
Proposal: Consider PDCCH as the first priority for further control signaling enhancements. 
In the following we discuss some of the limitations of current PDCCH and what kind of requirements needs to be placed on the new design to overcome these limitations.
PDCCH capacity limitations in MU-MIMO / CoMP
In [4] it has been shown that PDCCH capacity limitations may in fact limit the overall MU-MIMO performance. This is due to the fact that a lot of UEs need to be scheduled in the same subframe to achieve the MU-MIMO gains, and PDCCH only contains a limited number of CCEs, and roughly half of these need to be reserved for UL grants. It can be expected that in CoMP PDCCH becomes an even more severe bottleneck as the UEs typically scheduled in CoMP would be cell edge UEs requiring high aggregation levels.
Furthermore, in the Study Item description, non-uniform network deployments and in particular geometrically separated antennas with several low power RRHs under one macro (e.g. scenario 4) all sharing the same cell ID are mentioned as one scenario of interest. As pointed out in [3], in these scenarios UE-specific RS allow area splitting gains for PDSCH by utilizing different UE-specific RS sequences in different transmission points, whereas all CRS-based transmissions are received as SFN-based transmissions over the whole cell with no possibilities for area splitting gains. Without area splitting, obviously the control channels may become again a bottleneck for the overall system performance. It is noted that from UE demodulation perspective this type of area splitting is no different from normal single-cell MU-MIMO with sufficient level of spatial separation, hence to allow the area splitting with UE-specific RS, there should be enough flexibility in the choice of UE-specific RS sequence also for control signaling. 

Finally, PDCCH capacity in MBSFN subframes is further limited by the fact that only two OFDM symbols are available for control. In case the usage of MBSFN subframes for CoMP or MU-MIMO would be increased in future releases when the number of legacy UEs could be decreasing, it would be beneficial to further improve control channel capacity which would become a bottleneck for system performance in MBSFN subframes. The feasible way of increasing control channel capacity is to move some of the control signaling to PDSCH region, operating on UE-specific RS as stated already in the Study Item description. It is emphasized that the new design should result in clearly better spectral efficiency for the control channel as otherwise the new design may simply result in moving resources from the current PDCCH region to current PDSCH region. 
Observation: The new PDCCH design should improve the overall performance given the same control overhead.

PDCCH capacity enhancement mechanisms
To get around the PDCCH capacity limitations and to improve PDCCH spectral efficiency, obviously allowing closed-loop precoding for PDCCH using UE-specific RS is one aspect, however allowing MU-MIMO and CoMP on control channels will bring even better system capacity gains due to removing the PDCCH capacity limitation and on the other hand reducing the overall control overhead. Many times even the smallest aggregation levels may be too large leading to inefficient transmission, in which case adding PDCCH to another UE using spatial multiplexing on the same resources may bring further gain. As a prerequisite for the design this requires again some flexibility in allocating the UE-specific RS sequences to different UEs also in case of PDCCH.
Observation: PDCCH performance is improved by

· Link-level precoding gains enabled by use of UE-specific RS

· Capacity increase in spatial domain via MU-MIMO

Interference coordination

As mentioned, legacy PDCCH and PHICH are located in a fixed location in the first three OFDM symbols of each subframe. This currently makes inter-cell interference coordination for control channels within a single carrier virtually impossible, as has been noted also in the HetNet studies. More flexible resource allocation for PDCCH would obviously enhance also the interference coordination possibilities for control channels. Hence one requirement for the new PDCCH from this perspective is flexible enough resource allocation (e.g. configurable via higher layers). At the same time use of UE-specific RS allows also interference coordination in power domain, fully transparent to the UE.
Observation: From interference coordination perspective it may be beneficial to allow flexibility in PDCCH resource allocation.

Use of UE-specific RS and flexible resource allocation via higher layers hint towards a similar design compared to what is used for R-PDCCH on relay backhaul link. However in the next section we elaborate further which details of R-PDCCH are in fact applicable to the new PDCCH.

3
PDCCH design framework
Also in [3] it was proposed to consider reusing R-PDCCH solutions for the UE-specific RS –based PDCCH. Obviously from eNB perspective it is desirable to use the one and the same design as much as possible. However relay backhaul link and the eNB-UE link have rather different requirements in terms of control signaling. While it may turn out that some of the existing R-PDCCH based solutions are not well applicable to the new PDCCH design, obviously the new PDCCH design can be made such that it is applicable also to relay backhaul link. Current R-PDCCH design may have even some rather severe shortcomings especially when considering the extension to MU-MIMO.
3.1
Reuse of R-PDCCH solutions

In this section we discuss some of the R-PDCCH features and their applicability to the new PDCCH design.
Different R-PDCCH modes

For R-PDCCH, two different modes have been specified, either the R-PDCCHs are transmitted without cross-interleaving, or they are cross-interleaved with other R-PDCCHs. Only when R-PDCCHs are transmitted without cross-interleaving, UE-specific reference signals may be used. The non-interleaved mode with UE-specific RS may be taken as the starting point for new PDCCH design however careful consideration is needed whether all R-PDCCH solutions in that mode should be followed as discussed in the following. Note that the interleaved mode or the non-interleaved mode with common reference signals would mainly result in moving the used PDCCH resources from the legacy PDCCH region to the PDSCH region, which is very unlikely to provide any significant benefits from system point of view.
Proposal: Evaluate the applicability of R-PDCCH without cross-interleaving and with UE-specific RS for the new PDCCH design.

Slot-based split between UL and DL grants
In R-PDCCH, downlink grants are always mapped to the first slot of the subframe while UL grants are mapped to the second slot. This kind of a split for the new PDCCH design seems undesirable for several reasons:

· During LTE specification, considerable effort has been made to match downlink DCI format 1A size with DCI format 0 size in order to reduce the number blind decoding attempts required by the UE. The slot-based split between DL and UL grants fully neglects this aspect as the UE would anyway have to search separately for UL and DL grants.
· When there is only UL grant transmitted, the first slot is essentially wasted. Considering that the new PDCCH design is supposed to overcome PDCCH capacity limitations and improve the overall PDCCH spectral efficiency, this kind of waste of resources is highly undesirable.
· The above applies also to the second slot when only DL grant is transmitted and no PDSCH is scheduled in the second slot. As described in the next subsection, scheduling PDSCH in the same PRB pair in the second slot may turn out to be very problematic when MU-MIMO/CoMP is considered.
Proposal: No slot-based split as in R-PDCCH – DL and UL grants are searched from a common set of CCEs.
PDSCH transmission in the second slot
In R-PDCCH, PDSCH transmission is allowed in the second slot for the same RN for which the R-PDCCH was transmitted in the first slot. When this is extended to MU-MIMO, essentially it means that all UEs for which PDCCH was scheduled in the first slot, should have PDSCH in the second slot, i.e. the scheduled UEs have to be the same. Furthermore, precoding and power allocation need to be exactly the same in both slots as otherwise the effective channel is non-contiguous over the slot border, making channel interpolation from UE-specific RS infeasible. Obviously such restrictions place heavy scheduling limitations to the eNB. Figure 1 illustrates the issue in an exemplary case where two UEs are allocated PDCCH with MU-MIMO and only one of these UEs is allocated PDSCH in the same PRB pair. In such a case, channel interpolation over the slot border is no longer possible.
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Figure 1. Power allocation in case two UEs are spatially multiplexed on PDCCH, but only one UE is allocated PDSCH in the same PRB pair. Clearly precoding and power allocation in the second slot will be different from that of the first slot.
Other aspects

During Release 8 PDCCH design, UE power consumption savings via micro-sleep between subframes were considered of utmost importance, hence the TDM-based design was chosen. However, with the new design,the location of UE-specific RS anyway means that the micro-sleep possibilities are heavily reduced compared to Release 8 PDCCH. Furthermore due to the interference coordination aspects it could be beneficial to have FDM-based division between PDSCH and PDCCH. A hard FDM-based division could also simplify eNB scheduling. On the other hand as described in the previous subsection, a TDM-based split would cause also problems with precoding, MU user pairing and power offsets as essentially PDCCH and PDSCH would need to follow exactly the same kind of precoding in the same PRB pair in order to allow simple channel estimation for the UE. Hence also from this perspective it seems simpler to have pure FDM-based multiplexing between PDCCH and PDSCH.
Proposal: Consider pure FDM-based solution for PDCCH and PDSCH multiplexing. 
4
Conclusions

In this paper we have considered the scope of new control signaling enhancements and discussed in particular design framework for enhanced PDCCH, especially focusing on reuse of R-PDCCH solutions. 
First we proposed the following on the scope of the control signaling enhancements:

Proposal: Consider PDCCH as the first priority for further control signaling enhancements. 
Then we made the following observations on the requirements of the new PDCCH design:

Observation: The new PDCCH design should improve the overall performance given the same control overhead.

Observation: PDCCH performance is improved by

· Link-level precoding gains enabled by use of UE-specific RS

· Capacity increase in spatial domain via MU-MIMO
Observation: From interference coordination perspective it may be beneficial to allow flexibility in PDCCH resource allocation.
These observations lead to a design that follows to some extent R-PDCCH without cross-interleaving and with UE-specific RS. However we also found some shortcomings in the R-PDCCH design, hence our proposals are summarized as follows:

Proposal: Evaluate the applicability of R-PDCCH without cross-interleaving and with UE-specific RS for the new PDCCH design.
Proposal: No slot-based split as in R-PDCCH – DL and UL grants are searched from a common set of CCEs.

Proposal: Consider pure FDM-based solution for PDCCH and PDSCH multiplexing. 
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