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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.”
In RAN1#65, not much time was spent on discussing downlink control signalling enhancements, however based on the submitted contributions there seems to be a general willingness among companies to study and possibly specify an enhanced PDCCH (E-PDCCH). In this contribution we provide our views on the motivations and required technical features for E-PDCCH, and also further discuss the reuse of R-PDCCH solutions for E-PDCCH.
2
E-PDCCH requirements
Some of the motivations for new PDCCH design can be listed as follows:

PDCCH capacity enhancement: 
In [2] 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 MU-MIMO gains, and PDCCH only contains a limited number of CCEs, and roughly half of these may 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 typically be cell edge UEs requiring high aggregation levels. 
In addition, PDCCH capacity in MBSFN subframes is further limited by the fact that only two OFDM symbols are available for control. As the usage of MBSFN subframes for CoMP or MU-MIMO may be assumed to increase 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.
Increased flexibility in deployment of antennas: 
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 even though they may enjoy an improvement in SINR due to SFN-based transmission over the whole cell. 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.
Another issue related to antenna deployments is the efficiency of control channels with a high number of Tx antennas. As discussed in [4]
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[5], increasing the number of eNB antennas beyond four might in fact degrade PDCCH performance due to required antenna virtualization (depending on implementation though). A new design should therefore provide the benefits of high numbers of Tx antennas also to control signalling transmission.
Interference coordination:
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. 

Finally as pointed out in [6], having the possibility of interference coordination within one carrier would also alleviate the PDCCH capacity issue encountered when applying cross-carrier scheduling in context of CA-based  ICIC, e.g. in heterogeneous networks. The control signalling could then be transmitted in the PDSCH region of the SCell instead of scheduling the SCell from PCell using cross-carrier scheduling.

Proposal: Control signalling should be enhanced with respect to

· PDCCH capacity

· Efficient support of different antenna deployments

· Interference coordination features

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 ports/sequences to different UEs also in case of PDCCH. This is also required for efficient support of distributed antenna deployments (with single cell ID).
Observation: At least following technical features would be required by the new design:
· Closed-loop precoding, including support of MU-MIMO (and CoMP)

· Use of UE-specific RS with flexibility in the port allocation
· Flexible resource allocation within the PDSCH region with at least limited possibilities for frequency-selective scheduling of E-PDCCH
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 of control signalling resources from the current PDCCH region to current PDSCH region. So as proposed also in [6], it may be necessary to clarify that in addition to providing increased capacity and meeting the requirements discussed above, the spectral efficiency of E-PDCCH should clearly exceed that of PDCCH. At the same time UE decoding complexity should obviously be kept within some reasonable limits.
Another requirement that should be clarified is the coverage requirement. During Release 8, the LTE control channels were designed assuming 1% BLER requirement for either 95% or 98% coverage in 3GPP Case 1 and 3GPP Case 3 scenarios. It should be discussed whether such strict coverage requirement is needed also for E-PDCCH considering that legacy PDCCH remains as a fallback mode with full coverage, and on the other hand that E-PDCCH would include inter-cell interference coordination features such that at least in interference-limited scenarios the worst case SINR conditions can be avoided.

Proposals:

· E-PDCCH design should provide improved spectral efficiency for the control channel while keeping the UE decoding complexity increase compared to Release 10 reasonable.
· Coverage requirements for E-PDCCH should be clarified.
3
Reuse of R-PDCCH design
Enabling closed-loop precoding, 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 as R-PDCCH already supports all these features. However it should be kept in mind that there are several differences in the application scenario of R-PDCCH with respect to that of E-PDCCH:
· Number of UEs per cell may be much larger than the typical number of relay nodes under one macro cell. From this perspective it may be especially important to optimize the link efficiency of E-PDCCH further compared to R-PDCCH.
· Channel model may be different between eNB and RN and between eNB and UE.

· Traffic between eNB and UE may be expected to be much more asymmetric than between eNB and RN. From this perspective the TDM of DL and UL grants used on R-PDCCH may not be suitable for E-PDCCH. This aspect will be further discussed below.
· Differences in the legacy PDCCH usage: Relay nodes do not monitor normal PDCCH. However for example due to broadcast formats such as DCI format 1C, UEs may need to monitor at least the common search space of PDCCH. On the other hand then there is no Tx-Rx switching time needed so the number of OFDM symbols used for E-PDCCH within one subframe can be even 13 (or all 14 e.g. in case extension carrier with no PDCCH region is specified).
3.1
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 E-PDCCH design, however careful consideration is needed whether all R-PDCCH solutions in that mode should be followed. Note that the cross-interleaved mode or the non-interleaved mode with common reference signals would mainly result in moving the used control signaling resources from the legacy PDCCH region to the PDSCH region, which is very unlikely to provide any significant benefits from system point of view. It is further noted that each additional mode brings further specification and UE implementation effort while it is very likely that not all modes would be implementated in practical networks. 
Proposal:

· Use R-PDCCH without cross-interleaving and with UE-specific RS as a starting point for E-PDCCH design.
· Only one mode should be specified for E-PDCCH.
3.2
MU-MIMO support
MU-MIMO support on R-PDCCH is extremely limited and inflexible: When UE-specific RS are used, R-PDCCH is always transmitted with antenna port 7 combined with nSCID=0. This means that the only way to do MU-MIMO with R-PDCCH is in principle to multiplex R-PDCCH on one spatial layer and PDSCH on another layer, e.g with antenna port 8. Even in this case there are problems in filling the first spatial layer efficiently as the whole PRB has to be allocated for the same RN, i.e. essentially the eNB will have to either allocate both DL and UL grants, DL grant and PDSCH or then leave one of the slots unused. This resource inefficiency problem with R-PDCCH is further addressed in the next section. All in all, MU-MIMO is supported in R-PDCCH only with severe scheduling restrictions. Since one of the main goals of the new design is to enhance the spectral efficiency of control signalling, it would be worthwhile to consider MU-MIMO between one or several E-PDCCHs. It is noted that for the distributed antenna scenario with a single cell ID such mechanisms will anyway be needed in order to enable area splitting gains as discussed in the previous section.
Proposal: Study mechanisms to enable MU-MIMO between E-PDCCHs.

3.3
Resource efficiency
Release 8 PDCCH overhead comes with granularity of one OFDM symbol. From this perspective the packing efficiency of R-PDCCH is better since the granularity is one PRB. However, still the multiplexing of R-PDCCHs could be improved from resource efficiency point of view. In particular, on R-PDCCH everything within one PRB pair is transmitted to the same RN. In case of E-PDCCH transmissions to UEs this type of restriction would lead to wasting too many resources since the number of scheduled UEs may be rather high, especially in case of MU-MIMO and/or CoMP. Therefore one should study mechanisms to improve the resource efficiency of E-PDCCH – in particular mechanisms enabling multiplexing of E-PDCCHs of several UEs into one PRB should be studied.

Proposal: Study mechanisms to improve resource efficiency of E-PDCCH over that of R-PDCCH.
3.4
Multiplexing of DL and UL 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 E-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 between E-PDCCHs is considered.

Proposal: Consider joint search space for DL and UL grants.

3.5
Multiplexing with PDSCH
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. This type of TDM-based split between E-PDCCH and PDSCH would also complicate power sharing between E-PDCCH and PDSCH considering practical power amplifier implementation.
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Figure 1. Power allocation in case two UEs are spatially multiplexed on E-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.

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. 

The alternative is to consider pure FDM multiplexing between E-PDCCH and PDSCH. Additional decoding latency due to FDM is not seen as a major issue since the UE will anyway have to wait until the end of the subframe to get proper channel (and interference covariance) estimates from UE-specific RS. 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. Pure FDM-based multiplexing would also avoid the problems related to power sharing and MU-MIMO/CoMP as discussed above.

Proposal: Consider pure FDM-based solution for E-PDCCH and PDSCH multiplexing within one subframe. 
4
Conclusions
In this contribution we have provided some views on enhancements to control signalling. First we discussed the enhancement targets for which our proposals can be summarized as follows:

Proposal: Control signalling should be enhanced with respect to

· PDCCH capacity

· Efficient support of different antenna deployments

· Interference coordination features

Then we discussed the need to clarify the exact requirements for E-PDCCH design with following proposals:
Proposals:

· E-PDCCH design should provide improved spectral efficiency for the control channel while keeping the UE decoding complexity increase compared to Release 10 reasonable.
· Coverage requirements for E-PDCCH should be clarified.
Finally, we discussed reuse of R-PDCCH solutions for E-PDCCH, where our proposals are summarized as follows:

Proposals:

· Use R-PDCCH without cross-interleaving and with UE-specific RS as a starting point for E-PDCCH design.
· Only one mode should be specified for E-PDCCH.
· Study mechanisms to enable MU-MIMO between E-PDCCHs.

· Study mechanisms to improve resource efficiency of E-PDCCH over that of R-PDCCH.

· Consider joint search space for DL and UL grants.

· Consider pure FDM-based solution for E-PDCCH and PDSCH multiplexing within one subframe. 
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