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Discussion and decision 
1 Introduction 
DL MIMO enhancements as well as coordinated multi-point (CoMP) transmission have been identified as important study items for Release 11 downlink transmission. There are multiple aspects of DL MIMO enhancements, among which the CSI feedback enhancement optimized for MU-MIMO scenario has been identified as one of those with the first priority. For CoMP, during RAN1 #63bis meeting, four scenarios have been agreed upon to be studied and evaluated in 3GPP, including homogeneous inter- and intra-site CoMP, and heterogeneous distribution of low-power RRHs. 
By adopting both DL MIMO enhancements and CoMP techniques, the DL performance will be further improved in Release 11, and the number of simultaneously scheduled UEs in a sub-frame is expected to increase accordingly. From another perspective, the system should support enough number of simultaneously scheduled UEs to guarantee the potential gain from DL-MIMO/CoMP enhancements. It is thus of interest if the present PDCCH design can support enough number of UEs with future MU-MIMO/CoMP enhancements, and if enhanced PDCCH (ePDCCH) should be designed.

This contribution gives a brief review of the PDCCH capacity to show that the current PDCCH may become a bottleneck to fully exploit the CoMP/MU-MIMO gain. Discussion of the potential alternatives of enhancing the control channel capacity is also presented.
2 PDCCH Capacity Issues
Rel-8/9/10 PDCCH Capacity

In the Rel-8/9/10, PDCCH is configured to occupy the first 1, 2, or 3 OFDM symbols in a normal subframe, and the first 1 or 2 OFDM symbols in a MBSFN subframe. The PCFICH and PHICH are also configured in the same control region. Table 1 gives an exemplary calculation of the maximum available resources in terms of the number of REGs/CCEs for PDCCH transmission for a 10MHz bandwidth.

Table 1: PDCCH Resources for a 10MHz Bandwidth (50 RBs) Control Region Configuration
	
	Normal Subframe

(3-OFDM symb. PDCCH)
	MBSFN subframe

(2-OFDM symb. PDCCH)

	Number of REGs for control signalling
	400 for 2Tx

350 for 4Tx
	250 for 2Tx
200 for 4Tx

	Resource occupied by PCFICH
	4 REGs
6~39 REGs

	Resource occupied by PHICH
	

	Available resource for PDCCH
(assuming 12REGs for PHICH)
	2Tx: 42 CCEs

4Tx: 37 CCEs
	2Tx: 26 CCEs

4Tx: 20 CCEs


In a normal subframe, the 42/37 CCEs for 2/4-Tx systems in Table 1 are the upper limits for PDCCH assuming the average occupation of PHICH with 
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. However in practice, not all of the available PDCCH resources can be allocated for downlink resource allocation purposes. The available PDCCH resources must be adequately shared with other purposes such as power control signalling and uplink grants. It is a rational expectation that 16 CCEs will be allocated as UE common search space, and 1/3 of the remaining CCEs are allocated for UL grants and power control signalling. Based on this assumption, only 17/14 CCEs are available for DL resource allocation for 2/4-Tx systems, respectively. 
In MBSFN subframe, since less resources are available, even if we assume 8 CCEs are used for common search space, approximately only 12/8 CCEs are left for DL grants transmission for  2/4-Tx systems, respectively. 

Rel-8/9/10 PDCCH capacity impact for MU-MIMO/CoMP
The PDCCH supports four levels (1, 2, 4 and 8) of CCE aggregation. The eNB determines the CCE aggregation level for each UE according to its channel condition. In [1], it has been shown that with MU-MIMO scheduling, the number of simultaneously scheduled UEs will significantly increase, and resulting in increased number of downlink grants to be transmitted in PDCCH. However, due to the capacity limit of PDCCH, not all UEs can be scheduled and the gain from MU-MIMO is significantly impacted with system throughput loss up to ~33% for some scenarios [1].
The restriction of conventional PDCCH still applies for future releases where the DL performance will be further enhanced by MU-MIMO and CoMP techniques. In the above example, maximum 17 or 14 UEs can be supported by assuming all UEs will be assigned with the minimum resource (1 CCE) for downlink grants in a 2/4-Tx system respectively. This becomes even serious in MU-MIMO and CoMP scenario, given that a PDSCH resource can be shared by up to four UEs and reused by spatially separated UEs in some CoMP scenarios. If sufficient number of UEs cannot be supported, the gain from exploiting MU-MIMO/CoMP will be reduced or even cancelled.

For TM9 transmission with MBSFN sub-frames, the PDCCH resources are further reduced since only 2 OFDM symbols can be used. However, MBSFN TM9 transmission is preferred especially for MU-MIMO and CoMP transmission due to the CRS overhead saving. In this case, the PDCCH capacity problem becomes even worse. According to the above analysis, in maximum, approximately only 12/8 UEs can be schedule in a TM9-MBSFN subframe for 2/4-Tx systems, respectively.

In Release 11, the downlink MIMO will be improved, e.g., in terms of feedback more optimised for MU-MIMO. This implies that the MU-MIMO transmission will be more extensively used in DL transmission comparing the exsisting releases. More UEs will be co-scheduled within the same sub-frame in general.
In heterogeneous deployment, Almost-blank subframes (ABSFs) are applied for Rel-10 UEs. However, the PDCCH transmitted by low-power RRH/Pico cell will be severely interfered by the Macro CRS/PHICH transmission even in ABSFs. In this case, more resource will be allocated for DCI formats transmitted from RRH/Pico to ensure the robustness, and the control channel overhead is accordingly increased in general.

Moreover, the PDCCH is multiplexed with PCFICH/PHICH and CRS together in the same OFDM symbols. In case of power boosting for PCFICH/PHICH/CRS, the PDCCH has to be powered down. The aggregation level for each DCI format will be adjusted accordingly. And more CCE resource will be needed.
Observation: considering MU-MIMO and CoMP enhancement, the legacy PDCCH region (max. 3 OFDM symbols in normal sub-frame and 2 OFDM symbols in MBSFN subframe) will not be sufficient to support the increased number of simultaneous scheduled UEs. 
3 Control Channel Enhancement
To enhance the control channel in order to support more simultaneous users, there are several potential aspects to improve on:
1. Increase the number of resources assigned to control channel;

· More REs can be assigned for control channel purpose within a subframe. This naturally means the resources used to be PDSCH resource should be assigned as the ePDCCH resources.

· The additional resource allocated could be either a plurality of OFDM symbols, or a plurality of RBs in the legacy PDSCH region.
· How to multiplex UEs on the newly allocated ePDCCH region is FFS.

2. Enhance the spectral efficiency of the control signalling transmission;

· The legacy PDCCH transmission uses transmit diversity schemes dependant on CRS, which ensures cell-wise robust coverage. The DMRS based transmission modes have been introduced in rel-9/10 in both TDD and FDD mode. In CoMP scenario, the DMRS based transmission mode will be mostly used so that the actual transmission points can be transparent to the UE in order to reduce the decoding complexities. With UE-specific precoding, the transmission will be optimized according to the UE’s CSI and thus the average spectrum efficiency can be improved, especially for the correlated fading channels. 

· It will be a natural extension for ePDCCH to make use of DMRS for better resource utilization in general. The UE can be blind to both transmit antennas/points and the precoding weights thanks to DMRS. 
· In CoMP scenario 4 where the transmission points share the same cell-id in a macro cell, the active ePDCCH transmission points can differ from UE to UE, and for those UEs which are mutually spatially separated, the same resource can be reused from multiple transmission points. 
3. Reduce the overhead of a DCI format.
· Reducing the size of a DCI format or reducing the number of necessary transmission of DCI formats is always desirable to reduce PDCCH/ePDCCH overhead from technical point of view. It might be possible to design effective DCI format, e.g. rank-1 only transmission mode for MU-MIMO, while still maintaining acceptable performance. The necessity and details of overhead reducing is FFS.
In Release 10, R-PDCCH has been designed for eNB-to-relay transmission. R-PDCCH is defined on per-RB basis in the PDSCH region. The R-PDCCH can be configured in either cross-interleaved mode or non-interleaved mode. CRS or DMRS can be configured for R-PDCCH detection in non-interleaved mode.
Much of Release-10 R-PDCCH design philosophy can be reused for Release-11 ePDCCH. However, the R-PDCCH was designed for eNB to relay node (RN) transmission only, and many features were optimized for relay nodes. On the other hand, the ePDCCH will be designed for eNB to Release 11 UE transmissions. UE oriented optimization should be considered given the characteristics difference between relay nodes and Release-11 UE when designing the new ePDCCH in Release 11. Differences between RN and Release-11 UE characteristics are compared in Table 2.

Table 2: Comparison between RN receiving R-PDCCH and R11-UE receiving ePDCCH
	
	R-PDCCH (RN)
	ePDCCH (R11-UE)

	Mobility
	RN is usually fixed.
	R11-UE mobility should be considered.

	Density
	The number of RNs in a macro-cell is limited.
	The maximum number of supportable UEs should be large enough to ensure the gain from CoMP or MU-MIMO.

	PDCCH awareness
	RN cannot receive PDCCH
	R11-UE can monitor both legacy PDCCH and ePDCCH

	Channel modelling
	eNB-RN link
	Composite eNB-UE and/or RRH-UE links


Observation: Different from relay-oriented R-PDCCH design, ePDCCH should be optimised UE-oriented.
4 Conclusions
· Considering MU-MIMO and CoMP enhancement, the legacy PDCCH region will not be sufficient to support the increased number of simultaneous scheduled UEs. 
· If new enhancement is going to be applied to control channel, the following aspects should be considered:

· Increase the number of resources assigned to control channel;

· Enhance the spectral efficiency of the control signalling transmission;

· Reduce the overhead of DCI formats.

· Different from relay-oriented R-PDCCH design, ePDCCH should be optimised UE-oriented.
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