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1 Introduction
MU-MIMO techniques have been considered as an important aspect in LTE Rel-10 to enhance the system throughput. More UEs can be scheduled on the same resource in MU-MIMO, and thus the overall system throughput can be improved. In RAN WG1 #59b meeting, a way-forward was made on MU-MIMO dimensioning:
For the design of downlink signalling and DM RS, the following is assumed for MU-MIMO:

· Not more than 4 UEs are co-scheduled 

· Note that the actual maximum number of co-scheduled UEs does not need to be specified.

· Not more than 2 layers per UE with 2 orthogonal DM RS ports

· Not more than 4-layer transmission in total for MU-MIMO transmission 

According to the way-forward, up to 4 UEs can be co-scheduled on the same OFDM resource. To enable MU-MIMO, individual control signalling including resource allocation (RA), modulation and coding scheme (MCS), HARQ information etc., shall be indicated to each UE via PDCCH. This contribution discusses the PDCCH demand to support more co-scheduled UEs in MU-MIMO. 

2 PDCCH Capacity and MU-MIMO PDCCH Demands
A) PDCCH Capacity
In the current specifications, PDCCH can be configured to occupy the first 1, 2 or 3 OFDM symbols in a normal sub-frame. Meanwhile, the PCFICH and PHICH channels are also configured in the first 1, 2 or 3 OFDM symbols. Table 1 gives an exemplary calculation of maximum available resources in terms of number of REGs/CCEs for PDCCH transmission for 10MHz bandwidth.
Table 1: PDCCH Resources for 10MHz Bandwidth and 3 OFDM Symbol Configurations

	Bandwidth
	10MHz (50RBs)

	Number of REGs for control signalling
(3 OFDM symbols)
	400 for 2Tx
350 for 4Tx

	Resource occupied by PCFICH
	4 REGs

	Resource occupied by PHICH
	6~36 REGs

	Available resource for PDCCH
	2Tx: max. 43 CCEs
4Tx: max. 37 CCEs


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 corresponding channel conditions. For UEs with higher geometry, less CCEs will be allocated for its PDCCH transmission, while up to 8 CCEs will be used for those UEs with poor geometry. The number of CCEs also depends on the DCI format size.
B) MU-MIMO DCI Format
To maximize the throughput gain from MU-MIMO, the scheduler is optimized per sub-band based on proportional fairness rule, resulting in a rather dynamic resource allocation for each individual UE. To support such a dynamic scheduling, sub-band based bitmapping method is preferred for resource indication.
To support MU-MIMO in release 10, a new DCI format will likely be defined or existing DCI formats will be modified. With the dynamic scheduling, we consider the size of conventional DCI format 2 for future support of MU-MIMO, e.g., the DCI format is assumed to contain 62 bits including CRC for the 10MHz configuration. Note here we only assume to reuse the size of DCI format 2, not the detailed information elements inside it, which is FFS for MU-MIMO support.
3 Analysis of PDCCH capacity for MU-MIMO
For each sub-frame, the number of CCEs needed for transmission of DCI formats is given by:
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 is the number of UEs scheduled in the sub-frame, and
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is the CCE aggregation level for the 
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UE. The CCE aggregation level is determined by the UE’s wideband short-term SNR 
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 is defined so that the target BLER of PDCCH reception is lower than 
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Simulation results are presented in Fig. 1 for 4-by-2 antenna configuration with various SU- and MU-MIMO dimensions and number of dropped UE per sector. The simulation adopts DCI format 1b and 2 for SU-MIMO, while the payload size of DCI format 2 is assumed for MU-MIMO scheduling. For small configurations where only 10 active UEs are dropped per sector, the required number of CCE increases by around 8~10 CCEs from that of SU-MIMO, and the PDCCH capacity can barely meet the demand with >85% probability. However, when the number of dropped UE increases, the demand for PDCCH resources increases significantly and cannot be accommodated within three OFDM symbols. For the case when there are 20 active UEs and the MU-MIMO scheduling allows up to 4 co-scheduled UEs per sub-band, the probability that the PDCCH demand is satisfied is as low as 15% even if all CCE resources are allocated exclusively for MU-MIMO.
Since the wideband SNR distributions are quite close to each other for almost all configurations as shown in Fig. A1 in Appendix, the PDCCH resource demand for DL MU-MIMO scheduling is dominated by the number of co-scheduled UEs per sub-frame, which is further bounded by the resource granularity as well as the maximum number of co-scheduled UEs.
Considering the additional resources consumption in the PDCCH, e.g.， 
· the DCI formats for PUSCH transmissions,
· the DCI formats for SPS activation/deactivation/adaptive retransmission,
· CRS/PCFICH/PHICH boosting which equivalently reduces the available resources for PDCCH,
· the DCI formats to support carrier aggregation in Rel-10, etc.,
the available CCEs for PDSCH downlink scheduling are less than the number given in Table 1 and the scheduling restrictions will become even worse in practice. Fig. 1 shows another limit if 16 CCEs are assumed to be allocated for non-DL-scheduling purpose, leaving 21 CCEs’ capacity for DL scheduling. The MU-MIMO dynamic scheduling will have to be limited with >98% probability when there are more than 20 active UEs per sector in this case.
Simulation configurations and related statistics can be found in the Appendix.
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Fig. 1 CCE Demands for Downlink Resource Allocation for 4-by-2 Case
4 Conclusions
In this contribution, we analyzed the current PDCCH capacity and the demand from MU-MIMO resource allocation. Through combined system and link level simulations, it is concluded that: 
· The PDCCH resource demand for DL MU-MIMO scheduling is dominated by the number of co-scheduled UEs per sub-frame.
· The current PDCCH design does not provide the required capacity to efficiently support MU-MIMO with dynamic scheduling.
Appendix

	System Bandwidth
	50RB

	Simulation Methodology
	BLER vs. Short-Term SNR

	Channel Model
	TU6, 3km/h

	MCS
	QPSK, 1/3 tail-biting CC, rate matching for aggregation levels 1,2,4,8

	Information Bits
	46 bits (+16 CRC bits) for DCI format 2
30 bits (+16 CRC bits) for DCI format 1b

	Target BLER
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Table A1 Simulation Parameters for Link-level Simulation

	Deployment scenario 
	3GPP Case1(CF: 2GHz, ISD: 500m, PLoss: 20dB)

	Duplex/Bandwidth
	FDD/10MHz(50RB,10 subbands)

	Channel Model
	SCM, 3km/h

	Antenna Configuration
	4-by-2, 0.5λ linear spacing

	MCS
	Adaptive

	Rank Adaptation
	SU-MIMO: On

MU-MIMO: rank-1 per UE

	Scheduler
	per sub-band based UE selection/paring w/ proportional fairness

	Active UEs per sector
	10/20


Table A2 Simulation Parameters for System-level Simulation

	CCE agrr. lv
	1
	2
	4
	8

	
[image: image12.wmf]T

g

 w/ 46 bits (dB)
	11.9
	4.6
	1.7
	-1.05
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 w/ 30 bits (dB)
	7.2
	2.9
	0.15
	-2.3


Table A3 SNR Thresholds for Different CCE Aggregation Levels @ BLER(
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Fig. A1 wideband SNR distribution of scheduled UEs
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Fig. A2 Distribution of number of UEs scheduled per sub-frame (Same legends as Fig. A1)
Hard Limit of 37 CCEs
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