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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. By scheduling the same frequency-time resources to multiple UEs, more UEs will be scheduled in the same subframe to better take advantage of spatial multiplexing. 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 which includes information on resource allocation (RA), modulation and coding scheme (MCS), HARQ information etc., must be indicated to each UE via PDCCH. As a consequence of MU-MIMO, more PDCCH transmissions are expected as the number of scheduled UEs per subframe will increase. However, the maximum 3-symbol PDCCH region which was designed for LTE may not be enough to accommodate the increased number of UEs in LTE-A. This contribution discusses the impact of the PDCCH limited capacity on the performance of MU-MIMO.
2 PDCCH Capacity and MU-MIMO PDCCH Demands
In order to accurately assess the impact of PDCCH capacity on the system performance of MU-MIMO in LTE-A, an accurate modelling of system under evaluation is necessary. Notably the following areas are directly related to the issue at hand: available PDCCH resources, the payload size of the DCI format to be used for MU-MIMO, and MU-MIMO scheduling. In this section, more details on how each area was model in this contribution are provided.
A) PDCCH Resources
In the current specification, PDCCH can be configured to occupy the first 1, 2, or 3 OFDM symbols in a normal subframe. Meanwhile, the PCFICH and PHICH are also configured in the first 1, 2, or 3 OFDM symbols. 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 and 3 OFDM Symbol Control Region Configuration
	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 43/37 CCEs for 2/4-Tx systems in Table 1 are the upper limits for PDCCH. 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 signallings and uplink grants. In this contribution, we assume 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 signallings. Based on this assumption, 18/14 CCEs are available for DL resource allocation for 2/4-Tx systems, respectively.
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. Therefore, 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. In other words, given the same channel condition, a DCI format with a larger payload might require a higher CCE aggregation level compared to that of a DCI format with a smaller payload.
B) MU-MIMO DCI Format
To support MU-MIMO in Release 10, either a new DCI format will be defined or one of the existing DCI formats will be modified. In order to support efficient channel sensitive 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 that we only assume to reuse the size of DCI format 2 for the purpose of our current evaluation, not the detailed information elements inside it, which is FFS for MU-MIMO support.
C) MU-MIMO Scheduler Design
The impact of limited PDCCH capacity has a direct consequence on an eNB’s ability to indicate downlink resource allocation decisions. In other words, due to the limitations imposed by the PDCCH capacity, instead of deciding and indicating the most efficient downlink resource allocation, an eNB could end up with a resource allocation decision that is not so optimal. In this contribution, the MU-MIMO system performance is evaluated under the following two different PDCCH capacity assumptions.
i) Unlimited PDCCH Capacity

With unlimited PDCCH capacity, the eNB scheduler can optimally determine downlink resource allocation on a per subband basis based on proportional fairness rule. With such a scheduling approach, the subbands allocated to a single UE could be randomly dispersed over the system bandwidth requiring a bitmap indication. In addition, for each subband, the best UE companion is chosen to be scheduled regardless of PDCCH cost. Note that the unlimited PDCCH capacity is the default assumption used for system level evaluation of LTE and LTE-A systems in RAN1.
ii) Limited PDCCH Capacity

When the maximum number of CCEs for DL resource allocation is limited, the eNB scheduler has to consider the cost of PDCCH transmission in units of CCE when performing downlink resource allocation to the UEs. In this contribution, we used a modified scheduler which will evaluate the cost of PDCCH transmission in units of CCE of each UE and stop scheduling new UEs into the subframe if the PDCCH resource limit is reached. The remaining downlink resources will be allocated to those UEs that have already been determined to be scheduled.
3 Analysis of PDCCH Demand for MU-MIMO
For each subframe, the number of CCEs needed for PDCCH transmission indicating downlink scheduling is given by:
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UE. The CCE aggregation level is determined by the UE’s wideband short-term SNR 
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When there is no limit on PDCCH capacity, the required numbers of CCEs for PDCCH transmission are presented in Fig. 1 for a 4-by-2 antenna configuration with various SU- and MU-MIMO dimensions and number of dropped UE per sector. The simulation adopts DCI formats 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 cell, the PDCCH capacity can barely meet the demand with >90% probability if all available PDCCH resources are used for DL resource allocation purpose. However, when the number of dropped UE increases to more than 10 per cell, the demand for PDCCH resources increases beyond PDCCH capability. For the case when there are 20 active UEs per cell and MU-MIMO scheduling allows up to 4 coscheduled UEs per subband, the probability that the PDCCH demand is satisfied is as low as 30% even if all CCE resources are allocated exclusively for PDCCH to support MU-MIMO. As analyzed before, 14 CCEs instead of 37 is the reasonable number for DL resource allocation purpose in practice. With such a realistic assumption, it is shown in Fig. 1 that unrestricted MU-MIMO scheduling under the 14 CCE constraint is highly improbable.
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 subframe, which is further bounded by the resource granularity as well as the maximum number of co-scheduled UEs.
Simulation configurations and related statistics can be found in the Appendix.
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Fig. 1 CCE Demands for Downlink MU-MIMO Resource Allocation for 4-by-2 Case
4 MU-MIMO Performance Given Limited PDCCH Capacity

In this section, system level simulation is performed to investigate the impact on system performance given the limited PDCCH capacity. The PDCCH capacity limit is taken into account as described in Section 2.C of this contribution.
Table 2. Cell Spectrum Efficiency Considering PDCCH Capacity

	
	10 Dropped UEs
	20 Dropped UEs
	30 Dropped UEs

	
	Infinite
	18 (2Tx)/14(4Tx)
	Infinite
	18 (2Tx)/14(4Tx)
	Infinite
	18 (2Tx)/14(4Tx)

	2-by-2
	2.799
	2.645 (-5.5%)
	2.949
	2.706 (-8.2%)
	3.072
	2.706 (-11.9%)

	4-by-2
	3.461
	3.063 (-11.5%)
	3.545
	3.089 (-12.9%)
	3.624
	3.115 (-14%)

	4-by-4
	4.266
	3.532 (-17.2%)
	4.41
	3.506 (-20.5%)
	4.394
	3.428 (-22%)


Comparing the system performance between the case when there is no limitation on PDCCH capacity and when PDCCH is transmitted using a maximum of 18 (2Tx)/14(4Tx) CCEs, it is observed that significant performance loss is incurred by the limitation on PDCCH capacity. In addition, the system performance loss increases for higher MIMO dimensioning. For the case of 4-by-4 antenna setting with 30 dropped UEs, the performance loss is as large as 22%. In short, the PDCCH capacity limit becomes a bottleneck for MU-MIMO in practical LTE-A systems.
5 Conclusions
In this contribution, we analyzed the system performance of MU-MIMO in LTE-A given limited PDCCH capacity for downlink resource allocation. It is concluded that: 
· Significant LTE-A DL MU-MIMO system performance loss is incurred when a practical limitation is imposed on PDCCH resources for downlink scheduling.
· The PDCCH resource demand for DL MU-MIMO scheduling is dominated by the number of co-scheduled UEs per subframe; the current PDCCH design does not provide the required capacity to efficiently support dynamic MU-MIMO scheduling.
· Additional research on how to more efficiently support MU-MIMO for LTE-A given the limited PDCCH capacity is FFS.
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

	Minimum Required Performance (BLER)
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Table A1 Simulation Parameters for PDCCH 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
	Dynamic switching between SU and MU-MIMO

SU-MIMO: rank-1
MU-MIMO: rank-1 per UE

	Feedback
	Adaptive codebook

	Scheduler
	per subband based UE selection/pairing w/ proportional fairness

	Active UEs per sector
	10/20/30


Table A2 Simulation Parameters for System level Simulation

	CCE agrr. lv
	1
	2
	4
	8

	
[image: image12.wmf]T

g

 w/ 46 bits (dB)
	10.4
	3.5
	0.6
	-2
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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 subframe (Same legends as Fig. A1)
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