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Discussion
1
Introduction
Lack of sufficient PDCCH capacity for MU-MIMO/CoMP has been mentioned as one motivation for studying enhancements on control signalling. In this contribution we verify the issue via system-level evaluations.

2
Simulation results
MU-MIMO performance was run in 3GPP Case 1 using simulation assumptions listed in Appendix A. To see the PDCCH capacity impacts, two different approaches were simulated:

1) Unlimited PDCCH capacity: 
In this case the eNB can freely choose the number of UEs and which UEs to be scheduled within the subframe based on e.g. optimizing a certain utility function, like for example based on proportional fair scheduling. In this case the set of UEs to be scheduled indeed will provide the maximum utility that can be achieved within that subframe, and hence good performance. 
2) Limited PDCCH capacity: 
In this case the number of CCEs available for control signalling is limited to some pre-defined number. The eNB schedules the UEs based on the order of decreasing utility, but limits the scheduling only to those UEs for which also a DL grant can be transmitted on the PDCCH. In other words, the cost of PDCCH transmission in terms of number of CCEs is evaluated for each UE, and the UE can be scheduled only in case there are enough CCEs left. The scheduling is stopped when the total number of CCEs is reached. 
The number of CCEs (aggregation level) for each UE is calculated based on an estimated PDCCH CQI. PDCCH power control is used such that leftover power from UEs in good conditions using aggregation level 1 is borrowed to UEs in worse conditions. As a result, lowest aggregation levels of 4 and 8 are in fact quite rarely used.

Obviously this case will lead to suboptimal scheduling decisions and also the number of scheduled UEs will be limited, leading to decreased scheduling gains and decreased multi-user diversity gains.
Number of CCEs

The number of CCEs allocated to DL grants is fixed throughout the simulation, e.g. we did not model for example dynamically changing PDCCH region size (PCFICH). The PDCCH region size was fixed to 3 OFDM symbols. The system bandwidth is 10 MHz, in other words there are 50 PRBs available. The PDCCH region was in our case split as follows:
· Total number of REs: 3 x 50 x 12 REs = 1800 REs

· CRS for 2Tx: 50 x 4 REs = 200 REs – It is noted that while we assumed 1 CRS port per polarization, i.e. in this case of co-polarized antennas we had only one CRS port, the REs for the second CRS port still can not be utilized for PDCCH transmission.
· PCFICH: 16 REs
· PHICH: Minimum of 6 x 4 REs = 24 REs
· Maximum number of REs available for PDCCH: 1800-200-16-24 REs = 1560 REs, corresponding to 43 CCEs.

Now, not all available CCEs can be used for DL grants as one has to leave room also for UL grants, TPC commands and other broadcast DCI formats. It is noted that for example broadcast DCI formats transmitted in the common search space would take either 4 or, more likely, 8 CCEs each hence consuming a quite large portion of the overall PDCCH resource space. From that perspective, we simulated a case where we had 20 CCEs available for DL grants as the more optimistic high performance case, and a case where we had only 14 CCEs available for DL grants as the low performance case. It is noted that also PHICH could consume a much higher number of REs depending on the PHICH configuration – now we have assumed the PHICH configuration consuming least resources. DCI format 2C was assumed.
The results are shown in Table 1 and Table 2. As can be seen especially in case of 14 CCEs there is major impact on MU-MIMO performance as the average spectral efficiency (SE) is decreasing by almost 19% and cell edge spectral efficiency by 30%. It is noted that search space impacts (PDCCH blocking) is not modelled in the simulator – this would obviously further decrease the performance of MU-MIMO. Also it is noted that we had a limit of maximum 2 UEs spatially multiplexed with rank-1 transmission for each UE, in other words the MU-MIMO usage was rather conservative in these simulations. With higher-order MU-MIMO the impact of PDCCH capacity could also be expected to be higher since PDCCH capacity would restrict even more UEs from being scheduled.
Table 1. System simulation results in terms of spectral efficiency.

	
	Unlimited PDCCH capacity
	14 CCEs
	20 CCEs

	
	Average SE [bps/Hz/cell]
	Cell edge SE [bps/Hz/user]
	Average SE [bps/Hz/cell]
	Cell edge SE [bps/Hz/user]
	Average SE [bps/Hz/cell]
	Cell edge SE [bps/Hz/user]

	MU-MIMO performance
	2.79
	0.057
	2.27
	0.040
	2.55
	0.046


Table 2. Relative system-level performance loss compared to unlimited PDCCH capacity.

	
	Unlimited PDCCH capacity
	14 CCEs
	20 CCEs

	
	Average SE [%]
	Cell edge SE [%]
	Average SE [%]
	Cell edge SE [%]
	Average SE [%]
	Cell edge SE [%]

	Relative MU-MIMO performance loss
	0%
	0%
	-18.6%
	-29.8%
	-8.6%
	-19.3%


Figure 1 shows further the cumulative distribution function of the number of UEs scheduled in downlink within one subframe. With 14 CCEs the number of UEs reduces by more than two UEs per subframe.
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Figure 1. Number of scheduled downlink UEs per subframe.
Finally it is noted that our results seem to be in quite well alignment with those presented in [1].
4
Conclusions
In this contribution we presented our system-level evaluation on PDCCH capacity impacts on MU-MIMO performance. The results clearly verify that indeed MU-MIMO benefits are heavily decreased by PDCCH capacity limitations. It is noted that it can be expected that with CoMP the impact would be even more severe since typically CoMP UEs are cell edge UEs that may require higher aggregation levels and hence only a small number of CoMP UEs may be scheduled within one subframe.
Clearly the results shown in this contribution serve as motivation for studying control channel enhancements [2].
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Appendix A – Simulation assumptions
	Parameter
	Value

	Cellular layout
	3GPP Case 1
Hexagonal, 19 sites, 3 sectors per site

	Traffic model
	Full Buffer

	Simulation scenario
	3GPP SCM NLoS UMa 3D
Azimuth spread: 8˚
UE speed: 3 km/h

	Base station antenna configuration
	4 antenna elements
ULA with 0.5 λ antenna spacing

	MIMO scheme
	MU-MIMO
Max. 2 UEs with rank-1 / UE

Fallback to rank-1 SU-MIMO

	Number of UEs / sector
	20

	Codebook
	Rel’8 4Tx codebook

	Precoding
	Zero-forcing using UE-specific RS

	TD-FD scheduler
	Proportional Fair – Proportional Fair

	MU-MIMO scheduler
	Sum Proportional Fair

	Receiver algorithm
	IRC for rank-1 SU-MIMO
MMSE for MU-MIMO

	Inter-cell interference model
	4 Tx transmission with random rank and PMI in interfering cells.

	Channel estimation for demodulation
	Ideal

	Reference symbol overhead
	Legacy overhead: 1Tx Rel’8 CRS
UE-specific RS overhead: 12 RE / PRB
CSI-RS overhead: 4 RE / PRB, 10 ms interval

	PMI
	Sub-band size 6 PRB
10 ms reporting interval
6 ms delay

	CQI
	Sub-band size 6 PRB
10 ms reporting interval
6 ms delay

	OLLA
	Enabled for both PDSCH and PDCCH
BLER target 10% for PDSCH and 1% for PDCCH

	HARQ
	6 ms ACK/NACK delay
6 processes
Maximum 4 transmissions

	UE noise figure
	9 dB

	UE distribution within cell
	Uniformly dropped to entire cell


