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1 Introduction

The capacity constraint of the legacy DL control region is well understood and was one of the primary motivations for the current working assumption to specify enhanced DL control channels (E-CCHs) in Rel.11 that extend in the conventional PDSCH region. This contribution reviews the trade-offs from relying on E-CCHs to address the capacity shortage of the legacy DL control region and quantifies the benefits of PDCCH overhead reduction by considering the DL throughput gains resulting from additional CCEs that become available for PDSCH scheduling due to the use of a compact DCI format 0.

2 Alternatives for Increasing Scheduling Capability 
At least with respect to the issue of DL control capacity (legacy DL control region is at capacity), having E-CCHs transmitted in PRBs of the conventional PDSCH region should offer throughput gains exceeding the additional overhead. For example, using 4 PRBs in a 10 MHz system for transmissions of E-CCHs will result in additional overhead of 8%. This additional overhead may or may not be recovered by the additional DL/UL throughput gains the increased eNodeB scheduling capability can provide. Even if this additional overhead is recovered by the throughput gains, the overall system benefit will still be substantially reduced. The same arguments apply if a smaller number of PRBs is assumed for E-CCHs although the detection performance of E-CCHs having available very few PRBs for their transmissions (e.g. 2 PRBs) is likely to be substantially degraded due to reduced frequency and interference diversity or due to reduced opportunities for frequency domain scheduling and/or beam-forming. 

Additionally, improving the capacity of the legacy DL control region by introducing a compact DCI format 0 also improves the capability of the network to avoid having to use E-CCHs which, at least in the initial phases of Rel.11, will only serve a relatively small percentage of UEs in the network (i.e. due to the associated overhead, it will be inefficient to use E-CCHs to schedule only a very small number of UEs per subframe).
Observation 1: E-CCHs may not always be the appropriate choice to increase the eNodeB scheduling capability. 

Avoiding unnecessary DL control overhead directly translates into DL throughput gains regardless of whether legacy CCHs or E-CCHs are used. Moreover, it is desirable to enhance the capability of a network not yet deploying E-CCHs and alleviate the PDCCH capacity shortage using only the legacy DL CCHs.
Observation 2: DL control overhead reductions always provide DL throughput gains and can improve PDCCH capacity in networks relying on legacy CCHs. 
3 Throughput Gains Using a Compact DCI Format 0 
A compact DCI format 0 with ~30% smaller size than the conventional DCI format 0 was described in [1]. The size reduction is due to the absence or reduction of fields existing in the conventional DCI format 0 only to align its size with that of DCI format 1A (DCI Format 0/1A flag, padding bit(s), 3-bit CSI field), and due to the reduction of fields whose full size serves no benefit to UEs with low UL SINRs (PUSCH transmission over most/all UL bandwidth, high MCS corresponding to QAM16 and high coding rates, and incremental redundancy). Even under pessimistic assumptions for the utilization of the compact DCI format 0, the PDCCH resources required for PUSCH scheduling are reduced by about 25% [1].
To quantify the above PDCCH overhead reduction in DL throughput gains, the application of DL MU-MIMO for single cell operation is considered as a reference case since respective results already exist under simulation assumptions that have been widely used in Rel.10 evaluations. 

The shortage in PDCCH resources for support of DL/UL MU-MIMO can be immediately realized by considering the maximum number of CCEs available for a 10 MHz system bandwidth. After excluding the REs for the CRS from 2 or 4 NodeB transmitter antennas, the PCFICH REs, the minimum PHICH REs, and the 16 CCEs for the transmission of common control information in the common search space, the maximum number (3 OFDM symbols DL control region) of available CCEs for PDSCH and PUSCH scheduling is only 27 (2 Tx) or 21 (4 Tx). This also assumes 100% CCE utilization for PDCCH transmissions which is rarely the case in practice.
Assuming the more benign case of 2 NodeB transmitter antennas, 14 (out of 27) CCEs available for PDCCH scheduling PDSCH, 20 UEs per cell, and use of DL MU-MIMO, the loss in average DL throughput due PDCCH capacity limitations is in the order of 20% and the loss in cell-edge DL throughput is in the order of 30% [2, 3]. These are obviously extremely large losses and are comparable to or even larger than the indicative throughput gains from introducing new features in Rel.11 with substantial associated specification and implementation complexities. The above losses will further significantly increase if the number of UEs per cell increases (more opportunities for MU-MIMO transmission), or if the number of NodeB antennas is 4 (more CRS REs in the DL control region), or if other functionalities such as UL MU-MIMO are also considered. 
A ~23% reduction in the number of CCEs required for PDCCH scheduling PUSCH (due to the use of a compact DCI format 0 [1]), can provide 3 additional CCEs for scheduling PDSCH (equivalent to ~21% more PDCCH capacity for scheduling PDSCH). Table 1 summarizes the approximate relative gains in average and cell-edge spectral efficiency (SE) using the results in [2, 3]. The relative gains from providing additional CCEs for PDSCH scheduling will further increase in case of more UEs per cell or in case of 4 NodeB transmitter antennas.
Table 1: Cell-average and cell-edge SE losses relative to number CCEs for PDSCH scheduling. 
	
	Number of CCEs
	Gain from 17 CCEs vs. 14 CCEs

	Number of CCEs
	Infinite
	14
	17
	-

	Cell-average SE
	0%
	-18.6%
	-12.9%
	5.7%

	Cell-edge SE
	0%
	-29.8%
	-23.8%
	6.0%


Observation 3: PDCCH capacity is severely limited when considering DL/UL MU-MIMO and availability of even few additional CCEs for scheduling can result to significant throughput gains. 

Therefore, even though an alignment in simulation assumptions for the benefits of reduced PDCCH overhead in case of CA-based het-net operation is pending, definitive benefits exist at least in case of single-cell operation for the use of DL MU-MIMO (and UL MU-MIMO).

4 Conclusions
Gains in average and cell-edge SE of at least 6% for DL MU-MIMO are obtained from the availability of more CCEs for PDSCH scheduling due to the use of a compact DCI format 0. These gains are a lower bound resulting from a lower bound in PDCCH overhead reduction for PUSCH scheduling (due to the use of the compact DCI format 0) and from favorable considerations regarding the number of UEs per cell, the number of NodeB transmitter antennas, the absence of UL MU-MIMO scheduling, and other system considerations that will lead to an even smaller number of available CCEs for PDSCH (or PUSCH) scheduling. Regardless of the use of E-CCHs to alleviate the PDCCH capacity limitation, it is desirable to improve the PDCCH capacity for legacy operation.
Proposal: Introduce a compact DCI format for PUSCH scheduling in Rel.11. 
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