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1. Introduction

It was concluded at WG1 meeting #66 that possible areas for PDCCH capacity enhancements for carrier aggregation include the heterogeneous and inter-band deployments and it is to be investigated if there is a problem and its extent. In this contribution we discuss these scenarios further starting with the CA based HetNet in the next section followed by the inter-band CA deployment analysis.  

2. Control signaling in CA based HetNet

In CA based HetNet, interference between the L1/L2 control signaling at the macro and pico layers must be moderated. For Rel.10 UEs, this can be achieved by means of cross-carrier scheduling where in a pico cell data can be accessed on all carriers but the control signaling for the pico cells takes place on one carrier only. Since this single carrier contains the control channels for both aggregated carriers, the cross-carrier scheduling is said to be asymmetric and there is then a potential issue of control channel capacity limitation if there are many UEs that are cross-carrier scheduled. 

In the DL MIMO SI and CoMP WI’s an enhanced PDCCH (ePDCCH) similar to R-PDCCH is being discussed for Rel.11 terminals. The control channel interference in the CA based HetNet scenario is one of the main motivations for the introduction of an ePDCCH since it provides coordination of the resources used for the ePDCCH between cells and between transmission points within a cell. Thereby can collisions between control channels and between control channels and data transmission in the macro and pico cells be avoided without resorting to cross-carrier scheduling. 


[image: image9.bmp]
Figure 1 The use of PDCCH and ePDCCH in CA based HetNet. 

Furthermore, an ePDCCH provides beamforming gain to provide coverage and due to the flexible configuration of ePDCCH resources, additional capacity for the control channel can be provided. In some scenarios can even a ePDCCH resource be reused in different parts of the cell which will further extend the ePDCCH capacity in this case. If an ePDCCH is introduced in Rel.11 it will overtake the role of cross-carrier scheduling as it allows each carrier to carry its own control channel. 
Observation 1: Cross-carrier scheduling only applies for Rel.10 UEs if an ePDCCH is introduced in Rel.11.  

Observation 2: The ePDCCH has in addition to beamforming gain and high capacity also the possibility to be spatially reused within the cell in some scenarios which further reduce the risk of control channel capacity limitations  

Figure 1 then summarize the different possibilities to schedule a UE of different releases in CA based HetNet scenario. The potential problem occurs for Rel.10 UEs that on the Scell carrier frequency sense interference on the control channel and therefore must be scheduled from the Pcell. Even if it has been observed that this problem appears with asymmetric cross-carrier scheduling for Rel.10 UEs, it is worthwhile to analyze further the extent of this problem for Rel.10 UEs, which is done in the next section. 

2.1. Simulation results assuming asymmetric cross-carrier scheduled Rel.10 UEs

To evaluate the PDCCH capacity on Pcell in the pico with full asymmetric cross carrier scheduling (Pcell schedules all pico UEs on two carriers of 10 MHz each), a simplified analysis was done for FDD assuming a set of 40 UEs of Release 10 with prioritized order created with their Pcell SINR distribution obtained from a system level simulation (distribution shown in the appendix). Then PDCCH link adaptation was used to set the CCE aggregation level for each individual UE with a -3 dB SINR offset as a margin against flat channels [1]. A random UE ID was selected to generate the respective UE specific search spaces.  Each scheduling attempt tries to allocate as many UEs as possible with one PDCCH per downlink carrier per UE constrained by a total PDCCH capacity of 40 CCE. It was further assumed that one PDCCH was transmitted in the common search space with aggregation level four and no search space sharing was applied. 

Figure 2 shows the aggregation level distribution for three different DCI format sizes, under the assumption that all UEs have the same DCI payload. The high SINR values for the pico UEs on the Pcell makes it very unlikely to use aggregation level 4 and 8 for the UE specific search space. With the 44 bit DCI, the frequency of selecting CCE aggregation level one is 88%, which implies small blocking probability and high scheduling flexibility.  The large availability of single CCE PDCCHs and the large number of UEs (40) gave that the average CCE utilization probability was 99% for all simulated DCI payloads. 
Figure 3 shows the probability that a UE with a given priority number is denied scheduling on both carrier and a single carrier respectively.  It shows that the top 5 priority UEs can be scheduled at least a single carrier with 91% probability for 66 bits DCI but two carriers with 60% probability.  Figure 4 gives the distribution of the number of UEs that can be scheduled in the DL subframe irrespectively of their priority order. Two Rel.10 UEs can always be scheduled on two carriers and up to eight Rel.10 UEs in median, even for the largest simulated DCI payload (61 bits) corresponding to DCI format 2C and additionally 7 more PDCCH with a single CC in median (curve not shown). Having the possibility to schedule eight Rel.10 UEs with cross-carrier scheduling and 15 UEs in total and taking into account that Rel.11 UEs may have access to an enhanced control channel, we don’t see any serious control channel blocking or capacity problem in the CA based HetNet scenario for the FDD case.   
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Figure 2 Probability to select the given aggregation level in UE specific search space
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Figure 3 Probability of a UE to be blocked a 2 and 1 carrier scheduling
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Figure 4 The number of UEs that can be scheduled on 2 carriers for different DCI payloads with no consideration of UE priority

3. Control signaling for inter-band CA

In the inter-band CA scenario, depending on the used bands, there could be a very large frequency separation between the aggregated carriers which imply a large path loss difference. One deployment could then utilize this by transmitting the PDCCH on the low pathloss, low carrier frequency, see Figure 5. The situation then becomes similar to the CA based HetNet scenario with the difference that the Scell is now noise limited instead of interference limited. 

For Rel.10 UEs, inter-band CA is currently only supported for FDD using Band 1 and Band 5. For this case can the same solutions with cross-carrier scheduling for Rel.10 UEs as discussed for the CA based HetNet be used to extend the coverage of the Scell, provided that synchronization can be maintained for UEs connected to the Scell. The use of cross-carrier scheduling is not expected to pose any capacity restriction on the control channel in this case since the cell edge of the Scell is in the cell interior of the Pcell and thus a good channel quality is expected for those UEs that are relevant for carrier aggregation.  

        
[image: image5]
Figure 5 A scenario for Inter-band CA with different coverage of the Pcell and Scell due to path loss differences. 
For Rel.11 UEs, the ePDCCH could be utilized in the inter-band CA scenario to enhance the control channel, where control channel beamforming could also give some extended coverage or lower resource consumption. In Rel.11 TDD if there is support for different UL-DL configurations, the lower frequency carrier may be configured as an UL heavy carrier as discussed in [2] and an ePDCCH will be useful in increasing the control channel capacity in this case. 

4. Conclusion

For Rel.10 terminals we have not found any serious capacity limitation of the PDCCH due to CA based HetNet or inter-band CA in the case of asymmetric cross-carrier scheduling. Furthermore, the developing ePDCCH will provide enhancements in forms of control channel interference coordination between nodes and transmission points within a cell, extension of the available resources for control channel transmission and also coverage improvements due to beamforming. 

Hence we don’t see that any additional enhancements other than the ePDCCH are needed for the CA scenarios.  
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6. Appendix
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Figure 6 Used downlink wideband SINR distribution for PDCCH in a pico Pcell in a CA based HetNet scenario. 

Table 1 Parameter values used to generate Figure 6

	Parameter
	Assumption

	Setup
	FDD downlink, 2x2 MIMO for both macro and pico

	Channel model
	3GPP Case 1, SCME

	Bandwidth
	5 MHz

	Number of nodes
	9 macro cells, 2 pico per macro cell

	Number of UE
	30 UE per macro cell area and 2/3 of users in hotspots of 40m radius around pico eNB

	Minimum distance macro-pico
	75 m

	Shadowing coherence distance
	50 m (for both pico and macro)

	UE speed
	3 km/h

	eNB maximum transmit power
	43 dBm (macro) and  21 dBm (pico)

	Macro power reduction on Scell
	13 dB

	Link adaptation
	Ideal

	Transmission scheme for PDCCH
	SFBC
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