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1. Introduction 
Following a way forward agreed in RAN1#58 in [1], some of the issues related to PDCCH in the case of Carrier Aggregation were considered in [2]. Since it is desirable to limit the number of blind decodes arising from receiving PDCCH on multiple carriers, it of interst to establish whether a smaller search space than defined for Rel 8 can achieve sufficient performance.  Therefore some estimates of PDCCH blocking performance (i.e. search spaces sizes happen to overlap and/or are not suficiently large to allow all the desired PDCCHs to be transmitted) within the agreed framework are given in this submission.
2. Assumptions and Modeling
To evaluate the PDCCH blocking performance for carrier aggregation we propose the following assumptions:
· The relevant scenario is for a small number of active UEs requiring high bit rates, and therefore resources on several carriers. (A large number of active UEs cannot be given high bit rates simultaneously and therefore under this scenario would not typically benefit much from carrier aggregation.) 
· Active UEs using carrier aggregation may require simultaneous UL and DL resources on every component carrier and in every subframe. 

· UEs using carrier aggregation have high priority (otherwise carrier aggregation would not be required).

· The maximum number of active UEs which are “competing” for PDCCH resources (per component carrier, in any one subframe) is equal to the number of component carriers configured. With more UEs there would be no advantage using carrier aggregation. 
· No other PDCCH transmissions are considered.
· We assume that one carrier has special status (e.g. “anchor carrier” with a full Release 8 search space), and only consider a reduced search space on additional component carriers.
· The search space on any additional component carriers consists of two PDCCH locations for each aggregation level (to allow both an UL grant and DL allocation in the same subframe). As in Release 8 these possible PDCCH locations would be adjacent. 
· The Release 8 method of “hopping” search space location is applied.
· Aggregation levels of most interest are 1or 2 CCEs. Two CCEs may be required assuming closed loop MIMO up to 8x8, a DCI format similar in size to format 2 in Release 8, and emphasis on reliability of PDCCH rather than minimising overhead. System bandwidth is 20MHz (i.e. bandwidth of one CC is 20MHz).
· Only the UE specific search spaces are considered here (it may not be a requirement for the UE to monitor the common search space on component carriers).

· One OFDM symbol is allocated for DL control channels. (For a small number of active UEs more symbols would be an unnecessary overhead).

· Two Release 8 antenna ports are assumed. 

· From the previous two assumptions the number CCEs available for PDCCH will be about 21.   

To model the blocking performance we consider a single carrier and assume that the UE dedicated search spaces are distributed randomly across the available CCEs according to the number of PDCCHs which are to be scheduled. Inevitably there will be some collisions. Then an upper limit on the number of PDCCHs which could be scheduled is obtained by identifying the CCEs which are not within the search space of any UE: the others are available for PDCCH transmission. We start with the chosen aggregation level (e.g. 1). The process is repeated considering the possibility of transmitting further PDCCHs with higher aggregation (e.g. 2) in any unused CCEs. 
The blocking performance is then obtained assuming that the available PDCCH locations can all be used for transmitting PDCCHs (using an “ideal” scheduling algorithm). Under the assumption that the eNB would wish to schedule a given number of PDCCHs per subframe, we compute a “blocking probability” as the average fraction of PDCCHs which cannot be sent divided by the number of PDCCHs intended for transmission.
3. Results

The tables below show the average fraction of PDCCHs which could not be transmitted in the desired subframe on a given component carrier, for different loading levels, and under some different assumptions. We consider the blocking on additional component carriers, not on the “anchor carrier”. 

In each case we assume that the scheduler has a preferred aggregation level for the PDCCH message (e.g. 1) but can fall back to a higher aggregation level (e.g. 2) if blocking occurs. Typically, the fallback aggregation level will have a different search space and therefore has a good chance of not being blocked. It would also be possible to fallback to an even higher aggregation level, or use a PDCCH on a different carrier (e.g. “anchor carrier”), but we do not consider that here.   

The highlighted results are above 10%. 

Number of CCEs = 21, Preferred Aggregation Level = 1, Fallback Aggregation Level = 2, Search space size (per PDCCH) = 1 

	Number of PDCCHs to be sent
	2
	5
	10
	15
	21

	Blocking probability (Aggregation=1)
	0.025
	0.093
	0.19
	0.27
	0.36

	Blocking probability (Fallback to Aggregation=2)
	0
	0
	0.02
	0.15
	0.30


Number of CCEs = 21, Preferred Aggregation Level = 1, Fallback Aggregation Level = 2, Search space size (per PDCCH) = 2 

	Number of PDCCHs to be sent
	2
	5
	10
	15
	21

	Blocking probability (Aggregation=1)
	0
	0
	0.001
	0.012
	0.13

	Blocking probability (Fallback to Aggregation=2)
	0
	0
	0
	0.004
	0.12


Number of CCEs = 21, Preferred Aggregation Level = 2, Fallback Aggregation Level =4, Search space size (per PDCCH) = 1 

	Number of PDCCHs to be sent
	2
	5
	7
	10

	Blocking probability (Aggregation=1)
	0.050
	0.18
	0.26
	0.35

	Blocking probability (Fallback to Aggregation=2)
	0
	0.04
	0.13
	0.30


Number of CCEs = 21, Preferred Aggregation Level = 2, Fallback Aggregation Level =4, Search space size (per PDCCH) = 2 

	Number of PDCCHs to be sent
	2
	5
	7
	10

	Blocking probability (Aggregation=1)
	0
	0.004
	0.017
	0.13

	Blocking probability (Fallback to Aggregation=2)
	0
	0
	0.006
	0.12


In the above analysis, the blocking probability might lead to a corresponding loss in peak bit rate, since not all the intended UEs could be scheduled. However, the seriousness of the impact (e.g. increase in transmission delay) would depend on the application.

We note the following:-
· To generate a PDCCH loading of 10 PDCCH per subframe would require 5 UEs to be active on every component carrier in every subframe, each needing both an uplink and downlink allocation. This is probably a higher loading than would be required for carrier aggregation scenarios. 
· Allowing a fallback to a higher aggregation level gives significant benefit at moderate loading levels

· A search space size equivalent to 1 location per PDCCH would be sufficient for low loading levels (up to 50% of control channel capacity)
· Loading the control channel near capacity is likely to lead to high blocking probabilities in any case  
· In practice further reduction in blocking could be achieved by using another carrier for the PDCCH, together with a carrier indication
· The analysis assumes 1 OFDM symbol for PDCCH. If higher loading needs to be supported than envisaged here, then additional OFDM symbols could be used. 

4. Conclusions
This document considers the size of a reduced PDCCH search space that would be required on component carriers in addition to an “anchor carrier” with the full Release 8 search space. 

Under the assumptions considered here, a PDCCH search space size of 1 location per expected PDCCH is sufficient for the conditions under which carrier aggregation is likely to be effective. Assuming both uplink and downlink allocations are to be supported simultaneously, then the total search space size (per aggregation level) should be 2 on any additional component carriers. 
5. References
[1] R1-093699, “Way Forward on PDCCH for Bandwidth Extension in LTE-A”, Alcatel-Lucent, AT&T, ASUSTeK, CATT, CEWiT, CHTTL, Ericsson, Huawei, Interdigital, Motorola, NEC, Nokia, NSN, Philips, Potevio, Qualcomm, RITT, Samsung, ST-Ericsson, Texas Instruments, and Vodafone
[2] R1- 094990, “PDCCH for carrier aggregation”, Philips









