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1. Introduction
In LTE systems, various DCI formats and CCE aggregation levels are defined for PDCCH channelization. A UE can recognize whether a particular PDCCH is sent to the UE and which DCI format and CCE aggregation level are used just after successful decoding of the PDCCH. Without a certain level of restriction on UE’s monitoring PDCCH candidates, therefore, a UE should be capable of carrying out such a lot of blind decoding attempts of PDCCH. Considering the complexity due to the blind decodes of PDCCH, RAN1 has agreed that the maximum number of blind decodes for LTE_ACTIVE users should be around 40 in total during RAN1 #51bis meeting.
In this document, we will derive how many PDCCH candidates are available and present a scheme configuring PDCCH candidate sets. By introducing UE-specific hash functions for configuration of PDCCH candidate sets, we can efficiently limit the PDCCH candidates for a UE to monitor without a heavy signaling overhead.
2. PDCCH candidates set
2.1 The number of CCEs available for PDCCH channelization
All the PDCCHs are transmitted on the first n OFDM symbol(s) in the first slot of a subframe and a PDCCH is transmitted on an aggregation of one or more control channel elements (CCEs). Since CCEs are constructed by the resource elements remaining after RS, PCFICH, and PHICH mappings and n is not a static value, the number of CCEs available for PDCCH channelization varies subframe by subframe and is determined by 
· DL control channel region; denoted by n
· The number of transmit antennas at the eNB; denoted by P
· The number of PHICH groups; denoted by 
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A CCE consists of 
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 symbol-quadruplets, each of which is mapped onto a resource-element group (REG). The total number of REGs available for PDCCH mapping is given by
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where 
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 denotes the number of RBs defined over the entire DL system bandwidth, 
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 are the numbers of REGs used for a PCFICH and PHICH groups, respectively, and
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Figure 1. CCE aggregation and PDCCH candidates

Accordingly, the number of CCEs available for PDCCH channelization is given by
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Note that 
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2.2 CCE aggregation
A PDCCH is transmitted on an aggregation of {1, 2, 4, 8} CCE(s). Figure 1 illustrates how CCEs are aggregated for a PDCCH. This structure is called tree-based aggregation. 
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In order to reduce the blind decoding attempts and eliminate useless combinations of CCE aggregations and DCI formats as well, we may allow only a certain portion of DCI formats for each aggregation level. For example, if the eNB is equipped with a single transmit antenna, DCI Format2 is no more useful for any CCE aggregation levels. Even when MIMO is enabled in a cell with multiple transmit antennas, DCI Format2 transmitted on 1-CCE aggregation may not be useful since it results in a too high code rate.
2.3 PDCCH candidate set
If there is no restriction on UE’s monitoring PDCCH candidates, a UE will try up to 


[image: image17.wmf]CCE

m

N

F

m

êú

êú

ëû


(4)
decodes for m-CCE aggregation, where 
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 is the number of DCI formats allowed for the aggregation level. Hence, the maximum number of blind decodes in total will be
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In order to reduce this number, we need to restrict the search space of PDCCHs; a PDCCH candidate set is defined as follows:

· A PDCCH candidate set consists of UE-specific and common subsets.

· The UE-specific subset consists of the PDCCH candidates defined by UE-specific parameters. By configuring the UE-specific subsets, the universal search space can evenly be shared by the UEs. Normal DL assignments and UL grants can be indicated by a PDCCH defined in the UE-specific subset. The UE-specific subsets may overlap each other.
· The common subset consists of the PDCCH candidates that all the UEs belonging to the cell will monitor. Since the PDCCHs for special assignments (e.g. BCCH, RACH response, paging to multiple UEs) should not be UE-specific, they are found in the common subset. Note that the common subset is the intersection of the PDCCH candidate sets of all the UEs in a cell. A PDCCH candidate in the common subset can deliver the control information of not only the special assignments but also normal DL assignments and UL grants.
3. Configuration of PDCCH candidate sets
In this section, two functions are discussed to configure PDCCH candidate sets. One is to specify the UE-specific subset and the other is to specify the common subset.
3.1 Configuration of the UE-specific subsets

The UE-specific subset is specified by functions
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for each m-CCE aggregation, where xUE and xCELL are the UE-specific and cell-specific parameters, respectively, and indexsubframe denotes the subframe index. The outcomes of hm(·) are integer values from 0 to (NCCE/m(1 and indicate i of 
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The cell-specific parameter may not be needed since CCEs are the logical resources and a cell-specific shift in the CCE interleaver is to distinguish the physical resources. A possibility to configure the UE-specific parameters is to use an explicit RRC signaling. This may be useful in changing the UE-specific PDCCH candidate subsets by the eNB. Before establishing the UE-specific subset via such an RRC signaling, the UE should be able to decode the PDSCH containing the signaling and the PDCCH containing the information for the reception of the PDSCH as well, i.e. this approach is not be sufficient in initializing the UE-specific subset. Therefore, a scheme to configure the UE-specific subset without an explicit RRC signaling needs to be supported. For initialization of the UE-specific subset, UEID is the one that UEs can use. In this sense, a mechanism to configure the UE-specific subset based on UEID is mandatory and it should be further studied whether to introduce additional RRC signaling to change the UE-specific subsets.
The reason why hm(·) in (6) is described as a function of the subframe index is to reconfigure the UE-specific subset subframe by subframe. A UE may not be scheduled for several consecutive subframes in case where all the PDCCH candidates given in the UE’s search space are occupied by other users. This situation can be avoided by automatically reconfiguring the UE-specific subsets every subframe.
For the simple design of hm(·), random hash functions are taken into account. They can evenly distribute the candidates over the universal search space in a statistical sense. Whether to define deterministic functions instead of random ones is for further study. Considering the non-static number of CCEs available for PDCCH channelization, it will be problematic to design simple deterministic functions.
A UE will take Um outcomes of hm(·) to figure out the PDCCH candidates of m-CCE aggregation in the UE-specific subset. {U1, U2, U4, U8} can be configured via an RRC signaling in a UE-specific manner. Let 
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 be the number of DCI formats allowed for m-CCE aggregation in the UE-specific subset. The maximum number of blind decoding attempts in the UE-specific subset is then obtained as
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where 
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 denotes the number of DCI formats allowed for m-CCE aggregation in the UE-specific subset.
There has been a discussion on the restriction on Um such as U8 = U4/2 = U2/4 = U1/8. This restriction means that the number of hypotheses for larger CCE aggregations is less than the number of hypotheses for smaller CCE aggregations. With this restriction, the eNB will suffer from the lack of degrees of freedom in choosing a PDCCH candidate for a UE in poor geometry. On the other hand, defining Um without any restriction enables the flexible management of PDCCH candidate sets. For example, a UE in good geometries can be assigned more PDCCH candidates of larger CCE aggregations. It is also possible to set U1 = U2 = U4 = U8.
3.2 Configuration of the common subsets

The common subset is specified by functions
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for each m-CCE aggregation. If there is no need to configure the common subset in a cell-specific manner, then the input parameters xCELL and indexsubset are not needed. The outcomes of fm(·) are integer values from 0 to (NCCE/m(1 and indicate i of 
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UEs will take Vm outcomes of fm(·) to figure out the PDCCH candidates of m-CCE aggregation in the common subset. {V1, V2, V4, V8} can be signaled or hard-coded. Let 
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 be the number of DCI formats allowed for m-CCE aggregation in the common subset. The maximum number of blind decoding attempts in the common subset is then obtained as
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where 
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 denotes the number of DCI formats allowed for m-CCE aggregation in the UE-specific subset.

Figure 2 shows how a PDCCH candidate set is configured. The common subset is defined by the functions fm(·) and the UE-specific subset is specified by the functions hm(·). The maximum number of blind decodes for the UE will be
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Ttotal is adjustable by setting appropriate
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· Figure 2. Configuration of a PDCCH candidate set
4. Conclusion
In this document, we presented how to configure PDCCH candidate sets to limit the maximum number of blind decoding attempts. The proposal is summarized as follows:
· A PDCCH candidate set consists of a UE-specific subset and a common subset.

· The UE-specific subset is specified by random hash functions h1(·), h2(·), h4(·), and h8(·) with UE-specific parameters.

· The common subset is specified by functions f1(·), f2(·), f4(·), and f8(·) and contains the PDCCH candidates that all the UEs belonging to the cell will monitor.

· The subframe index is used as an input parameter of the subset configuring functions to automatically reconfigure the PDCCDH candidate set subframe by subframe.

· The outcomes of each function indicate PDCCH candidates for the CCE aggregation level corresponding to the function.
· By configuring how many outputs of each function are taken and which DCI formats are linked to each CCE aggregation level, the maximum number of blind decodes is adjustable with high degrees of freedom in PDCCH scheduling.
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