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1 Introduction

In the case of cross-CC scheduling, three options to configure the linkage between PDSCH/PUSCH CC and PDCCH CC were discussed in RAN1#60 meeting. In this paper, we will provide further analysis for every option. 
Search space design on one CC for cross-CC scheduling is another important issue that should be decided. In this paper, the two structures will be discussed: independent search spaces and shared search space for multiple PDSCH/PUSCH CCs.
2 Linkage between PDSCH/PUSCH CC and PDCCH monitoring CC
In RAN1#60 meeting, three options (Option 1, Modified option 1 and Option 2) for the linkage between PDSCH/PUSCH CC and PDCCH monitoring CC for cross-CC scheduling were proposed [1]. In this section, further analysis of the three options will be provided.
Note that independent search space (each PDSCH/PUSCH CC has its own search space) and shared search space (only one search space is configured for each UE at a certain aggregation level on one PDCCH CC) for multiple carriers are both valid options when discussing the linkage options and the preference will be discussed in section 3.
(1) Option 1 

Each PDSCH/PUSCH CC can be scheduled only from a single DL CC, i.e. the UE only monitors PDCCH on one DL CC for each PDSCH/PUSCH CC.
· For any DL carrier with CIF where the UE monitors PDCCH, PDCCH on the DL carrier shall be able to schedule PDSCH at least on the same carrier and/or PUSCH on a linked UL carrier.
This option makes the number of BDs (Blind Decodes) the same to the case of same-CC scheduling if independent search space is used, or no more than the case of same-CC scheduling if shared search space is used. An example of option 1 is shown in figure 1. The number of total BDs will be

· Independent search spaces: 3 x D (“D” is the maximum number of BDs per PDSCH/PUSCH CC), which is the same as in the case of same-CC scheduling;
· Shared search spaces: 3 x D if the different DCI payload size is used for CC2 and CC3; 2 x D if the same DCI payload size is used for CC2 and CC3, which is less than that in the case of same-CC scheduling. 
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(a) Independent search spaces                                       (b) Shared search spaces
Figure 1  Example of option 1

With this option, PDCCH blocking may be a concern, especially when shared search space is adopted on each CC which will be discussed in section 3.
(2) Modified option 1 

For each PDSCH/PUSCH CC, eNB configures a single CC to primarily carry the corresponding PDCCH.

· For any DL carrier with CIF where the UE monitors PDCCH, PDCCH on the DL carrier shall be able to schedule PDSCH at least on the same carrier and/or PUSCH on a linked UL carrier.
· For each PDSCH/PUSCH CC, PDCCH on the DL carrier with CIF where the UE monitors PDCCH (other than the configured single CC) shall be able to schedule the PDSCH/PUSCH only if the same DCI payload size is applied.
An example is shown in Figure 2. The eNB configures a one-to-one linkage, which is the same as in option 1 and indicated by solid lines. When the DCI payload sizes for CC1 and CC2 are the same, the corresponding search spaces are shared, as shown by the dash lines. It means that UE can search the PDCCH for scheduling CC2 within the search space for CC1 without additional BD attempts, and in the same time, UE can search the PDCCH for scheduling CC1 within the search space for CC2 without additional BD attempts. More discussion on search space sharing can be found in appendix A.
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(a) Independent search spaces                                       (b) Shared search spaces

Figure 2  Example of modified option 1 
(The linkages marked by dash lines are valid when the DCI payload sizes for CC1 and CC2 are the same)

In the following, more analysis of modified option 1 compared to option 1 is provided.
· Increased PDCCH scheduling flexibility and decreased PDCCH blocking probability. 
· From the view of scheduling, sharing search space means expanding a DCI’s search space. As shown in [6], expanding search space can reduce the PDCCH blocking probability and increase the PDCCH scheduling flexibility, which is beneficial in a heavy loaded cell.
·  The benefit is more valuable when Hetnet scenario is considered, where a set of CCs may carry most PDCCHs of the system because the other CCs may be interfered too much.
· The same BD number as in the case of option 1.
·  The same false alarm probability as option 1 due to the same BD number.
· Possible better load balance of PDCCH resource among different CCs and possible better PDCCH resource utilization.
· For example, there are two PDCCH CCs in a cell. With option 1, each CC needs 1.5 PDCCH OFDM symbols for PDCCH transmission, but has to spend 2 PDCCH OFDM symbols.  By introducing additional scheduling flexibility, it is possible to use 1 OFDM symbol of CC1 and 2 OFDM symbols of CC2 to save 1 symbol for data transmission.,

· It is noted that all the above benefits can be achieved with very small complexity from the UE side. What is required for the UE is only to figure out the additional linkages by comparing the different DCI payload sizes, and be aware of the additional valid CIF values within each PDCCH CC. 

· For example as shown in Figure 2(a), the UE is anyway ready to search the three search spaces with given DCI payload sizes, and it will not be changed due to the additional linkages introduced by modified option 1. The UE only needs to figure out that PDCCH monitored in the search space of CC1 is also used to schedule CC2, and be aware that CIF for CC2 is valid also in search space of CC1, and vice versa, to make the virtual CRC check on CIF functions properly.

(3) Option 2
Support scheduling a PDSCH/PUSCH CC from more than one DL CC 

· For a given UE, each PDSCH/PUSCH CC can be scheduled only from a single DL CC in a given subframe in carrier aggregation scenario 

· For any DL carrier with CIF where the UE monitors PDCCH, PDCCH on the DL carrier shall be able to schedule PDSCH at least on the same carrier and/or PUSCH on a linked UL carrier
· This shall not increase the number of PDCCH blind decodes and or the PDCCH CRC false detection rate compared to a system not having CIF

Since the cross-CC scheduling shall not increase BDs compared to the same-CC scheduling, not all one-to-multiple linkages could be configured. In particular, independent search spaces can not be supported by option 2, as shown in the example of Figure 3(a).

· As shown in figure 3(a), with independent search spaces, the number of BDs is 4xD, which exceeds the number of BDs in the case of same-CC scheduling. In other words, option 2 can not be combined with independent search spaces for multiple carriers.
· As shown in figure 3(b), with shared search space, the BD number is dependent to the PDCCH payload sizes, specifically
· 4 x D, if different PDCCH payload sizes are used for PDSCH CC1, CC2 and CC3. It is not aligned with the third bullet of the definition, so this case is not valid.

· 3 x D, if different PDCCH payload sizes are used for PDSCH CC1 and PDSCH CC2, while same PDCCH payload size is used for PDSCH CC2 and PDSCH CC3.
· 3 x D, if different PDCCH payload sizes are used for PDSCH CC2 and CC3, while same PDCCH payload size is used for PDSCH CC1 and PDSCH CC2.

· 2 x D, if the same PDCCH payload size is used for PDSCH CC1, CC2 and CC3. 
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(a) Independent search spaces (invalid)                          (b) Shared search spaces

Figure 3 Example of option 2
In the following, more analysis of option 2 is provided.
· Option2 is not combined with independent search space design.

· Similar to modified option 1, option 2 can also provide more scheduling flexibility and thus decrease blocking probability. Similarly, option 2 can provide possible better load balance of PDCCH resource among different CCs and possible better PDCCH resource utilization.
· The BD number and false alarm probability, however, is not always kept the same as in option 1 and modified option 1, which is dependent to the linkage configuration and DCI payload sizes. And if certain total BD number is to be kept by option 2, the linkage configuration and the transmission mode configuration need update jointly, because the latter may change the DCI payload size.
· Regarding the complexity from the UE side, compared to option 1, for any PDSCH/PUSCH CC, UE needs to be ready for BD on the CC(s) according to all the linkage configurations. UE also needs to compare the sizes of DCIs transmitted on the same CC, to decide how many BD attempts are needed on that CC, note that this is caused by shared search space for multiple CCs, not directly by option 2. 
3 Search space on one CC for cross-CC scheduling 
For the same-CC scheduling, search space design on one CC could keep the same as in Rel-8, but for the cross-CC scheduling, DCIs corresponding to multiple PDSCH/PUSCH CC can be scheduled on one CC which could impact the search space structure. Two search space structures are analyzed below. Note that search space means UE-specific search space in this paper.
Structure 1: Shared search space for multiple PDSCH/PUSCH CCs
In this case, only one search space is configured for each UE at a certain aggregation level on one CC as shown in figure 1(b), figure 2(b) and figure 3(b). 
According to Rel-8, the blind decoding attempts for aggregation level 4/8 are 2. So shared search space cannot support one CC scheduling more than 2 CC with aggregation level 4/8. In other words, if the shared search space is supported, three or more PDCCHs at aggregation level 4/8 transmitted on one CC should be excluded first.
Structure 2: Independent search spaces for multiple PDSCH/PUSCH CCs [2-4]
Each PDSCH/PUSCH CC has its own search space as shown in figure 1(a), figure 2(a) and figure 3(a). From the view of blocking, the grants to schedule different CCs are then treated the same as the grants for different UEs. And thus all the grants will have equal opportunities.

These search spaces could be differentiated by predefined rules like introducing CI bits to search space determination [2, 3].
What’s more, the search space sharing [5] can also be applied here for the same reason. i.e., if two DCIs are with the same payload size, they can share their search spaces. 
In the appendix B, blocking probability of the two search space design structures is evaluated. It can be seen clearly that independent search space can provide lower blocking probability.
4 Conclusions
For linkage configuration in the case of cross-CC scheduling, modified option 1 is preferred.
· For each PDSCH/PUSCH CC, the eNB configures a single CC to primarily carry the corresponding PDCCH.
· For any DL carrier with CIF where the UE monitors PDCCH, PDCCH on the DL carrier shall be able to schedule PDSCH at least on the same carrier and/or PUSCH on a linked UL carrier.
· For each PDSCH/PUSCH CC, PDCCH on the DL carrier with CIF where the UE monitors PDCCH (other than the configured single CC) shall be able to schedule the PDSCH/PUSCH only if the same DCI payload size is applied. 
For search space design on one CC in the case of cross-CC scheduling
· Independent search spaces for multiple PDSCH/PUSCH CCs are proposed. 
DCIs with the same payload size can share their search spaces, no matter the search spaces are on the same CC or on the different CCs.
This proposal can fully utilize the UE capability of BD in the sense that the structure itself can achieve exactly the same BD number as the case for same-CC scheduling. Additionally, the conditional search space sharing among search spaces for different PDSCH/PUSCH CCs can provide more scheduling flexibility and can lower the blocking probability without increasing the BD number and false alarm probability.
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Appendix A

Search space sharing
The logic of SS (Search Space) sharing is similar to what has been captured in Rel-8, where DCI format 1A/0 scrambled by C-RNTI/SPS C-RNTI has the same payload size as that for DCI format 3/3A, so DCI format 1A/0 scrambled by C-RNTI/SPS C-RNTI is allowed in common SS to decrease the blocking probability without increasing the BD number.
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Figure 4 DCIs with the same payload size can share their search spaces
The DCI payload size is dependent on transmission bandwidth and transmission mode. A typical case of same DCI payload size relies on the same transmission bandwidth. An example is shown in figure 4 (assuming independent search spaces for multiple PDSCH/PUSCH CCs), before SS sharing, DCI format 0/1A and 1 for CC1 are monitored in SS1, DCI format 0/1A and 1B for CC2 are monitored in SS2 and DCI format 0/1A and 1D for CC3 are monitored in SS3. Assuming CC1, CC2 and CC3 have the same bandwidth, DCI format 0/1As for these three CCs have the same payload size, so their SSs can be shared, i.e. DCI format 0/1A for any CC can be monitored in SS1, SS2 and SS3. DCI format 1B for CC2 and DCI format 1D for CC3 have the same payload size, so their SSs can be shared, whereas DCI format 1 has the different payload size from others, so it is only scheduled in SS1.
Appendix B
Simulation assumption is shown in Table 1.  CCE aggregation level distribution is shown in Table 2, which is evaluated by the link and system simulations.

Table 1. Simulation Assumption
	Parameter
	Assumption

	CC BW
	10MHz (50RBs)

	Antenna configuration
	4x2 FSTD-SFBC,  non-vertical antenna gain.

	Total CCE number
	37 (CFI=3)

	Search space structure
	Shared search space (the same size as in Rel-8);

Independent search space (different search spaces for different CCs are randomly generated).

	Size of PDCCH search space at aggregation level 1/2/4/8
	6, 12, 8, 16 CCEs (as in Rel-8)

	CCE aggregation level for different PDCCHs of a CA UE
	Same  

(In most cases, the payload size is the same for different PDCCHs to schedule different CCs , so the CCE aggregation level should be the same when these PDCCHs are scheduled on the same CC) 

	Simulation time
	20000 subframes

	Number of max. PDCCHs within a subframe
	10 and 20 PDCCHs
 (the minimum and maximum number of PDCCHs within 37 CCEs based on table 2)

	PDCCH scheduler
	1. Without adjusting the CCE locations of already scheduled PDCCHs;

2. Without falling back to other aggregation level when a PDCCH can not be scheduled with the assumed aggregation level.


Table 2. CCE aggregation level distribution (%)

	
	1 CCE
	2 CCE
	4 CCE
	8 CCE

	Case 1 
	55.72
	28.66
	12.33
	3.29


In our simulation, the PDCCH scheduler is basic. An advanced scheduler may bring the absolute blocking probability a little lower, but the trend is the same for the basic and advanced PDCCH scheduler. 
In the simulation, within each subframe, there is only one CA UE and the others are Rel-8 UEs. For this CA UE, there are three aggregated CCs (CC1, CC2 and CC3) whose PDCCHs are all carried on CC1 with the same CCE aggregation level. This CA UE is randomly selected and its PDCCHs of CC1, CC2 and CC3 are scheduled sequentially
The evaluation only observes the CA UE’s blocking probability. In detail, we mainly observe the blocking probability of PDCCHs for scheduling CC2 and CC3 because the blocking probability of PDCCH for scheduling CC1 is the same for independent and shared search space. From the figure 5 and 6, we can see that PDCCH blocking probability of independent search space is lower than that of shared search space, especially for 4CCE and 8CCE aggregation level. If there are three PDCCHs scheduled on one CC, the third PDCCH is hard to be scheduled with shared search space. In a lightly loaded cell (figure 5), the advantage of independent search space is obvious for 4/8 CCE aggregation level. In a heavy loaded cell (figure 6), the advantage of independent search space is obvious, not only for 4/8 CCE aggregation level, but also for 1/2 CCE aggregation level.
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Figure 5  PDCCH blocking probability comparison (10 PDCCHs)
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Figure 6  PDCCH blocking probability comparison (20 PDCCHs)
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Figure 9  PDCCH resource efficiency comparison 
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