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1. Introduction

In 4G LTE system, the control region spans the whole system bandwidth and occupies the first several OFDM symbols in a subframe. The common reference signal (CRS) are used for demodulation of PDCCH. As CRS are shared by all the UE and the locations of CRS are fixed in time-frequency domain, the channel estimation can be accomplished once for all the PDCCH candidates by each UE when decoding its PDCCH in the control region. In 5G NR system, as DMRS is used for PDCCH demodulation and they are only transmitted along with their target PDCCH for a particular UE (or a group of UEs), the UE could accomplish the channel estimation for decoding each PDCCH candidates.  As the UE may have a number of PDCCH candidates with different control channel element (CCE) aggregation level (AL), and such candidates could be spread across the time–frequency resources in a control resource set (the time-frequency region that carry the control channel), the amount of channel estimation efforts could be large if such efforts could not be shared or reused among decoding different PDCCH candidates. To ease the issue, a nested structure could be utilized, where PDCCH candidates will different CCE AL could be aligned/confined in the same sets of resources.
In RAN1 88 meeting, some companies presented some simulation results comparing the PDCCH search space w/o the nested structure, the observation made on nested structure is some increased blocking probability. In this contribution, some discussion was conducted on such issue for nested PDCCH structure and some proposals were presented to ease the issue as well as improve the nested PDCCH structure design. .
2. PDCCH search space design with nested structure

[image: image20.bmp]
Figure 1  Nested CCE AL structure
Figure 1 shows an example of nested PDCCH structure, from which it can be noted that PDCCH candidates with different AL (e.g., 1, 2, 4, and 8) all share (or partially shared) the same sets of resources. The benefits of such structure is that the channel estimation done on this set of resources could be reused by decoding all PDCCH candidates with different AL. and thus save the overall channel estimation efforts.  Such structure will also simplify the search space definition of PDCCH. A search space is the combination of all PDCCH candidates that a UE may need to search for its PDCCH. In LTE, the search space for PDCCH is defined on per CCE AL, namely, for each CCE AL, a separate search space is specified.  In order to search for all its PDCCH candidates, the UE may need to search through all the search spaces for AL =1, 2, 4, 8 and more. If nested structure is defined as mentioned here. The search space may not need to be specified based on CCE AL, but rather on a search space block level basis. For example, the PDCCH candidates with different CCE AL as shown in Figure 1 could be specified as one search space block. A UE could be configured with one or multiple search space blocks, each of which contains a combination of PDCCH candidates of different CCE AL. Such search space blocks could be distributed/contiguous on frequency/time. For example, they could be located on different frequency locations, or on different OFDM symbols, or a combination of the above. Figure 2 shows such an example where a couple of search space blocks in a UE search space would be allocated on different OFDM symbols. This could allow the PDCCH candidates transmitted on different symbols. For example, if beamforming (BF) technique is used, and different OFDM symbol is associated with different analog beams, the transmission of PDCCH candidates on different OFDM symbols would allow them to be transmitted using different beams. This could be useful if one beam link pair (BLP, pair of gNB transmit and UE receive beams) fails as the gNB could use another beam to transmit PDCCH. It would also allow joint transmission of PDCCH on multiple beams, thus to improve the receiving quality of PDCCH especially for UEs in overlapping coverage of two transmit beams. 
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Figure 2:  Example of search space block distributed across OFDM symbols

Proposal:

· Adopt search space block as the basic search space unit which contains nested structure of PDCCH candidates of different CCE AL.
The nested structure has benefits as mentioned above, it may have an issue though. As the overall time-frequency control region is shared by all the UEs, and their search space could have overlapping in time/frequency.  As shown in Figure 3, if two UE’s search space both have nested structure and their search space block is completely overlapped,  it may cause more blocking among the PDCCH candidates of these UEs.  To solve this issue, a simply method is to add some offset among the starting CCE of their search space block. 


[image: image3]
Figure 3: The blocking issue among UE search space
As shown in Figure 4 for an example, the starting CCE index of nested search space block of a UE could be shifted by an offset of one or multiple CCE lengths, thus reduce the block issue but still maintain the nested structure of search space for each UE. The offset could be in the order of CCE(s). Such offset could be determined implicitly by some UE parameters such as UE RNTI, namely, it is a function of some UE identity such as RNTI, or it could be explicitly signaled by gNB, or it could be a combination of both. 

For example, it could be configured semi-statically using higher layer signaling such as RRC, it could also be transmitted in a group common control signal to a group UEs, alternatively, it could be signaled dynamically by physical layer signaling such as downlink control information (DCI).  For example, if UE receives such an offset indication in a DCI, it may assume that its PDCCH search space needs to be shifted by such an offset from the next slot. 


[image: image4]
Figure 4: Shifted UE search space block to reduce blocking probability

The offset values could be small or large, for example, the offset could be 1 CCE length, alternatively, it could be 4 CCE length. There are pros and cons for small and large offsets. In general, the smaller the offset is, the higher blocking probability it could incur, and leads to less overall resource usage, while the larger the offset is, the less blocking probability it may incur, and may lead to more overall resource usage. The gNB could configure/signal different offsets for different scenarios. For example. If there are more UEs at cell center, which may more likely use 1-2 CCE AL for its PDCCH, it could configure small offsets and thus allow more search space overlapping but less overall resource usage (or with same amount of resources to support more UE). On the other hand, if there are more UEs at the cell edge, the gNB could configure larger offset which lead to less blocking issue especially for larger CCE AL.  Such offset configuration could be cell specific or UE specific. In the extreme cases that there are few UEs but all require higher CCE AL for its PDCCH, gNB could configure offsets such that all the search space block for each UE do not overlap with each other  and therefore completely avoid the blocking issue. 

Proposal:

· The starting CCE index of a search space block for a UE could be shifted by an offset and such offset can be explicitly/implicitly determined/configured.
A search space block (nested structure) could contain  a full set of PDCCH candidates with different CCE AL as shown in Figure 1, where the PDCCH candidates of each CCE AL is listed in Table 1. To control the total blind decoding (BD), the combination of PDCCH candidates could be adjusted and configured for each search space block by the gNB. As shown in Figure 5 for an example, the PDCCH candidates for CCE AL =1 is configured to be 6 (instead of 8) and PDCCH candidates for CCE AL =1 is configured to be 2, thus maybe keep the total BD under a limit. The number of PDCCH candidates could be configured separately or together for each search space block assigned for a UE and signaled to the UE. 

Table 1  Full set of PDCCH candidates in a nested search space block
	
	CCE AL = 1
	CCE AL = 2
	CCE AL = 4
	CCE AL = 8

	PDCCH candidates
	8
	4
	2
	1



[image: image5]
Figure 5: Example of PDCCH candidate configuration for a search space block
Figure 1 shows an example of an search space lock with 8 CCE. In general, a search space block could be configured and signaled to the UE with different CCE length.  The configuration could contain number of CCEs, the PDCCH candidates for each CCE AL etc. As shown in Figure 6 as an example, a search space block has 4 CCE and only support PDCCH candidates for CCE AL =1,2 and 4.  Such flexibility in search space block configuration will make the overall resource utilization more efficient, and yet maintain blocking probability in the control.  For example, for those UE that are at cell center, they could be configured with search space blocks with less number of CCEs, while for UE at cell edge, search space blocks with larger number of CCEs could be configured. 

[image: image6]
Figure 6 An example of Search space block with 4 CCEs

Proposal:

· The number of PDCCH candidates of different AL in a search space block could be configured and signaled to the UE.
The configuration of search space block could be on per UE basis and even on per search space block basis, namely, each UE could be configured with different search space blocks with the same or different CCE numbers. For example, as shown in Figure 7 as an example, for a particular UE in cell center, it could be configured with a couple of search space blocks, most of them with fewer number of CCEs (e.g., 4 or less).  However,  to maintain fall back mechanism, a search space block of 8 CCE could be configured. In the situation that channel is weak and unpredictable, the gNB could transmit PDCCH using 8 CCE to maintain the robustness of the control link. 
Proposal:

· For each UE, total number of search space blocks and size of each search space block (e.g., in terms of CCE number) could be configured.
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Figure 7: An example of different search space blocks with different size

As can be observed in Figure 4, using an offset to shift the starting CCE position of search space blocks of different UE could reduce the blocking issue. It may not completely solve the issue as PDCCH candidates in lower CCE AL could still collide with each other. An alternative solution could be to select certain sets of resources in a search space block to transmit PDCCH candidates with lower CCE AL, and randomize such selections (CCE locations that are used to carry PDCCH candidates), thus lead less collisions among PDCCH candidates of different UEs. Figure 8 shows such an example, where only certain sets of resources in a search space block are used to transmit PDCCH candidates.  Such selection could be randomized between different UEs so that the collision opportunities of their PDCCH respective candidates could be reduced.  

[image: image8]
Figure 8: Selecting certain resources in a search space block to transmit PDCCH candidates
To randomize the selections, some alternative ways could be used. For example, different Hashing function bound by the search space block with a size of largest CCE AL supported could be used based on UE ID, slot/symbol index to determine locations of PDCCH candidates for each CCE AL within the search space block. To further reduce the chance of collisions, offsets could also be used to shift the PDCCH candidates.  The following is an exemplary formula to indicate the start CCE of a PDCCH candidate with CCE AL = L. 
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where
 
is a variable that is based on UE ID and maybe some other parameters such as slot/symbol index.
 
 is the largest CCE AL that could be supported, e.g., 8 or 16.  

 is the PDCCH candidate index at CCE AL = L.  

 is an offset which could be CCE AL dependent. 
The resources (CCEs) selected to carry PDCCH candidates could be distributed in the search space block and thus reduce the chance of collisions. Figure 9 shows such an example in which the CCEs that are allocated to carry PDCCH candidates are distributed in the search space block. The following exemplary formula could be used to calculate the start CCE of each PDCCH candidate at CCE AL = L. It shall be mentioned that the selection mentioned above are based on some implicit information such as UE ID, slot/symbol index, therefore, it may not need to be conveyed to the UE.
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Figure 9:  The resources selected for PDCCH candidates are distributed within a search space block
Proposal:
· The PDCCH candidates with lower CCE AL can be determined by Hashing functions bound by search space block with UE ID, slot/symbol index etc as parameter

3. Conclusions
In this contribution, some aspects are discussed with respect to NR PDCCH search space with nested structure. The following proposals are highlighted from our views. 
Proposals:  
· Adopt search space block as the basic search space unit which contains nested structure of PDCCH candidates of different CCE AL.
· The starting CCE index of a search space block for a UE could be shifted by an offset and such offset can be explicitly/implicitly determined/configured.
· The number of PDCCH candidates of different AL in a search space block could be configured and signaled to the UE.
· For each UE, total number of search space blocks and size of each search space block (e.g., in terms of CCE number) could be configured.
· The PDCCH candidates with lower CCE AL can be determined by Hashing functions bound by search space block with UE ID, slot/symbol index etc as parameter
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