
3GPP TSG RAN WG1 Meeting #90bis                                            
R1-1718043
Prague, CZ, 9th – 13th, October 2017
Source:
OPPO
Title:
Discussion of search space design
Agenda Item:
7.3.1.2
Document for:
Discussion and Decision

1. Introduction
This contribution is revision of R1-1715686.
In RAN1 NR AH#2 meeting [1], the following agreements for search space design were achieved.

Agreements:
· For a CORESET which is configured by UE-specific higher-layer signalling, at least following are configured.

· Frequency-domain resources, which may or may not be contiguous

· Each contiguous part of a CORESET is equal to or more than the size of REG-bundle in frequency

· FFS: exact size and number of contiguous parts for a CORESET

· Starting OFDM symbol

· Time duration

· REG bundle size if the configuration is explicit

· Transmission type (i.e., interleaved or non-interleaved)

· More parameters may be added if agreed

· For a CORESET which is configured by UE-specific higher-layer signalling, at least following is configured.

· Monitoring periodicity

· FFS: it is a configuration per CORESET or per one or a set of PDCCH candidates

· FFS: relation with DRX

· FFS: default/fallback value

Agreements:
· For PDCCH blind decoding, at least for the non-initial access, at least the following can be configured:

· Number of PDCCH candidates per CCE aggregation level, per DCI format size that the UE monitors

· Set of aggregation levels

· FFS explicit or implicit configuration

· Set of DCI format sizes

· FFS explicit or implicit configuration

· FFS: per CORESET not used for initial access or search space
· FFS: Signalling details
· Note that the number of candidates can be zero
· UE blind decoding capability is known by NW
· FFS: How the capability is derived
In RAN1 #90 meeting [2], the following agreements were further achieved.

Agreements:
· The CORESET used to schedule the PDSCH containing the RMSI can be configured to contain also UE-specific PDCCH(s)
Working assumptions:
· For slot-based scheduling, the first DMRS position either on 3rd symbol or 4th symbol is configured by [PBCH].

· Maximum time duration of a CORESET is 2 symbols if the first DMRS position of a PDSCH with slot-based scheduling is on 3rd symbol, and is 3 symbols otherwise
· This replaces the past working assumption linking DMRS position to bandwidth X
Agreements:
· Supported aggregation levels for NR-PDCCH are at least 1, 2, 4, 8
· FFS 16 and 32 aggregation levels and also other numbers
Agreements:
· A PDCCH search space at an aggregation level in a CORESET is defined by a set of PDCCH candidates
· For the search space at the highest aggregation level in the CORESET, the CCEs corresponding to a PDCCH candidate are derived as following

· The first CCE index of a PDCCH candidate is identified by using at least some of the followings
· (1) UE-ID, (2) candidate number, (3) total number of CCEs for the PDCCH candidate, (4) total number of CCEs in the CORESET, and (5) randomization factor
· The other CCE indexes of the PDCCH candidate are consecutive from the first CCE index
· Searching space design for the lower aggregation level can be discussed separately
In RAN1 NR AH#3 meeting [3], the following agreements were further achieved
Working assumption:

· Re-use NR DL RA Type 0 basis in units of 6 RBs, where no restriction on the maximum number of segments for a given CORESET.

Agreements:
· At least two DCI sizes are defined.
· One DCI size, which is at least for the purpose of fallback.

· FFS: for other purposes.

· One DCI size depending on configuration

· FFS: whether both DL and UL have the same size or different.

· FFS: for group-common DCI/PDCCH
· Note: the UE is not necessarily required to monitor two DCI sizes at the same monitoring occasion

Agreements:
· In a given CORESET

· Alt 1: different DCI formats

· Alt 2: different search spaces

      can have different monitoring periodicities.
· FFS which one

In this contribution, we will further discuss remaining issues of CORESET configuration, search space design, the relationship between PDCCH and search spaces, multi-beam operation for PDCCH.  
2. PDCCH CORESET configuration
Based on the agreement in RAN1 NR AH#2 [2], the frequency-domain CORESET configuration is relatively clear. However the time-domain configuration still needs to be further clarified. 

It was agreed that the monitoring periodicity of CORESET or PDCCH candidates can be configured. A straightforward design is to configure the number of slots/symbols between adjacent monitoring occasions, e.g. a monitoring occasion every X slots or a monitoring occasion every Y symbols. The slot-level periodicity can be directly configured, i.e. a slot containing CORESET/search space is present every X slots. However the direct symbol-level periodicity configuration may lead to a confusion on the UE side. As depicted in Figure 1, taking the periodicity=8 symbols for example, the position of the CORESET/search space in each slot is not certain. There exist 4 kinds of CORESET(slot mapping patterns regarding the symbol locating the CORESET/search space in a slot, i.e. (0, 8), (2, 10), (4, 12) and (6). After receiving a RRC signaling with a CORESET configuration, UE would be confused about which CORESET(slot mapping pattern will be applied in a slot, unless a complicated CORESET(slot mapping methodology is introduced.

[image: image27.bmp]
Figure 1: Direct symbol-level periodicity configuration leads to a complicated CORESET(slot mapping
The problem can be solved by configuring the start position within per slot and the periodicity of symbol level scheduling. 

Proposal 1: The monitoring periodicity and start position of symbol-level scheduling per slot is configured.
3. PDCCH search space design with nested structure

[image: image2]
Figure 2  Nested CCE AL structure
Figure 2 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 2 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 3 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 3:  Example of search space block distributed across OFDM symbols

Proposal 2: 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 4, 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: image4]
Figure 4: The blocking issue among UE search space
As shown in Figure 5 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: image5]
Figure 5: 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 3: 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 2, where the PDCCH candidates of each CCE AL are 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 6 for an example, the PDCCH candidates for CCE AL =1 is configured to be 6 (instead of 8) and PDCCH candidates for CCE AL =2 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: image6]
Figure 6: Example of PDCCH candidate configuration for a search space block
Figure 3 shows an example of a 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 7 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: image7]
Figure 7 An example of Search space block with 4 CCEs

Proposal 4: 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 8 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 5: 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.
[image: image26.bmp]
[image: image8]
Figure 8: An example of different search space blocks with different size

As can be observed in Figure 5, 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 9 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: image9]
Figure 9: 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 10 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 10:  The resources selected for PDCCH candidates are distributed within a search space block
Proposal 6 : 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
4. Relationship between PDCCH CORESET and search spaces

CORESET is introduced in 5G to specify a set of resources for UE to monitor its PDCCH transmission. Unlike in LTE, where there is only one control region for all the UE to monitor their PDCCH, in 5G, there could be multiple CORESETs configured for the same/different UE to monitor their PDCCH. This is mainly due to the introduction of BF and various way of CCE-to-REG mapping. In LTE, search space was defined as the set of resources (CCEs) that are used to carry PDCCH candidates of the UE.  A UE has a number of search spaces for different CCE AL. The search spaces of the UE could be determined by Hashing functions bound on the overall control region with some UE-specific parameters. 

In 5G system, similar as in LTE, different UE may share the same set of resources for their search spaces. A CORESET could be configured which contains one or more search spaces of same/different UE.  The same type of PDCCH mapping (CCE-to-REG and CCE-to-PDCCH mapping, and/or,  localized and distributed mapping) shall be assumed for a CORESET as such mapping could directly impact to the search space structure. Different CORESETs can be non-overlapping or overlapping in frequency at least. Figure 11 shows an example that CORESETs with localized PDCCH mapping and distributed PDCCH mapping with overlapping. 


[image: image21]
Figure 11: CORESETs with localized PDCCH mapping and distributed PDCCH mapping with and w/o overlapping
The CORESETs with localized PDCCH mapping or distributed PDCCH mapping could be configured on per CORESET. Different CORESET can be configured with different PDCCH mapping schemes. The PDCCH candidates within a CORESET have the same mapping scheme. 

The CORESET configuration contains a set of attributes attached to it such as PRB allocations, time duration, PDCCH mapping, transmit/diversity scheme etc and with those attributes, the search space structure could be determined for these UEs to search for their PDCCH candidates. Upon the configuration of CORESET, search spaces associated with the CORESET should be determined by the bound of the CORESET. For each UE, one or more search spaces could be determined in a CORESET, such as those for different CCE AL. One example to determine the search space is shown as equation (1) in section 4. 
Proposal 7: The search spaces associated with the CORESET could be determined by the CORESET configuration.
5. PDCCH search space design with Beamforming
In 5G NR system, more spectrum would be used especially at higher frequency bandwidth (>6GHz) and some new techniques such as beamforming (BF) are adopted. The use of BF on one side would bring the beamforming gain and reduce the interference, on the other side, the wavelength at higher frequency will reduce the size of antennas array and make its implementation feasible. The PDCCH could also benefit from BF transmission to improve the coverage and robustness. 
In 5G NR system, both system and UE could use transmit BF and receive BF to increase the BF gain.  As shown in Figure 12, different transmit beam and receive beam could form different beam link pair (BLP) and the reception performance on each BLP could be different. From transmission perspective, if analog BF technique is used, the whole OFDM symbol could be transmitted on the same beam. Therefore, to make sure that PDCCH could be transmitted on the right beam to the UE, the system may use different beams at different time to transmit PDCCH to the UE. Such behavior shall be transparent to the UE as switching could happen dynamically and system may not send any signal to inform UE such change prior to the PDCCH transmission. The PDCCH candidates and search space could be designed to cope with these requirements and improve the BLP switching and robustness of PDCCH transmission. 

[image: image22]
Figure 12: Beam link pair in NR system
To accommodate the requirement in 5G NR that PDCCH may need to be transmitted on different OFDM symbols with different directional beams, a method could be adopted that PDCCH candidates could be repeated or split and transmitted on different OFDM symbols with different beams. As shown in Figure 13 as an example, PDCCH candidates for PDCCH #1 and PDCCH #2 could be transmitted on different OFDM symbols, respectively and different beams are used to transmit signals on each OFDM symbol. Allocating the different PDCCH candidates (along with all corresponding CCEs)  on different OFDM symbols and transmit on different beams could exploit the BF gain while also avoid the beam mismatch between the system and UE. In other word, it could make the beam switching in a more transparent way for PDCCH (through decoding of different PDCCH candidate on different symbols/beams).  

[image: image23]
Figure 13: Transmit PDCCH candidates on different OFDM symbols with different beams
Proposal 8:

· Support the split of PDCCH candidates across a number of OFDM symbols.
· Different OFDM symbols could be transmitted using the same or different beams respectively

5.1. Slot/mini-slot-level design of NR-PDCCH for multi-beam system

The slot/mini-slot-level design of NR-PDCCH for multi-beam brings some requirements: 

Firstly, since different DL beams may cover different numbers of UEs and different service load, the transmit duration of each beam may change from one DL Tx period to the next. The beam-specific PDCCH structure should be able to support the flexible load balancing between beam blocks.

Secondly, the coverage performance of a beam-specific PDCCH should also be at least as good as corresponding beam-specific PDSCH. Hence the beam-specific PDCCH must be able to take the advantage of beamforming. A single-beam PDCCH may become a bottle neck in coverage of a multi-beam system.
Finally, meanwhile the starting point and duration of each beam block are set flexibly, the complexity of a UE for PDCCH blind detection and PDSCH reception should not be substantially increased.

Two structures can be considered for multi-beam PDCCH >6GHz:

Structure 1: In-block PDCCH for each beam block

As shown in Figure 14, the structure of each beam block is similar to the slot structure for single-beam system. PDCCH is placed in the first several symbols in the beam block (no matter the beam block is fit into a mini-slot, slot or a set of aggregated mini-slots/slots).
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Figure 14: Structure 1: In-block PDCCH for each beam block
The merit of this structure is that the same beamforming gain as PDSCH can be obtained. However, if the flexible starting point of each beam block is supported, the time-domain position of a UE search space is uncertain. A UE needs to monitor PDCCH in every possible symbol, which results in the high complexity and power consumption. It may be reasonable to require a URLLC UE to perform the per-symbol time-domain blind detection of PDCCH because the complexity and power consumption can be trade off to guarantee the low-latency requirement. However it is not reasonable to require an eMBB UE to suffer from high complexity and power consumption due to per-symbol blind detection.

A RRC signaling carrying possible density/periodicity of a beam-specific PDCCH may be helpful to reduce the complexity to some extent. However the semi-static RRC signaling cannot adapt to the dynamically-changed beam block allocation.

Structure 2: Front-loaded PDCCH shared by all beam groups

As shown in Figure 15, PDCCHs for all beam blocks are transmitted together at the beginning of a DL Tx period. Different multiplexing schemes between beam-specific PDCCHs can be considered, among which only TDM can support multi-beam operation, and obtain beamforming gain. However, TDM-based multi-beam PDCCH may be low efficient due to frequent symbol-level beam switching. In case of FDM or CDM, the analog beamforming cannot be used for each beam group, and thus lose the beamforming gain for coverage performance. 

Another problem of the multi-beam-shared PDCCH is: The PDCCH transmitted in advance of corresponding PDSCH may limit the up-to-date scheduling flexibility. 
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Figure 15: Structure 2: Front-loaded PDCCH shared by all beam groups
Proposal 9: The slot/mini-slot-level design of NR-PDCCH for multi-beam system >6GHz should take the consideration of flexible load balancing between beam blocks, coverage performance, UE detection complexity and PDCCH/SS block multiplexing, etc.
6. Conclusions
In this contribution, some issues about CORESET configuration, search space design, the relationship between CORESET and search spaces, PDCCH with multi-beam operation are discussed. Also, UE’s procedure for PDCCH monitoring is also described. 
The following proposals summarize the discussion and our views. 

Proposal 1: The monitoring periodicity is configured with a slot-level periodicity and number of monitoring occasions per slot.

Proposal 2: Adopt search space block as the basic search space unit which contains nested structure of PDCCH candidates of different CCE AL.
Proposal 3: 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.
Proposal 4: The number of PDCCH candidates of different AL in a search space block could be configured and signaled to the UE.
Proposal 5: 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.
Proposal 6 : 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

Proposal 7: The search spaces associated with the CORESET could be determined by the CORESET configuration.
Proposal 8:

· Support the split of PDCCH candidates across a number of OFDM symbols.

· Different OFDM symbols could be transmitted using the same or different beams respectively

Proposal 9: The slot/mini-slot-level design of NR-PDCCH for multi-beam system >6GHz should take the consideration of flexible load balancing between beam blocks, coverage performance, UE detection complexity and PDCCH/SS block multiplexing, etc.
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