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1	Introduction
Rel-14 NR study item [1] has been closed and a new Rel-15 WI dealing with New Radio Access Technology [2] has been approved. The work item should specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low-latency-communication (URLLC) as defined in [3]. The NR under this work item should consider frequency ranges up to 52.6 GHz.
This contribution relates to PDCCH search space design for NR. The following agreements related to DL control channel structures were made in RAN1 #87, RAN1 NR ad hoc and RAN1#88 [4][5][6]:
Agreements: [4]
· The time/freq. resource containing at least one search space is obtained from MIB/system information/implicitly derived from initial access information
· Time/freq. resource containing additional search spaces, can be configured using dedicated RRC signaling
· Other solution is not precluded

· when the control resource set spans multiple OFDM symbols, NR support a control channel candidate to be mapped to multiple OFDM symbols or to a single OFDM symbol
· The gNB can inform UE which control channel candidates are mapped to each subset of OFDM symbols in the control resource set. FFS: details of the signaling (implicit or explicit)

Agreements: [5]
· NR supports at least following functionalities
· At least for eMBB, in one OFDM symbol, multiple CCEs cannot be transmitted on the same PRB except for spatial multiplexing to different UEs (MU-MIMO)
· A PDCCH candidate consists of a set of CCEs. A CCE consists of a set of REGs. A REG is one RB during one OFDM symbol.
· For one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space (common or UE-specific).
· At least for DL data scheduled for a slot, the DL data DMRS location in time is not dynamically varying relative to the start of slot

· A control resource set is defined as a set of REGs under a given numerology
· Control search space includes at least the following properties
· Aggregation level(s)
· Number of decoding candidates for each aggregation level
· The set of CCEs for each decoding candidate
· FFS: if any of the following properties belong to control resource set or control search space
· Transmission/diversity scheme
· CCE to REG mapping
· RS structure
· PRB bundling size
· FFS: if the control resource sets can overlap or not
· FFS: whether the mapping between control resource set and control search space is one-to-one or one-to-many

Agreements: [6]
· Multiple control resource sets can be overlapped in frequency and time for a UE.
· A search space in NR is associated with a single control resource set
· The search spaces in different control resources sets are defined independently.
· The max number of BD candidates for a UE is defined independently of the number of control resource sets and the number of search spaces.

· Further study the following alternatives:
· Alt 1: For a given control resource set, there is only one CCE to REG mapping scheme
· Alt 2: For a given search space, there is only one CCE to REG mapping scheme

We provide more details related to PDCCH structure in a companion contribution [7].
2	Discussion
PDCCH blind detection operates on top of predefined search space having NR-CCEs as the building blocks.
We provide details related to NR-CCE stucture in a companion contribution [7]. The main principles are the following:
· The size of NR-CCE is 4 PRBs (K=4)
· NR-CCEs are defined based on a 4-PRB grid
· NR supports creation of two different type of NR-CCEs:
· Distributed REG-to-NR-CCE mapping aiming at frequency diversity transmission of DL control channel 
· Localized REG-to-NR-CCE mapping aiming at frequency selective transmission of DL control chanel
· NR supports creation of two different types of REG to NR-CCE mapping principles
· Frequency first –mapping as the primary option 
· Time first –mapping as the secondary option (applicable to limited scenarios only)
· CCE to search space candidate mapping is based on frequency first -principle.

It makes sense to utilize the same mapping principles for different control search spaces. This would mean for example that the principle how distributed mapping is arranged is the same for both common search (CSS) and user specific search space (USS).
Proposal #1: Define a common solution for distributed REG-to-CCE mapping applicable to both CSS and USS


2.1. 	Connection between control resource set and search space
One of the open items in the search space construction is the connection between different control resource sets and the search space(s). It was agreed in RAN1#88 to study the following alternatives:
· Alt 1: For a given control resource set, there is only one CCE to REG mapping scheme
· Alt 2: For a given search space, there is only one CCE to REG mapping scheme

We are of the opinion that Alt 2 is a more straightforward option. Following this approach, the UE can have more than two search spaces, for example, a CSS and two USSs. Each search space consists of only one control resource set (as agreed already), and only one CCE to REG mapping scheme (distributed or localized). Based on that, the following properties can be defined separately for each search space:
· Transmission/diversity scheme
· CCE to REG mapping
· RS strategy (one port/two port)
· PRB bundling, see more details in [8] and [9].
 
Proposal #2: For a given search space, there is only one CCE to REG mapping scheme.
Proposal #3: Transmission/diversity scheme, CCE to REG mapping and RS strategy are defined separately for each search space.

2.2. 	Common search space for NR
Following the LTE principles, common search space (CSS) could be available in the first OFDM symbol(s) of each DL and bi-directional slots. CSS is needed e.g. to convey DL control information (such as DL/UL grants) for UEs that don’t have yet UE-specific search space (USS) configured. Figure 1 shows an example for CSS mapping in the frequency domain. It assumes that CSS is located in the first OFDM symbol of the slot. CSS mapping is based on the following assumptions:
· The size of NR-CCE is 4 PRBs. 
· NR-CCEs are mapped into a 4-PRB grid. 
· Common search space consists of NR-CCEs, each having four PRBs mapped in a distributed manner into different locations of the 4-PRB grid in the frequency domain. As a consequence, NR-CCEs in the common search space are allocated in 4-CCE groups. In other words, the minimum CSS allocation unit consists of four continuous groups of 4 PRBs, as shown in Figure 1.
· Frequency first mapping of REG-to-CCE is applied
· CCE to search space candidate mapping is based on frequency first -principle.
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Figure 1. Mapping common search space in frequency.

As agreed in RAN1 #87, the time/freq. resource containing at least one search space is obtained from MIB/system information/implicitly derived from initial access information. Generally speaking, gNB should have sufficient capability to configure CSS according to scenario of interest. This is needed for example, to support DCI monitoring in control subband smaller than or equal to the carrier bandwidth. Hence, it should be possible for gNB to configure at least the starting RB and the CSS bandwidth. At least part of the CSS location in frequency can be derived implicitly from synchronization signal block location in frequency. The total number of NR-CCEs in CSS can either be configurable by a higher layer signaling, or it may be a fixed parameter such as 8. 

In most of the scenarios, it would be enough to map the CSS always in the first OFDM symbol of the slot. However, if the UE bandwidth capability is strictly limited (e.g. 5 MHz with 15 kHz subcarrier spacing) and there is a need to support up-to 8 NR-CCEs, NR-CCEs corresponding to CSS needs to be mapped into multiple (two) OFDM symbols. Regardless of the number of OFDM symbols configured for PDCCH CSS, it seems to be enough to support only frequency –first mapping of REG to NR-CCE with PDCCH CSS [7]. 

Proposal #4 Common search space consists of NR-CCEs with PRBs distributed in the frequency. NR-CCEs in CSS are allocated in 4-CCE groups.
Proposal #5 Common search space consists of NR-CCEs mapped according to frequency first -principle. 
Proposal #6: gNB configurability for CSS includes at least the starting RB and the CSS bandwidth. CSS location in frequency can be derived at least partially from synchronization signal block location in frequency.

2.3. UE- specific search space for NR
Time/freq. resource containing additional search spaces can be configured using dedicated RRC signaling as agreed in RAN1 #87. Figure 2 shows an example for USS mapping in the frequency domain based on the following assumptions:
· The size of NR-CCE is 4 PRBs. 
· NR-CCEs are mapped into a 4-PRB grid.
· Four NR-CCEs (#0 - #3) are mapped in localized manner in frequency. Localized mapping benefits from the frequency domain scheduling gain when gNB is aware of the channel state information.
· Four NR-CCEs (#4 - #7) are mapped based on distributed allocation, which allows to maximize frequency diversity within each NR-CCE. 

Dedicated (explicit) RRC signaling allows fully flexible mapping of NR-CCEs in both frequency and time. Hence, depending on the gNB configuration, at least certain NR-CCEs in the USS can overlap with NR-CCEs in the CSS. In this case, there is one-to-many mapping between certain REGs or NR-CCEs and the control search spaces (CSS and USS). 

Proposal #7: User specific search space supports both localized and distributed mapping of PRBs in frequency for NR-CCE.
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Figure 2. Mapping UE-specific space in frequency.
3	Blind decodings 
[bookmark: _GoBack]Based on the agreenment made in January AH meeting, for one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space. This can be achieved in a hierarchical CCE stucture where channel estimate for higher aggregation levels can be obtained based on channel estimates of the aggregation level 1.

Another agreenment made in RAN1#88 is that, the max number of BD candidates for a UE is defined independently of the number of control resource sets and the number of search spaces. It should be possible for gNB to share the number of BD candidates among different user specific search spaces. There is a need also for rules to share the available BD candidates between different aggretation levels within the serach space, as well as between different OFDM symbols of the slot.

One of the issues related to hierarchical control channel structure is increased blocking probability. This depends also on the scenario of interest, and the amount of CCEs configured to each search space. In order to minimize the consequences of the control channel blocking thre is a need for search space specific hashing function similarly as in LTE to randomize the overlapping search spaces of different UEs. 


Proposal #8: Consider hierarchical CCE stucture where channel estimate for higher aggregation levels can be obtained based on channel estimates of lower aggregation level

Proposal #9: Consider a search space specific hashing function to randomize the overlapping search spaces of different UEs. 

4	Conclusions
In this contribution we have discussed the PDCCH search space design for NR. Based on the discussion, we make the following proposals:
Proposal #1: Define a common solution for distributed REG-to-CCE mapping applicable to both CSS and USS
Proposal #2: For a given search space, there is only one CCE to REG mapping scheme.
Proposal #3: Transmission/diversity scheme, CCE to REG mapping and RS strategy are defined separately for each search space.
Proposal #4 Common search space consists of NR-CCEs with PRBs distributed in the frequency. NR-CCEs in CSS are allocated in 4-CCE groups.
Proposal #5 Common search space consists of NR-CCEs mapped according to frequency first -principle.
Proposal #6: gNB configurability for CSS includes at least the starting RB and the CSS bandwidth. CSS location in frequency can be derived at least partially from synchronization signal block location in frequency.
Proposal #7: User specific search space supports both localized and distributed mapping of PRBs in frequency for NR-CCE.
Proposal #8: Consider hierarchical CCE stucture where channel estimate for higher aggregation levels can be obtained based on channel estimates of lower aggregation level
Proposal #9: Consider a search space specific hashing function to randomize the overlapping search spaces of different UEs. 
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