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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 configuration for NR. The following agreements related to DL control channel structures were made in RAN1 #87, RAN1 NR Ad-Hoc, RAN1#88, RAN1#89 and RAN1 NR Ad-Hoc#2 [4][5][6][7][8]:
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

Agreements: [7]
· In time domain, a CORESET can be configured with one or a set of contiguous OFDM symbols
·  The configuration can indicate the starting OFDM symbol and time duration
· A CORESET is configured with only one CCE-to-REG mapping

Agreements: [8]
· 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: [8]
· 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

We provide more details related to PDCCH structure in a companion contribution [9].
2	Discussion
PDCCH blind detection operates on top of predefined control search space having NR-CCEs as the building blocks. The control search space was defined at RAN1 NR Ad-Hoc and RAN1 NR Ad-Hoc#2 to include at least aggregation level(s), DCI format sizes, number of decoding candidates per aggregation level, per DCI format size, and the set of CCEs for each decoding candidate. 

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#89 that for a given control resource set, there is only one CCE to REG mapping scheme. Based on that, the following properties can be defined separately for each CORESET [9]:
· DMRS configuration supporting MU-MIMO: antenna port number and the DMRS sequence 
· REG to CCE mapping
· REG bundle size. 

The configuration of the CORESET is under control of the network and it is possible to configure multiple (partially or fully) overlapping CORESETs. Following this principle multiple CORESETs can be defined: a common CORESET supporting CSS and one or more UE-specific CORESETs. 
An agreement made in RAN1#88 is that, a search space in NR is associated with a single control resource set. On the other hand, multiple search spaces of a UE could make use of the same control resource set or multiple overlapping control resource sets. The former is prefered since it is expected to result in less signalling load for the configuration of control resource sets and search spaces. 
There are multiple use cases for configuring a CORESET with multiple search spaces, for example:
· The different search spaces of the CORESET may provide different reliabilities for the DCI transmission, e.g. for different services such as eMBB and URLLC.
· The different search spaces of the CORESET may provide different periodicity for the DCI transmission, e.g. to support services with low latency requirements or to enable infrequent DCI monitoring to reduce battery consumption of the UE.
· After initial access, before RRC configuration is yet established, the CORESET for common search space may be used also for providing a user-specific search space.

With multiple search spaces being configured for a CORESET, these search spaces need to have the same REG to CCE mapping, REG bundle size and DMRS configuration.
Further, with multiple search spaces being configured for a CORESET, the different search spaces may require different monitoring occasions or monitoring periodicity, for example, to support services with different requirements concerning latency or energy consumption. Configuration of the monitoring occasions/periodicity per CORESET would imply the configuration of the shortest periodicity required among the multiple services. This would lead to unnecessarily high number of PDCCH decoding attempts of the UE and therefore increased battery consumption. Configuration of the monitoring occasions/periodicity per search space offers more flexibility to adapt to service needs, but leads to some increase in overhead for the higher layer signaling. We support configuration of the monitoring occasions/periodicity per search space (and not per CORESET) as we think the benfits outweigh the minor increase in higher layer signaling overhead. Monitoring per slot can used as the default configuration.
The monitoring periodicity also relates to the definition of DRX timing parameters. The primary objective of DRX is battery saving of the UE by switching off its transmit and receive circuits. Therefore there should be only one single DRX procedure that is applied to switch off the blind decodings for all CORESETs and search spaces configured for the UE. NR allows to convey PDCCH in each slot, both with FDD and TDD (unlike LTE where TDD subframes can be unidirectional). As a consequence, the DRX timing parameters can easily be defined relative to a default timing (such as subframe timing), preferably relative to the slot duration, as the latter is typically applied for the monitoring of the common search space.
In addition to DRX, means for deactivating or for reducing the frequency of the PDCCH monitoring based on timers, or L1/2 or higher layer signaling may be introduced individually per search space configured for the UE.
Based on the discussion above, we make the following proposals:
Proposal #1: Multiple control resource sets can be defined, where DMRS configuration and REG bundle size are defined separately for each CORESET.
Proposal #2: A single control resource set can be configured with multiple search spaces.
Proposal #3: The monitoring occasions and/or monitoring periodicity are configured per search space of the UE, with monitoring per slot as the default configuration.
Proposal #4: There is one single DRX procedure that is applied to switch off the blind decodings for all CORESETs and search spaces configured for the UE.

2.2	Dimensioning of the control resource set
It was agreed in RAN1#88bis that “REGs in a REG bundle are contiguous in frequency and/or time”. Based on that, it it is sufficient to be able to configure physical resources of the CORESET in frequency and time with the granularity of one REG bundle. In RAN1#89 a discussion took place concerning the size of the control resource set (CORESET) in terms of CCEs (or bandwidth). We support a flexible CORESET size to enable adaptation to the available bandwidth, required reliability (aggregation level) and capacity of the PDCCH. The granularity of the CORESET size shall be multiples of the CCE size, i.e. Nx 6REGs. Similar as in LTE, we propose CCE aggregation for control of the reliability of the PDCCH, at least with aggregation levels 1, 2, 4 and 8 (and possibly values larger than 8). For the minimum size of the CORESET we propose 24 REGs (N=4), sufficient to support aggregation levels 1, 2 and 4. (CORESET size smaller than 24 REGs would result in poor coverage.) The maximum CORESET size shall at least carry the highest aggregation level to be supported (e.g. for URLLC services) and requires further study. It will be sufficient to support even values of N or values of N given by the supported aggregation levels (to reduce effort for implementation testing), and there is no strict need to explicitly define the maximum CORESET size.

Proposal #5: To control the reliability of PDCCH, at least the CCE aggregation levels 1, 2, 4 and 8 shall be supported.
Proposal #6: The control resource set has flexible size Nx 6REGs, with 4 <= N <= Nmax being an even integer.
Concerning the frequency-domain allocation of a CORESET which is configured by UE-specific higher-layer signalling, and which may or may not be contiguous, it was agreed at RAN1 NR Ad-Hoc#2 that each contiguous part of a CORESET is equal to or more than the size of REG-bundle in frequency. 

[bookmark: _GoBack]The contiguous part of the CORESET should be defined in a way to allow maximum degree of flexibility for multiplexing with signals or physical channels other than PDCCH, as this will provide the least issues with respect to forward compatibility. We do not see a clear need to restrict the minimum size of the contiguous part of the CORESET or the number of contiguous parts of the CORESET. Based on that the configuration granularity in frequency domain should be one PRB according to minimum REG bunle size in frequency. If UE receivers CORESET configuration having contigouous part less than the size of the REG bundle in frequency, it may consider it as an invalid configuration.

Proposal #7: CORESET configuration granularity in frequency domain is one PRB according to minimum REG bundle size in frequency.

Concerning the CORESET length in time domain, RAN1#89 concluded with the following working assumption:
· For a time-duration of a CORESET:
· Support 1-3 OFDM symbol as time duration for a CORESET on the NR carrier with less than or equal to X PRBs
· Support 1-2 OFDM symbol as time duration for a CORESET on the NR carrier with wider than X PRBs
· FFS: X values
· FFS: Other time duration
· FFS: Relationship of a first PDSCH DMRS symbol with one or more symbols of a CORESET for slot-based scheduling
· FFS: restriction in the certain conditions
The value of X should correspond to a bandwidth on the order of ~20MHz or somwhat larger. This is to achieve PDCCH performance at least comparable to LTE.

2.3 	Common search space for NR
Following the LTE principles, CORESET supporting 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 mapped to a CORESET common to all UEs. 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 6 PRBs.
· REG bundle size is 6 REGs.
· Interleaved REG to CCE mapping. 
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Figure 1. Mapping common search space in frequency.

As agreed in RAN1 #87, the time/freq. resource (CORESET) 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. 

Proposal #8: Common search space consists of NR-CCEs with REGs interleaved in the frequency. 
Proposal #9: 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.

3	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: Multiple control resource sets can be defined, where DMRS configuration and REG bundle size are defined separately for each CORESET.
Proposal #2: A single control resource set can be configured with multiple search spaces.
Proposal #3: The monitoring occasions and/or monitoring periodicity are configured per search space of the UE, with monitoring per slot as the default configuration.
Proposal #4: There is one single DRX procedure that is applied to switch off the blind decodings for all CORESETs and search spaces configured for the UE.
Proposal #5: To control the reliability of PDCCH, at least the CCE aggregation levels 1, 2, 4 and 8 shall be supported.
Proposal #6: The control resource set has flexible size Nx 6REGs, with 4 <= N <= Nmax even integer.
Proposal #7: CORESET configuration granularity in frequency domain is one PRB according to minimum REG bundle size in frequency.
Proposal #8: Common search space consists of NR-CCEs with REGs interleaved in the frequency. 
Proposal #9: 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.
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