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Introduction
The NR Work Item [2] targets meeting both eMBB and URLLC related 5G requirements in Rel-15 starting with the decisions in the NR Study Item [1]. The design of DL control channel is an essential part of the WI. Many aspects of the control channel design for NR remain to be decided including control resource set configuration, PDCCH structure, search space design, reference signals, reuse of control resources for data, DCI message contents, the role of group common PDCCH and UE procedures. This contribution provides an overview of a design for control channels spanning all these aspects while our companion contributions discuss the design choices in more detail.   
Discussion
The control channel design is described in the following sub-sections.
[bookmark: _Ref481086919]PDCCH Structure
It has been agreed that a PDCCH is received within a control resource set (CORESET) which is a set of resources in frequency defined in units of frequency and in time defined in units of OFDM symbols. It has also been agreed that the basic building block of the PDCCH, a resource element group (REG), is one PRB in frequency in one OFDM symbol. Also, like LTE, a control channel element (CCE) is composed of a number of REGs. 
The PRBs and OFDM symbols occupied by a CORESET may be defined in a UE-specific way via RRC signalling. The OFDM symbols in a CORESET are contiguous while the PRBs in the CORESET do not have to be contiguous. A UE can have multiple CORESETs defined for monitoring. Given the flexibility in assigning the bandwidth of the CORESET, the larger amount of bandwidth available in most bands, and the fact that LTE is able to operate with a control region of up to 3 OFDM symbols except for a small bandwidth of 1.4 MHz. it is sufficient to limit the number of symbols in a CORESET to 3. In most cases, a control region of up to 2 OFDM symbols should probably be sufficient for NR. Therefore, we propose the following.
Proposal: A CORESET can be configured to span 1 to 3 OFDM symbols.
Each CORESET has multiple REGs within it with the REGs being numbered either in a frequency-first or time-first manner. The control channel elements (CCEs) may be mapped to a set of contiguous virtual REG numbers generated with or without interleaving the physical REG numbers in the CORESET. Interleaving is useful to distribute the REGs within a CCE so that they are in discontiguous PRBs which can provide frequency diversity. Not using interleaving is beneficial for cases where localized transmission of PDCCH is desired, i.e., where the PRBs containing the PDCCH are contiguous in frequency and time. 
Each CORESET has a single mapping of CCEs to REGs. That is, each CORESET either uses interleaving or does not use interleaving, but cannot use both. Similarly, each CORESET may use frequency first or time first mapping but cannot use both. The mapped CCEs are themselves numbered in increasing order based on the lowest numbered REG within each CCE.
Proposal: Each CORESET has a single mapping of CCEs to REGs which follows one of the following mapping schemes.
· Frequency first numbering of physical REGs and interleaved mapping of virtual REGs to physical REGs
· Time first numbering of physical REGs and interleaved mapping of virtual REGs to physical REGs
· Frequency first numbering of physical REGs and non-interleaved mapping of virtual REGs to physical REGs
· Time first numbering of physical REGs and non-interleaved mapping of virtual REGs to physical REGs

In order to be able to reuse channel estimates across multiple symbols, it is desirable for an NR-PDCCH that is spanning multiple OFDM symbols to occupy the same physical REGs (PRBs) in each OFDM symbol. This can also reduce the channel estimation complexity when monitoring search space candidates in multiple OFDM symbols in a CORESET both within the same aggregation level and across aggregation levels. This goal can be achieved by applying interleaving, if used, separately and identically for each OFDM symbol in the CORESET. 
Proposal: When interleaving of physical REG numbers to generate virtual REG numbers is used, interleaving is performed separately and identically on each OFDM symbol in the CORESET. 

In RAN1#88bis, a working assumption was made to define the size of a CCE to be 6 REGs. There is a trade-off between the granularity with which PDCCH resources can be assigned and the performance of a control channel transmitted over a single CCE, i.e., with aggregation level 1. The evaluations performed show that the desired performance can be achieved using a CCE size of 6 REGs. Considering this, we propose the following.
Proposal: Confirm the working assumption that an NR-CCE is composed of 6 REGs.


The NR-PDCCH structure described above is illustrated by the examples shown in Figure 1Figure 3 where a CORESET of 24 PRBs and 2 OFDM symbols is assumed. Alternate mappings may also be defined as described in [3]. 
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[bookmark: _Ref480928450]Figure 1: Mapping of NR-PDCCH to CCEs and to REGs with frequency first numbering of physical REGs and interleaved mapping of virtual REGs numbers to physical REG numbers. Interleaving is performed in units of a REG bundle.
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Figure 2: Mapping of NR-PDCCH to CCEs and to REGs with time first numbering of physical REGs and interleaved mapping of virtual REGs numbers to physical REG numbers. Interleaving is performed in units of a REG bundle.
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[bookmark: _Ref480928459]Figure 3: Mapping of NR-PDCCH to CCEs and to REGs with frequency and time first numbering of physical REGs and non-interleaved mapping of virtual REGs numbers to physical REG numbers. 


Transmission Schemes and Reference Signals
In RAN1#88bis, a working assumption was made to use a one-port transmit diversity scheme with REG bundling per CCE for the NR-PDCCH. Evaluations show that the one-port transmit diversity scheme with a REG bundle size of 2 can provide adequate performance. We therefore propose the following.
Proposal: Single port precoder cycling should be used for the NR-PDCCH with a REG bundle size of 2 REGs.

The location of the reference signals within an NR-PDCCH should be chosen to have maximum flexibility, and good performance while avoiding unnecessary complexity. The simplest approach is to locate the reference signals in each REG identically. This simplifies receiver processing by allowing similar channel estimation procedures to be applicable regardless of the use of interleaving, frequency or time-first mapping and aggregation level. Furthermore, for cases where either multiple CORESETs are overlapped or when the transmission may start at some subsequent OFDM symbol to handle latency sensitive traffic, having RS in each REG can help to simplify the receiver by allowing it to reuse channel estimates. It has been discussed that when REGs in a PDCCH are in consecutive OFDM symbols in the same PRBs, reference symbols in the REGs in later OFDM symbols can be avoided. However, it should be noted that having reference signals in these REGs can help for phase tracking in higher frequency bands. Also, it allows better channel estimation at low SINRs which is where having a PDCCH in multiple symbols is beneficial.

Considering all of the above and the goal of having a unified design for NR for all frequency bands to the extent possible, we propose the following.
Proposal: Each REG contains 3 reference symbols in the same location. 

Search Space Design and Configuration
As is the case for LTE, a search space is defined on a set of numbered CCEs where the CCEs are mapped onto physical resources as described in Section 2.1. It has been agreed that a search space is associated with a single CORESET. It is also beneficial for a single CORESET to support multiple search spaces. This is useful to be able to have a common and a UE-specific search space in the same CORESET which allows at least one CORESET to be used for a UE-specific search space that does not have to be defined via RRC signalling. This is because the CORESET containing the common search space needs to either be fixed by specification in some manner or has to be indicated in the PBCH, since the common search space needs to be accessible first for the UE to receive any RRC messages configuring other potential CORESETs. Having multiple search spaces in a CORESET also allows the candidates for each aggregation level be part of a different search space so that candidates of multiple aggregation levels can be part of the same CORESET. 
We therefore propose the following
Proposal: Each search space has search space candidates of a single aggregation level.

Proposal: A PDCCH candidate in a search space is defined as follows
· A PDCCH candidate in a CORESET on aggregation level L starts on CCE i fulfilling i mod L = 0.
· The starting CCE number,  i,  for PDCCH candidates in the search space for aggregation level L is given by a hashing function based on
· Aggregation level L
· Common RNTI value for common search space, UE RNTI (take one UE RNTI is the UE has multiple) for UE-specific search space
· The M search space candidates at aggregation level L occupy CCEs, i to i+ML-1.


Proposal: Multiple search spaces may map to the same CORESET.

Proposal: The CORESET containing the common search space is indicated by the PBCH

A PDCCH contains of 1,2,4 or 8 CCEs corresponding to aggregation levels of 1,2,4 or 8 respectively. When the search space candidates for various aggregation levels are assigned so that there are REGs that are common to the different aggregation levels, channel estimates for these REGs can be reused for the search space candidates of different aggregation levels as shown in Figure 4.
Proposal: A single channel estimate can be used for all search space candidates which share a common REG.



[image: ]
[bookmark: _Ref481091268]Figure 4: Nested structure for the search spaces with candidates of different aggregation levels. 

The reception of one or more PDCCHs indicating one or more PDSCHs from one or more TRPs is being discussed. This can be achieved by letting the UE receive PDCCHs corresponding to multiple PDCCH candidates in one or more search spaces. However, the UE should be given information on the number of PDCCHs it is expected to try and receive. We propose the following to enable this.
Proposals: 
· The maximum number of PDCCHs that the UE should monitor within a control channel monitoring occasion is configured via RRC signalingcontrol resource sets should be reused.
· The signaling informs the UE whether or not the resources outside the configured control resource set(s) should be used.
· UE assumes PDCCH resources are excluded for data transmission.
· The granularity of the resources for data transmission in resources in the control resource sets region in time domain is an OFDM symbol and in frequency domain is a CCE bandwidth.
· UE assumes that all resources in the frequency domain in the CORESET that are used for data are within the scheduled PRBs for data scheduled in the slot.

Group Common PDCCH
It has been agreed to have a group common PDCCH to be able to address a group of UEs although the particular format used for this is still being discussed. There are benefits to having the group common PDCCH have the same format as a regular PDCCH since this gives some space for reserved fields which can improve forward compatibility. Also, it has been agreed that reception of the group common PDCCH is not mandatory for the reception of a PDCCH. However, the group common PDCCH should contain some information that can potentially reduce blind decoding complexity at the UE. We propose the following for the structure of the group common PDCCH.
Proposals:
· ’Group common PDCCH’ is based on the PDCCH design with a common RNTI for a group of UEs.
· UE assumes a fixed or a configured value for the number of blind decodes for detection of the ’group common PDCCH’ when configured.
· UE is informed of the location of the PDCCH candidate for the ‘group common PDCCH’.

The particular information that should be carried in the group common PDCCH also needs further discussion. It has already been agreed to indicate the format of slots, such as whether the slots are DL, UL or ‘other’. This could potentially be done for current as well as future slots where the knowledge that future slots are purely UL slots could reduce blind decoding complexity at the UE. However, for the starting position of data in the current slot, it is preferable that this is addressed in the UE-specific DCI. This is possible in LTE and it is useful to have the same functionality for NR. The signalling of the starting position in the UE-specific DCI can also be used for reuse of resources in the control region for data transmission. 
Other potential fields for the group common PDCCH include an indication for additional SR resources or to over-ride already allocated resources that are configured via RRC signalling. Similar flexibility to adapt semi-statically assigned resources can also be used for RACH. Considering all of this, we propose the following.
Proposals:
· The starting position of downlink data in a slot can be explicitly and dynamically indicated to the UE in the UE-specific DCI.
· SR or RACH resources can be dynamically signaled in the ‘group common PDCCH’ in addition to the semi-statically configured SR or RACH resources.
· Reserve few bits in the payload of the ‘group common PDCCH’ for future compatibility purposes.

DCI Contents
In general, DCI contents for NR will likely include most of the fields needed for LTE with some additional fields required to handle the more advanced functionality related to beamforming. Some of the applicable fields are as follows. 
· Resource information
· Carrier indicator (for CA)
· Frequency domain PDSCH resources (Resource block assignment including PRBs and PUSCH starting and ending positions)
· Time domain PDSCH resources (Indicate start/stop of the OFDM symbols used for data in the slot/mini-slot including number of slots (in case of slot aggregation))
· Modulation and coding scheme and Transport block size
· HARQ related information
· New data indicator (for the whole TB, multiple bits if we have multiple TBs)
· Redundancy version
· HARQ process number.
· CBG information 
· TPC command (for PUSCH)
· PUCCH related
· Power control
· Resource indicator
· Multi-antenna related information
· Cyclic shift for DM RS and OCC index
· Antenna ports, scrambling identity and number of layers
· Selection of QCL assumption for DMRS
· Beam pair link indication for receiving PDSCH
· Bit to indicate whether data is interlaced data with DMRS
· SRS resource indication
· TPMI information for precoding (Frequency selective precoding for UL)

· CSI and SRS related information
· CSI report triggering request 
· Activation of resources for CSI measurement: Selecting resource set from triggered CSI report setting
· SRS resource transmission request
· Timing offset (offset in number of slots) 
· RNTI
[bookmark: _GoBack]
Additional fields that may be needed can be added as the design progresses. In order to avoid decoding many formats of slightly different lengths, it may be useful to have a header Indicating length and type of DCI more explicitly. Such headers can be used to reduce the number of DCI lengths that the UE must check for.

UE Procedures
It has already been agreed that the total number of blind decodes that the UE must perform should be independent of the number of CORESETs configured to the UE. In order to manage blind decoding complexity while allowing good performance, we propose the following.
Proposal:
· Number of blind decodes defined on a per carrier basis
· The total number of blind across all the carriers is limited based on UE capability
· The total number of blind decodes per carrier when configured for DL control channel monitoring per symbol can be higher than the number of blind decodes per carrier when configured with DL control channel monitoring per slot.

Conclusion
An overview of the proposed overall downlink control channel design was provided. The following proposals in the document capture suggested design choices on many of the key remaining design elements for DL control channels.
Proposal: A CORESET can be configured to span 1 to 3 OFDM symbols.

Proposal: Each CORESET has a single mapping of CCEs to REGs which follows one of the following mapping schemes.
· Frequency first numbering of physical REGs and interleaved mapping of virtual REGs to physical REGs
· Time first numbering of physical REGs and interleaved mapping of virtual REGs to physical REGs
· Frequency first numbering of physical REGs and non-interleaved mapping of virtual REGs to physical REGs
· Time first numbering of physical REGs and non-interleaved mapping of virtual REGs to physical REGs

Proposal: When interleaving of physical REG numbers to generate virtual REG numbers is used, interleaving is performed separately and identically on each OFDM symbol in the CORESET. 

Proposal: Confirm the working assumption that an NR-CCE is composed of 6 REGs.

Proposal: Single port precoder cycling should be used for the NR-PDCCH with a REG bundle size of 2 REGs.

Proposal: Each REG contains 3 reference symbols in the same location. 

Proposal: Each search space has search space candidates of a single aggregation level.

Proposal: A PDCCH candidate in a search space is defined as follows
· A PDCCH candidate in a CORESET on aggregation level L starts on CCE i fulfilling i mod L = 0.
· The starting CCE number,  i,  for PDCCH candidates in the search space for aggregation level L is given by a hashing function based on
· Aggregation level L
· Common RNTI value for common search space, UE RNTI (take one UE RNTI is the UE has multiple) for UE-specific search space
· The M search space candidates ag aggregation level L occupy CCEs, i to i+ML-1.


Proposal: Multiple search spaces may map to the same CORESET.

Proposal: The CORESET containing the common search space is indicated by the PBCH

Proposal: A single channel estimate can be used for all search space candidates which share a common REG.

Proposals: 
· The maximum number of PDCCHs that the UE should monitor within a control channel monitoring occasion is configured via RRC signalingcontrol resource sets should be reused.
· The signaling informs the UE whether or not the resources outside the configured control resource set(s) should be used.
· UE assumes PDCCH resources are excluded for data transmission.
· The granularity of the resources for data transmission in resources in the control resource sets region in time domain is an OFDM symbol and in frequency domain is a CCE bandwidth.
· UE assumes that all resources in the frequency domain in the CORESET that are used for data are within the scheduled PRBs for data scheduled in the slot.

Proposals:
· ’Group common PDCCH’ is based on the PDCCH design with a common RNTI for a group of UEs.
· UE assumes a fixed or a configured value for the number of blind decodes for detection of the ’group common PDCCH’ when configured.
· UE is informed of the location of the PDCCH candidate for the ‘group common PDCCH’.

Proposals:
· The starting position of downlink data in a slot can be explicitly and dynamically indicated to the UE in the UE-specific DCI.
· SR or RACH resources can be dynamically signaled in the ‘group common PDCCH’ in addition to the semi-statically configured SR or RACH resources.
· Reserve few bits in the payload of the ‘group common PDCCH’ for future compatibility purposes.

Proposal:
· Number of blind decodes defined on a per carrier basis
· The total number of blind across all the carriers is limited based on UE capability
· The total number of blind decodes per carrier when configured for DL control channel monitoring per symbol can be higher than the number of blind decodes per carrier when configured with DL control channel monitoring per slot.
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