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1. Introduction
In RAN1#87 meeting [1], following agreements were made regarding resource unit for DL control channel: 

	Agreements:
· 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
Agreements:
· The reference signals in at least one search space do not depend on the RNTI or UE-identity
· FFS: The reference signals in at least an additional search space do not depend on the RNTI or UE-identity

· FFS: For one UE, there is the case the channel estimate obtained for one RE is reusable across multiple blind decodings involving that RE
· In an additional search space, reference signals can be configured, FFS: explicitly or implicitly
Agreements:
· At least for single-stage DCI design:

· A control resource set (formerly called control subband) is, in the frequency domain, a set of PRBs within which the UE attempts to blindly decode downlink control information

· The PRBs may or may not be frequency contiguous

· A UE may have one or more control resource sets

· Working assumption: One DCI message is located within one control resource set

· In frequency-domain, a PRB is the resource unit size (may or may not including DM-RS) for control channel
Agreements:
· NR should support dynamic reuse of at least part of resources in the control resource sets for data for the same or a different UE, at least in the frequency domain

· FFS if resource reuse can be done in time domain as well

· FFS: DL data DM-RS location in time should not vary dynamically as a consequence of dynamic reuse of control resources for data

· FFS: time/frequency granularity of the resource reuse

· FFS: signaling needed, if any

Agreements:
· 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)

· 


In this contribution, we discuss downlink control channel design including definition of resource unit, transmission scheme and data/control multiplexing. 
2. Discussions 
2.1. Resource configurations of a DL control channel 
Resource unit size
According to the previous agreements, in frequency domain, a PRB is the resource unit size (may or may not including DMRS) for control channel. In our understanding, this resource unit can be defined as a NR-REG, and the number of control REs (i.e. actual resource size which can deliver control information) within a NR-REG depend on whether the NR-REG includes DMRS or not. For example, a NR-REG can have 8 control REs or 12 control REs if 2-ports DMRS and 2 REs/port/PRB are assumed for the control channel. The NR-CCE (which is defined as a minimum resource size of a control channel) may be composed of multiple NR-REGs. The NR-CCE size can be defined as the number of control REs or NR-REGs. If the number of control REs for a NR-CCE is fixed (e.g., 40 control REs/NR-CCE), a UE can assume same performance for each NR-CCE in terms of coding rate. On the other hand, another option which defines NR-CCE by a fixed number of NR-REG is simple to decide a resource configuration such as a search space. 
Observation 1: The minimum resource size (i.e., NR-CCE size) could be defined as a number of control REs or NR-REGs. Further studies in terms of decoding performance, flexibility and complexity are needed for defining NR-CCE size.
Localized/Distributed control channel

In case of PDCCH and EPDCCH, DL control information was designed to be distributed over multiple distributed PRBs to obtain frequency diversity gain as well as interference diversity gain. In addition, localized EPDCCH which is transmitted on one or more consecutive PRB(s) using its own UE-specific DMRS was also designed, and this type of EPDCCH is supposed to maximally achieve beamforming gain. With the similar principles, localized and distributed resource allocation can also be considered in the design of DL control channel for NR. Distinction between localized and distributed should be considered in both time and frequency domain. For example, with localized resource mapping, it can be restricted to one OFDM symbol, or it can be applied to the entire time domain control resources depending on the size of control resource set in time domain. Generally, to reduce DM-RS overhead, and allow DM-RS sharing among different REGs in a PRB, our general preference is to assume that both time and frequency are localized if localized resource mapping is used. This implies that if control subband spans more than one OFDM symbol, generally, one CCE can be mapped on the PRB over a few OFDM symbols. Even when distributed mapping is considered, localized resource mapping in time domain can still be considered to reduce DM-RS overhead. In other words, when control region spans a few OFDM symbols, it can be considerable to map mostly one CCE per PRB. Regarding the transmission scheme, 1-port beamforming scheme with possibly MU-MIMO support can be supported for the localized resource allocation, and 2-port transmit diversity scheme can be supported for the distributed resource allocation. Details of resource allocation are provided in the following section.
Proposal 1: Support both localized and distributed resource allocation for DL control information transmission in NR. When localized resource allocation is considered, localization in both time and frequency is desired at least for single-beam operation. 
Proposal 2: At least for the case where DL control region consists of one or a few OFDM symbol(s) in single-beam operation, NR control design should minimize multiplexing of different NR-CCEs in a PRB when UE/PDCCH-dedicated RS is used in the PRB.

NR-REG to NR-CCE mapping 
In this subsection, we provide possible candidates for NR-REG to NR-CCE mapping considering various target scenarios and mapping methods (e.g. localize/distributed) in time-frequency resources. 

· Option 1: NR-CCE is distributed across time and frequency.

In this approach, NR-REGs for a single NR-CCE would be distributed in both time and frequency domain as shown in Figure 1-(a). For a given time duration, since lots of frequency resources can be used for a NR-CCE, it would be beneficial in terms of frequency diversity gain. However, since each NR-REG needs to have reference signals, RS overhead would be excessively large.   
· Option 2: NR-CCE is distribution across frequency and localized in time.

In this case, NR-REGs for a single NR-CCE would be distributed in frequency domain in a unit of contiguous multiple symbols including one symbol case as shown in Figure 1-(b). Since the constituent NR-REGs would be adjacent each other in time domain if they span multiple symbols, multiple adjacent NR-REGs for the same NR-CCE can share DMRS and more coding gain can be acquired.  
· Option 3: NR-CCE is localized in time and frequency.

Constituent NR-REGs for a single NR-CCE are adjacent each other in both time and frequency as shown in Figure 1-(c), 1-(d), and 1-(e). In this option, the frequency diversity gain would be much smaller than other options. Instead, applying precoding would be much simpler since it is possible that the same precoding is performed for multiple contiguous PRBs and/or symbols. For coverage, it can be considered that the constituent NR-REGs for a NR-CCE are mapped on the same frequency region in contiguous multiple symbols. There are three possibilities as follows:

· Option 3-1: NR-CCE is localized in frequency in a symbol.

· Option 3-2: NR-CCE is localized in time with a single frequency resource.

· Option 3-3: NR-CCE is localized in time with a multiple contiguous frequency resources.

[image: image1.png]I NR-CCE#a
] NR-CCE#b
I NR-CCE#c

] NR-CCE#d

Option 1 Option 2 Option 3-1 Option 3-2 Option 3-3
(a) (b) () (d) (e)




Figure 1: Examples of NR-REG-to-NR-CCE mapping. 

Considering multiple-beam operation, constituent NR-REGs for a single NR-CCE will be in a single symbol. In this case, possible candidates for NR-REG to NR-CCE mapping would be (1) NR-CCE is distributed in frequency, and (2) NR-CCE is localized in frequency. Furthermore, in order to support different beam direction symbol by symbol, NR-REG and/or NR-CCE indexing could be performed per symbol as if there is individual search space in every OFDM symbol as shown in Figure 2. 
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Figure 2: Examples of NR-REG-to-NR-CCE mapping. 

Selection of option may depend on many aspects including single beam and multiple beam operation, localized and distributed resource mapping, shared and UE/PDCCH-specific RS, etc. Though it can be further considered, at least, some baseline mappings to consider could be as follows. 

	
	Localized Mapping
	Distributed Mapping

	Single beam (below 6 GHz)
	UE/PDCCH-dedicated RS, 
Option 3-2, Option 3-3
	Shared RS, 
Option 1 or 2

	Multi beam (above 6 GHz)
	UE/PDCCH-dedicated RS, 
Option 3-1
	Shared RS, 
Option 2’


Proposal 3: Support multiple NR-REG-to-NR-CCE mapping considering target scenario and channel condition.
Further consideration to maximize frequency diversity for higher aggregation levels with localized mapping, it can be also considered that CCE indexing can be done in a distributed manner. One example is as shown in Figure 3.
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Figure 3: Example of CCE indexing in a distributed manner with localized mapping for NR-CCE.
2.2. Transmission scheme for the control channel
Transmission scheme
In current LTE, single-port transmission scheme was adopted for transmissions of EPDCCH, and it is still attractive transmission scheme for the NR control channel transmission as it can acquire beamforming gain with low RS overhead. On the other hand, this scheme requires reasonably accurate channel knowledge at the eNB for deciding suitable beamforming vector for the receiving UE. If the channel knowledge is inaccurate, then a relatively large resource (e.g. higher control channel element (CCE) aggregation level) may be needed to satisfy demodulation requirement of control channel, or other scheme which is robust in such circumstances is necessary. When accurate channel knowledge is not guaranteed at eNB side, single-port transmission scheme is not suitable to support reliable and efficient control channel transmission. In order to support robust transmission even with inaccurate channel information, transmit diversity scheme such as SFBC may need to be considered. The transmit diversity scheme requires at least two orthogonal reference signals for differentiation between two antenna ports. Note that 4-port transmit diversity scheme can achieve the diversity order 4 in the space domain, but it would be undesirable due to large RS overhead. 

As mentioned above, single-port transmission scheme is beneficial when the channel information is reasonably accurate, while transmit diversity scheme is robust with inaccurate channel information. Therefore, both two schemes should be considered as control channel transmission schemes for NR system. For USS where UE/PDCCH-dedicated RS is used with possibly accurate CSI, we consider that single port beamforming should be supported. For CSS where shared RS is used and control channel is targeted for a group of UEs, transmit diversity scheme based on two ports would be necessary. Thus, we propose the following. 

Proposal 4: Support both 1-port beamforming scheme and 2-port transmit diversity scheme for reliable and efficient DL control channel transmission in NR. For USS, 1-port beamforming scheme is at least supported. For CSS, 2-port transmit diversity based on SFBC is at least supported. FFS on other cases. 
In addition, SU-MIMO and/or MU-MIMO scheme need to be also considered. In case of SU-MIMO, the target would be limited to the UEs experiencing multi-rank channel, and moreover, it may require more processing time to decode control information at UE side. Also, when multiple layers are supported, it generally requires feedbacks to adapt number of layers, configuration per layers, etc., which would be challenging and may require additional overhead for control channel transmission. In this sense, our preference is to assume single layer transmission from a UE perspective for a control channel carried in a control subband. Regarding MU-MIMO scheme, it can offer benefits of dynamic point switching, and also possibility to increase control channel capacity. The MU-MIMO operation can be performed by orthogonal RS ports or quasi-orthogonal RS sequences. In our companion contribution [2], 2 FDMed RS ports are proposed for supporting transmit diversity (e.g., SFBC) and MU-MIMO, and control subband specific RS scrambling parameter indicated by (UE-dedicated) RRC signaling might be used for (quasi-orthogonal) MU-MIMO.
Proposal 5: Support MU-MIMO transmission of DL control channel in NR.
In RAN1#87 meeting, it was agreed that a UE monitors for downlink control information in one or more “control resource set”, and it is smaller than or equal to the carrier bandwidth. In our understanding, the control resource set can be used for changing TRP/cell dynamically, for example, control resource set specific scrambling parameters can be configured for implicit TRP changing. Another possible use case is to support variable transmission modes, for example, resource allocation type (e.g., localized/distributed) can be configured to each control resource set for adapting to various environments. For these reason, we propose that a UE monitors for downlink control information in multiple control resource sets, and different control resource sets can have different characteristics (e.g., scrambling parameters, resource allocation type). 
Proposal 6: A UE can monitor for downlink control information in multiple control resource sets and different control resource sets can have different characteristics.
2.3. Data and control multiplexing 
Considering that low latency is one of key features for URLLC application in NR, control channel with TDM (i.e., control channel multiplexed with data channel by TDM) would be suitable for transmitting control information with low latency. In addition, considering capacity increase, coverage and interference reduction for control channel, extension of control channel region can be considered. To achieve this, FDM can also be considered for multiplexing of control channel and data channel for NR. For DL control, FDM is beneficial in terms of reference signal (RS) density and interference coordination in frequency domain.
Proposal 7: TDM is to be supported as baseline for multiplexing of control and data channel for NR.

Proposal 8: It is necessary to investigate FDM for multiplexing of control and data channel for NR with consideration of control channel capacity, interference coordination, and coverage limited situation.

Another consideration for the control channel design is the resource utilization. In general, resources for control and data transmission are separated on time/frequency domain, for example, PDSCH cannot be transmitted on resources configured as PDCCH symbols in LTE even if some resources on PDCCH symbols are not used to control signaling. It can cause resource waste when only partial resources are occupied by a few UE. In order to solve this problem, we can consider adopting EPDCCH principle at least for USS. More generally, the virtual control region can be considered where PDSCH can be transmitted utilizing unused control region resources in the virtual control region. Contrarily, PDSCH cannot be transmitted on unused resource for fixed control region. A UE configured to BD attempt on virtual control region can assume that assigned PDSCH is transmitted on virtual control region and PDSCH rate matching is only applied to PDCCH which is associated to PDSCH transmission. This concept of fixed/virtual region can be implemented by using search space type, for example, a UE can assume that CSS or UE-group common is a fixed control region and USS is a virtual control region.
Proposal 9: In each search space, resource sharing with data needs to be further clarified. Consider different rate matching behaviour in different search space (e.g., reserved for CSS and dynamic rate matching for USS). 
3. Conclusion
In this contribution, we discuss some issues on DL control channel design, and followings are proposed;
Proposal 1: Support both localized and distributed resource allocation for DL control information transmission in NR. When localized resource allocation is considered, localization in both time and frequency is desired at least for single-beam operation. 
Proposal 2: At least for the case where DL control region consists of one or a few OFDM symbol(s) in single-beam operation, NR control design should minimize multiplexing of different NR-CCEs in a PRB when UE/PDCCH-dedicated RS is used in the PRB.
Proposal 3: Support multiple NR-REG-to-NR-CCE mapping considering target scenario and channel condition.
Proposal 4: Support both 1-port beamforming scheme and 2-port transmit diversity scheme for reliable and efficient DL control channel transmission in NR. For USS, 1-port beamforming scheme is at least supported. For CSS, 2-port transmit diversity based on SFBC is at least supported. FFS on other cases.
Proposal 5: Support MU-MIMO transmission of DL control channel in NR.
Proposal 6: A UE can monitor for downlink control information in multiple control resource sets and different control resource sets can have different characteristics.
Proposal 7: TDM is to be supported as baseline for multiplexing of control and data channel for NR.
Proposal 8: It is necessary to investigate FDM for multiplexing of control and data channel for NR with consideration of control channel capacity, interference coordination, and coverage limited situation.
Proposal 9: In each search space, resource sharing with data needs to be further clarified. Consider different rate matching behaviour in different search space (e.g., reserved for CSS and dynamic rate matching for USS).
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