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Introduction
In the previous meetings, there were some discussions on the NR-PDCCH design from the aspects of structure of the NR-PDCCH, RS for the NR-PDCCH decoding, resource mapping and transmission scheme etc. And the following progress was achieved [1]. 

Agreements:
· NR should support at least the following.
· In frequency-domain, a PRB (or a multiple of PRBs) is the resource unit size (may or may not including DM-RS) for control channel
· This is at least for the case where the DL control region consists of one or a few OFDM symbol(s) of a slot or a mini-slot
· FFS: whether a PRB or a multiple PRBs is the resource unit size
· FFS: If multiple PRBs is the resource unit size, the multiple PRBs are contiguous
· FFS: whether the resource unit size for a DL control channel is called as NR-REG or not

Agreements:
· NR should support at least the following
· A DL control channel can be mapped on one or more NR-CCEs
· This is at least for the case where the DL control region consists of one or a few OFDM symbol(s) of a slot or a mini-slot
· A NR-CCE includes a positive integer number of PRBs (FFS: exact value)
· FFS: whether a NR-CCE contains contiguous PRBs
· FFS: whether multiple NR-CCEs may share one or more PRBs
· FFS: whether NR-CCE is mapped on frequency-domain only or on both frequency and time-domain.

Agreements at RAN1#86bis:
NR should support
· UE/PDCCH-specific DM-RS for PDCCH reception. At least for beamforming, UE may assume same precoding operation for PDCCH and associated DM-RS for PDCCH.
· FFS: DM-RS is PDCCH-specific and/or UE-specific
· Shared/Common RS for PDCCH reception
· Whether this sharing will be transparent to UE is FFS
· FFS: Whether UE may assume the same precoding operation between RS and PDCCH
· FFS: QCL between antenna ports for PDCCH demodulation
· Tx diversity supported. Which scheme/how FFS

In this contribution, we will further discuss the remaining issues of the NR-PDCCH design. Furthermore, initial link level evaluation is conducted to compare different NR-PDCCH designs. Based on the discussion and evaluation results, our views will be shown. 

NR-PDCCH Design 
In LTE, a PDCCH is formed by CCEs where each CCE consists of 36 useful REs (9 REGs). Different number of CCE aggregation levels can be used for a PDCCH transmission depending on the DCI payload size and channel condition. The REGs of a PDCCH are distributed over the whole DL system bandwidth and span all OFDM symbols in the DL control region to exploit frequency diversity gain. The design of PDCCH structure in LTE can be considered as a baseline for the NR DL control channel structure.

NR-CCE structure:
Based on the agreements in RAN1#86bis, it is assumed that one PRB is the resource unit size for the NR control channel. A NR-CCE includes a positive integer number of PRBs. One open issue is whether a PRB used by one NR-CCE only or multiple NR-CCEs, i.e. whether multiple NR-PDCCHs cannot be mapped to the same PRB.  From our perspective, one NR-CCE can occupy one PRB within one OFDM symbol; multiple NR-CCEs could share one PRB in TDM manner for control resource sets over multiple OFDM symbols in the control resource set. In addition, it is also possible to enable multiple NR-CCEs to share the same REs on one or more PRBs in SDM/superposition manner, known as MU-MIMO although it needs further study and performance investigation. 
Another issue is the size of NR-CCE. It is expected that a NR-CCE would achieve the similar performance as that in LTE under the same configuration/environment at least for sub-6GHz. Various factors need to be taken into account such as:
· Coding gain – encoding/decoding scheme and coding rate (i.e., number of REs per CCE)
· Channel estimation performance – density of RS REs per AP usable for demodulating one RE 
· Transmission scheme and number of transmit antenna ports 
· Frequency-diversity gain – how wide bandwidth one CCE is distributed
Assuming that the necessary DCI payload and required coding rate for the DCI is similar to those for LTE PDCCH, and similar channel estimation performance and transmit antenna diversity gain are available, one NR-CCE could contain around 36 REs. The number of PRBs included in one NR-CCE depends on the tradeoff between the channel estimation accuracy and coding gain. For example, assuming the time duration of one NR-CCE is one OFDM symbol, if the number of DMRS REs per PRB is 4, one NR-CCE including 5 PRBs offers 40 REs, while if the number of DMRS REs per PRB is 6, one NR-CCE including 6 PRBs gives 36 REs. In section 3, link level evaluation is to be carried out the compare the performance of different NR-CCE structures. 
Resource mapping: 
It was agreed that one DCI is mapped within one control resource set. Regarding the NR-CCE distribution within one control resource set, we prefer flexible configuration of NR-CCE mappings in one control resource set. For example, the PRBs forming one NR-CCE can be localized or distributed in frequency domain within the control resource set (in case of one OFDM symbol for one control resource set, it is a control subband) as shown in Fig.1.

Figure 1 Distributed resource mapping and localized resource mapping
Transmission scheme:
Regarding the transmission scheme for the physical downlink control channel, transmission schemes based on beamforming and based on SFBC are candidate options. It is desirable to apply the beamforming-based transmission to the downlink control channel to achieve simpler realization of transmission diversity without specific block-coding For beamforming-based transmission, UE-specific beamforming could provide better performance when an accurate CSI feedback is available, while random beamforming could provide good robustness and fall back.
s
Proposal 1: Consider the following aspects for the NR-PDCCH design
· Multiple NR-CCEs could share one or more PRBs, at least in TDM manner.
· One NR-CCE can be mapped to contiguous PRBs or discontinuous PRBs. 
· Support transmission diversity at least for the case where accurate CSI feedback is not available. 
Evaluation 
In order to investigate the performance of different candidate designs considering the aspects discussed in section 2. Link level evaluation is conducted in this section to draw some observations. 

Comparison among different NR-PDCCH designs. 
Evaluation cases 
Since a NR-CCE is the basic unit to constitute one NR-PDCCH, we will firstly investigate the performance of different NR-CCE structures. As we discussed in section 2, it is expected that the size of one NR-CCE would be similar to the size of one LTE CCE. Depending on different RS patterns, 5 or 6 PRBs are candidate choices. On the basis of that, we will investigate the following three candidate NR-CCE structures with different RS density and different number of PRBs per NR-CCE. For simplicity, here we assume the time duration of the control region is 1 OFDM symbol. 
· Alt.1: Assuming 6 subcarriers for 2 DM-RS ports per PRB and 6 PRBs included in one NR-CCE, one NR-CCE contains 36 available REs
· Alt.2: Assuming 4 subcarriers for 2 DM-RS ports per PRB and 5 PRBs included in one NR-CCE, one NR-CCE contains 40 available REs
· Alt.2: Assuming 4 subcarriers for 2 DM-RS ports per PRB and 6 PRBs included in one NR-CCE, one NR-CCE contains 48 available REs


Figure 2 Different NR-CCE structures

In EPDCCH design, both localized resource mapping and distributed resource mapping are supported as well to obtain frequency selective gain and frequency diversity gain respectively. On the basis of that, beamforming-based transmission are bounded to the localized transmission and random beamforming for diversity is applied to distributed resource mapping. In our evaluation, similar principle is applied to the NR-PDCCH. The following resource mapping and transmission schemes will be evaluated respectively. 

· Localized resource mapping and CSI-based beamforming 
· The resource mapping is performed in contiguous way in frequency domain
· One antenna port is used for the whole DCI
· Precoder is selected per PRB based on the CSI
· Channel estimation is performed per PRB 
· Distributed resource mapping and random beamforming 
· The resource mapping is performed in distributed way in frequency domain
·  In one PRB, different REs are associated with different antenna ports 
·  Precoder cycling is performed per PRB on each antenna port 
·  Channel estimation is performed per PRB per antenna port

Simulation Results and Discussion:
Fig.3 illustrates the evaluation results with different aggregation levels for distributed resource mapping with random beamforming. For aggregation level of 1, Alt.3 which has the largest number of REs per NR-CCE shows best performance, while for the other case (AL=2,4,8), Alt.1 which owes higher RS density per PRB always shows best performance. 
Fig.4 displays the evaluation results with different aggregation levels for localized resource mapping with CSI-based beamforming. Very similar trend among three alternatives are shown except there is minor difference in the case of aggregation level of 1, where Alt.1 and Alt.3 show very similar performance. 

Figure 3 Evaluation results for distributed resource mapping and random beamforming

Figure 4 Evaluation results for localized resource mapping and CSI-based beamforming
Comparing Alt.1 and Alt.2, both of them have similar amount of available REs in one NR-CCE, while Alt.1 has higher RS density. Apparently, better performance can be expected in Alt.1. Comparing Alt.2 and Alt.3, they share the same RS density, while Alt.3 owns more available REs per NR-CCE, it can be easily understood why Alt.3 shows better performance. Comparing Alt.1 and Alt.3, both of them include the same number of PRBs in one NR-CCE. In Alt.1, the RS density is higher than that in Alt.3 while the available REs per NR-CCE is less than that in Alt.3. Therefore, better channel estimation performance can be expected in Alt.1 and Alt.3 could exploit higher coding gain. For aggregation level of 1, with the DCI size of 64 bits, the coding rate is relatively high. In this case, coding gain is the dominate factor and then Alt.3 shows better performance over Alt.1. While with the increase of the aggregation level, the RS density plays more important role due to the channel estimation per PRB, in this case, Alt.1 provides better performance than Alt.3. 
Considering lower coding rate would be applied for the transmission of control channel to ensure the reliability, restriction in the channel estimation performance would be the key issue. In this case, the RS pattern and channel estimation should be carefully investigated. 

Observation: 
· When channel estimation is performed per PRB, increasing the RS density could provide better performance than increasing the available REs in one NR-CCE. 
· Carefully investigate the RS pattern and channel estimation procedure 

Conclusion
In this contribution, we discussed the aspects related to the NR-PDCCH design and conduct initial link-level evaluation. Based on the discussion and evaluation results, our proposal and observation are summarized as follows 
Proposal 1: Consider the following aspects for the NR-PDCCH design
· Multiple NR-CCEs could share one or more PRBs, at least in TDM manner.
· One NR-CCE can be mapped to contiguous PRBs or discontinuous PRBs. 
· Support transmission diversity at least for the case where accurate CSI feedback is not available. 
Observation: 
· When channel estimation is performed per PRB, increasing the RS density could provide better performance than increasing the available REs in one NR-CCE. 
· Carefully investigate the RS pattern and channel estimation procedure 
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Parameter Value

Carrier frequency 4GHz

Channel model CDL

System bandwidth 20MHz

Subcarrier spacing 15kHz

CP overhead 6.6%

UE speed 3km/h

Antenna configuration 2-by-2

DCI bits 48+16

Receiver Channelestimation-based 

Encoding TBCC for LTE, Polar for NR-PDCCH

Number of subcarriers per PRB 12

Waveform CP-OFDM

Phase-noise Not modelled
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