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1. Introduction
[bookmark: _Ref129681832]In RAN1#87 meeting, L1/L2 control channel design was discussed and the following agreements were achieved [1]:
· In frequency-domain, a PRB is the resource unit size (may or may not including DM-RS) for control channel
· When the control resource set spans multiple OFDM symbols, NR supports 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)
· [bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK24][bookmark: OLE_LINK25]The time/freq. resource containing at least one search space is obtained from MIB/system information/implicitly derived from initial access information
· [bookmark: OLE_LINK48][bookmark: OLE_LINK49]Time/freq. resource containing additional search space, can be configured using dedicated RRC signaling
· Other solution is not precluded
· The reference signals in at least one search space do not depend on the RNTI or UE-identity
· [bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK60]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 decoding involving that RE
· In an additional search space, reference signals can be configured, FFS: explicitly or implicitly.
In this contribution, we provide some further considerations for the design of control resource set.  
2. Discussions
2.1. Definition of NR-CCE
In LTE, CCE/eCCE is defined as a minimum aggregation level to transmit a PDCCH/EPDCCH. Similarly, the definition of NR-CCE is also needed as a minimum aggregation level to transmit an NR-PDCCH. In frequency domain, it has been agreed in the last meeting that a PRB is the resource unit size. Therefore, the size of NR-CCE in frequency domain is defined with one or multiple PRBs. 
In LTE, one CCE consists of 36 usable REs derived from 9 REGs and one ECCE normally consists of 36 usable REs derived from 4 EREGs. As a result, to achieve similar capacity for one NR-CCE as that for one CCE/ECCE in LTE, one NR-CCE needs to contain 36 REs at least. Moreover, in order to support dedicated precoding for each NR-PDCCH, reference signals (RS) should be contained at least in one NR-CCE. 
As agreed on the last meeting, 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. Therefore, one NR-CCE can be mapped to either a single OFDM symbol or multiple OFDM symbols, which can be indicated by RRC signaling. 
When one NR-CCE is mapped to one single OFDM symbol, it will contain 4 PRBs in frequency domain with total 48 REs, regarding there also exist RS within each NR-REG. When one NR-CCE is mapped to multiple OFDM symbols, multiple structures can be considered. In time domain, one NR-CCE may contain multiple OFDM symbols, e.g. 2 OFDM symbols as shown in Figure 1. For structure 1, one NR-CCE contains two OFDM symbols, and the RS patterns of each symbol are the same. This is beneficial for the quality of channel estimation. Alternatively, for structure 2, the RS pattern of the second OFDM symbol can be omitted in order to reduce the overhead of RS. Taking into account UE blind detection complexity, the structure of NR-CCE can be associated with the control resource set of control channel, and it can be indicated by the signalling which is used to configure the control resource set. 
Furthermore, similar as one NR-CCE, larger CCE aggregation levels can also span one or multiple OFDM symbols and those can reuse the same structures as discussed for one NR-CCE.
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Figure 1. [bookmark: _Ref470188204][bookmark: _Ref470708359]Examples of an NR-CCE, when it is mapped to multiple OFDM symbols.
[bookmark: OLE_LINK3]Proposal 1: One NR-CCE is a minimum aggregation level for NR-PDCCH transmission, and reference signal should be contained within one NR-CCE.
[bookmark: OLE_LINK4]Proposal 2: One NR-CCE can span one or multiple OFDM symbols, which can be indicated by RRC signalling.
· If one NR-CCE is mapped to a single OFDM symbol, the NR-CCE will contain 4 PRBs in frequency domain.
· If one NR-CCE is mapped to multiple OFDM symbols, the NR-CCE structure should be further studied. 
[bookmark: OLE_LINK58][bookmark: OLE_LINK59]To support different transmission schemes [2] including diversity transmission and dedicated precoding, in frequency domain the NR-REGs in one NR-CCE can be either contiguous or non-contiguous. With multiple NR-CCEs for a single NR-PDCCH comes from contiguous NR-REGs, it is possible to achieve frequency selective gain by placing each NR-PDCCH on NR-REGs with favorable channel conditions. On the other hand, with multiple NR-CCEs for a single NR-PDCCH comes from well-separated NR-REGs, it is possible to obtain some frequency diversity gain by this frequency domain separation.
On the other hand, from UE perspective, if a UE is capable of monitoring both contiguous and non-contiguous NR-REG mapping, TRP can select the best mapping scheme for that UE. However, having the UE search both contiguous and non-contiguous NR-REG mapping would significantly increase the maximum number of blind decodes a UE needs to perform. Therefore, it is better to configure a UE to monitor either contiguous or non-contiguous NR-REG mapping only.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Proposal 3: 
· In frequency domain, the NR-REGs in one NR-CCE can be either contiguous or non-contiguous.
· A UE is configured to monitor either contiguous or non-contiguous NR-REG mapping only.
2.2. Configuration for control resource sets
In the RAN1#84bis meeting, maximizing the amount of time and frequency resource that can be flexibly utilized and minimizing transmission of always-on signals were agreed for the support of forward compatibility [3], which require minimum time-frequency resource for control channel. Additionally, a front-loaded downlink control channel with a relative small number of OFDM symbols is beneficial for processing latency reduction and net throughput increasing. Therefore, 1 or 2 OFDM symbols can be considered for each control resource set. 
[bookmark: OLE_LINK148][bookmark: OLE_LINK149][bookmark: OLE_LINK150][bookmark: OLE_LINK47]In frequency domain, the configuration of control resource set, however, depends on the usages. For initial access facility of all UEs, e.g., scheduling of SIBx, RAR, paging, etc., one control resource set with predefined numerology should be configured. Additionally, for resource flexibility, the frequency-domain resource of the control resource set should be configured via MIB. Such control resource set can also be used for UE-specific control signaling and other common control signaling other than SIBx, RAR, and paging. Since UEs may have different capabilities, such control resource set should be with the minimum possible bandwidth supported by all UEs. If 5 MHz or 20 MHz is assumed as the maximum bandwidth for initial access, the basic control resource set thus is preferred not to span over a bandwidth larger than 5 MHz or 20 MHz. Moreover, note that the at most 16 CCEs in LTE PDCCH are used as common search space. Assuming that 2 OFDM symbols are used for the control resource set, 5 MHz or 20 MHz, i.e., about 26~28 NR-REGs in frequency domain will be enough to achieve a similar capacity according to the above proposed NR-REG structures. It is also straightforward that such control resource set should consist of contiguous NR-REGs to achieve large enough capacity, whereas the NR-CCEs for a single NR-PDCCH can come from non-contiguous NR-REGs for transmission robustness. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]Proposal 4: One control resource set with predefined numerology should be supported to facilitate initial access
· In frequency domain, the bandwidth should be no larger than 5 MHz or 20 MHz;
· In time domain, 1 or 2 OFDM symbols can be configured.
Having all UE scheduled in one resource set will introduce too much of burden and cause too much control channel collisions among different UEs. Therefore, additional control resource set(s) can be configured in a UE-specific way using RRC signaling. Since UE capabilities vary from UE to UE, the location in frequency domain, the number of OFDM symbols, and the number of PRBs, etc. can also be configured UE-specifically for the additional control resource set(s). As a result, from UE perspective no more than one additional control resource set is configured for each UE so as to reduce implementation complexity. However, from gNB perspective, it is an implementation issue to configure one or multiple additional control resource. 
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]Proposal 5: 
· From UE perspective, at most one additional control resource set is configured. 
· From gNB perspective, one or multiple additional control resource sets can be configured.
It is worth noticing that a UE is unable to receive RRC signaling until it is successfully associated with a cell. Since all UEs are congested in one control resource set before the RRC signaling is received, the limited control resource becomes a bottleneck of net performance. Although the control resource set can be enlarged by increasing the bandwidth, it will, in turn, block some of UEs with small UE capabilities. Therefore, indicating additional resource set with dedicated RRC signaling is not enough. 
[bookmark: OLE_LINK50][bookmark: OLE_LINK51]One approach can be considered to solve this problem, where the UE is assigned to one or more additional search spaces via other signaling as early as possible, e.g., RAR or Msg. 4. It is beneficial to solving such congestion problem on one control resource set. During random access procedure, a UE can feedback its capability along with preamble or Msg. 3. The gNB can then allocate an additional UE-specific resource set with wide enough bandwidth according to the UE capability. Such signaling can be transmitted via either RAR or Msg. 4. Thus, transferring of load from congested control resource set to less busy ones can improve the overall net performance.  
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK12]Proposal 6: Additional resource set can be configured using either RAR or Msg. 4.
In the rest of this section, the multiplexing of both contiguous and non-contiguous NR-CCEs in the same control resource set is discussed. Two options are possible:
· Option 1: contiguous and non-contiguous NR-CCEs cannot occupy the same control resource set;
· Option 2: contiguous and non-contiguous NR-CCEs can occupy the same control resource set.
From gNB perspective, it could be beneficial to multiplex both contiguous and non-contiguous mapping in the same control resource set so as to maximize resource efficiency. If one looks into a single control resource set, the issue becomes how to do the antenna port association to support both dedicated precoding for some NR-PDCCHs and simultaneously diversity transmission for some other NR-PDCCHs, in the same control resource set.
[image: ]				[image: ]
Figure 2. Association between NR-REG and antenna port in the same control resource set
Consider an example assuming 4 NR-CCEs in one control resource set with each NR-CCE consisting of 2 NR-REGs, as shown in Figure 2. In the left figure, the second NR-CCE uses dedicated precoding by antenna port 1 and this antenna port is also used by NR-REG 2, in a diversity transmission together with antenna port 0, for the first NR-CCE. The gNB thus follows the CSI feedback to select the precoder for antenna port 1 and then likely chooses the precoder for antenna port 0 to be orthogonal to that for antenna port 1. Therefore, transmit diversity can be provided for the first NR-CCE, similar to per NR-REG precoder cycling. The right figure in Figure 2 shows the associations in the case where 2 antenna ports pair is used with better channel estimation performance compared to the case when all 4 antenna ports are used, but it is only possible to multiplex one UE specific precoded NR-PDCCH in the control resource set. 
Proposal 7: From gNB perspective, it is an implementation issue for multiplexing both contiguous and non-contiguous NR-CCE mapping in the same control resource set. 
2.3. [bookmark: _GoBack]Search space and multiplexing
[bookmark: OLE_LINK89][bookmark: OLE_LINK90]During RAN1 #87 meeting, there were discussions on whether there is the case the channel estimate obtained for one RE is reusable across multiple blind decoding involving the RE. A “nested” structure of aggregation levels [4] was suggested to be adopted to implement such feature. The motivation for this structure is to reduce the total number of channel estimates a UE needs to perform and thus to facilitate blind detection. 
However, it is straightforward to see such structure will potentially increase the blocking probability. Assume a UE with higher aggregation levels (4 or 8) is allocated to be the priority users to access PDCCH resources. Due to the “nested” structure and with the consideration of successful decoding, the PDCCH resources should be kept reserved for such UE but can no longer be allocated to other UEs even if some of the resources are left available. In such a case the corresponding UEs are “blocked” while possibly still being able to serve subsequent UEs. As more UEs are blocked it will conversely affect the resource utilization efficiency of bandwidth and power resources. 
[bookmark: OLE_LINK13][bookmark: OLE_LINK16][bookmark: OLE_LINK151][bookmark: OLE_LINK152][bookmark: OLE_LINK153][bookmark: OLE_LINK154]Proposal 8: The “nested” structure of aggregation levels can be considered unless comparable block probability can be achieved with that of LTE PDCCH.
[bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK28]
3. Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]Our proposals in this contribution are summarized as follows.
Proposal 1: One NR-CCE is a minimum aggregation level for NR-PDCCH transmission, and reference signal should be contained within one NR-CCE.
Proposal 2: One NR-CCE can span one or multiple OFDM symbols, which can be indicated by RRC signalling.
· If one NR-CCE is mapped to a single OFDM symbol, the NR-CCE will contain 4 PRBs in frequency domain.
· If one NR-CCE is mapped to multiple OFDM symbols, the NR-CCE structure should be further studied. 
Proposal 3: 
· [bookmark: OLE_LINK54][bookmark: OLE_LINK55]In frequency domain, the NR-REGs in one NR-CCE can be either contiguous or non-contiguous.
· A UE is configured to monitor either contiguous or non-contiguous NR-REG mapping only.
Proposal 4: One control resource set with predefined numerology should be supported to facilitate initial access
· In frequency domain, the bandwidth should be no larger than 5 MHz or 20 MHz;
· In time domain, 1 or 2 OFDM symbols can be configured.
Proposal 5: 
· From UE perspective, at most one additional control resource set is configured. 
· From gNB perspective, one or multiple additional control resource sets can be configured.
Proposal 6: Additional resource set can be configured using either RAR or Msg. 4.
Proposal 7: From gNB perspective, it is an implementation issue for multiplexing both contiguous and non-contiguous NR-CCE mapping in the same control resource set. 
Proposal 8: The “nested” structure of aggregation levels can be considered unless comparable block probability can be achieved with that of LTE PDCCH.
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