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1 Introduction

At the RAN1#88 meeting, the following agreements were made regarding control resource set and control search space [1]:
· 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. 
In this contribution, we present our view on general design aspects for search space in NR.  

2 Discussion on NR control search space 
Discussion on number of blind decodings

In LTE, search space is defined so as to allow UE to monitor a certain number of blind decoding candidates for each aggregation level in each subframe. More specifically, UE would perform multiple blind decodings within search space for potential DCI messages. In LTE Rel-8/9, UE needs to carry out a maximum of 44 blind decoding attempts in any subframe, with 32 in UE specific search space and 12 in common search space. 

For NR, similar concept can be considered for the design of search space. In particular, common and UE specific search space can be defined for NR, where DL control channel with common search space can be mainly used to schedule common control message and that with UE specific search space can be used to schedule unicast data. Further, in order to reduce UE power consumption and implementation complexity, maximum number of blind decodings for NR DL control channel should be minimized as much as possible. It should be noted that maximum number of blind decoding, e.g., 44 as defined in LTE Rel-8/9 can be considered as a starting point per component carrier for NR. 
As agreed in the RAN1#87 meeting, when mini-slots are used, NR supports either every symbol or every second symbol as the minimum granularity of the DCI monitoring occasion [2]. This indicates that UE may need to monitor DL control channel candidate in each mini-slot, e.g., for URLLC service. If whole set of search space is defined in each mini-slot, UE implementation complexity and overall power consumption would be substantially increased. For instance, with 7 mini-slots within one slot, if the number of blind decoding attempts for each mini-slot remains unchanged as that for one slot, e.g., 32 for UE specific search space, totally 224 blind decoding attempts within one slot are expected, which may not be even feasible from the perspective of implementation complexity. 
To reduce the number of blind decoding attempts and thereby UE power consumption, one potential approach is to configure a subset of UE specific search space for UE to monitor potential DCI messages. More specifically, gNB may configure a smaller number of candidates per aggregation level or configure a subset of aggregation levels. In the latter case, gNB may determine appropriate aggregation levels according to specific application/service or UE channel condition, and configure proper UE specific search space via RRC signaling. 
For URLLC, it is highly beneficial to allow gNB to dynamically reconfigure UE specific search space. As discussed in [3], in one example, orthogonal UE specific search space can be configured for active UEs to eliminate the block probability and improve robustness of control channel. To enable dynamic configuration/reconfiguration of UE specific search space, MAC CE based approach may be defined. Alternatively, in case of multi-stage DCI, first-stage DCI may carry the information about dynamically changed search space of the second-stage DCI. 
Note that search space with high aggregation levels can be configured for URLLC in order to meet ultra-high reliability requirement. Further, total number of blind decoding attempts within one slot can be kept roughly the same as that for eMBB service, which would help avoid excessive UE power consumption. In this regard, the number of blind decoding attempts can be reduced to 4 or 5 for one mini-slot. 
Proposal 1
· Maximum number of blind decodings for NR DL control channel should be minimized as much as possible to reduce UE power consumption and implementation complexity.

· A subset of UE specific search space can be configured to reduce the number of blind decodings.

· For URLLC, NR supports dynamic gNB-based (re)configurability of UE specific search spaces.

Discussion on blocking probability reduction

In LTE, CCE or ECCE locations of each PDCCH or EPDCCH candidates are determined by a hashing function. For UE specific search space, this hashing function is defined as a function of UE ID and subframe index, which provides time varying UE specific search space in each subframe so as to help resolve blocking probability among different UEs. Moreover, for LTE EPDCCH, different sets of ECCEs for DCI message monitoring or UE specific search space is defined in different EPDCCH sets.   
For NR, different control resource sets can include different sets of NR CCE for DL control channel candidates or UE specific search spaces, similar to LTE EPDCCH. More specifically, different initialization values using a same hashing function or different hashing functions can be employed to randomize the search space in different control resource sets and slots, which can help resolve blocking probability among different UEs in case when the same group of control resource sets are configured to these UEs. 
Note that similar design principle can apply for control search space for URLLC, where hashing function can be defined as a function of mini-slot index. In this regard, UE specific search space can vary in each mini-slot in order to avoid DL control channel for multiple UEs from continuously colliding in every mini-slot, as illustrated in Figure 1. Such a reduction in blocking probability is extremely important for URLLC as gNB may be able to schedule URLLC data transmission immediately so as to achieve ultra-low latency. 
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Figure 1. UE specific search space in different symbols
Proposal 2
· Different sets of NR CCEs for DL control channel candidates or UE specific search space should be defined for different control resource sets. 

· For URLLC, mini-slot index can be included in the hashing function. 
Common control resource set and search space

In NR, it was agreed that common control resource set is configured by system information for providing common search space. In addition, UE-specific CORESET can be also configured for each UE by UE-specific RRC signaling. For 4-step random access procedure, the PDCCHs will be required to be transmitted for the scheduling of Msg-2, Msg-3 retransmissions, and Msg-4 and those PDCCHs should be transmitted only using common CORESET since UE-specific CORESET is not available prior to RRC configuration. For the scheduling of common channels such as paging, RAR, etc., common search space (CSS) anyway should be defined inside the common CORESET. However, only with the CSS, UE PDCCH monitoring complexity will increase considering comparatively high load of PDCCHs inside common CORESET.
Through Msg-2 transmission from gNB, UE ID (Temporary C-RNTI) is indicated to a UE. Once the UE has Temporary C-RNTI, it can utilize this ID for the reception of PDCCH thereafter. As illustrated in Figure 2, if additional UE-specific search space (UE-SS) is supported by using a hashing function of temporary C-RNTI inside the common CORESET, the UE may use this UE-SS at least for the PDCCH scheduling retransmission of Msg-3 and (re)transmission of Msg-4. Even after that, UE-SS inside common CORESET can be used until UE-specific CORESET is actually configured. 
Once UE-specific CORESET is configured, UE may use the UE-SS in UE-specific CORESET and the utilization of UE-SS inside common CORESET will decrease. In RAN1 #88, it was agreed that 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 [1]. Taking into account this agreement, it is desirable that the UE-SS in common CORESET can be skipped (or the number of BD candidates can be reduced) once the UE-specific CORESET is configured, which can keep the maximum number of BD candidates in a reasonable level.
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Figure 2. NR control resource sets
Note that from network perspective, it may be more desirable to configure multiple DL control resource sets in order to resolve congestion issue and reduce blocking probability of DL control channel, especially considering the support of wider system bandwidth. In this case, gNB may allocate different DL control resource sets in different sub-bands within one system bandwidth, which can help offload some PDCCH transmission and resolve congestion in one subband. As discussed in our companion contribution [4], one to one association rule may be defined between PRACH resource set and DL control resource set in order to allow UE to monitor appropriate DL control resource set. 
Proposal 3
·  UE specific search space is defined in a common control resource set at least for random access, 

· The UE specific search space in the common control resource is skipped or shrinks once UE-specific CORESET is configured.
· From network perspective, multiple DL control resource sets can be configured via SIB. 

3 Discussion on modular control channel design
In LTE, to minimize the blind decoding complexity, UE is not required to search for all the defined DCI formats. For UE specific search space, in Rel-8/9, UE needs to search DCI formats 0/1A and DCI formats such as 1/1B/1D/2/2A/2B/2C/2D which are dependent on DL transmission mode. Later in Rel-10 with uplink spatial multiplexing, the total number of blind decoding attempts for UE specific search space was increased from 32 to 48. 

From the LTE history, it is evident that DCI formats play an important role in determining the total number of blind decoding attempts, and thereby UE complexity. For NR, it is further envisioned that more flexible DCI formats with variable payload sizes would be specified in current and future releases. In order to achieve forward compatibility and future proofness, it is highly beneficial to adopt a modular control channel design concept for NR, which provides a common building block in the design of DL control channel. 

Figure 3 illustrates the modular control channel design concept, where DCI segmentation is employed. In particular, DCI is segmented into multiple blocks, where each block has a fixed payload size (denoted as basic block size as shown in the figure). According to the modular control channel design principle, gNB would send the segmented DCI in units of basic block size. After successfully decoding the segmented DCIs, UE can assemble all DCI segmentation blocks together to obtain the original DCI. 
It should be noted that the UE is only expected to decode control channels with a fixed payload size, regardless of DCI format. DCI formats that require more bits than the basic block size are segmented, and UE decodes multiple basic blocks and assembles back to the original DCI.
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Figure 3. DCI segmentation
According to the modular control design, UE only needs to perform one decoding hypothesis based on basic block size, which would help reduce the maximum number of blind decodings and thereby UE power consumption substantially. The reduction in number of blind decoding is achieved at the expense of overhead efficiency. Additional bits are required to identify different DCI formats, and additional bits may be required to indicate segmentation index. Furthermore, DCI formats need to be padded to be integer multiple of basic block sizes. For example, if the basic block size is 20 bits, and DCI format has 30 bits of information, the transmission will still use 2 x 20 bits (2 blocks), which introduces 10 bits of padding overhead. This is a classical trade-off between flexibility and efficiency. 

As NR should be forward looking and should provide a generic framework for any future enhancements, we believe this is an acceptable trade-off. This DCI segmentation is scalable and can accommodate any DCI payload size, e.g., in case if DCI format with a larger payload size will be introduced in the future release, which helps achieve forward compatibility. 

Proposal 4
· It is highly desirable to adopt modular DL control channel design for NR, which can help reduce total number of blind decodings substantially and achieve forward compatibility. 
4 Conclusions

In this contribution, we shared our view on general design aspects for search space in NR. Based on the discussion, we summarize our views through the following proposals:
Proposal 1
· Maximum number of blind decodings for NR DL control channel should be minimized as much as possible to reduce UE power consumption and implementation complexity.

· A subset of UE specific search space can be configured to reduce the number of blind decodings.

· For URLLC, NR supports dynamic gNB-based (re)configurability of UE specific search spaces.

Proposal 2
· Different sets of NR CCEs for DL control channel candidates or UE specific search space should be defined for different control resource sets. 

· For URLLC, mini-slot index can be included in the hashing function. 
Proposal 3
· UE specific search space is defined in a common control resource set at least for random access, 

· The UE specific search space in the common control resource is skipped or shrinks once UE-specific CORESET is configured.

· From network perspective, multiple DL control resource sets can be configured via SIB. 

Proposal 4
· It is highly desirable to adopt modular DL control channel design for NR, which can help reduce total number of blind decodings substantially and achieve forward compatibility. 
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