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Introduction
The NR SI phase concluded with agreements on the basic framework of the NR-PDCCH design including the concept of a control resource set and NR-based definitions of the basic control channel building blocks of a REG and CCE. At the last RAN1 meeting of the SI phase, several details of NR search space design were agreed including
Agreements:
· 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.
· Further study the following alternatives:
· Alt 1: For a given control resource set, there is only one CCE to REG mapping scheme
· Alt 2: For a given search space, there is only one CCE to REG mapping scheme
This contribution discusses some details of the search space design including hierarchical search space design and mechanism to reduce decoding complexity. 
Search space design
Evaluation of hierarchical search space
A search space defines how a UE determines the location of control channel candidates for a given aggregation level (AL). To minimize channel estimation complexity it was agreed that the channel estimate obtained for one RE should be reusable across multiple blind decoding operations involving that RE in at least the same control resource set and type of search space (common or UE-specific). This goal may be achieved by defining a tree-like (hierarchical) structure, where candidates of a lower AL constitute the CCEs in a higher AL. With such a tree-like structure, selection of a candidate of higher AL precludes selection of candidates of a lower AL connected to that higher AL candidate as shown in Figure 1. Essentially, the search space for any AL is a function of the largest AL configured for the UE, whereas in LTE the search space is defined independently for each AL. 



[bookmark: _Ref478030907]Figure 1 Hierarchical search space mapping in physical domain

We provide a preliminary comparison of the blocking probability between the LTE search space and a hierarchical search space. Since the NR-PDCCH design is incomplete, we use the LTE PDCCH structure with [6 6 2 2] candidates for AL = [1 2 4 8] respectively. The system configuration is 20 MHz bandwidth, PHICH factor Ng = 1 and CFI = 1 – 3 symbols. The hierarchical search space is defined such that candidates for each AL start at the same CCE index corresponding to the starting CCE index of the first candidate of AL = 8. The LTE randomization function between subframes of a radio frame is used for both search space designs. The blocking probability is shown in Figure 2 for different AL distributions of UE geometry based on LTE system level evaluations [1], [2]. The number of users (or equivalently number of PDCCH allocations) is varied to observe the trend as more users are added to the scheduling queue.
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[bookmark: _Ref478031348]Figure 2 Comparison of blocking probability for LTE and hierarchical search spaces with different AL distributions
Some preliminary observations/conclusions that can be drawn from Figure 2 are:
· As expected the blocking probability is higher for the hierarchical search space compared to the LTE design.
· For CFI = 1, which is equivalent to a small NR control resource set, blocking probability is similar for both schemes but starts to increase for the hierarchical search space as the number of users increases.
· For CFI = 2 and 3, there is a slightly larger blocking probability compared to CFI = 1. One reason for this is that the hierarchical design limits scheduling flexibility as it does not take advantage of the increased number of CCEs given the fixed starting.
· Given that a search space is associated with a configured control resource set and control resource sets of different capacities may be configured for a UE, it is not clear that any optimization is needed for hierarchical search space. Moreover, the increase in blocking probability is significantly less than an order of magnitude.
Proposal: 
· A hierarchical search space is supported at least for localized mapping of candidates to physical resources. 
· It is FFS whether optimization of the basic hierarchical design is needed to reduce the blocking probability

For distributed PDCCH-to-CCE mapping it may also be possible to reuse the hierarchical concept such that channel estimation performed on REs for a lower AL candidate can be reused by candidates of a higher AL.

Reduced blind decoding 
NR PDCCH design should strive for efficient power consumption and reduced device processing timeline given a target blocking probability. In LTE a UE that is not configured for NB-IoT or eMTC needs to search the UE-specific search space (UESS) for DCI formats 0/1A and for a DL transmission mode-dependent format such as 1/1B/1D/2/2A/2B/2C/2D. Furthermore, the UE also searches for DCI format 4 if UL MIMO is configured. Since there are 16 control channel candidates across all ALs in the LTE UESS, the UE performs up to 16 * 3 = 48 blind decodes. Although it is an open issue in NR of how many candidates would be configured for a UE per AL, some solutions may be considered to reduce the number of blind decodes.

One proposal in NR is to simplify the DCI structure compared to LTE by defining only a small number of DCI formats [3]. The motivation is that since many LTE DCI formats differ by only a few bits, it is simpler for NR to introduce a select few reference payload sizes. The DCI format could contain a header field which informs the UE what information fields are conveyed in the remaining bits. An added advantage is forward compatibility as the header field may be provisioned to support future DCI formats. 

Whilst this scheme can eliminate the need for padding bits and also reduce specification complexity it does not actually reduce the number of blind decodes, which depends on the transmission modes, number of ALs and number of search space types (CSS and UESS).
One way to reduce the number of blind decodes is to support a reduced number of payload sizes. For example, one small and one large reference payload size could be adopted for a UE-specific search space. This implies that DCI formats depending on transmission mode are quantized to a set of reference payload sizes. With quantization the tradeoff may be a possible loss in performance compared to using the exact DCI format size. This needs to be evaluated.

Proposal: consider support of reference payload sizes to reduce blind decoding complexity and support forward compatibility
In contrast to LTE PDCCH, which defined a fixed number of candidates per AL-based search space and search space type (UESS, CSS), a UE in NR may be configured with one or more control resource sets each with at least one associated search space. The network should take into account the maximum number of candidates supported by a UE when configuring additional control resource sets and search spaces. If a UE’s long-term channel statistics are known to the network, the gNB may exploit this knowledge to configure additional control resource sets and search spaces to reduce blocking probability whilst ensuring that the total number of blind decoding candidates does not exceed the UE capability. 
It should also be possible to reduce the average number of blind decodes by configuring a UE with a duty cycle or set of occasions for monitoring the NR-PDCCH. These concepts are expanded upon in [4] and [5].
Proposal: the total number of blind decoding candidates in a slot or mini-slot depends on the number of configured control resource sets and associated search spaces.

Conclusion
This contribution discussed details of the NR search space including an evaluation of blocking probability for a hierarchical search space design. The following proposals are the outcome of the discussion in this contribution:
1) Proposal 1: A hierarchical search space is supported at least for localized mapping of candidates to physical resources. 
a. It is FFS whether optimization of the basic hierarchical design is needed to reduce the blocking probability
2) Proposal 2: consider support of reference payload sizes to reduce blind decoding complexity and support forward compatibility
3) Proposal 3: the total number of blind decoding candidates in a slot or mini-slot depends on the number of configured control resource sets and associated search spaces.
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