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Introduction
The basic structure of the NR PDCCH has been specified including CORESET, REG and CCE definitions, CCE-to-REG mapping, and transmission scheme. Regarding search space design some details were agreed at the RAN1 #NR_AH2 meeting
Agreements:
· For PDCCH blind decoding, at least for the non-initial access, at least the following can be configured:
· Number of PDCCH candidates per CCE aggregation level, per DCI format size that the UE monitors
· Set of aggregation levels
· FFS explicit or implicit configuration
· Set of DCI format sizes
· FFS explicit or implicit configuration
· FFS: per CORESET not used for initial access or search space
· FFS: Signalling details
· Note that the number of candidates can be zero
· UE blind decoding capability is known by NW
· FFS: How the capability is derived

Furthermore, it was agreed during the NR SI phase that, for one UE, 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 contribution discusses these design aspects for the NR DL control search space. We also provide a preliminary performance comparison of the blocking probability between the LTE search space function and a hierarchical search space design targeting reduced channel estimation complexity.
On factors influencing the NR search space design
Aggregation Levels
For the LTE PDCCH the set of aggregation levels (ALs) is fixed in the specification to [1 2 4 8]. This is a robust approach to link adaptation that does not consider the availability of UE-assisted measurement reports or PDCCH error statistics. If such reports were available, the gNB may tailor the set of PDCCH candidates to the appropriate ALs achieving the target BLER. For example, no candidates would be assigned to AL1 if the PDCCH BLER would not meet the desired target. It is also not currently clear whether higher ALs (e.g. 16, 32) would be needed as the NR-PDCCH structure is different from LTE PDCCH, and performance evaluations still need to be conducted for above 6GHz deployment scenarios as well as for comparison to LTE below 6GHz.
Observation: the maximum AL in NR can be determined from performance evaluations for above and below 6GHz scenarios.
However, it should be noted that before such statistics are known to the network, both during and just after initial RRC connection establishment, the set of ALs should be fixed in the specification for UE-specific search space (USS) as any dedicated RRC signaling would be scheduled by PDCCH transmitted in a USS (further discussion is provided in [1]). 
Proposal: the set of ALs and number of PDCCH candidates per AL need to be specified for the CSS and USS that are monitored before dedicated RRC signaling is received.
 For CORESET configured by dedicated RRC signaling, the network may also indicate a QCL relationship with a DL measurement RS such as CSI-RS. Assuming that the network already has some channel/interference measurements from a UE it should be possible to explicitly configure by RRC signaling the number of ALs monitored in a USS associated with this CORESET.
Proposal: for a CORESET that is configured by dedicated RRC signaling, the set of ALs to be monitored is explicitly indicated as part of the CORESET configuration. 

Number of candidates per AL
The number and distribution of monitored PDCCH candidates with the set of ALs in a given time duration impacts the UE power consumption. There is a tradeoff between reducing the number of blind decodes per time duration (e.g. a slot) and minimizing the blocking probability. In addition the number of DCI payload sizes has to be taken into account. These aspects need to be considered with the actual search space design. In the next section we consider a hierarchical (nested) search space.

Blind decoding 
It was agreed at RAN1 #NR_AH2 meeting that the UE blind decoding capability is known by the network but there no further details on how it is known. RAN1 is currently discussing how to define the UE processing time from PDCCH or PDSCH reception to the corresponding PUSCH or PUCCH transmission respectively. It may be possible to also take into account during those discussions the average or maximum number of blind decodes if UE processing time is defined as a UE capability. Thus, it would not be necessary to introduce separate signaling of blind decoding capability, i.e. implicit determination is feasible. As NR supports flexible PDCCH monitoring occasions and PDSCH/PUSCH start and end times, it would be good to define a reference blind decoding capability per unit time interval. For example, the network may assume that all UEs are capable of a maximum number of blind decodes per slot for a given numerology. The maximum number of blind decodes may also be different in some special cases, e.g. smaller value for mMTC compared to eMBB or URLLC
Proposal: define the maximum number of blind decodes per unit time interval e.g. slot. This maximum number can be derived from other capability signaling, i.e. a UE may not explicitly signal blind decoding capability to the network.  
Search space design
A search space defines how a UE determines the location of control channel candidates for a given aggregation level (AL). In LTE PDCCH a search space is defined per monitored AL and the CCEs for candidate m and AL = L are given by
[image: ]
where the parameters are defined in TS 36.213. Figure 1 depicts an example of an LTE UE-specific search space for ALs 1 – 8 given a PDCCH capacity of 17 CCEs. For larger PDCCH capacity it can be shown that more degrees of freedom appear between candidates of different ALs.
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[bookmark: _Ref481582128]Figure 1: Example of an LTE UE-specific search space in the logical CCE domain and PDCCH capacity = 17CCEs

As LTE PDCCH performs channel estimation based on wideband CRS, wideband channel estimation and, more importantly, a single channel estimation task is used for monitoring all PDCCH candidates in a subframe. In contrast, channel estimation for NR-PDCCH is DMRS-based and could see a significant increase in complexity if channel estimation is performed independently per PDCCH candidate. The hierarchical (nested) search space design has been proposed to solve this issue, wherein NR-PDCCH candidates can be mapped according to a tree-like (hierarchical) structure such that candidates of a lower AL are derived from a candidate (parent node) of a higher AL as shown in Figure 2. With such a tree-like structure, once a control channel candidate of a given AL is selected, all child candidates of lower ALs are blocked for other users with overlapping search spaces. It can be observed in Figure 2 that increasing the NR-PDCCH capacity would not reduce blocking experienced by users with overlapping search spaces as all candidates are tied to the parent nodes at AL8.
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[bookmark: _Ref478030907]Figure 2: Illustration of the nested search space in logical CCE domain

We provide a preliminary comparison of the blocking probability between the LTE search space and the 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, PHICH factor Ng = 1 and CFI = 1 – 3 symbols corresponding to [17, 50, 84] CCEs respectively. 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 AL8. The LTE randomization function between subframes of a radio frame is used for both search space designs. The blocking probability is shown in Figure 3 for AL distributions obtained from LTE system level evaluations in [2], [3]. 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 in each subframe.
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[bookmark: _Ref478031348]Figure 3 Comparison of blocking probability for LTE and nested search spaces with different AL distributions

Some preliminary observations/conclusions that can be drawn from Figure 3 are:
· As expected the blocking probability is slightly 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 position. However even for CFI = 3, the change in blocking is 1% to 1.58% in the plot on the left in Figure 3.
Therefore, depending on the CORESET capacity there may be no material difference in blocking probability compared to LTE. 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 as some CORESETs may have relatively few CCEs. 
For distributed PDCCH-to-CCE mapping it should 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.
One aspect that requires further consideration is whether a significantly different AL distribution would suffice in NR. Figure 4 shows the comparison between two significantly different AL distributions where the second has a stronger weighting towards higher ALs. It can be seen that though there is a slight increase in blocking probability for the second distribution it is still much less than an order of magnitude.
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[bookmark: _Ref489537149]Figure 4 Comparison of blocking probability for LTE and nested search spaces with asymmetric AL distributions
 
Proposal: 
· A hierarchical (nested) search space assignment function can be supported for NR-PDCCH. 
· It is FFS whether optimization of the basic hierarchical design is needed to reduce the blocking probability

Conclusion
This contribution discussed the factors influencing the NR search space design. We also presented a preliminary performance comparison between a nested search space and the LTE search space design. Our findings and proposals are summarized as follows:
1) The set of ALs and number of PDCCH candidates per AL need to be pre-defined for the CSS and USS that are monitored before dedicated RRC signaling is received.
2) For a CORESET that is configured by dedicated RRC signaling, the set of ALs to be monitored is explicitly indicated as part of the CORESET configuration.
3) Define the maximum number of blind decodes per unit time interval e.g. slot. This maximum number can be derived from other capability signaling, i.e. a UE may not explicitly signal blind decoding capability to the network
4) A hierarchical (nested) search space assignment function can be supported for NR-PDCCH. 
a. It is FFS whether optimization of the basic hierarchical design is needed to reduce the blocking probability
In addition we have the following observation:
Observation: the maximum AL in NR can be determined from performance evaluations for above and below 6GHz scenarios.
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