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1 Introduction
In RAN1 NR Adhoc in January, we reached some agreements on PDCCH search space [1]. 

The main progress in the NR adhoc regarding the search space design is that the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space. This was not really needed in LTE PDCCH because of the presence of CRS. However in NR, as the PDCCH decoding only relies only on DMRS, the channel estimation sharing between PDCCHs of different aggregation levels can be beneficial from the perspective of UE complexity and processing and this motivated the utilization of hierarchical search space design. 

On the other side, the hierarchical search space design may suffer from the PDCCH blocking issues and it is even more severe for low latency services such URLLC. This contribution discusses the potential hierarchical search space structure and looks into the blocking probability performance as well as how much UE processing burden can be mitigated.
2 Discussion
2.1 Hierarchical search space

Figure 1 is showing general PDCCH structure assuming 4 different aggregation levels and it also illustrates how LTE PDCCH type search space and hierarchical search space determine the PDCCH monitoring candidates of each aggregation level. The main difference between LTE PDCCH type and hierarchical design is that PDCCH candidates can start from any possible PDCCH positions of corresponding aggregation levels in LTE PDCCH type case. However, in hierarchical design, once PDCCH candidates corresponding to the largest aggregation level are determined by a specified hashing function, they are considered as the references and PDCCH candidates of lower aggregation levels should be inside the largest aggregation level PDCCH candidates such that the DMRS can be shared as shown in Figure 1.
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Figure 1. PDCCH multiplexing of multiple aggregation levels

From Figure 1, it can be simply understood that channel estimation burden in hierarchical search space can be reduced compared to LTE PDCCH. Table 1 summarizes the channel estimation burden mitigation. For a fair comparison, we assumed that numbers of PDCCH monitoring candidates are 2 for aggregation level 8, 2 for aggregation level 4, 6 for aggregation level 2, and 6 for aggregation level 1 respectively as used in LTE. In the hierarchical design, the PDCCH candidates of aggregation levels 1, 2, and 4 are selected randomly (with random offset) inside the set of CCEs occupied by two contiguous PDCCH candidates of the aggregation level 8 as shown inside the red dotted box of Figure 1.
The hierarchical search space design just shares the DMRS channel estimation between different aggregation levels, so the number of CCEs that needs channel estimation is always the same as the size of CCEs of the aggregation level 8, which is 16. Meanwhile, the LTE type search space needs more CCEs for channel estimation due to the independent CCE positions on multiple aggregation levels. The overall reduction of channel estimation burden is 38% and 52 % depending on the total size of available CCEs, and the reduction seems not a negligible number considering that it is one important design target of NR that the UE processing burden should be minimized.
Table 1. Comparison of UE processing burden for PDCCH channel estimation
	Total number of CCEs
	Average number of CCEs that needs channel estimation
	Gain of UE processing burden mitigation

	
	LTE PDCCH type
	Hierarchical design
	

	32
	25.8
	16
	38%

	64
	33.4
	16
	52%


Observation 1: Channel estimation burdens are substantially reduced by introduction of hierarchical search space design.

We provide blocking probability performance comparison between two schemes in Figure 2. And it is assumed that aggregation level distributions are 40%, 30%, 20%, and 10% for aggregation levels 1, 2, 4, and 8 respectively. Total number of CCEs inside a control resource set is 32 and 64 in the evaluation. The blocking probabilities are calculated by the ratio of the average number of UEs that was not able to be scheduled due to the search space blockage over the total number of UEs.
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Figure 2. Blocking probability comparison

From the figures, we see that the blocking probability of hierarchical search space is always higher than that of LTE PDCCH search space. The blocking probability is about 10% higher in hierarchical search space especially for the cases of low number of UEs. It may not be a really big issue for delay tolerable eMBB services since delaying scheduling anyway solves the blockage issues in a degree. However, for delay sensitive services like URLLC, there is stringent delay budget and PDCCH blockage may result in service failure. It is desirable to improve the blocking probability of hierarchical design to be comparable to LTE.
Observation 2: The blocking probability of hierarchical search space with contiguous mapping of largest aggregation levels is higher than that of LTE PDCCH search space.

In the hierarchical search space shown in Figure 1 above, it is assumed that the PDCCH candidates of the highest aggregation level are contiguous in CCEs, which may lead to blocking probability increase. We may allocate two PDCCH candidates of aggregation level 8 in non-contiguous manner in CCEs as shown in Figure 3. The gap between two PDCCH candidates can be randomly generated. And the PDCCH candidate of aggregation levels 1, 2, and 4 are selected randomly (random offset) inside the set of CCEs occupied by two non-contiguous PDCCH candidate of aggregation level 8. This modified hierarchical structure can still minimize the channel estimation burden.
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Figure 3. Modified hierarchical search space design

Figure 4 is showing the blocking probability of the modified hierarchical search space design. Only by creating a random gap between two PDCCH candidates with the aggregation level 8, the blocking probability is reduced to be comparable to or even smaller than LTE. Considering that there is no drawback with the modified hierarchical search space, it is proposed to have the non-contiguous PDCCH candidates for higher aggregation level once hierarchical design is supported in NR.
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Figure 3. Blocking probability of modified hierarchical search space design

Proposal:  Hierarchical approach is supported in NR. 

· The PDCCH candidates of the highest aggregation level are determined in non-contiguous manner
3 Conclusion 

In this contribution, we provide some performance evaluation for search space designs. Based on the discussion we draw the following observations and proposal:
Observation 1: Channel estimation burdens are substantially reduced by introduction of hierarchical search space design.

Observation 2: The blocking probability of hierarchical search space is higher than that of LTE PDCCH search space.
Proposa1 l:  Hierarchical approach is supported in NR. 

· The PDCCH candidates of the highest aggregation level are determined in non-contiguous manner
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Agreements:


NR supports at least following functionalities


At least for eMBB, in one OFDM symbol, multiple CCEs cannot be transmitted on the same PRB except for spatial multiplexing to different UEs (MU-MIMO)


A PDCCH candidate consists of a set of CCEs. A CCE consists of a set of REGs. A REG is one RB during one OFDM symbol.


For one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space (common or UE-specific).


At least for DL data scheduled for a slot, the DL data DMRS location in time is not dynamically varying relative to the start of slot








Agreements:


A control resource set is defined as a set of REGs under a given numerology


Control search space includes at least the following properties


Aggregation level(s)


Number of decoding candidates for each aggregation level


The set of CCEs for each decoding candidate


FFS: if any of the following properties belong to control resource set or control search space


Transmission/diversity scheme


CCE to REG mapping


RS structure


PRB bundling size


FFS: if the control resource sets can overlap or not


FFS: whether the mapping between control resource set and control search space is one-to-one or one-to-many 








Agreements:


Blocking probability of DL control channel should be taken into account in NR-PDCCH design
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