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1 Introduction
In previous RAN1 meetings, we reached some agreements on PDCCH search space and monitoring behavior [1-4]. 

The main progress in previous RAN1 meetings 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 Search space design
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 4. Blocking probability of modified hierarchical search space design

Proposal 1:  Hierarchical approach is supported in NR. 

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

Slot level DL control channel monitoring
For the configuration of the DL control channel monitoring occasions, it is need to be clarified how to differentiate between common control channels and UE-specific control channels first. For common control channel, e.g., SIB and RAR, it is beneficial to configure a common monitoring occasions between UEs in order to avoid the repeated transmissions of the same channels. For UE-specific control channel and some of control channel, e.g., paging, the monitoring occasions can be configured for different UE either similarly or differently depending on the NW.  Therefore, monitoring occasion related configuration should be associated with search space configuration.

The simple approach for the configuration of DL control channel monitoring occasions is to configure a periodicity in a UE-specific manner. If the UE is configured with a certain periodicity ‘P’, then UE monitors DL control channel every P slot. Figure 5 is showing the periodic configuration of the slot level DL control channel monitoring. The reference point could be the start of the SFN (System Frame Number) # 0 and there could be offset ‘O’ configured for multiplexing UEs in different slots, where O = {0, 1, 2, …, P-1}. 
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Figure 5: Periodic configuration of slot level DL control channel monitoring

If the monitoring occasions are determined periodically and the periodicity and offset values of multiple UEs are the same, then it is possible that some UEs may not have sufficient chance for the scheduling because of the overlap of monitoring occasions. If the monitoring occasions are determined in a more randomized manner, it could reduce the scheduling blocking probability as shown in Figure 6 especially for UE-specific search space. One potential way to randomize the monitoring occasions is to define a hashing function determining the actual slots that a UE has to monitor. The hashing function can be based on UE ID for randomization and additional configuration parameter for providing NW control. For this approach, it should be taken into account that the gap between two consecutive monitoring slots should not be too large considering service latency requirement. 
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Figure 6: Random configuration of slot level DL control channel monitoring

As shown in the introduction section, NR supports transmissions of NR DL in MBSFN subframes of LTE for the realization of LTE-NR coexistence. Therefore, for the control channel monitoring behaviour, LTE MBSFN subframe should be considered together. As shown in Figure 7, there can be additional symbol level offsets for the control channel monitoring when LTE-NR coexistence is configured. 
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Figure 7: OFDM symbol position depending on the LTE-NR coexistence

Proposal 2: 

· Downlink control channel monitoring is configured per search space from a UE perspective

· Slot level downlink control channel monitoring can be supported by either or both of the following approaches

· DL control channel monitoring occasions using a periodicity and an offset defined w.r.t. SFN #0, slot#0.

· DL control channel monitoring occasions using a hashing function based on UE ID and NW configured parameter

· There can be additional symbol level offsets for the control channel monitoring considering LTE-NR coexistence
Symbol level DL control channel monitoring
For supporting low latency service, e.g. URLLC, it was agreed that slot level PDCCH/PDSCH transmissions are supported in NR. In this case, configuration of the control channel monitoring occasion is more important since if a UE has to monitor a number of DL control channels every symbol period, it requires significant power consumption for performing blind detections of DL control channels in every symbol. And also, depending on the actual transmission interval, a.k.a mini-slot length of the PDSCH, e.g., 2, 3, and 4 OFDM symbols, the monitoring can be done less often than every symbol period. 

Similar approaches discussed for slot level monitoring can be also applied for the symbol level monitoring operation. Figure 8 and Figure 9 describes the periodic monitoring and randomised monitoring respectively.
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Figure 8: Periodic configuration of symbol level DL control channel monitoring assuming 14 OFDM symbols per slot
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Figure 9: Random configuration of symbol level DL control channel monitoring

DL control channel monitoring in LTE MBSFN subframe has to be also considered for symbol level monitoring. In this case, first two symbols in each slot are considered as invalid and only 12 symbols are considered for the DL control channel monitoring, assuming normal CP length.

[image: image12.emf]w/o LTE-NR 

coexistence

slot #0 slot #1

OFDM 

symbol

w/o LTE-NR 

coexistence

Symbols with 

LTE CRS

Symbols with 

LTE CRS


Figure 10: symbol level DL control channel monitoring in LTE MBSFN subframe

Proposal 3: 

· Symbol level downlink control channel monitoring can be supported by either or both of the following approaches

· DL control channel monitoring occasions using a periodicity and an offset defined w.r.t. slot#0 (and SFN #0).

· DL control channel monitoring occasions using a hashing function based on UE ID and NW configured parameter

· First two symbols may not be used for control channel monitoring if LTE MBSFN subframe is used.
4 Discussion on number of blind decodings 

4.1 Split in the 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. 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.

With regard to the number of blind decoding, it can be defined on a per-slot basis or a per mini-slot basis. As illustrated in the Figure 11, UE can be configured with slot level control resource set (CORESET) or symbol level CORESET, which may depend on UE capability or service type, e.g., the support of eMBB and URLLC application. 

Note that it was agreed in RAN1 that max number of blind decoding candidates for a UE is defined independently of the number of control resource sets and the number of search spaces [5]. This indicates that split of the number of blind decodings among different CORESETs and search spaces should be supported for NR so as to keep the total number of blind decoding attempts within one slot roughly the same, which can help to avoid excessive UE power consumption. 
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Figure 11. Slot level and symbol level CORESET
In case when UE is only configured with slot level CORESET for DL control channel monitoring, the number of blind decodings can be split according to the number of common CORESETs and UE specific CORESETs which are configured for a given UE. As discussed above, UE specific search space can be defined in a common CORESET at least for random access. In this case, both common search space and UE specific search space can share the same common CORESET, which indicates that the number of blind decodings can be further split between these two types of search spaces within the same CORESET. 

Further, in case when UE is configured with symbol level CORESET for DL control channel monitoring, it is more desirable to uniformly distribute the number of blind decodings across DL control channel monitoring occasions within one slot. This may facilitate UE to perform pipeline processing for DL control channel decoding and thereby simplify UE implementation complexity. As discussed above, UE may be configured with symbol level CORESET with certain offset/periodicity in one slot for DL control channel monitoring occasions. Assuming that K DL control channel monitoring occasions are configured and the total number of blind decodings within one slot is N, then the number of blind decodings for each DL control channel monitoring occasion can be approximately N/K. 

Proposal 4:
· For slot level CORESET, NR supports split of the number of blind decodings among different CORESETs and search spaces for a given UE.

· For symbol level CORESET, NR supports a uniform distribution of the number of blind decoding among DL control channel monitoring occasions. 

4.2 Maximum number of blind decodings

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. 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, regardless of whether UE is configured with slot level or symbol level CORESET for DL control channel. 

As discussed in [6], two DCI format sizes are preferable for NR, where one small-size grant can be used for paging, RAR and system information and one large-size grant is defined to support other remaining purposes. The mechanisms can help in achieving an appropriate trade-off between signaling overhead, performance and blind decoding reduction.  

Proposal 5:
· 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.

4.3 UE specific search space configuration

As mentioned above, slot or symbol level CORESET can be configured for DL control channel monitoring. To minimize specification and implementation effort, it is more beneficial to define a unified search space regardless of slot or symbol level CORESET, including the supported aggregation levels, and the number of blind decoding in each aggregation level. 

For the split of the number of blind decoding attempts among slot or symbol level CORESET, a subset of UE specific search space can be configured 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 [7], 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. 

Proposal 6:
· It is preferable to define a unified search space regardless of slot or symbol level CORESET to minimize specification and implementation effort.

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

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

5 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 in resolving 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 CCEs 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 to 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 the symbol-index within a slot. In this regard, UE specific search space can vary in each PDCCH monitoring occasion that may be configured with periodicity less than a slot duration in order to avoid DL control channel for multiple UEs from continuously colliding in every mini-slot, as illustrated in Figure 12. 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 12. UE specific search space in CORESETs in different mini-slots
Proposal 7:
· PDCCH candidates in a UE specific search space are randomized across CORESETs.
· The hashing function used for the randomization may include either slot-index or symbol-index.

6 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
Proposal 2: 

· Downlink control channel monitoring is configured per search space from a UE perspective

· Slot level downlink control channel monitoring can be supported by either or both of the following approaches

· DL control channel monitoring occasions using a periodicity and an offset defined w.r.t. SFN #0, slot#0.

· DL control channel monitoring occasions using a hashing function based on UE ID and NW configured parameter

· There can be additional symbol level offsets for the control channel monitoring considering LTE-NR coexistence
Proposal 3: 

· Symbol level downlink control channel monitoring can be supported by either or both of the following approaches

· DL control channel monitoring occasions using a periodicity and an offset defined w.r.t. slot#0 (and SFN #0).

· DL control channel monitoring occasions using a hashing function based on UE ID and NW configured parameter

· First two symbols may not be used for control channel monitoring if the slot is LTE MBSFN subframe.
Proposal 4:
· For slot level CORESET, NR supports split of the number of blind decodings among different CORESETs and search spaces for a given UE.

· For symbol level CORESET, NR supports a uniform distribution of the number of blind decoding among DL control channel monitoring occasions. 

Proposal 5:
· 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.

Proposal 6:
· It is preferable to define a unified search space regardless of slot or symbol level CORESET to minimize specification and implementation effort.

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

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

Proposal 7:
· PDCCH candidates in a UE specific search space are randomized across CORESETs.

· The hashing function used for the randomization may include either slot-index or symbol-index.
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Agreements in RAN1 #86bis:


UE-specific DL control information monitoring occasions at least in time domain can be configured





Agreements (RAN1 NR Adhoc):


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








Agreements (RAN1 #88):


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.





Agreements in RAN1 #88bis:


UE can be configured to “monitor DL control channel” in terms of slot or OFDM symbol with respect to the numerology of the DL control channel


Specification supports occasion of “DL control channel monitoring” per 1 symbol with respect to the numerology of the DL control channel


Note: This may not be applied to all type of the UEs and/or use-cases


FFS whether or not total number of blind decodings in a slot when a UE is configured with “DL control channel monitoring” per symbol can exceed the total number of blind decodings in a slot when a UE is configured with “DL control channel monitoring” per slot


Data channel (PDSCH, PUSCH) duration and starting position


Specification supports data channel having minimum duration of 1 OFDM symbol of the data and starting at any OFDM symbol to below-6GHz, in addition to above-6GHz


Note: This may not be applied to all type of UEs and/or use-cases


UE is not expected to blindly detect the presence of DMRS or PT-RS


FFS: Whether a 1 symbol data puncturing can be indicated by preemption indication


FFS: combinations of data duration and granularities of data position


Specification supports data having frequency-selective assignment with any data duration


FFS: relations between “DL control channel monitoring” occasions and data channel durations


Note: this is addition to the agreements at RAN1#86.


Note : 1-symbol case may be restricted depending on the BW.
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