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Introduction
The basic NR DL control signaling framework has been specified including the PDCCH structure and most details of the CORESET configuration. This contribution first discusses some remaining issues on CORESET configuration and multi-beam PDCCH reception. Secondly, we address the PDCCH search space design including the number of PDCCH candidates and search space function. Note that some of these topics were addressed in several previous contributions [1] – [3] but are now revised and aggregated into the present contribution. 
Remaining details of CORESET configuration
A UE-specific CORESET can be configured by dedicated higher layer signaling with the following attributes, starting OFDM symbol, time duration, frequency domain resources, REG bundle size, the transmission type and monitoring periodicity. Some agreements were reached at RAN1 #90 in both scheduling and initial access sessions as follows,
Agreements:
· The CORESET used to schedule the PDSCH containing the RMSI can be configured to contain also UE-specific PDCCH(s)

Working assumptions:
· For slot-based scheduling, the first DMRS position either on 3rd symbol or 4th symbol is configured by [PBCH].
· Maximum time duration of a CORESET is 2 symbols if the first DMRS position of a PDSCH with slot-based scheduling is on 3rd symbol, and is 3 symbols otherwise
· This replaces the past working assumption linking DMRS position to bandwidth X

Agreements:
· For frequency location of CORESET for RMSI scheduling and NR-PDSCH for RMSI, 
· CORESET for RMSI scheduling and NR-PDSCH for RMSI does not have to be confined within the same BW of corresponding NR-PBCH
· Bandwidth for CORESET and NR-PDSCH for RMSI is confined within the UE minimum bandwidth for the given frequency band
· Discuss further whether NR supports FDM between SS/PBCH block and CORESET/NR-PDSCH
· CORESET is designed at least for TDM

Agreements:
· At least for initial access, RAR is carried in NR-PDSCH scheduled by NR-PDCCH in CORESET configured in RACH configuration
· Note: CORESET configured in RACH configuration can be same or different from CORESET configured in NR-PBCH

Several other parameters are still required to finalize the location of physical resources on which a UE monitors for PDCCH candidates. 

Configuration of CORESET for scheduling at least RMSI
It was agreed that details of the CORESET for scheduling RMSI would be at least partly signaled by the MIB. In general only essential system information should be included in the MIB to ensure reliable reception of PBCH throughout a cell. Similarly, only essential configuration parameters for this first CORESET scheduling RMSI – parameters that need to remain adaptable – should be explicitly signaled in the MIB. All other parameters can be fixed by specification. 

In one deployment scenario the RMSI CORESET associated with an SS block may be transmitted within the same time duration of the SS block in the SS burst set period. Figure 1 shows an example of two SS blocks transmitted within a first slot of a 5ms burst set interval for 15 KHz subcarrier spacing.  The monitoring occasion is exactly same as the SS block. This scenario targets analog beam sweeping, where the CORESET is transmitted on the same beam and same subset of symbols as the associated SS block. The time and frequency resources are fixed in the specification as an offset to the SS block. Other parameters such as the number of search space candidates and the CCE-to-REG mapping can be fixed in the specification, whereas the monitoring occasions are by definition according to the beam sweeping cycle. One drawback is that the UE only monitors for PDCCH scheduling RMSI according to the SS burst set duty cycle. Another drawback is that the CORESET BW and SS block BW must all fit within the minimum carrier BW, which may not be applicable for minimum carrier BW of 5MHz. 

[image: ]
[bookmark: _Ref489695977]Figure 1 Illustration of CORESETs transmitted within the associated SS block time duration

The RMSI CORESET does not have to be so tightly linked to the location of the location of the SS block, especially when digital TX beams are transmitted. A TDM approach may also be adopted where the CORESET can be mapped before or after the associated SS block. This second solution allows more flexibility for the network because in some cases the DL beams may simply be different digital beams and thus the RMSI CORESETs can be transmitted with different digital beams in the same set of OFDM symbols or different symbols for both digital/analog beams. 
Figure 2 shows the base patterns for SS block locations over a 2-slot span and the possible TDM locations of the associated RMSI CORESETs. In this illustration, it is assumed that the RMSI CORESET is located within the same slot as the SS block but this need not be the case.


[image: ]
[bookmark: _Ref492819215]Figure 2 Base patterns for candidate SS block locations and candidate locations of associated RMSI CORESETs


Note that for both solutions shown in Figure 1 and Figure 2, the time and frequency resource allocation for the CORESET can be defined as an offset with respect to the SS block. Given that the PBCH BW is 24 PRBs, the CORESET BW can be same or larger than the PBCH BW as long as it is confined within the minimum carrier BW specified for the band. Hence, to support different deployment scenarios, a set of L candidate locations can be defined by specification and a bit field of size  can be defined in the MIB to indicate an entry in the set. Preferably, the set would jointly signal all essential configuration parameters that should not be fixed by specifications to provide operational flexibility. 

Proposal 1: the configuration of the CORESET for scheduling RMSI is as follows
· A set of L candidate time-frequency resources characterized by the CORESET duration, bandwidth, and starting PRB/OFDM symbol as an offset to the associated SS block is defined in the specification. 
· 
A bit field of size bits is carried in the MIB and is a pointer to one of the L defined candidate CORESET resources
· Monitoring periodicity: FFS between the following alternatives
·  Option 1: Same duty cycle as the SS burst set cycle
· Option 2: The UE monitors for PDCCH scheduling RMSI in every slot at least until RMSI is received
· A different monitoring periodicity may be provided by RMSI
· Other parameters are defined in the specifications 
· Interleaved CCE-to-REG mapping
· REG bundle size of [6]

Configuration of additional CORESETs
It was agreed that RAR can be scheduled by PDCCH transmitted in a CORESET provided in the RACH configuration. It was also agreed that this RACH-linked CORESET can be same as the PBCH-signaled CORESET. One reason for these two CORESETs to be different is the monitoring periodicity. If a UE monitors for PDCCH scheduling RMSI with the same periodicity as the SS burst set cycle, this would not be appropriate for monitoring for RAR or PDSCH containing dedicated RRC signaling after RRC connection establishment. Thus, both CORESETs may have the same physical resources but different monitoring periodicities and search spaces.

Proposal 2: the MIB-signaled CORESET and the CORESET for monitoring RAR may be configured with same physical resources but different monitoring periodicities.

Additional CORESETs may be configured by dedicated RRC signaling. Monitoring occasions can be more flexible at slot level or mini-slot-level granularity depending on use case. Figure 3 depicts an example scenario where four CORESETs are configured at different time instances, but same frequency position, within a slot. This provides flexibility in scheduling data transmissions of different durations for handling different traffic types (e.g. eMBB and URLLC). 


[bookmark: _Ref490131581]Figure 3 Configuration of independent CORESETs in a slot.
Functionally, this is equivalent to configuring a single CORESET with multiple monitoring instances within a slot. In this case the monitoring periodicity for the CORESET is at mini-slot granularity. If the same number of PDCCH candidates is monitored in each PDCCH occasion of the slot, this is a more efficient configuration from a signaling overhead perspective. However, if the number of PDCCH candidates could be different in each PDCCH occasion it is equivalent to the first case shown in Figure 3 and it may be simpler to assume independent CORESET configurations. 

Proposal 3: depending on use case the monitoring periodicity can be defined per set of PDCCH candidates or per configured CORESET.

Another open issue for CORESETs not configured by MIB is the frequency resource allocation. It was agreed that the frequency-domain resources of a CORESET may be contiguous or non-contiguous. A straightforward way to achieve this is through an RBG-based bitmap allocation scheme similar to LTE DL RA Type 0. It was also agreed that each contiguous part of a CORESET is equal to or more than the size of a REG bundle in frequency. In our view it should be clarified that each contiguous part should consist of an integer multiple of REG bundles to ensure full utilization of the REGs contained in each contiguous portion of a CORESET. The RBG size can be the same as the bundle size or an integer multiple thereof.

Proposal 4: 
· Frequency domain allocation of resources for a CORESET configured by RRC signaling uses an RBG-based bitmap based on LTE DL RA Type 0.
· The bandwidth of each contiguous part of a CORESET is an integer multiple of the configured REG bundle size for same CORESET.

2.2 Other considerations for PDCCH multi-beam operation
It was agreed that a UE may monitor the PDCCH on multiple beams. This may be accomplished by configuring beam-specific CORESETs as shown in Figure 4(a). Note that the CORESETs may also be mapped on different OFDM symbols in case of analog beams. The CORESET configuration contains a QCL parameter associating the PDCCH DMRS antenna ports with a beam management RS. Alternatively, different beams may be used for different subsets of PDCCH candidates associated with a single CORESET as shown in Figure 4(b). In this case multiple QCL parameters are needed to associate different subsets of NR-PDCCH candidates with different beam management RS configurations.
The set of monitoring occasions can be configured independently for each DL beam. This allows the gNB to manage the average number of blind decodes in a slot when a UE is configured to monitor the NR-PDCCH on multiple DL beams.    


[bookmark: _Ref489696682]Figure 4 Illustration of beam-specific CORESETs
Proposal 5: A UE may be configured with one or more QCL parameters for a CORESET. The monitoring occasions for search space candidates associated with different QCL parameters can be configured independently.

In addition to monitoring PDCCH on different beams for robust PDCCH delivery it was also agreed that a UE may receive up to two unicast and dynamically scheduled NR-PDSCHs in a given BWP and CC from different TRPs. A likely configuration scenario is shown in Figure 5 for two TRPs operating on the same component carrier, where each TRP transmits a PDCCH and the corresponding PDSCH to a given UE.
[image: ]
[bookmark: _Ref489700450]Figure 5  Two TRPs transmit PDCCH scheduling independent PDSCHs to a UE
It was further agreed at RAN1 #90 that,

Agreements:
· The maximum supported number of NR-PDCCHs corresponding to scheduled NR-PDSCHs that a UE can be expected to receive in a single slot is 2 on a per component carrier basis in case of one bandwidth part for the component carrier
· FFS the case of multiple BWPs for the component carrier if supported
· (Working assumption) In this case, at most a total of 2 CWs over the scheduled NR-PDSCHs
· For multiple NR-PDCCH reception for scheduled NR-PDSCHs:
· FFS whether or not there is any impact on # of HARQ processes and/or soft buffer management
· FFS the mapping between PUCCH conveying ACK/NACK signalling and PDSCH
· Note: this topic is more suitable for discussion under scheduling/HARQ session

If a UE is explicitly configured to monitor for PDCCH from two different TRPs as shown in Figure 5, DL transmission is at least partly similar to DC. The UE would always independently monitor for PDCCH from each TRP. In contrast, if the UE is not explicitly configured to monitor (i.e. transparent operation), the UE does not know whether independent DCIs are transmitted as shown in Figure 5 or whether the same DCI is transmitted for robust PDCCH reception. In the latter scenario, a possible UE implementation may be to stop monitoring for DL assignments in a slot once a first PDCCH scheduling a DL assignment is detected. Therefore, explicit configuration is required to inform the UE that up to two PDCCHs scheduling PDSCH can be received in a slot

Proposal 6: a UE is configured to receive up to two PDCCHs scheduling PDSCH in a single slot for the active BWP in a given serving cell.

Details of Search Space design
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. 
Proposal 7: 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 8: for a CORESET configured by dedicated RRC signaling, the set of ALs to be monitored is explicitly indicated as part of the CORESET configuration. 

On blind decoding complexity 
It was agreed at RAN1 #NR_AH2 meeting that the UE blind decoding capability is known by the network. Subsequently a working assumption was agreed at RAN1 #90 as follows
Working assumptions:
· In the case when only CORESET(s) for slot-based scheduling is configured for UE, the maximum number of PDCCH blind decodes per slot per carrier is X
· The value of X does not exceed 44
· FFS the exact value of X
· FFS for multiple active BWP, multiple TRP, multiple carriers, multi beams
· FFS for non-slot based scheduling
· FFS numerology specific X

In LTE a UE is required to monitor for 16 PDCCH candidates per configured DCI payload size in the USS. Up to 3 payload sizes are possible including 0/1A, the DL TM-specific mode and UL MIMO, if configured. Accounting for the 4 candidates in the CSS over 2 payload sizes (1A and 1C) an LTE UE is required to perform up to 60 blind decodes in a single subframe. Thus, making the mild assumption that NR can support a DCI payload size that is common for both DL and UL transmission modes in addition to a possible fallback DCI format, it is reasonable to confirm the working assumption with the clarification that the maximum number of blind decodes for slot-based scheduling does not exceed 44 in a given active BWP.
Proposal 9: the maximum number of blind decodes performed in a given BWP for slot-based scheduling does not exceed 44.
Additional processing capability may be required if a UE monitors for PDCCH at more than one PDCCH occasion in a slot. This is required to support one or more of the following use cases: mini-slot data transmission durations, reliable PDCCH detection by transmitting same PDCCH on multiple beams, multi-TRP PDSCH reception and multiple active BWPs.
Regarding multiple active BWPs, our view is that this can be viewed similarly to CA operation with independent blind decoding capability per BWP.
If a UE is configured to receive PDSCH from multiple TRPs, the operation is akin to DC operation. For UE-specific DL assignments the UE does not have to monitor a CSS for the secondary TRP. Furthermore, the UE may be configured with the number of PDCCH candidates and DCI payload size to monitor for PDSCH transmitted from a secondary TRP. Similarly for monitoring PDCCH on multiple beams for robust PDCCH detection, the UE is configured with the number of candidates to monitor in each configured CORESET.
Finally, 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 should be possible to also consider the maximum number of blind decodes that can be supported by a UE both for the baseline case of slot-based scheduling and the additional capability required for more advanced features as enumerated above. In our view it would not be necessary to introduce separate signaling of blind decoding capability, i.e. implicit determination is feasible. 
Proposal 10: the blind decoding capability of a UE can be implicitly determined from other capability signaling, i.e. a UE does not explicitly signal its blind decoding capability to the network.  

Search space function
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 6 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.

[image: ]
[bookmark: _Ref481582128]Figure 6: 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 7. 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 7 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.

[image: ]
[bookmark: _Ref478030907]Figure 7: 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 8 for AL distributions obtained from LTE system level evaluations in [4] and [5]. 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.

[image: ][image: ]
[bookmark: _Ref478031348]Figure 8 Comparison of blocking probability for LTE and nested search spaces with different AL distributions

Some preliminary observations/conclusions that can be drawn from Figure 8 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 8.
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 9 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.
[image: ]
[bookmark: _Ref489537149]Figure 9 Comparison of blocking probability for LTE and nested search spaces with asymmetric AL distributions
 
Proposal 11: 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 remaining details of CORESET configuration, and overall PDCCH search space design including number of blind decodes and the search space function. We have the following observation
Observation: the maximum AL in NR can be determined from performance evaluations for above and below 6GHz scenarios.
Based on the discussion in this paper we have the following proposals:
1) Proposal 1: the configuration of the CORESET for scheduling RMSI is as follows
a. A set of L candidate time-frequency resources characterized by the CORESET duration, bandwidth, and starting PRB/OFDM symbol as an offset to the associated SS block is defined in the specification. 
i. 
A bit field of size bits is carried in the MIB and is a pointer to one of the L defined candidate CORESET resources
b. Monitoring periodicity: FFS between the following alternatives
i. Option 1: Same duty cycle as the SS burst set cycle
ii. Option 2: The UE monitors for PDCCH scheduling RMSI in every slot at least until RMSI is received
1. A different monitoring periodicity may be provided by RMSI
c. Other parameters are defined in the specifications
i. Interleaved CCE-to-REG mapping
ii. REG bundle size of [6]

2) Proposal 2: the MIB-signaled CORESET and the CORESET for monitoring RAR may be configured with same physical resources but different monitoring periodicities.

3) Proposal 3: depending on use case the monitoring periodicity can be defined per set of PDCCH candidates or per configured CORESET.

4) Proposal 4
a. Frequency domain allocation of resources for a CORESET configured by RRC signaling uses an RBG-based bitmap based on LTE DL RA Type 0.
b. The bandwidth of each contiguous part of a CORESET is an integer multiple of the configured REG bundle size for same CORESET.

5) Proposal 5 A UE may be configured with one or more QCL parameters for a CORESET. The monitoring occasions for search space candidates associated with different QCL parameters can be configured independently.

6) Proposal 6: A UE is configured to receive up to two PDCCHs scheduling PDSCH in a single slot for the active BWP in a given serving cell

7) Proposal 7: 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.

8) Proposal 8: For a CORESET configured by dedicated RRC signaling, the set of ALs to be monitored is explicitly indicated as part of the CORESET configuration. 

9) Proposal 9: The maximum number of blind decodes performed in a given BWP for slot-based scheduling does not exceed 44.

10) Proposal 10: The blind decoding capability of a UE can be implicitly determined from other capability signaling, i.e. a UE does not explicitly signal its blind decoding capability to the network.  

11) Proposal 11: 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
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