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Introduction
In RAN 1 meeting #103e, the following agreements for supporting NR from 52.6 GHz to 71 GHz were made[1]:Agreements:
Capture the following observations in the TR (Editorial modifications and changes to references can be made when capturing the observations in the TR):
· It was identified that the potential enhancements to PDCCH monitoring including potential limitation to UE PDCCH configuration, multiple PDSCH/PUSCH scheduling with a single DCI (using existing DCI formats or new DCI format(s)), spatial relation management for GC-PDCCH, capability related to PDCCH monitoring, and PDCCH coverage should be further investigated for higher subcarrier spacings, including the need for such enhancements.
· It was observed that PDCCH processing capabilities per multiple slots for larger SCS (e.g. 480 or 960 kHz) can maintain scheduling framework same as for smaller SCS (e.g. 120 kHz) when the UE is configured to monitor the PDCCH every multiple slots.
Agreements:
Capture the following observations in the TR (Editorial modifications and changes to references can be made when capturing the observations in the TR): 
· It was identified that new subcarrier spacing, if agreed, may require further investigation of multi-PDSCH/PUSCH scheduling and standardization, if needed. The following aspects should be at least investigated for multi-PDSCH/PUSCH scheduling:
· [bookmark: _Hlk61619403]whether to support a single TB and/or multiple TBs scheduled over multiple slots
· applicable DCI format(s) (including potential new formats, if needed) for multi-PDSCH and multi-PUSCH scheduling
· Enhancement on multiple beam indication and association with multiple PDSCH/PUSCH scheduling
· DM-RS enhancements such as DM-RS bundling, or changes to the time-domain pattern
· HARQ enhancements for multi-PDSCH
· Applicability of Rel-16 multi-PUSCH scheduling



In this contribution, we discuss several aspects of the PDCCH design for supporting NR on frequencies from 52.6 GHz to 71 GHz.

Supporting NR Operation from 52.6 GHz to 71 GHz 
Frequency bands above 52.6 GHz have several advantages such as limited interference, wider bandwidth, high-gain beamforming, multi-beam systems, etc. Therefore, use cases like eMBB with high data rate, short range D2D communications with high data rate, wireless display transfer for AR/VR, etc. can be enabled.
To support NR from 52.6 GHz to 71 GHz, operation on both licensed and unlicensed spectrum with a range of ultra-wide-bandwidth frequency bands needs to be considered. For example, the entire 57 GHz – 71 GHz frequency range is available in USA, providing 14 GHz of contiguous bandwidth. In addition, the 66 GHz to 71 GHz band was recently opened for licensed use in international telecommunications union (ITU) Regions 1 and 3.  
In RAN1 #103e meeting, subcarrier spacings (SCS) of 120 KHz, 240 KHz, 480 KHz and 960 KHz (i.e.,  3, 4, 5 and 6 respectively) for NR operation both for licensed and unlicensed bands from 52.6 GHz to 71 GHz has been agreed [1].  When the larger SCSs/numerologies are introduced, the duration of slot in a subframe will be decreased accordingly. Due to the limited PDCCH processing capability, the number of monitored PDCCH candidates and the number of non-overlapped CCE per slot are expected to be decreased for the higher SCSs/numerologies (e.g. SCS = 480 KHz, 960 KHz, etc.) scenarios in frequency range greater than 52.6 GHz. Therefore, the decreased number of PDCCH candidates and CCEs per slot may limit the scheduling flexibility. Besides, monitoring every slot for PDCCH becomes too frequent and may consume too much UE power in higher frequency range. Besides, link budget reduces roughly by 3dB when the subcarrier spacing doubles. Therefore, PDCCH coverage is degraded when the higher SCSs/numerologies are introduced for NR 52.6 GHz and above.   
In the following sections, we discuss the PDCCH monitoring for NR operation from 52.6 GHz to 71 GHz. 
1.1 PDCCH monitoring for NR form 52.6 GHz to 71 GHz
Due to the limited PDCCH processing capability, the number of monitored PDCCH candidates and the number of non-overlapped CCE per slot are expected to be decreased for the higher SCSs/numerologies (e.g. SCS = 960 KHz). To meet the scheduling requirement as the lower SCSs/numerologies, one approach is to monitor PDCCH in every slot like Rel-15/16. However, this kind of configuration may consume lots of power for a UE especially with the higher SCSs/numerologies for NR from 52.6 GHz to 71 GHz. 
Like Rel-16 URLLC PDCCH monitoring span (X, Y) definition, it can be extended to the mobile broadband (EMBB) service for NR from 52.6 GHz and above with few modifications. The PDCCH monitoring span (X, Y) for higher SCS/numerology (e.g. SCS 960 kHz) where the first number X is the number of slots between the beginning of two consecutive monitoring occasions, the second number Y is the number of slots or symbols needs to be monitored in a monitoring occasion.  Rel-16 PDCCH/DCI span, it supports limited span like (X, Y) = (2, 2), (4, 3), and (7, 3). Note in Rel-16, the value of X and Y is based on units of symbols. Therefore, the X and Y supported in Rel-16 may not be suitable for NR from 52.6 GHz and above. For NR from 52.6 GHz and above, the duration per span may be across several slots to meet the scheduling requirement due to the number of PDCCH candidate and nonoverlapping CCEs being reduced per slot. The UE can be configured by gNB to monitor PDCCH with the maximum number of PDCCH candidates and nonoverlapping CCEs defined per slot as in NR Rel-15/16 or defined per span for the maximum number of PDCCH candidates and non-overlapping CCEs defined per span. An example of a PDCCH monitoring span shown in Figure 1. In Figure 1, we assume a configuration of PDCCH monitoring span for SCS = 960 KHz. For this example, let a span (X=4, Y=4) is configured, note the unit for X and Y can be either based on number of slots or symbols. it means there are PDCCHs need to be monitored in Y=4 slots/56 symbols and each PDCCH monitoring occasion are separated by X=4 slots/or 56 symbols.


[bookmark: _Ref61628068]Figure 1: An exemplary PDCCH monitoring span for NR from 52.6 GHz to 71 GHz.
Proposal 1. PDCCH monitoring can be either based on per slot as Rel-15/16 or per span for NR from 52.6 to 71 GHz.  
1.2 New compact DCI format for NR from 52.6 GHz to 71 GHz  
When operating at higher carrier frequencies like 52.6 GHz and above, larger antenna array with higher number of antenna elements is used at gNB. In practice, the larger is the number of antenna elements used, the higher are the antenna gains, and the narrower are the beams (or smaller beam width). For higher antenna gains, only fewer UEs can be covered by the same beam due to the narrower beam width. Since less UEs can be multiplexed in frequency domain resource within a OFDM symbol, the transport block (TB) can be occupied most of resource elements (REs) in a OFDM symbol for higher SCS. Therefore, frequency domain resource assignment can be further utilized, and we may consider a compact DCI format for NR from 52.6 GHz to 71 GHz because some of DCI field can be reduced for further optimization. Like some of bit field in DCI format 1_0/1_1 can be further reduced such as the frequency domain resource assignment (FDRA) and/or the time domain resource assignment (TDRA), etc. can be reduced for new compact DCI format 1_x design for NR from 52.6 GHz to 71 GHz. 
There are several advantages to reduce the DCI format payload size for NR from 52.6 GHz and above. The first reason is to enhance the coverage and increase the reliability for DCI reception. A DCI format with a smaller payload achieves better reliability and coverage than the normal DCI (e.g. DCI format 1_0/1_1) with the same aggregation level (AL). The second reason is to reduce PDCCH blocking probability and enhance the scheduling flexibility. This is because DCI with less size consumes less PDCCH resources and a lower AL may be applied so the probability that PDCCH can be transmitted in the nearest CORESET after the arrival of data. The third reason is to reduce the decoding complexity and potentially save UE power consumption. Also, the presence of a new compact DCI format 1_x as the compact format may increase the number of BDs for a UE (note: number of BD for a UE = number of PDCCH candidates multiply by the number of DCI format sizes). Therefore, like compact DCI for URLLC in Rel-16, a new compact DCI format 1_x can be proposed for NR from 52.6 GHz to 71 GHz. Plus, gNB can configure the UEs to monitor only the compact DCI format 1_x instead of DCI format 0_0/1_0 and 0_1/1_1 so that the total number of blind decodes won’t increase for a UE. In addition, gNB may dynamically or semi-statically switch between the DCI formats that are supposed to be monitored by the UE. For example, gNB may transmit MAC-CE to switch the monitoring of DCI format 0_0/1_0 or 0_1/1_1 to DCI format 1_x.
Proposal 2. A new compact DCI format 1_x for large numerology/SCS like 480 KHz and above should be studied for NR operation from 52.6 to 71 GHz.  
1.3 [bookmark: _Ref61638545]Single DCI schedule multiple PDSCHs for NR from 52.6 GHz to 71 GHz
Single DCI can schedule multiple PDSCHs as shown in Figure 2. In Figure 2, a DCI schedule multiple (e.g. two) PDSCHs. In this example shown in Figure 2, the PDCCH monitoring frequency is reduced, thus it can reduce PDCCH decoding efforts for a UE. However, some DCI field like HARQ process number, TB indication, New data indicator and Redundancy version, etc. may not be shared for each scheduled PDSCH. If the single-to-multiple scheduling DCI format (e.g. DCI format 1_y) with the DCI size is large (e.g. DCI > 120 bits) which it requires a larger CCE aggregation level, then PDCCH blockage may become higher thus degrading the scheduling performance. Therefore, PDCCH blockage needs to be avoided for single-to-multiple scheduling PDSCHs scenario.        

 
[bookmark: _Ref61633007]Figure 2: Single DCI schedule multiple (e.g. two) PDSCHs.
Proposal 3. To avoid PDCCH blockage issue when single DCI scheduling multiple PDSCHs, the size of DCI format should be studied. 

1.4 Single DCI schedule multiple PDSCHs across component carriers for NR from 52.6 GHz to 71 GHz  
A single DCI schedules multiple PDSCH across component carriers is one of the study items (SI) in Rel-17. In this SI, it targets to the dynamic spectrum sharing (DSS, i.e., NR and LTE spectrum sharing) in the frequency range 1 (FR1) application and it limits the maximum number of scheduled CC(s) as two. However, the scope of this SI does not consider some properties like larger SCS/numerologies, much wider bandwidth, etc. for NR from 52.6 GHz to 71 GHz. For example, as shown in Figure 3, a UE may be configured with a cell group (intra-band CA) with the aggregated channel bandwidth  GHz. In Figure 3, two intra-band component carriers (CCs)/cells are aggregated in a WiFi 802.11ad/ay channel. Each CC’s channel BW is configured as 1600 or 2000 MHz with /SCS = 480 KHz or /SCS = 960 KHz. The aggregated CCs are within a frequency range of WiFi 802.11 ad/ay channel number 2 from 59.4 GHz to 63.72 GHz. To reduce PDCCH 
Therefore, some enhancement can be studied from Rel-17 SI single DCI schedule multiple PDSCHs across CC(s) and applied for NR from 52.6 and above. 


Figure 3: Single DCI schedule multiple (e.g. two) PDSCHs.
Like the case that a single DCI scheduling multiple PDSCHs in a serving cell, there are several advantages to introduce a single DCI format scheduling multiple PDSCHs across multiple CCs for NR from 52.6 – 71 GHz. One of the major benefits is to enhance the scheduling flexible because less DCIs are transmitted especially slots duration is getting shorter for NR from 52.6 GHz and above.  One example of a single DCI scheduling multiple PDSCH across multiple CCs are shown in Figure 4. In Figure 4, we assume there are two CCs are carrier aggregated in a cell group. gNB may signal the COT and LBT results to a UE, then the UE may only monitor PDCCH in a CC (e.g. CC 1). The UE does not need to monitor PDCCH from the other CCs in the same cell group thus it can save power consumption. One thing is worth to note that a single DCI schedule multiple PDSCHs across CCs is not impact by whether support of listen-before-talk (LBT) or not. In addition, a single DCI schedule multiple PDSCHs across multiple CCs can share the design of single DCI schedule multiple PDSCHs discussed in subsection 2.3. 


[bookmark: _Ref33360524]Figure 4: An exemplary for aggregated channel BW for (a) 2 GHz (b) 4 GHz with SCS = 120 KHz and assuming the maximum  MHz.
Proposal 4. Single DCI schedule multiple PDSCH across multiple CCs should be studied for NR operation from 52.6 to 71 GHz.  

Conclusions
In this contribution, we discussed the fundamental aspects of PDCCH monitoring for supporting NR from 52.6 to 71 GHz. The following proposals were made:
Proposal 1. PDCCH monitoring can be either based on per slot as Rel-15/16 or per span for NR from 52.6 to 71 GHz.  
Proposal 2. A new compact DCI format 1_x for large numerology/SCS like 480 KHz and above should be studied for NR operation from 52.6 to 71 GHz.  
Proposal 3. To avoid PDCCH blockage issue when single DCI scheduling multiple PDSCHs, the size of DCI format should be studied. 
aggregation should be studied for NR operation from 52.6 to 71 GHz.  
Proposal 4. Single DCI schedule multiple PDSCH across multiple CCs should be studied for NR operation from 52.6 to 71 GHz.  
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