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Introduction
As per the guideline provided by RAN-P #80, it is agreed to investigate the eURLLC L1 improvements to enable the important use cases such as factory automation, AR/VR, etc. One of the topics of interest is PDCCH enhancement and includes the following areas:
· PDCCH enhancements: Study focus on Compact DCI, PDCCH repetition, increased PDCCH monitoring capability 

In this paper, we investigate different schemes for improving PDCCH reliability, analyze their necessity for proper eURLLC operation, and identify the ones that should be more carefully looked at. This contribution paper explores the following areas:
· Enhanced PDCCH monitoring for fast DL/UL scheduling 
· Compact DCI and eURLLC-specific DCI formats 
· PDCCH repetition.
· PDCCH-less transmission for supporting periodic traffic types
PDCCH Enhancements for eURLLC Operation
Enhanced PDCCH Monitoring for Fast DL/UL Scheduling
For meeting the URLLC latency requirement (e.g. 1ms), it is essential for the system to provide the UEs with frequent scheduling occasions. Otherwise, each packet may first experience a long queueing delay before being scheduled. Equivalently, a URLLC UE should be able to monitor PDCCH frequently, e.g., with a 2-symbol granularity. To accomplish this task, the number of CCEs and blind decodes per PDCCH monitoring occasion should be such that: (1) an appropriate ALs can be accommodated for ensuring PDCCH reliability, (2) there is sufficient capacity to schedule both DL and UL in the same occasion, and (3) the UE’s complexity is manageable.    
In Rel. 15 NR, two PDCCH monitoring cases are defined as follows:
Agreements:
•       Case 1: PDCCH monitoring of all SS sets that are monitored in a slot occurs within 3 consecutive OFDM symbols that have fixed positions in each slot
• Case 1-1: PDCCH monitoring on up to three OFDM symbols at the beginning of    a slot
• Case 1-2: PDCCH monitoring on any span of up to 3 consecutive OFDM symbols of a slot
•     For a given UE, all search space configurations are within the same span of 3 consecutive OFDM symbols in the slot
• Case 2: PDCCH monitoring other than Case 1
• Note: this includes the PDCCH monitoring of up to three OFDM symbols at the beginning of a slot 

Focusing on the DL direction and considering that completing two transmissions within the latency budget of 1ms is critical for an efficient operation, we analyze the achievable latency under Case 1-1 and Case 2 with different number of monitoring occasions as follows (Note that in the analysis below, we have assumed multiple HARQ-ACK reporting per slot is allowed):  
· Case 1-1 with SCS = 30KHz, N1 = N3 = 4.5 symbols and a half-symbol propagation delay:




Figure 1: eURLLC latency assuming one PDCCH monitoring occasion per slot (Case 1-1).

· Case 2 with SCS = 30KHz, N1 = N3 = 4.5 symbols, a half-symbol propagation delay and four monitoring occasions per slot:



Figure 2: eURLLC latency assuming four PDCCH monitoring occasion per slot (Case 2).

· Case 2 with SCS = 30KHz, N1 = N3 = 4.5 symbols, a half-symbol propagation delay and seven monitoring occasions per slot:



Figure 3: eURLLC latency assuming seven PDCCH monitoring occasion per slot (Case 2).

Observation 1: For eURLLC with stringent latency requirements, a frequent PDCCH monitoring, e.g., in units of every 2, is necessary.  
Next, it is essential to see whether the Rel. 15 limitations on the number of blind decodes and non-overlapping CCEs allow for enabling frequent eURLLC scheduling. Currently, the number of BDs/non-overlapping CCEs in a given slot of a CC is given separately for each SCS. The CCE limit determines the number of non-overlapping candidates of different aggregation levels for a given UE. As an example, the number of non-overlapping CCEs per slot for SCS = 15KHz and 30KHz is 56. Considering the 2-symbol PDCCH monitoring occasion, 8 CCEs per occasion of a given slot can be assumed. Hence, it is important to investigate whether PDCCH reliability can be achieved via DCI transmission over a candidate of AL = 8. 
To do this, we compare the BLER performance between two DCI sizes, 40bits plus CRC and 30 bits plus CRC, for PDCCH aggregation levels 8 and 16 under TDL-C and TDL-A channel models. The UE speed of 3Kmph, 2Tx ports and 4Rx ports are assumed. The simulation results are shown in Figures 4 and 5. 
[image: ]
Figure 4: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-C channel with 2Tx/4 Rx.
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Figure 5: Performance comparison between different DCI sizes (30 bits vs 40 bits) for TDL-A channel with 2Tx/4 Rx.
As the link-level evaluation results illustrate, PDCCH BLER of 10^-6 can be achieved using a candidate of AL = 8 at SNR of -5dB for TDL-C channel model and at SNR of -4dB for TDL-A channel model. Hence, from a single UE PDCCH performance, the number of CCEs is sufficient. 
Observation 2: Considering the PDCCH payload size of 40+CRC bits and AL = 8, the BLER of 1e-6 is achievable at a SNR range of below -3dB. 
However, for applications that the UL and DL grants should be sent simultaneously, or in general, to provide more flexibility for the gNB scheduler, the possibility of increasing the number of BDs/CCEs can be considered. In addition, depending on how the intra-UE multiplexing of different traffic types is implemented, the UEs capable of supporting both eURLLC and eMBB traffics may need to handle a larger number of BDs/CCEs. 
It should also be noted that increasing the BD/CCE limit for URLLC, if possible, may require other relaxations. As an example, URLLC could use a smaller number of CCs as compared to the eMBB operation; hence, although the number of BDs/CCEs per serving cell might be increased, the overall value is still smaller than that the eMBB user can support across all CCs. Another important constraint could be to limit the number of BDs/non-overlapping CCEs per monitoring occasion; as such, even though the total number of BDs/CCEs per slot is increased, the UE’s processing burden for decoding PDCCH the can be made manageable. As another example, for a UE that supports both eMBB and URLLC operations, similar to relaxations introduced for LTE eCA and LTE sTTI, the number of BDs/CCEs should jointly be managed for both operations across the configured cells.
[bookmark: _Hlk525923710]Proposal 1: To enable fast scheduling for eURLLC, RAN1 considers the feasibility of increasing the number of BD/CCE limit. The required conditions and relaxations should be studied. 

Compact DCI and eURLLC-Specific DCI Formats
As mentioned in the preceding section, the link-level evaluation results illustrate that assuming the AL = 8 and a fallback DCI size, the BLER of 1e-6 can be achieved at SNR = -4dB and SNR = -5dB under the TDL-A and TDL-C channel models, respectively. Hence, from a single UE’s point of view, there is no need to further reduce the DCI size.
[bookmark: _Hlk525923718]Observation 3: For eURLLC, from a single UE perspective, to achieve the PDCCH BLER target of 1e-6, there is no need to reduce the DCI size below that of the fallback DCI.
Instead of reducing the DCI size, some of the information fields in the fallback DCI can be removed, or the field sizes can be reduced, such that more specific fields for URLLC can be added. This approach is beneficial since the fallback DCI is designed specifically for “fallback” purposes.  As a result, it only supports very basic transmission schemes. To meet the stringent latency and reliability requirements of URLLC, more advanced transmission/scheduling schemes are needed, which require some additional signaling fields besides the signaling fields that are present in the fallback DCI. More specifically, the addition of the following three fields can be considered: 
· Carrier indicator
To optimize the URLLC system capacity, it is essential to make sure URLLC UL and DL can be transmitted at any time. However, for TDD, this may be fundamentally infeasible due to the half-duplex nature. To allow for scheduling data at any time without delay, supporting carrier aggregation for URLLC is of critical importance. Especially, for control channel, it is highly desirable to be able to schedule data on TDD/FDD band from FDD based control channels, such that URLLC transmission may be dynamically FDM’ed to reduce latency. To enable cross-carrier scheduling, the carrier indicator field (CIF) is needed in the compact DCI. 

For DCI format 0_1 and 1_1, the bit-width for CIF is 3 bits. However, 3 bits may be too large an overhead for the compact DCI. To strike a good tradeoff between control scheduling granularity and control overhead, it is preferable to reduce the bit-width of CIF in the compact DCI to 1 or 2 bits.  

· Rate-matching indicator 
To meet the 1ms latency, URLLC is likely to operate over mini-slots of smaller duration, e.g., 2 or 4 symbols. In this case, it is beneficial to let the PDSCH utilize all available resources in the mini-slot that are not occupied by PDCCH or other channels. To achieve this goal, we propose to include the rate-matching indicator field in the URLLC downlink compact DCI.

· Waveform indicator
For uplink URLLC transmission, it is beneficial to allow the UE to dynamically switch the waveform between CP-OFDM and DFT-s-OFDM. Semi-static waveform configuration might be too slow for URLLC. Therefore, the waveform indicator field can be included in the URLLC uplink compact DCI.  

· A-CSI triggering via DL grant
CSI reporting can be triggered either explicitly by the DL grant or could be triggered implicitly. Details are discussed in [1].  

Reducing the size or removing an information field does not necessarily mean that such information is not conveyed to the UE. In fact, instead of being dynamically indicated by a DCI, such information can be indicated either semi-statically via RRC signaling or implicitly.
[bookmark: _Hlk525923869]Proposal 2: Some information fields of the fallback DCI formats can be resized such that more specific fields for eURLLC can be added. 

PDCCH Repetition
The PDCCH repetition can be envisioned in two ways: (1) the same DCI is sent multiple times, but the UE is not required to combine different copies for decoding, or (2) the same DCI is sent multiple times (PDCCH can be repeated over multiple (re-)transmissions in the same HARQ instance), but at each decoding attempt, the UE is expected to combine PDCCHs that might have been sent in different dimensions for larger processing gain.
Under the first approach, it is only sufficient for the UE to decode one of the many PDCCH copies. Hence, diversity gains may be realized. The second approach, however, is more complicated and calls for more complex operations at the UE. Specifically, for decoding a PDCCH at a given occasion, the UE should be able to combine each candidate with a set of PDCCH candidates at other occasions. Besides requiring a more buffering capacity, the number of BDs needed for decoding a given PDCCH could also be increased. 
During the past meetings, two reasons have been mentioned for supporting PDCCH repetition: (1) enhancing PDCCH performance, and (2) reducing PDCCH blocking. Considering a single TRP/TCI state, assuming LLR combining and DMRS combining across the repetitions, the PDCCH performance with repetition is the same as assigning a candidate of a larger aggregation level. Further, blind PDCCH repetition cannot reduce the PDCCH blocking; a candidate of AL X consumes the same number of CCEs as n candidates of AL X/n. In other words, in terms of the achievable latency, both approaches are also the same. This is shown in the figures below.
In Figure 6, it is assumed that two UEs should be scheduled, and each UE requires 16 CCEs overall to achieve the PDCCH BLER target. It is further assumed that at each monitoring occasion, only 16 CCEs can be accommodated. Under case (a), UE1 is first scheduled via a candidate of AL = 16 at T = t1. Hence, the scheduling of UE2 should be delayed until T = t2. Under case (b), each user is assigned an AL = 8 in T = t1 and T = t2. Hence, both UEs can only decode their PDCCH only at T = t2. In terms of latency, both cases are identical. 


Figure 6: PDCCH transmission for two UEs with (a) AL = 16, and (b) AL = 8 with 2 repetitions.

In Figure 7, 3 UEs are considered. UE 1 requires 16 CCEs overall to decode PDCCH, while UE 2 and 3 each require 4 CCEs for PDCCH decoding. Within each control monitoring occasion, only 16CCEs can be accommodated. Under case (a), UE1 is scheduled first; hence, UE2 and 3 can only be scheduled at T = t2. This might be thought of as one example of PDCCH blocking due to assigning a large AL to a user. Instead, under case (b), if the PDCCH is sent via repeating 2 PDCCHs with AL = 8 for UE1 at T = t1 and t = T2, UE2 and UE3 can be scheduled at T = t1. However, repetition here does not reduce the blocking issue. This is because under case (b), the PDCCH for UE1 can only be decoded at T = t2. Hence, instead of repetition, a candidate of AL = 16 can be assigned to UE1 at T = t2. In particular, under both case (b) and (c), UE1 experiences the same latency for PDCCH decoding.



Figure 7: PDCCH transmission for 3 UEs at different PDCCH occasions. UE 1 requires 16 CCEs overall to decode PDCCH, while UE 2 and 3 each require 4 CCEs for PDCCH decoding.

[bookmark: _Hlk525924245]Observation 4: The PDCCH performance with n candidates of AL = X/n is an upper bounded by that of the single candidate with AL = X. 
Observation 5: The blind PDCCH repetition does not reduce blocking issue for PDCCH scheduling.
Proposal 3: To meet the eURLLC requirements, PDCCH repetition over a single TCI state is not needed.

PDCCH-Less Transmission for Supporting Periodic Traffic Types
For small data payload (e.g., 50 bytes), the PDCCH overhead can be significant (especially so since the downlink CRC alone has 24 bits). In addition, PDCCH errors results in additional packet errors. This motivates the need of PDCCH-free (control-less) downlink data transmission. In Rel. 15, the periodicity of NR UL with ConfiguredGrantConfig is reduced to 2 symbols. However, the smallest SPS periodicity for NR-SPS is 10ms, which is much larger than the minimum periodicity of 1ms for subframe-based LTE, and certainly much larger than that of the sTTI. To make DL SPS for URLLC competitive to that of the LTE/sTTI, it is natural to allow the same or shorter SPS periodicities than the ones supported in LTE/sTTI. Given that small periodicities are already allowed for NR UL SPS, we therefore propose the following:
Proposal 4: NR DL-SPS should at least support the same SPS periodicities as for the UL SPS (configured grants) for URLLC.
In Rel. 15 NR, the UE is expected to transmit an ACK once the SPS release DCI is detected. However, the UE does not send an ACK once the activation or re-activation DCI is detected. For URLLC applications with a stringent timeline, e.g., I-IoT with latency requirement of 1ms, setting up the SPS link as quickly and reliably as possible is essential. 
Currently, the gNB can only rely on the absence of the HARQ-ACK transmission (especially for the first PDSCH) to infer whether the SPS activation/re-activation message is received by the UE. This scheme, however, is not reliable and introduces additional latency for SPS configuration. Furthermore, missing UL SPS re-configuration by a UE can lead to intra-cell UL interference, e.g. UE continues to transmit with the previous allocation where a new UE is currently allocated, which can substantially reduce the reliability. We therefore propose the following:
Proposal 5: For some URLLC use cases, the UE can be expected to transmit an ACK once the SPS activation/de-activation DCI is detected. 
Conclusion
Observation 1: For eURLLC with stringent latency requirements, a frequent PDCCH monitoring, e.g., in units of every 2 or 4 symbols, is necessary.  
Observation 2: Considering the PDCCH payload size of 40+CRC bits and AL = 8, the BLER of 1e-6 is achievable at a SNR range of below -3dB.
Proposal 1: To enable fast scheduling for eURLLC, RAN1 considers the feasibility of increasing the number of BD/CCE limit. The required conditions and relaxations should be studied. 
Observation 3: For eURLLC, from a single UE perspective, to achieve the PDCCH BLER target of 1e-6, there is no need to reduce the DCI size below that of the fallback DCI.
Proposal 2: Some information fields of the fallback DCI formats can be resized such that more specific fields for eURLLC can be added. 
Observation 4: The PDCCH performance with n candidates of AL = X/n is an upper bounded by that of the single candidate with AL = X. 
Observation 5: The blind PDCCH repetition does not reduce blocking issue for PDCCH scheduling.
Proposal 3: To meet the eURLLC requirements, PDCCH repetition over a single TCI state is not needed.
Proposal 4: NR DL-SPS should at least support the same SPS periodicities as for the UL SPS (configured grants) for URLLC.
Proposal 5: For some URLLC use cases, the UE can be expected to transmit an ACK once the SPS activation/de-activation DCI is detected. 
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