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1. Introduction
In the TSG-RAN#80 plenary meeting, the scope of the new SID on physical layer enhancements for NR URLLC was defined for Rel16 [1]. In our companion contribution [2] on PDCCH enhancements we have evaluated the Rel15 performance when being applied on the use cases that are prioritized for Rel16. It is found that the support of multiple users in a cell, as it would be needed for the Transport Industry or for Electrical Power Distribution, is not possible in an efficient manner. The underlying reason is PDCCH blocking. PDCCH repetition in the time domain can be an effective scheme to reduce the impact of blocking. Instead of a single PDCCH transmission with a high CCE aggregation level, the PDCCH transmission is split into two parts, each with half the aggregation level. This gives the scheduler more flexibility to allocate PDCCH resources and it also gives the option to cancel the subsequent repetition in case the DCI is decoded correctly already after the first transmission.   
This paper focuses provides more details on the design options for PDCCH repetition. 
2. [bookmark: _Ref129681832]PDCCH repetition discussion
2.1 PDCCH repetition scheme – Frequency domain vs. Time domain repetition 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]One option that has been brought up in earlier meetings is to perform PDCCH repetition in the frequency domain. In our view, within the same carrier, this can also be achieved by configuring a suitable CORESET and then using a higher AL. Across multiple carriers, an extra frequency diversity gain could be achieved, but this would require further study including a careful evaluation of the underlying assumptions in various use cases. 
In our view, the PDCCH repetition in the time-domain scheme that is suited to address the new URLLC requirements from the identified use cases for Rel16. It should have the higher priority. For URLLC, such an approach can be implemented across multiple symbols within one slot. It combines several benefits:
· It provides more flexibility for the PDCCH scheduling than using a higher AL, thus reducing possible PDCCH blocking.
· Each PDCCH may schedule a separate PDSCH allowing further improvements on spectral efficiency by soft-combining the data transmissions as explained in [3].    
· In many cases the reception of the first PDCCH is sufficient, an early UE feedback to terminate subsequent PDCCH transmissions would further improve the overall latency and spectrum utilization.
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]According to the analysis in [2], PDCCH repetition in the time domain improves the overall system performance and should be supported. 
2.2 Description of the PDDCH repetition scheme
The new identified use cases for Rel16 require multiple URLLC users to be served. In [2] it has been shown that due to PDCCH blocking this cannot be supported efficiently. PDCCH repetition in the time domain can serve as a tool to decrease the load on the PDCCH. One transmission of a high AL is replaced by multiple transmissions of a lower AL.  For lower ALs it is simpler for the scheduler to find available resources. With the introduction of fast UE feedback, after a successful PDCCH detection, the transmission of sub-sequent repetitions can even be cancelled which would further improve the resource efficiency. 
During the Release 15 discussions, several options for PDCCH repetition have been brought up. These options have different advantages and disadvantages in terms of performance and complexity. They are summarized below:
Table 1 – Overview about different schemes for time-domain PDCCH repetition
	Scheme
	Description
	Complexity
	Performance

	No PDCCH combining, 
PDCCHs point to the same PDSCH
	[image: ]
	· Least complexity, 
· no spec impact
	· Can increase the reliability in case of interference that is confined to symbols.
· In case of correlated channels, reliability is decreased compared to high using one PDCCH with a higher AL.
· Latency might be increase since PDSCH is scheduled after the last PDCCH

	PDCCH combining, PDCCHs point to same PDSCH
	[image: ]
	· More BD is required due to PDCCH combining, 
· Earlier PDCCHs need to be buffered
	· Can increase the reliability in case of interference that is confined to symbols.
· In case of correlated channels, reliability is comparable to high using one PDCCH with a higher AL
· Latency might be increase since PDSCH is scheduled after the last PDCCH

	No PDCCH combining, PDCCHs point to their own  PDSCH
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	· Low complexity 
· Little spec impact
	· Can increase the reliability in case of interference that is aligned with symbols.
· In case of correlated channels, reliability is decreased compared to high using one PDCCH with a higher AL
· Low latency

	PDCCH combining
Possible PDSCH combining
PDCCH ack
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	· Some Specification impact
· More BD
· PDCCH buffering
	· Can increase the reliability in case of interference that is confined in symbols.
· In case of correlated channels, reliability is comparable to high using one PDCCH with a higher AL
· Low latency
· Efficient resource utilization. Subsequent PDSCH/PDCCH can be cancelled, releases PDCCH resources



In our view, the best performance with still controllable implementation costs is achieved by combining 3 features, i.e. by the option described in the last row of Table 1 above:
· Repeated transmission of PDCCH/PDSCH pairs
· Possibility for fast UE feedback after the first PDCCH transmission     
· Possibility for soft-combination of both control and data channels
Multiple pairs of PDCCH/PDSCH are transmitted during different OFDM symbols within a slot. The UE performs blind detection on the first PDCCH. If it detects a scheduling DCI, it may send a PDCCH-ACK, a normal HARQ-ACK or an A-CSI report that can be regarded as an implicit ACK. Upon reception of the UE feedback, the gNB can then omit the subsequent PDCCH transmission(s) and it may also adjust the power of the following PDSCH transmissions. The UE will start its PDSCH reception based on the information provided by the first DCI. If no DCI is found, the UE will attempt to decode the next PDCCH candidate position. Optionally, it could also perform a soft combination with previous candidates to improve the detection reliability. 
The PDSCH reliability and spectral efficiency can also be further increased by also allowing to soft-combine the multiple instances. This is described in detail in our companion contribution about blind HARQ-less DL-SCH operation [4].   
Different aspects of the envisioned scheme are discussed in more detail below: 
2.2.1 Fast UE feedback
[bookmark: OLE_LINK4][bookmark: OLE_LINK7]Between two PDCCH repetition occasions, there is the possibility for instant UE feedback, such as A-CSI, PDCCH-ACK/NACK or a normal HARQ-ACK from the PDSCH decoding. For example, if ACK is received between two PDCCH/PDSCH pairs, the gNB can omit the transmission of the second PDCCH/PDSCH pair and the resource overhead is reduced. A fast A-CSI report triggered by one PDCCH can also be viewed as an implicit ACK for the PDCCH. Upon the reception of the A-CSI report at the gNB, the gNB may stop the following PDCCH repetition and may also adjust the power settings of the subsequent PDSCH transmission. From this perspective, PDCCH repetition over multiple PDCCH monitoring occasions is beneficial and would further improve the link level and system performance in terms of resource utilization. Also, PDCCH repetition in time domain can shorten the latency when the first PDCCH transmission already is successfully decoded.    
Observation 1: A fast feedback scheme for the PDCCH/PDSCH between PDCCH/PDSCH pairs in time domain can save PDCCH overhead and can improve the PDSCH reliability, it increases the overall system performance. 
Proposal 1: A fast UE feedback mechanism upon reception of the PDCCH and/or PDSCH shall be supported. 
2.2.2 PDCCH repetition and PDCCH combination
PDCCH repetition configuration:
Whether PDCCH repetition in time domain is supported or not should be UE configurable. If supported, to reduce the UE complexity, the UE should know the repeated DCI format, the corresponding AL and the number of repetitions. Also in order to reduce complexity, the AL and the frequency resource allocation could be the same for all transmissions and the maximum number of repetitions can be derived implicitly from the configured AL.
Proposal 2: PDCCH repetition is UE specific configurable.
PDCCH soft-combining:
In order to obtain the maximum benefit of the PDCCH repetition, PDCCH soft-combining of the different transmissions should be supported. During Rel15, concerns were raised regarding the implementation complexity of PDCCH soft-combination. It has been argued that previous candidates have to be buffered and that the number of blind decodes would be increased. We acknowledge these concerns and therefore propose restrictions on the repetition scheme, e.g. that repetitions always are done with the same AL and are using the same frequency resources. In our view, the extra processing complexity is controllable and fully acceptable to reach the envisioned performance goals for URLLC.       
We see three aspects to be addressed for PDCCH soft combining:
(1) When does UE need to combine the PDCCHs: If a UE does not detect a PDCCH in any monitoring occasion, then there are two possible reasons: One is that no PDCCH has been sent and the other is that all PDCCHs are missed. Only for the second case, the UE needs to buffer the PDCCH candidates and perform soft combining. A simple tool that can help the UE two distinguish these two cases is to scan for the UE specific PDCCH DMRS. If the DMRS is detected, then a PDCCH has been transmitted and the UE may buffer the corresponding candidate for later soft combining, if it fails to instantly decode the PDCCH during the initial attempt. Only for this case, the PDCCH has to be buffered. 
Observation 2: UE specific DMRS for PDCCH can be used to relax the UE buffering requirements.
(2) How to combine the PDCCHs:  In order to combine the possible PDCCH candidates, the UE should know where the PDCCH starts and how many repetitions are transmitted. Based on this, several combining schemes can be applied by UE.
For example, only the current and the previous PDCCH candidates are combined. Then, the UE only needs to buffer one PDCCH transmission, and if the PDCCH decoding fails, the UE will store the current PDCCH and combine it with the next transmission (if any). In another option, the current and all previous PDCCH candidates are combined.  In this scheme, the UE would have to buffer all previous PDCCH transmissions in the worst case. Hence, for PDCCH soft-combining, there are different simple schemes available which represent different trade-offs between the performance and the occupied PDCCH buffer size.
It should also be noted that the required PDCCH buffer size is small compared to the PDSCH buffer size. For UEs supporting PDSCH mapping type A for example, the received symbols need to be stored until channel estimates for the PDSCH are available. Depending on the configuration this can be up to 7 symbols (for 1 DMRS in the slot) or even up to 14 symbols (for 2 DMRS in the slot).     
Observation 3: The buffer size to store the PDCCH candidates is small compared to PDSCH buffer size that anyway has to be supported for UEs supporting PDSCH mapping type A. Furthermore, different simple schemes exist to trade-off PDCCH buffer size versus performance.
(3) How to control the number of required blind detections in case of soft combining: When PDCCH repetition is configured, it has been argued that the number of blind decodes increases. However, this must not be the case. There are least two options that can significantly reduce the burden for blind detections:
· By implementation: The UE only performs soft-combining and blind detection on PDCCH candidates where it has detected the UE specific DMRS.
· By standardization: Possible combinations of blind decoding during the PDCCH monitoring occasions are defined. Full freedom in the choice of combinations gives the highest degree of PDCCH scheduling flexibility but also results in the highest number of needed blind decoding. A one-to-one mapping, on the other hand, where only certain candidates in different occasions can be combined, does not require extra blind decoding but also limits the scheduling flexibility.    
Consider the example in Figure 2, and assume that there are 2 PDCCH candidates in each occasion and that PDCCH repetition is configured over 2 occasions. In the left-hand drawing of figure 2, without soft-combining, the UE would at worst case perform 4 BDs. However, in the right-hand drawing of figure 2, when PDCCH soft-combining is enabled, 4 extra decoding operations are needed, since for blind detection every candidate in the first symbol is combined with every candidate in the second symbol.
With the implementation based method, the UE can scan the PDCCH candidates for the UE-specific DMRS. Similar to the PDCCH buffering issue discussed above, the UE only needs to start PDCCH decoding on candidates where it has identified a UE specific DMRS. 
In the first occasion, if the UE does not succeed to decode the PDCCH but detects the UE-specific DMRS, then, in the second occasion, the UE would again only search for the UE-specific DMRS and perform soft combining of the suitable candidates. The extra complexity needed for this “DMRS scan” is very small and negligible compared to a full BD. This method gives full freedom for the PDCCH mapping.
[image: ]
Figure 2 - BD analysis for PDCCH repetition. 
Another method (that has some specification impact) is to map the PDCCHs which are supposed to be soft-combined onto the same candidate index in both occasions. This is illustrated in figure 3a).Then, for our example, the maximum number of required BDs is decreased to 6. This value can be reduced further by dropping some PDCCH candidates, which is illustrated in figure 3b), where only the first PDCCH candidate is soft-combined across the two occasions. 
From these examples, it can be seen that that there are various feasible methods to control the number of required blind decoding. It can be further down-selected whether the number of BDs should be handled by NW configuration, e.g. only by configuring a subset of the candidates during the repetition or if it can be left to UE implementation.
[image: ]
Figure 3 - BD analysis for PDCCH repetition
Observation 4: The processing complexity related to blind detection in the case of PDCCH soft-combining can be controlled by UE implementation or by specification.
2.2.3 PDSCH repetition with soft combination
PDSCH repetition with soft combining is beneficial to increase the spectrum efficiency. The details are described in [4]. 
It has previously been brought up that PDSCH soft-combining increases the UE complexity due to the need to buffer OFDM symbols that might carry PDSCH. However, for UEs supporting PDSCH mapping type A, multiple symbols need to be stored in any case until PDSCH channel estimates are available. Depending on the configuration and employed algorithms, this can be up to 7 symbols for 1 DMRS in the slot and even up to 14 symbols when having 2 DMRS in one slot. 
Proposal 3: Repeated transmission of PDCCH/PDSCH pairs is supported. 
· The PDCCHs can be soft combined to improve the reliability of the control channel and the overall spectrum efficiency
· The PDSCHs can be soft-combined to increase the reliability of the data channel and the overall spectrum efficiency 
3. Conclusion
In this contribution the need of PDCCH/PDSCH repetition in the time domain is discussed. Compared to a single PDCCH transmission with a high AL (e.g. AL16), multiple PDCCH transmissions with lower AL can achieve similar reliability but outclass the higher AL with respect to the overall system performance as shown in [2]. 
In order to be able to meet the high demands from URLLC, soft-combining of both PDCCH and PDSCH shall be supported. The extra complexity related to these operations is discussed in this contribution. It is found that it is controllable and should not prevent the introduction of these important enhancements for URLLC.
In summary, we are making the following observations and proposals:
Observation 1: A fast feedback scheme for the PDCCH/PDSCH between PDCCH/PDSCH pairs in time domain can save PDCCH overhead and can improve the PDSCH reliability, it increases the overall system performance. 
Proposal 1: A fast UE feedback mechanism upon reception of the PDCCH and/or PDSCH shall be supported. 
Proposal 2: PDCCH repetition is UE specific configurable.
Observation 2: UE specific DMRS for PDCCH can be used to relax the UE buffering requirements.
Observation 3: The buffer size to store the PDCCH candidates is small compared to PDSCH buffer size that anyway has to be supported for UEs supporting PDSCH mapping type A. Furthermore, different simple schemes exist to trade-off PDCCH buffer size versus performance.
Observation 4: The processing complexity related to blind detection in the case of PDCCH soft-combining can be controlled by UE implementation or by specification.
Proposal 3: Repeated transmission of PDCCH/PDSCH pairs is supported. 
· The PDCCHs can be soft combined to improve the reliability of the control channel and the overall spectrum efficiency
· The PDSCHs can be soft-combined to increase the reliability of the data channel and the overall spectrum efficiency 
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