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Introduction
During RAN1#94b a discussion paper was presented on the rate matching for PDSCH when using repetitions. The discussion identified that if a repetition window includes both PDCCH and SPDCCH, and the UE only successfully decodes PDCCH, the behaviour over the following SPDCCH repetitions will not be known.
This contribution discusses the different configuration of rate matching behaviour and the impact of the problem on each configuration. Finally, an analysis of possible solution and their impact in scheduling flexibility and reliability.
Discussion
Summary of rate-matching behaviour configuration
RRC
Per RB-set, a UE can be configured to operate in one of the following four modes of sPDCCH rate-matching operation  
-	Mode 1: UE rate-matches only around the sDCI scheduling the sPDSCH (if transmitted in the sPDCCH RB-set), otherwise no rate-matching is performed for the RB set. 
-	Mode 2: UE rate-matches around the whole sPDCCH RB set 
-	Mode 3: UE rate-matches around the whole sPDCCH RB set if sDCI scheduling the sPDSCH is found in the RB-set, otherwise no rate-matching is performed for the RB set. 
-	Mode 4: UE rate-matches around the whole sPDCCH RB set if sDCI scheduling the sPDSCH is not found in the RB-set, otherwise UE rate-matches only around the sDCI scheduling the sPDSCH (if transmitted in the sPDCCH RB-set)
In case two RB sets are overlapping where the sDCI scheduling the sPDSCH, the sDCI is assumed to be found in both RB sets.
L1
Two bits are configured in the DCI. Three different modes are defined {1,1}, {2,0}, {0,2}
In case of {1,1}, the full SPDCCH resource set is rate-matched around if the L1 indicator bit is set to 1 for the RB set, otherwise only the DCI scheduling the PDSCH is rate-matched around.
In case of {2,0} and {0,2}, half or the whole SPDCCH resource set is rate-matched. Which half(es) is indicated by the two bits. For the SPDCCH resource set with no bits allocated, the RRC mode applies.
Repetitions
In case of repetitions, the rate-matching behaviour around the SPDCCH where the DCI was found is followed in the remaining repetitions.
[bookmark: _Toc528764617][bookmark: _Toc528764674][bookmark: _Toc528764802][bookmark: _Toc528764618][bookmark: _Toc528764675][bookmark: _Toc528764803][bookmark: _Toc528764619][bookmark: _Toc528764676][bookmark: _Toc528764804]Cases
[bookmark: _Ref527382513]Table 1: Rate-matching mode cases
	RRC
	L1 indication
	Rate-matcching case

	Mode 1
	Not configured
	Mode 1

	Mode 2
	Not configured
	Mode 2

	Mode 3
	Not configured
	Mode 3

	Mode 4
	Not configured
	Mode 4

	Mode X(1)
	Configured but not used (bits set to ’0’)
	Own DCI

	Mode X(1)
	1 bit configured and used (bit set to other than ‘0’)
	L1-1bit

	Mode X(1)
	2 bits configured and used
	L1-2bit

	NOTE1: Irrespective of RRC mode



Issue caused by missing DCI in sPDCCH
If a repetition window includes both PDCCH and SPDCCH, and the UE only receives PDCCH, the behaviour over the following SPDCCH repetitions will not be known. The different rate matching behaviour cases are summarized in  Table 1, for all RRC configurations as well as L1 configurations. we have:
Table 2: Rate-matching behaviour
	Rate-matching case
	Issue 

	Mode 1
	The UE does not know the position of the DCI to rate-match around

	Mode 2
	No problem, as the full resource set is rate-matched, regardless of the sDCI position.

	Mode 3
	The UE does not know the position of the DCI and hence not which set to rate-match around

	Mode 4
	The UE does not know the position of the DCI and hence not which set to rate-match around

	Own DCI
	The UE does not know the position of the DCI to rate-match around

	L1
	The UE does not know the content of L1 indication


When does the problem occur?
PDSCH repetitions
When using PDSCH repetitions, the DCI is transmitted in each repetition from the eNB. The repetition number following the DCI is indicated in the DCI (i.e. decremented for each repetition). Repetitions can cross subframe boundaries. The rate-matching behaviour of the decoded DCI is assumed for the remaining repetitions.
Figure 1 shows the available slots/subslots to schedule the data depending on in which subslot/slot it is received in and also the subslots/slots where scheduling is possible.


[bookmark: _Ref527380602][bookmark: _Ref527380597]Figure 1: Subslot and slot 
One can see that for a mix of PDCCH and SPDCCH reception, the UE need to be configured with either slot-based transmission or subslot based transmission with lStart = 1 (e.g. CFI=1).
Minimum delay and Rate of PDCCH scheduling
[bookmark: _Ref527384763]In order to assess the system impact, it is of interest to look at how often the PDCCH is useful to a URLLC user.  In table 2, we consider the latency (delay) from scheduling a subslot or a slot when data is received in sTTI#5 (or slot 1) and is thus ready for transmission in sTTI#0 (or slot 0). 
Table 3: Worst minimum delay (over all slot/subslot configurations) for different configurations from data is ready to transmit until PDSCH is received
	Configuration
	Min delay [os]

	Subslot, lStart = 1
	6

	Subslot, lStart = 2
	8

	Subslot, lStart = 3
	8

	Slot
	14



[bookmark: _Toc528764625][bookmark: _Toc528764682][bookmark: _Toc528764810][bookmark: _Toc528764626][bookmark: _Toc528764683][bookmark: _Toc528764811][bookmark: _Toc528764627][bookmark: _Toc528764684][bookmark: _Toc528764812][bookmark: _Toc528764628][bookmark: _Toc528764685][bookmark: _Toc528764813][bookmark: _Toc528764657][bookmark: _Toc528764714][bookmark: _Toc528764842][bookmark: _Toc528764658][bookmark: _Toc528764715][bookmark: _Toc528764843][bookmark: _Toc528764659][bookmark: _Toc528764716][bookmark: _Toc528764844]Potential solutions
Solutions based on scheduling restrictions (no impact on specifications)
sDCI in PDCCH is not scheduled by network
In this case, the DCI in PDCCH is simply not scheduled by the network. This ensures that the DCI is received in SPDCCH.  One can see that the min delay is impacted and CFI=1 aligns with CFI=2 and CFI=3. For slot, there is an additional slot in min. delay. This solution, however, allows to operate in all the rate matching modes both in RRC and L1-based cases. There will be some impact to the reliability since the sDCI can no longer be detected in all repetitions, but the DCI of the first transmission is always present and can be power boosted for example to ensure a more reliable performance
[bookmark: _Ref527384755]Table 4: Impact on min latency and link budget to not schedule DCI in PDCCH
	Configuration
	Min delay [os]

	Subslot, lStart = 1
	6 -> 8

	Subslot, lStart = 2
	8

	Subslot, lStart = 3
	8

	Slot
	14 -> 21



[bookmark: _Toc528935879]Min delay for CFI=1 aligns with CFI=2 and CFI=3 and subslot operation if the network does not schedule sDCI in PDCCH if the repetition window covers it
[bookmark: _Toc528935880]Min delay for slot operation is increased by one slot if the network does not schedule in PDCCH if the repetition window covers it
Avoid control and data overlap
If the network does not schedule PDSCH overlapping with SPDCCH, there is no need to know the rate-matching behaviour around SPDCCH. This could however cause severe scheduling restrictions, depending on configuration (e.g. distributed control region) and/or bandwidth needs for example, if a large bandwidth is needed to maintain reliability, avoiding sPDCCH overlaps will be very difficult. 
Solutions with specification impact
Including L1 indication in PDCCH
An implementation with specification impact is to include the L1 indicator in PDCCH (even if it is only used in SPDCCH). One problem still with this is that the DCI position in SPDCCH is still not known, which impacts modes “Own DCI” and “L1-2bit”. The “L1-1bit” can still work (rate-matching around the whole SPDCCH resource set), but this is restrictive and does not justify changes to the specification.
[bookmark: _Toc528935883]Including L1 indication in PDCCH will only allow rate-matching around the full set to be indicated in L1. Other indications rely on the knowledge of the sDCI and cannot be solved by L1 indication included in PDCCH.
Reconfirming DCI reception after PDCCH
If the UE would be required to reconfirm the DCI after the subslot/slot scheduled by PDCCH (and k≥2), the ambiguity in the rate-matching would be resolved. This means however also an impact to the reliability. That is, a UE need to receive both PDCCH and SPDCCH in case the repetition window crosses a slot/subslot scheduled by PDCCH. 
Summary and proposal
Table 5: Summary of different options
	Rate-matching mode
	No spec impact
	Spec impact

	
	Do nothing
	DCI in PDCCH not scheduled
	Avoid scheduling
	Include L1 in PDCCH
	Reconfirm control after PDCCH

	Mode 1
	
	
	
	
	

	Mode 2
	
	
	
	
	

	Mode 3
	
	
	
	
	

	Mode 4
	
	
	
	
	

	Own DCI
	
	
	
	
	

	L1-1bit
	
	
	
	
	

	L1-2bit
	
	
	
	
	

	Comment
	Implementation will not work effectively, except for mode 2
	Increased delay and reduced reliability
	Severe scheduling restrictions
	Severe configuration restrictions with little additional gain
	Reduced reliability


[bookmark: _GoBack]
In our view, the option of not scheduling DCI in PDCCH would be the least damageable solution and requires no additional specification work in RAN1. Using RRC rate-matching mode 2 is also a viable implementation option with no impact on the specifications (apart from clarifying the UE behaviour).
[bookmark: _Toc528315532]A network implementation solution of not scheduling sDCI in PDCCH is most suitable to handle the issue of unknown rate matching behaviours. 
RRC rate-matching mode 2 can be configured to ensure pre-determined UE behaviour over TTIs containing SPDCCH, even if the sDCI was found in PDCCH
Conclusion
In the previous sections we made the following observations: 
Observation 1	Min delay for CFI=1 aligns with CFI=2 and CFI=3 and subslot operation if the network does not schedule sDCI in PDCCH if the repetition window covers it
Observation 2	Min delay for slot operation is increased by one slot if the network does not schedule in PDCCH if the repetition window covers it
Observation 3	Including L1 indication in PDCCH will only allow rate-matching around the full set to be indicated in L1. Other indications rely on the knowledge of the sDCI and cannot be solved by L1 indication included in PDCCH.
[bookmark: _Toc528764665][bookmark: _Toc528764722][bookmark: _Toc528764850][bookmark: _Toc528764666][bookmark: _Toc528764723][bookmark: _Toc528764851][bookmark: _In-sequence_SDU_delivery]Based on the observations, the following is proposed 
Proposal 1	A network implementation solution of not scheduling sDCI in PDCCH is most suitable to handle the issue of unknown rate matching behaviours. 
Proposal 2	RRC rate-matching mode 2 can be configured to ensure pre-determined UE behaviour over TTIs containing SPDCCH, even if the sDCI was found in PDCCH
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