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1. Introduction
The reliability requirement of PDCCH for URLLC was analyzed in [1]. In order to meet the stringent demands for NR URLLC on reliability and latency, the detection probability of the PDCCH shall be enhanced. 
[bookmark: _Ref129681832]In general, the following options can be considered to improve the PDCCH reliability.
Opt 1: Adopt a compact DCI format
It is simple and efficient to adopt a small DCI payload for URLLC in order to ensure a higher PDCCH reliability. The details of the DCI format design for URLLC are presented in our companion contribution [2].
Opt 2: Allocate more time-frequency resources
It is straightforward to improve the PDCCH reliability by allocating more time-frequency resources. 
For instance, a higher CCE aggregation level can be used for URLLC, and AL=16 is already supported. However, larger ALs in general come with a higher PDCCH blocking probability, especially in cases of a small carrier/BWP bandwidth or a large subcarrier spacing. To alleviate the PDCCH blocking issue, we can instead consider PDCCH repetition in time and/or frequency, where each transmission itself uses a lower AL. Schemes that incorporate PDCCH repetition can use same number of resources as being occupied by higher ALs but provide more flexibility for their allocation. Furthermore, other advantages like fast UE feedback can be introduced to further increase the spectral efficiency. In this contribution a candidate scheme for combined PDCCH/PDSCH repetition is discussed and proposed.
2. 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 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 scheme that should have the higher priority is the time-domain repetition. 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 would further improve the overall latency and spectrum utilization 
In the following we compare PDCCH repetition of lower ALs with a single transmission of higher AL.
A configuration with AL 16 is very resource consuming, it occupies almost 100 RBs. Assuming for example an available bandwidth of 100RBs and that each PDCCH occasion spans 1 OS, then one single PDCCH with AL=16 would prevent other eMBB or URLLC UEs from being scheduled during the same occasion. The same situation may also occur in the next PDCCH occasion, which incurs higher latency to some URLLC UEs and also decreases the UPT of eMBB UEs. In addition, even the PDCCH occasions for eMBB and URLLC UEs can be configured as TDM pattern, one eMBB PDSCH even with a number of scheduled RBs can still block a nearly full-BW occupied PDCCH with AL=16 of a URLLC UE. In order to guarantee the PDCCH reliability without degrading the system performance, AL=16 could be replaced by two PDCCH repetitions with AL=8 or by four PDCCH repetitions with AL=4 in the time domain. 
As it will be shown in the following discussion, the introduction of PDCCH repetition will cause less blockage of transmissions to other UE’s.
2.2 System performance comparison between higher AL and PDCCH time domain repetition
The following two simulations are performed to evaluate eMBB UPT and URLLC latency and reliability, respectively, by comparing PDCCH AL=16 and PDCCH repetition schemes in time domain. The detailed simulation assumptions are given in the Appendix.
1) eMBB UPT analysis
To analyze the impact to the eMBB UPT, the following three schemes shown in Figure 1 are considered.
· Scheme 1: PDCCH AL=16, no repetition
· Scheme 2: PDCCH AL=8, repeat 2 times in time domain
· Scheme 3: PDCCH AL=4, repeat 4 times in time domain

Figure 1 - PDCCH repetition schemes (time domain) for URLLC
The PDCCH monitoring for URLLC will happen more frequently than for eMBB. For URLLC a UE might attempt to detect the PDCCH in the beginning of the slot as well as during other symbols within the same slot. For slot based scheduling, on the other hand, as it would be employed for eMBB, the UE will monitor the PDCCH in the beginning of the slot. In scheme 1, whenever a URLLC transmission is scheduled at the beginning of the slot, the CORESET is occupied and no further eMBB transmissions can be allocated, while in scheme 2 and 3, eMBB transmissions could be scheduled because the PDCCH for URLLC occupies fewer resources even if the URLLC transmission is scheduled at the beginning of the slot.
The system simulation result for eMBB UPT are shown in Figure 2 below. eMBB dynamically uses resources not used by URLLC (i.e., not restricted to a part of the bandwidth as in the example in Fig 1.) The obtained gain of the different PDCCH repetition schemes compared to using a single high AL transmission (scheme 2 vs scheme 1) and (scheme 3 vs scheme 1) are summarized in Table 1. 
It can be seen that compared to AL=16, the PDCCH repetition provides a significant improvement with respect to the eMBB UPT, both for two transmissions with AL8 and for 4 transmissions with AL4.
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Figure 2 - Simulation results for eMBB UPT. Scheme 3 (4 PDCCHs@AL 4) performs best, closely followed by scheme 2 (2 PDCCHs@AL8). Both schemes outperform the single PDCCH transmission with AL 16 (scheme 1). For example, for scheme 1 more than 90% of the users have a throughput of less than 10 Mbps whereas this is the case for only 70% of the users when scheme 3 is employed. 
Table 1 Simulation result for eMBB UPT
	
Schemes
	eMBB UPT（Mbps）

	
	5%
	50%
	95%
	Average

	Scheme 1 – AL 16, 1 transm.
	0.64641
	2.3641
	15.1515
	4.3374

	Scheme 2 – AL8, two transm.
	0.86207
	3.9139
	27.3973
	7.4804

	Scheme 3 – AL4, 4 transm.
	1.001
	5.3619
	31.746
	9.4519

	Gain (Scheme 2 vs Scheme 1 )
	33.36%
	65.56%
	80.82%
	72.46%

	Gain (Scheme 3 vs Scheme 1 )
	54.86%
	126.8%
	109.52%
	117.92%


[bookmark: OLE_LINK8][bookmark: OLE_LINK9]
It is acknowledged that the gains may vary depending on the traffic model and deployment scenario, but the underlying trend is clear: a more flexible PDCCH resource allocation as it is provided by time domain PDCCH repetition results in better system throughput than using the highly restrictive AL16. 
Observation 1: PDCCH repetition in time domain can alleviate the PDCCH blocking for eMBB UEs and increase the eMBB UPT.
2) URLLC latency and reliability analysis
To evaluate the impact of PDCCH blocking on URLLC UEs, the above scheme 1 and scheme 2 are compared. The SCS of the URLLC is 60 KHz and the carrier bandwidth is 80MHz. Half-slot based scheduling granularity for the URLLC UE is assumed. The metric that is applied for the evaluation is the number of URLLC users satisfying the prescribed latency and reliability requirements, i.e. with a BLER not more than 1e-3 and a latency within 1ms. 
The system simulation result is shown in Table 2. It can be seen that compared to AL=16, the PDCCH repetition with two transmissions of AL=8, supports more URLLC UEs that meet the latency and reliability requirement. 
Table 2 Simulation result for URLLC latency and reliability
	
	90% successful UE ratio
	99% successful UE ratio
	99.9% successful UE ratio

	Scheme 1 – high AL
	99.5%
	76.2%
	6.7%

	Scheme 2 – PDCCH repetition
	99.5%
	96.7%
	82.9%



To conclude, PDCCH repetition in the time domain improves the overall system performance with respect to both the eMBB UPT and to the number of supported URLLC UEs. 
Observation 2: PDCCH repetition in time domain can alleviate the PDCCH blocking for other URLLC UEs and increase the number of URLLC users that can be supported.
Note, that the same amount of resources are used by an AL=16 PDCCH candidate and by two PDCCH transmissions with AL=8. Therefore, with a suitable repetition scheme at least the same PDCCH reliability can be provided. Thus to say, while maintaining the same reliability, PDCCH repetition in time domain with lower AL can alleviate the PDCCH blocking problem among URLLC UEs that otherwise would occur when using a high AL.
Observation 3: PDCCH repetition in the time domain can utilize the same number of physical resources as a single transmission with higher AL. Both techniques have the potential to achieve the same detection reliability, but the high AL comes with the cost of system performance degradation.   
Proposal 1: PDCCH repetition in the time domain shall be supported.
2.2 Description of the PDDCH repetition scheme
The URLLC functionality will be an enabler for new and important use cases. Its requirements are tough and not really straightforward to fulfil. To achieve an overall reliability of BLER = 1e-5 within stringent latency bounds is demanding both for the PDCCH and PDSCH detection. Therefore, in any supported scheme one should strive for maximum performance. In our view, the best performance with yet controllable implementation costs is achieved by combining 3 features:
· 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
The envisioned scheme is illustrated in Figure 3 below. 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 or a normal HARQ-ACK or an A-CSI report that can be regarded as an implicit ACK. The gNB can then omit the subsequent PDCCH transmission and it may also adjust the power of the following PDSCH transmission. 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 and perform a soft combination with the previous candidates. 
The PDSCH reliability and spectral efficiency can be increased further 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 [3].   
[image: ]
Figure 3 – Combined PDCCH/PDSCH repetition with possibility for fast UE feedback
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 or PDCCH-ACK/NACK or a normal HARQ-ACK for PDSCH decoding. For example, if ACK is received between two PDCCH/PDSCH pairs, the gNB can omit the transmission of the second PDCCH/PDSCH pairs and the 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 save latency in all cases when the first PDCCH transmission already is successfully decoded.    
Observation 4: A fast feedback scheme for the PDCCH/PDSCH between PDCCH/PDSCH pairs in time domain can save PDCCH overhead and improve the PDSCH reliability, further improving the overall system performance. 
Proposal 2: A fast UE feedback mechanism upon reception of the PDCCH/PDSCH shall be supported. 
2.2.2 PDDCH repetition with soft 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. For example, the compact DCI for URLLC scheduling should always be monitored. Also in order to reduce complexity, the AL could be the same for all transmissions and the maximum number of repetitions can be derived implicitly from the configured AL.
Proposal 3: 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 shall be supported. This is especially important in correlated channels where independent decoding would more likely result into multiple consecutively failed detection attempts. The feasibility of PDCCH soft-combination has been argued from the implementation perspective already during the last meeting. We acknowledge that it does not come entirely for free, but as stated in the beginning of this section, URLLC is an important feature of NR with demanding requirements. 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 5: UE specific DMRS for PDCCH can be used to significantly 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 PDCCH and the previous PDCCH 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. In another option, the current PDCCH and all previous PDCCHs are combined.  In this scheme, the UE would buffer all previous PDCCH transmissions in the worst case, but the PDCCH reliability is improved. 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 6: 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 4, 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 4, without soft combining, the UE would at worst case perform 4 BDs. However, in the right-hand drawing of figure 4, 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 the other candidates 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.

Figure 4 - BD analysis for PDCCH repetition. The complexity of the right-hand scheme can be reduced significantly by implementation if a DMRS scan is performed and only suitable candidates are soft-combined. 
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 5a).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 5b), 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.

Figure 5 - BD analysis for PDCCH repetition
Observation 7: The processing complexity related to blind detection in the case of PDCCH soft-combining can be controlled by UE implementation or with specification impact. 
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 [3]. 
It has previously been argued by other companies 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 4: 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 AL 16, multiple PDCCH transmissions with lower AL can achieve similar reliability but outclass the higher AL with respect to the overall system performance. Furthermore, they pave the way for other enhancements such as fast UE feedback.
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: PDCCH repetition in time domain can alleviate the PDCCH blocking for eMBB UEs and increase the eMBB UPT.
Observation 2: PDCCH repetition in time domain can alleviate the PDCCH blocking for other URLLC UEs and increase the number of URLLC users that can be supported.
Observation 3: PDCCH repetition in the time domain can utilize the same number of physical resources as a single transmission with higher AL. Both techniques have the potential to achieve the same detection reliability, but the high AL comes with the cost of system performance degradation.
Proposal 1: PDCCH repetition in the time domain shall be supported.
Observation 4: A fast feedback scheme for the PDCCH/PDSCH between PDCCH/PDSCH pairs in time domain can save PDCCH overhead and improve the PDSCH reliability, further improving the overall system performance. 
Proposal 2: A fast UE feedback mechanism upon reception of the PDCCH/PDSCH shall be supported. 
[bookmark: _GoBack]Proposal 3: PDCCH repetition is UE specific configurable
Observation 5: UE specific DMRS for PDCCH can be used to significantly relax the UE buffering requirements.
Observation 6: 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 7: The processing complexity related to blind detection in the case of PDCCH soft-combining can be controlled by UE implementation or with specification impact. 
Proposal 4: 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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Appendix
Table A1 Simulation assumptions
	Parameters
	Description

	Deployment scenarios
	[bookmark: OLE_LINK49]Homogeneous network (7*3 site)

	Inter-BS distance
	500 m

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15kHz and 60kHz 

	Scheduled PDSCH time-domain
	14 symbols

	Simulation bandwidth
	20 MHz and 80 MHz

	Channel model
	3D Uma

	BS Tx power
	46 dBm

	BS antenna configurations
	2TX

	BS antenna height
	25 m

	BS antenna element gain + connector loss
	8dBi

	UE antenna configurations
	2RX

	UE antenna height
	Follow the modelling of TR 36.873

	UE antenna gain
	0 dBi

	UE receiver noise figure
	9 dB

	Traffic model
	URLLC: FTP Model 3 with MAC packet size 32bytes
eMBB: FTP Model 3 with APP packet size 0.5Mbytes 

	UE distribution
	20% Outdoor in cars: 30 km/h,
80% Indoor: 3 km/h
URLLC: 10 UE/sector  eMBB: 10 UE/sector

	UE receiver
	MMSE-IRC
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