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Introduction
In RAN plenary meeting #78, it was agreed to study the following item in RAN1 to see if there are performance gains:
· For a given carrier, PDCCH repetitions over same or multiple PDCCH monitoring occasion(s) of the same or multiple CORESET and search space
In this contribution, we provide some analysis and design guidelines for the reliability requirement of PDCCH, and share our view on the design options for PDCCH repetition.
Discussion on PDCCH reliability requirement 
To understand whether there are gains from using PDCCH repetition, the first question to answer is how reliable should the PDCCH(s) be to meet the desired latency and reliability target for the over downlink transmission, while at the same time to achieve a good spectral efficiency and to support reasonable number of URLLC users. In this section, we provide some analysis and guidelines for this question. To this end, we notice that the discussions in previous contributions on this topic rely largely on intuitive arguments, which either assumes a fixed split of the reliability budget to control and data packets, or assumes equal split of reliability budget between initial HARQ transmission and retransmissions, without providing enough justifications for these assumptions. In this contribution, we take a more rigorous and systematic approach of answer this fundamental question, which will in turn provide key operating parameters for PDCCH for URLLC. 
The successful transmission of a downlink packet relies on the successful transmission of both the PDCCH and the PDSCH. For a given BLER target , this means that 
(1-)*(1-) 
assuming single DL transmission without HARQ, and assuming that the PDSCH and PDCCH experience independent fading channels. This observation implies that if single DL transmission is employed, both the PDCCH and the PDSCH packet need to have a BLER smaller than . To ensure the delivery of PDCCH and PDSCH in one transmission with the target reliability  , gNB needs to use very conservative resource allocation, which in turn can be highly non-efficient in terms of spectral efficiency and may limit the number of supported URLLC users in a system. 
To increase the spectral efficiency, HARQ should be considered to relax the BLER and resource requirements of the initial transmission. As was demonstrated in [1], with properly chosen numerology and slot duration, there is still enough time for multiple HARQ retransmissions within the 1 ms latency budget of URLLC services. In what follows next, we analyze the reliability requirement for PDCCH(s) with 2-hop HARQ (i.e., with initial transmission and 1 retransmission).
Within the HARQ framework in NR, the BLER of a 2-HARQ transmission can be written as 
++ ()** +()*()*
assuming that all packets experience independent fading, and that the retransmission of PDSCH is self-decodable. Here,  stands for the BLER of the data packet after soft-combining the two PDSCHs. In cases when the PDSCH retransmission is not self-decodable (i.e., HARA RV 1 and RV 2), the BLER analysis should be revised accordingly. 
We make the following observations from the analysis above. 
· When the first PDCCH is not correctly decoded, the UE is not able to locate the first PDSCH, and, hence, not able to do soft-combining for the two PDSCHs. As a result, the UE has to rely on the second PDSCH alone for decoding (assuming it is self-decodable).
· The two PDSCHs can be soft-combined only if both PDCCHs are correct; the two PDCCHs can not be soft-combined since they convey different control information.

The average resource N (in terms of # of RBs) for a 2-hop HARQ transmission can be calculated as follows:
+(1-).
To determine the optimal operating point for the initial transmission and the retransmission for both the PDCCHs and PDSCHs (in terms of BLER), we need to minimize the average required resources over all possible resource allocations (that is consistent with the existing NR framework) subject to the reliability constraint analyzed above. The results as well as evaluation methodologies are explained in the Section 4. 
From the results in Tables 1-3, we make the following observations:
Observation 1: 2-hop HARQ provides significant spectral efficiency improvement compared with the no-HARQ case. 
Observation 2: It is beneficial to allow the PDCCH corresponding to the PDSCH retransmission to have a higher reliability than the PDCCH corresponding for the initial PDSCH transmission. 
Proposal 1: Further study the reliability requirement for PDCCHs associated with the initial transmission and retransmission(s) of the PDSCH to meet the overall 10^-5 BLER target.
Options for PDCCH repetition design 
When it comes to PDCCH repetition, there are at least two distinct options.
Option 1: Use repetition to increase the PDCCH aggregation level
In this option, repetition is used only as a method to reduce the PDCCH coding rate, or equivalently to increase the PDCCH aggregation level. In other words, the different repeats of the PDCCH point to the same PDSCH. As shown in Fig. 1 below, there are two options to do repetition: 1) repetition within slot/mini-slot (e.g., repetition over frequency) and 1) repetition across slot/mini-slot. From the link-level performance point of view, there is essentially no difference between the two options. They differ mainly in UE implementation and complexity. In our view, repetition within one CORSET (essentially over frequency) is more preferable, since it is easier to achieve within the current NR PDCCH design framework, and is less demanding in terms of latency budget. For comparison, for repetition across mini-slot, additional mechanisms are needed to ensure that the UE understands whether the decoded PDCCH is the first copy (in time) or the second copy in order to find the resource allocation of PDSCH. Besides, UE needs to buffer the reception in each mini-slot in order to do soft combining. Also, if PDCCH alone is repeated across mini-slots, it adds up to the latency for control channel decoding and also the overall URLLC processing timeline. The tradeoff of latency for reliability needs to be evaluated carefully.
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Figure 1 PDCCH repetition to increase aggregation level

Option 2: PDCCH repetition across HARQ transmissions
The second option for PDCCH repetition is to jointly design PDCCH and PDSCH transmission with HARQ. Different from Option 1, here each copy of the PDCCH comes with its own PDSCH, as shown in Fig. 2 below. The two copies of PDCCH contain the same control information (resource allocation, MCS, etc). Such a design comes with two major performance benefits:
· Compared with legacy HARQ design, it enables a soft-combination of the two PDCCHs to achieve high PDCCH reliability. 
· In legacy HARQ, if the first HARQ is not correctly detected by the UE, then the corresponding PDSCH is lost. For comparison, here the first PDSCH can be recovered after correctly decoding the PDCCH with soft-combination.  

The performance benefits mentioned above are achieved at the cost of sacrificing the dynamic scheduling possibility for the second PDSCH. Note that, in this design, the second PDSCH can either be repeated or have a different (pre-determined) redundancy version. Therefore, the data can still enjoy the HARQ incremental-redundancy (IR) combing gain. 
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Figure 2 Joint PDCCH and PDSCH repetition design
A comparison of the spectral efficiency between Option 2 and the legacy HARQ is provided in the next session. 
Based on the discussions in this section, we propose the following
Proposal 2: FFS whether PDCCH repetition should be joint designed with PDSCH repetition/transmission and HARQ. 

Performance evaluation 
In this section we present some performance evaluation for different HARQ schemes. The goal of this section is to serve as a guideline for the reliability requirement for PDCCH, and to show the performance difference between a legacy HARQ and Option 2 illustrated in Section 3. 
Our evaluation methodology is explained next. The main idea is to solve the optimization problem outlined in Section 2. That is, we would like to minimize the average required resource for a given BLER target, and given data and control payload, where the minimization is over different control and data allocation schemes that are consistent within the NR framework. Note that such an optimization is in general difficult to perform, especially in the regime of very low BLER. To this end, we have used a combination of link-level simulation, and link to system analytic modeling to obtain the BLER for different combinations of control and data allocations. It is also worth noting that we have analyzed fading correlation across different PDCCH/PDSCH transmissions as opposed to the simplifying assumptions of independent fading made in Section 2.  
We compare the performance of five schemes:
· Single DL transmissions without HARQ
· Normal HARQ transmission with fixed ctrl AL and dynamic PDSCH allocation
· Normal HARQ transmission with dynamic ctrl AL and dynamic PDSCH allocation
· PDCCH repetition with PDSCH IR
· PDCCH repetition with PDSCH repetition 

The results are presented in Tables 1-3. The parameters used in the simulation are listed in Table 4. 

Table 1: Optimal BLER budget for 256 bits data payload (w/o CRC), SNR=-3 dB
	
	
	1st ctrl (w/ DMRS)
	1st data (w/o DMRS)
	2nd ctrl (w/DMRS)
	2nd data (w/o DMRS)
	Total (#RBs)

	No HARQ
	BLER
	2e-9
	7e-6
	
	
	

	
	#RBs
	AL=8
	76
	
	
	143

	Normal HARQ (fixed ctrl AL)
	BLER
	2e-9
	0.07
	2e-8
	
	

	
	#RBs
	AL=8
	32
	AL=8
	44
	Avg. 94

	Normal HARQ
(flexible ctrl AL)
	BLER
	1e-4
	0.03 
	5e-8s
	
	

	
	#RBs
	AL=4
	36  
	AL=8
	68
	Avg. 73 

	PDCCH repetition  & PDSCH IR
	BLER
	 1e-4
	0.01
	1e-6 (after combining)
	
	

	
	#RBs
	AL=4
	40  
	AL=4
	40
	Avg. 74

	PDCCH repetition & PDSCH repetition
	BLER
	 1e-4
	0.005
	1e-6 (after combining)
	
	

	
	#RBs
	AL=4
	44
	AL=4
	44
	Avg.  80



Table 2: Optimal BLER budget for 256 bits data payload (+CRC), SNR=-6 dB
	
	
	1st ctrl
	1st data (w/o DMRS)
	2nd  ctrl
	2nd  data (w/o DMRS)
	Total (#RB)

	No HARQ
	BLER
	2e-9
	7e-6
	
	
	

	
	#RBs
	AL=8
	76  
	
	
	281

	Normal HARQ (fixed ctrl AL)
	BLER
	4e-9
	0.05
	8e-8
	
	

	
	#RBs
	AL=16
	60  
	AL=16 
	88
	Avg. 180

	Normal HARQ
(flexible ctrl AL)
	BLER
	3e-5
	0.07
	6e-8
	
	

	
	#RBs
	AL=8
	56  
	AL=16
	132
	Avg. 137

	PDCCH repetition  & PDSCH IR
	BLER
	 3e-5
	0.01
	1e-6 (after combining)
	 
	

	
	#RBs
	AL=8
	76  
	AL=8
	76
	Avg. 144

	PDCCH repetition & PDSCH repetition
	BLER
	 3e-5
	0.009
	2e-7 (after combining)
	
	

	
	#RBs
	AL=8
	76
	AL=8
	76
	Avg.  144



Table 3: Optimal BLER budget for 400 bits data payload (+CRC), SNR=-3 dB
	
	
	1st ctrl
	1st data (w/o DMRS)
	2nd  ctrl
	2nd  data (w/o DMRS)
	Total (#RBs)

	No HARQ
	BLER
	2e-9
	7e-6
	
	
	

	
	#RBs
	AL=8
	108  
	
	
	183

	Normal HARQ (fixed ctrl AL)
	BLER
	2e-9
	0.05
	2e-8
	
	

	
	#RBs
	AL=8
	48  
	AL=8
	60
	Avg. 115

	Normal HARQ
(flexible ctrl AL)
	BLER
	1e-4
	0.1 
	5e-8
	
	

	
	#RBs
	AL=4
	44 
	AL=8
	96
	Avg. 96 

	PDCCH repetition & PDSCH IR
	BLER
	 1e-4
	0.015
	3e-7 (after combining)
	
	

	
	#RBs
	AL=4
	56  
	AL=4
	40
	Avg. 95

	PDCCH repetition & PDSCH repetition
	BLER
	 3e-5
	0.015
	3e-7 (after combining)
	
	

	
	#RBs
	AL=4
	56
	AL=4
	56
	Avg.  95




Observation 4: PDCCH repetition across HARQ has similar spectral efficiency performance as a normal HARQ with flexible PDCCH AL. 
Observation 5: In the framework of PDCCH repetition across HARQ, PDSCH IR may have some performance gain compared to PDSCH repetition at the cost of UE detection complexity. 
Observation 6: In PDCCH repetition across HARQ, the required resources for PDCCH is reduced. 

Conclusion
[bookmark: _GoBack]In this contribution, we provided some analysis and design guidelines for the reliability requirement of the PDCCH. We also share our view on design options for PDCCH repetition. We make the following observations/proposals regarding PDCCH reliability requirements. 

Observation 1: 2-hop HARQ provides significant spectral efficiency improvement compared with the no-HARQ case. 
Observation 2: It is beneficial to allow the PDCCH corresponding to the PDSCH retransmission to have a higher reliability than the PDCCH corresponding for the initial PDSCH transmission. 
Observation 3: With aggregation level 16, 30 bits DCI payload (without CRC), and 4 UE receive antennas, existing NR-PDCCH design provides sufficient reliability for the PDCCH corresponding to the initial PDSCH transmission. Further enhancement may be needed only for PDCCH associated with the retransmissions.
Proposal 1: Further study the reliability requirement for PDCCHs associated with the initial transmission and retransmission(s) of the PDSCH to meet the overall 10^-5 BLER target.

We also make the following observations/proposals for PDCCH repetition.
Observation 4: PDCCH repetition across HARQ transmissions has similar spectral efficiency performance as a normal HARQ with flexible PDCCH AL. 
Observation 5: In the framework of PDCCH repetition across HARQ, PDSCH IR may have some performance gain compared to PDSCH repetition at the cost of UE detection complexity. 
Observation 6: In PDCCH repetition across HARQ, the required resources for PDCCH is reduced. 
Proposal 2: FFS whether PDCCH repetition should be joint designed with PDSCH repetition/transmission and HARQ. 
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Appendix
The simulation assumptions used in Section 4 are summarized in the table below.
Table 4 Simulation assumptions in Section 4
	Parameter
	Value

	Channel 
	TDL-C, realistic correlation across transmissions

	Delay spread 
	300 ns

	Doppler
	12 Hz

	SCS
	30 Khz

	# Rx antenna
	4

	# Tx antenna
	1

	PDCCH duration
	1 symbol

	PDSCH duration
	2 symbol

	DMRS for PDCCH
	FDM-ed with ctrl, density ¼

	DMRS for PDSCH
	2 symbol Front-loaded, TDM-ed with data

	Channel estimation
	RMMSE across 6 RB

	Resource allocation type
	Localized
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