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Introduction
PDCCH for URLLC carries at least DL assignment and HARQ-ACK feedback, for which the reliability requirement was analyzed in [1]. Generally, the BLER target for URLLC PDCCH should be lower than that in current LTE (1%). Especially considering both single shot and HARQ retransmissions should be supported for URLLC [2]. Therefore, at least 99.999% reliability for the single shot transmission of PDCCH for URLLC should be supported in NR. 
This paper focuses on how to enhance PDCCH reliability for URLLC and keep the latency low at the same time. In addition, the DMRS design for URLLC is also discussed in this paper. 
[bookmark: _Ref129681832]PDCCH reliability enhancement
In general, the following options can be developed to improve PDCCH reliability.
Opt 1: Reduce the DCI payload size 
Keeping a compact DCI for URLLC will be beneficial in terms of high reliability and low latency. The simulation results presented in [1] show that the required SINR to reach 0.1% BLER for 24 bits is about 3~5dB lower than that for 48 bits for a given aggregation level. 
Opt 2: Allocate more time-frequency resources
It is straightforward to improve the reliability by means of allocating more transmission resources. For instance, in frequency domain higher aggregation level for URLLC can be chosen, e.g., 8, 16, or 32, etc. In addition, PDCCH can be repeated in time domain. However, PDCCH repetition should be designed carefully together with PDSCH repetition to harvest both high reliability and low latency, which will be discussed in details in Section 3.
Opt 3: Exploit the multi-path diversity, e.g. spatial/frequency/Carrier
Multi-path diversity can be exploited in frequency domain, e.g., distributed mapping of NR-CCE or carrier aggregation/duplicate connectivity, and in spatial domain, e.g., multiple beams for the same PDCCH transmission.  
Option 1 is discussed in [3] and Option 3 is discussed in [4]. The reset of this paper focuses on Option 2. 
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]PDCCH repetition 
PDCCH reliability is an integral part of overall URLLC reliability. Ensuring that URLLC UE detects PDCCH as early as possible is important to meet the reliability requirement within the latency bound. According to the existing LTE solution, gNB cannot know before the configured HARQ feedback timeline whether a UE decoded PDCCH successfully or not. From URLLC UE perspective, this delay can be detrimental on performance and it is important that gNB configures resources for transmitting PDCCH more than once before the configured HARQ timeline set by the initial PDCCH. To this end, we propose that PDCCH can be repeated in multiple CORESETs in frequency or in time to improve the reliability for URLLC.
[bookmark: _GoBack]Proposal 1: PDCCH repetition in time and/or frequency can be considered to improve the reliability for URLLC.
Using higher aggregation level for URLLC PDCCH or repeating PDCCH in frequency domain should be first prioritized in order to achieve the low latency. However, it should also be possible that multiple UEs can be scheduled at the same time. In such a case, frequency domain resources will be shared by UEs, rather than being allocated to a single UE for its reliability. Time domain repetition is discussed in this section under the assumption that frequency domain resources may not be adequate or UE may not be configured with multiple CORESET in frequency domain. 
Assuming two OFDM symbols might be used for reliable PDCCH transmission, PDCCH can be mapped in the 2-OS (OFDM Symbol) CORESET (Control Resource Set) or 1-OS PDCCH can be repeated in the second OS and the latter is favorable for URLLC in terms of potential lower latency. 
In order to achieve high reliable transmission, both PDCCH and PDSCH need to repeat in time domain, then how to repeat PDCCH and the data to achieve low latency as well is a question. Without loss of generality, assuming CORESET duration for URLLC is configured to be 1 OS, the timing between PDCCH and the scheduled data is K0=0, and the scheduled data is slot-based, three options can be envisioned to arrange the PDCCH repetition and PDSCH repetition in time domain. 
The first one is one-control-one-data as depicted in Figure 1, in which one PDCCH transmission is followed by one data transmission, PDCCH/PDSCH can be retransmitted or repeated. The contents could be different for retransmission but the same for the repetition. 
1) One-control-one-data
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[bookmark: _Ref484523752]Figure 1: One-control-one-data
If UE is failed in decoding PDCCH in slot 0, UE will try decoding PDCCH in slot 1 or slot 2, etc., until the DCI is correctly decoded. UE can also decode the combination of PDCCHs in slot 0 and slot 1, etc. when the conveyed DCIs have the same contents. 
If the DCIs could be different in each slot, the PDSCH transmission could not be combined either. The overall latency depends on when UE decodes PDCCH and the scheduled PDSCH correctly by the respective single transmission. However, decoding the combination could be successful with higher probability than decoding a single transmission apparently. 
If the DCI has the same contents and UE knows when the PDCCH/PDSCH starts, PDCCH/PDSCH transmissions can be combined and then to be decoded. In the worst case, UE may obtain DCI till slot 3 or even still be failed in decoding DCI. For the former case, UE then retrieves and decodes the data from the memory which has to buffer the data transmitted from slot 0. However, when the interval of CORESET monitoring occasions is short (e.g., every other OS), the data duration is short (e.g., 1 OS), and the subcarrier spacing is larger (e.g., 60 kHz), the overall latency including PDCCH obtaining and PDSCH decoding might be still acceptable. 
2) Control first
If reducing PDCCH decoding latency further, control first can be considered as shown in Figure 2. UE consecutively receives and decodes the PDCCH transmission and repetitions till successfully obtain the DCI. In the worst case, UE may get DCI after combining three transmissions of PDCCH or even still be failed in decoding DCI. For the former case UE can start to decode data from the end of OS2 ideally in Figure 2. In this option, it does not mean UE has to monitor CORESET every symbol. Rather, a longer PDCCH monitoring occasion can still be configured, e.g., every 7 symbols for subcarrier spacing of 60kHz (or even longer dependent on the scheduled data duration or the number of PDSCH repetition), and the number of PDCCH repetitions are configured as well. The first PDCCH transmission starts from the first OS of each slot and is followed by the PDCCH repetition. In addition, the number of PDCCH repetition is not required to be the same as that of PDSCH repetition in such a case. 
Therefore, compared to one-control-one-data, control first is beneficial in terms of low latency and low number of required buffer for data before decoding DCI, especially when data duration is longer than one PDCCH transmission. 
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[bookmark: _Ref484525684]Figure 2: Control first
3) Control first with data delay
In wider bandwidth operation, if CORESET and the scheduled data are located in different bandwidth parts, UE receives either PDCCH or PDSCH at a given time instant. Hence, the starting of data transmission can be a delay after the first two PDCCH transmissions as depicted in Figure 3. In such a way, if UE in excellent channel status receives DCI transmitted in OS6 in slot 0, ideally UE can directly receive and decode data from slot 1, rather than wait until gNB finishing PDCCH transmission (at OS0 of slot 1). 
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[bookmark: _Ref484528894]Figure 3: Control first with data delay
Comparing the above three options under the assumption of e.g., the same subcarrier spacing, the same number of frequency resources used for a given transmission, and the same number of repetitions in time domain for the same reliability requirement, control first or control first with a data delay outperforms the one-control-one-data, especially when data duration of one PDSCH transmission is longer than that for one PDCCH transmission. The delay in option 3 between the first control transmission and the first data transmission can be configurable and the delay can be zero which corresponds to option 2. Therefore, the following proposal can be considered:
Proposal 2: When frequency resource is not adequate and the data duration is long, the PDCCH can be repeated in consecutive symbols within a given data duration.
· The delay between the first PDCCH transmission and the first PDSCH transmission is configurable for low latency, which is confined to between 0 to the last PDCCH transmission. 

DMRS design 
DMRS density
DMRS associated with PDCCH/PDSCH is used for assisting PDCCH/PDSCH decoding. The reliability requirement for PDCCH/PDSCH for URLLC is different from that for eMBB, so the DMRS density for URLLC is probably different from that for eMBB as well. For example, DMRS density is 1/3 for eMBB and 1/2 for URLLC. Considering it is better to reuse the channel estimation results as much as possible, some of or all of RE (if possible) conveying DMRS of 1/3 density is a subset of that for DMRS of 1/2 density as depicted in Figure 4. DMRS of 1/3 density could be as a1 or a2. Half of REs of 1/3 density DMRS in a1 are included in REs of 1/2 density DMRS either in b1 or c1; Half of REs of 1/3 density DMRS in a2 are included in REs of 1/2 density DMRS either in b2 or c2.
When CORESET is configured to UE, the DMRS density associated with CORESET will be configured as well. Similarly, the density of DMRS associated with PDSCH can be configured as well. Note that only one DMRS pattern for a given antenna port might be supported in NR for the DMRS same density. 
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[bookmark: _Ref484533044]Figure 4: DMRS associated with PDCCH/PDSCH
Proposal 3: The density of DMRS associated with PDCCH/PDSCH is configurable. 
Proposal 4: When introducing different DMRS pattern densities, the workload of UE channel estimator(s) should be kept small. 
DMRS sharing
Both PDSCH and PDCCH needs high reliability and it is believed that PDSCH for URLLC should also use single port transmission for high reliability. Hence, it can be assumed that PDSCH and PDCCH DMRS ports are QCLed and it is feasible to share DMRS port between PDCCH and PDSCH. In light of this, when CORESET is configured as 1 OS for URLLC and the scheduled data duration is probably not long, e.g., 1 or 2 OSs, it is reasonable to share DMRS between PDCCH and PDSCH as illustrated in Figure 5 for the sake of low overhead. 
DMRS sharing is facilitated by the case that CORESET in frequency domain is included in or aligned with the frequency range scheduled for PDSCH. Two cases of PDSCH DMRS mapping can be envisioned:
Case 1: When mapping DMRS associated with PDSCH to resource elements, all REs contained in CORESET will be skipped in OS0, and all REs located within the frequency range of CORESET will be skipped in OS1. 
Case 2: DMRS associated with PDSCH is completely not mapped to REs in OS1, and the DMRS associated with PDCCH is used for demodulation of PDSCH. 
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[bookmark: _Ref484533968]Figure 5: DMRS sharing between PDCCH and PDSCH for URLLC
Proposal 5: PDSCH shares the DMRS associated with PDCCH for URLLC. 
In some cases, not all the resource in the CORESET is used by transmitting PDCCH of an UE. As shown in Figure 6, for the case of reusing (part of) CORESET for the data (PDSCH) of the same UE, the associated DMRS is either the DMRS associated with PDCCH (i.e., Opt1) or the DMRS associated with PDSCH (i.e., Opt2) as shown in Figure 6, in which the CORESET is used for one UE as an example. 
If per UE configurations of CORESET have overlap, the resources in the CORESET can be used for multiple UEs. In such a case, when part of CORESET is used for data of a UE, the associated DMRS is either the DMRS associated with PDCCH of the specific UE or the DMRS associated with PDSCH of the specific UE. As shown in Figure 7, if part of CORESET in OS0 is used for other UEs, e.g. transmitting PDCCH for other URLLC UEs, DMRS associated with the frequency range of this CORESET part should be transmitted in the following OFDM symbol (OS1). Similar as that in Figure 6, the DMRS pattern in the OS1 can be either Option 1 or Option 2. It should be noticed that only PRBs which are overlapped with the resource in CORESET not used for the same UE are transmitted with DMRS. For other PRBs in the frequency domain, the DMRS for data is not transmitted for data and the channel estimation is based on the DMRS associated with PDCCH in the OS0. This can reduce the overall DMRS overhead for data and improve the decoding reliability of PDSCH for UE1.
In Opt1, the channel estimation results of CORESET can be used for data demodulation which is transmitted using (part of) CORESET resources. Opt2 is beneficial in terms of low DMRS overhead if DMRS associated with PDSCH is lower than that associated with PDCCH. However, gNB can decide how much it cares about the DMRS overhead by configuring the DMRS to be used for data which is transmitted in CORESET. 
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[bookmark: _Ref484537788]Figure 6: DMRS associated with the (part of) CORESET used for data of the same UE
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[bookmark: _Ref488743355]Figure 7 DMRS needs to be transmitted when part of CORESET used for other UEs
Proposal 6: gNB configures whether the DMRS for data demodulation which is transmitted in CORESET is the DMRS associated with PDCCH or the DMRS associated with PDSCH. 
Conclusion
This paper firstly discusses the potential solutions for boosting PDCCH reliability in general, following which how to repeat PDCCH and PDSCH to harvest both high reliability and low latency is analyzed. Moreover, how to design DMRS for URLLC is discussed as well, for which DMRS density and DMRS sharing are both analyzed, especially the DMRS sharing for the case of reusing CORESET for data. 
 The following proposals are given based the analysis in this paper:
Proposal 1: PDCCH repetition in time and/or frequency can be considered to improve the reliability for URLLC.
Proposal 2: When frequency resource is not adequate and the data duration is long, the PDCCH can be repeated in consecutive symbols within a given data duration.
· The delay between the first PDCCH transmission and the first PDSCH transmission is configurable for low latency, which is confined to between 0 to the last PDCCH transmission. 
Proposal 3: The density of DMRS associated with PDCCH/PDSCH is configurable. 
Proposal 4: When introducing different DMRS pattern densities, the workload of UE channel estimator(s) should be kept small. 
Proposal 5: PDSCH shares the DMRS associated with PDCCH for URLLC. 
Proposal 6: gNB configures whether the DMRS for data demodulation which is transmitted in CORESET is the DMRS associated with PDCCH or the DMRS associated with PDSCH. 
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