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Introduction
[bookmark: _Ref178064866]According to [1], RAN1 should identify techniques for supporting the ultra-reliable part of URLLC requirements set forth in [2] starting in RAN1 NR Ad-hoc#2 meeting in June 2017. Later, [3] provided a scope for URLLC study in NR Rel. 15 covering a few topics including PDCCH repetition. More specifically, it should be identified whether or not for a given carrier, PDCCH repetitions over same or multiple PDCCH monitoring occasion(s) of the same or multiple CORESET and search space are necessary.
Performance of DL control channel is crucial for meeting URLLC requirements as discussed in [4]. In this contribution, we emphasize some existing PDCCH enhancements in NR and discuss aspects of PDCCH repetition, its gain, and potential drawbacks.
Discussion
0. Existing PDCCH enhancement
There have been a lot of discussions on NR PDCCH enhancement to improve PDCCH performance for high reliable use cases. So far, NR specification added support for PDCCH with aggregation level (AL) up to 16. The discussion on supporting smaller DCI size in the form of compact DCI with payload smaller than that of the fallback DCI is ongoing. These enhancements ensure robustness for PDCCH transmission by allowing very low rate transmissions of DL control information. 
Moreover, it was recently agreed that for NR the number of receive antenna supported by the UE is 4 by default (at least for a set of frequency bands) [5]. This enhanced UE capability can greatly improve the performance of NR physical channels, including PDCCH. 
Figures 1and 2 below show the performance of 2-os PDCCH (with compact DCI) for TDL-A 30ns and TDL-C 300ns 3kmph fading channels with 2Rx and 4 Rx antennas. Simulation assumptions as agreed in [8] are provided in the appendix and more results can be found in our companion paper [4].
In Figure 1, with 4Rx and AL16, it can be seen that PDCCH BLER of lower than 10-5 can be achieved with SNR of less than -6 dB for a reasonable range of compact DCI sizes. We note that SINR at which the BLER requirement needs to be met depends on the deployment in which the URLLC service is operated. The SNR value of -6 dB is for example well below the system level 5th SINR percentile value of approximately -2.5dB for the URLLC configuration B [6] considered in our ITU self-evaluation for DL reliability [7], and thus considered sufficient to fulfill URLLC reliability requirement. Even for 700Mhz carrier with 2 Rx antennas, a combination of AL16 and compact DCI is sufficient to fulfill URLLC reliability requirement.
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Figure 1: PDCCH with 2 OFDM symbols, 4GHz, 4Rx antennas, (left): TDL-A 30ns, (right): TDL-C 300ns
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Figure 2: PDCCH with 2 OFDM symbols, 700 MHz, 2Rx antennas, (left): TDL-A 30ns, (right): TDL-C 300ns
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PDCCH Repetition
[bookmark: _Toc505694090][bookmark: _Toc505694149][bookmark: _Toc505845785][bookmark: _Toc505852115][bookmark: _Toc506219848][bookmark: _Toc506578785][bookmark: _Toc506578895][bookmark: _Toc509832062][bookmark: _Toc509832094][bookmark: _Toc510080352][bookmark: _Toc510080697][bookmark: _Toc510080782]There have also been discussions on further enhancement of PDCCH by means of repetition. PDCCH repetition provides extra robustness for DL control information in general but would require extra resources either in time, frequency, or space.  
Repetition of PDCCH could be done for example across multiple monitoring occasions, or multiple search CORESETs and search spaces. 
PDCCH repetition associated with PDSCH repetition
We discuss below PDCCH repetition across multiple monitoring occasions where each PDCCH is transmitted for each PDSCH repetition in multiple slots/mini-slots as shown e.g., in Figure 3 for automatic repetition scheduling. Each DL control assigns corresponding data by pointing to the resource in time frequency grid as well as indicating MCS among others. When DL control is successfully decoded, the corresponding data can be identified and further processed. If the data is not decoded successfully, it can be stored in the soft buffer for soft combining with later data repetition. This scheduling with independent DL assignment also allows for flexible scheduling of PDSCH in each repetition.
Due to an increase in number of repetitions/retransmissions, the reliability requirement on each transmission may be relaxed. Exactly how much the relaxation is depends on how the DL control are transmitted. 
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Figure 3: PDCCH repetition associated with PDSCH repetition
If the latency constraint is relaxed, it may be possible to schedule HARQ-based retransmission where each PDCCH repetition/retransmission may experience different channel conditions due to time diversity of the channel. In this case, the performance requirement of each DL control can be relaxed.
However, for PDCCH repetition in the context of automatic repetition, time correlation between each PDCCH repetition is rather high. If the first control fails, it is highly likely that the next control will also fail, and the overall reliability depends essentially on a single PDCCH. One possibility to overcome this issue is to schedule each PDCCH repetition in a way that provides additional frequency diversity. This may involve for example using some choices of configuration for CORESET duration and PDCH transmission scheme. 
It may be possible to perform combining of multiple PDCCH repetitions to get processing gain. However, this constrains each PDCCH to carry exactly the same DCI content. Additionally, the soft combining procedure can be very complex due to unknown PDCCH candidate. The UE may need to buffer the whole control region to be able to combine with the new DL control later on. It is also unclear how the combining can be done since the control candidate is unknown, including when the PDCCH repetition starts and ends.
[bookmark: _Toc510826309][bookmark: _Toc510826354]If compact DCI is not adopted, PDCCH repetition associated with PDSCH repetition is considered for improving URLLC reliability.

Other variants of PDCCH repetition 
A variant of PDCCH repetition in time is when PDCCH is repeated over multiple symbols prior to PDSCH transmission. In terms of resource usage, this can be considered as equivalent to an increase in AL. However, the performance gain will be worse than using higher AL due to limited coding gain and additional CRC overhead.
Repetition of PDCCH in frequency may provide extra frequency diversity gain especially if multiple CORESETs and search spaces can be configured flexibly. However, allowing flexible resource configuration will inevitably increase decoding complexity at UE as the UE has to perform blind decoding over multiple search spaces at the same time. Any additional effort to combine PDCCH candidates will increase the complexity even further. Therefore, some pre-configured association between repetitions may be needed, leading to a limited resource configuration flexibility and gain. 
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Conclusion
In section 2 we made the following observations:
Observation 1	Existing PDCCH design and improved UE capability in terms of increased number of receive antennas provide a strong basis for PDCCH reliability enhancement fulfilling URLLC requirements.
Observation 2	PDCCH repetition provides extra robustness for DL control information in general but also requires extra resources in time, or frequency.
Observation 3	PDCCH repetition over multiple CORESETs and search spaces can lead to additional UE complexity regarding PDCCH monitoring and blind decoding.
Observation 4	Gain from PDCCH repetition over multiple monitoring occasions is unclear.

Based on the discussion in section 2 we have the following proposals:
Proposal 1	If compact DCI is not adopted, PDCCH repetition associated with PDSCH repetition is considered for improving URLLC reliability.
Proposal 2	Existing PDCCH design potentially together with compact DCI size are sufficient for fulfilling URLLC reliability requirement.
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Appendix
[bookmark: _Ref477421090]Table A-1: Link level simulation assumption
	Parameters
	Value

	DCI payload (excluding 24bits CRC)
	40bits, 30bits, 24bits 

	System bandwidth
	20MHz

	Carrier Frequency
	4GHz, 700MHz

	Number of symbols for CORESET
	2

	CORESET BW (contiguous PRB allocation)
	20MHz

	Subcarrier spacing
	30KHz, other SCS are not precluded

	Aggregation level
	4,8, and 16

	Transmission type
	Interleaved

	REG bundling size
	6

	Modulation 
	QPSK

	Channel coding
	Polar code (DCI)

	Transmission scheme
	1-port precoder cycling

	Channel estimation
	Realistic

	Channel model
	TDL-A (delay spread: 30ns)
TDL-C (delay spread: 300ns) 

	UE speed
	3 km/h

	Number of BS antennas
	2Tx

	Number of UE antennas
	4Rx for 4G, 2Rx for 700MHz

	Residual target BLER 
	10^-5

	Deployment
	Urban macro as listed in 3GPP 38.802
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