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1 Introduction

During the Rel.15 NR study and work items, design of PDCCH in application to ultra-reliable low-latency communication (URLLC) was discussed. Several key design directions were identified:
· High aggregation levels (e.g. 16 or 32) 
· Compact DCI

· PDCCH repetitions

It is noted that highest aggregation level 16 is already defined and support of further higher AL is not currently targeted. From the remaining two key aspects, the repetitions of NR PDCCH are discussed in this contribution while the compact DCI design is discussed in our companion contribution [2]. Other NR URLLC related aspects are discussed in [1] and [3].

2 Preliminary Evaluation of PDCCH Repetitions

A first question is whether repetitions are essentially required in addition to the already specified high AL16 and potential introduction of compact DCI size. For judgement, the target SINR and BLER values are taken from the LTE URLLC calibration results which are based on IMT-2020 methodology [4]. In these results, it is shown that the target error rate should at least be supported on -2.6 dB DL SINR level.
In Figure 1, the residual BLER of NR PDCCH with the following assumptions is shown:

· 2 OFDM symbols CORESET, 20 MHz full-bandwidth (96 PRBs)
· 15 kHz SCS

· TDL-A, 300 ns 

· AL 16 with 1 or 2 transmissions

· Payload size of 16, 20, 28, 36, 40 bit

· REG bundle size of 6 REGs
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Figure 1. PDCCH BLER, AL16, 15 kHz SCS, 1 and 2 transmissions.
It can be observed, that single TX with AL16 on near-fallback DCI size achieves around -5 dB under a bit optimistic assumptions on a rather wide PDCCH CORESET of 96 PRBs. Although this already better than the target identified for IMT-2020 self-evaluation, it does not account for potential implementation margins. Moreover, it can be easily checked that in case of 60 kHz subcarrier spacing, single candidate for AL16 cannot fit even into 3-symbol CORESET in 20 MHz bandwidth. Therefore, in order to enable effectively large AL for higher SCS and account for implementation margins, PDCCH repetitions can be considered as a candidate for specification.
Observation 1

· Introduction of at least one PDCCH repetition provides around 2 dB gain for considered DCI payload sizes in case of AL16
· PDCCH repetitions are required to emulate AL16 for high subcarriers spacings where PDCCH CORESET may not accommodate 16 CCEs in a relatively large bandwidth
3 PDCCH Repetition Options
In general, the PDCCH repetitions could be performed either within the same CORESET, e.g. in the same or different monitoring occasions, or across different CORESETs or a combination of these two approaches. In this section, potential options to realize PDCCH repetitions are discussed.
In case a CORESET is used, a repetition factor R could be introduced and signaled to a UE as a part of UE-specific search-space configuration (see in Figure 2). R here is referred to a number of consecutive in time monitoring occasions of a CORESET. Alternatively, the set of repetitions could be mapped consecutively in time for each monitoring occasion, effectively extending CORESET duration to NCORESET multiplied by R, where NCORESET is the duration of the control resource set which is {1,2,3} symbols. The decoding candidates in each repetition should be linked in order to keep the number of decoding hypothesis limited.
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Figure 2. Multiple PDCCHs in the same CORESETs scheduling the same PDSCH
In case of combining across different CORESETs, a relation between CORESETs for combining should be defined (see Figure 3). The set of CORESETs with configured repetitions could be configured to a UE. Again, to limit UE efforts for combining candidates in different CORESETs, a linkage function between candidates in different CORESETs should be defined. In this case, the two CORESETs could be mapped to different time-frequency resources to offer further diversity. Moreover, at least some of the associated parameters for different CORESETs could be restricted to be identical, e.g. the same CCE-to-REG mapping, same CORESET duration, same REG bundle size, and same precoder granularity. Such restrictions can help with the UE processing complexity. In case a single candidate is mapped across multiple CORESETs (as against different repetitions of a candidate being mapped across multiple CORESETs) to effectively realize larger ALs, such restrictions would be necessary to realize a unified mapping for a candidate that is transmitted using two CORESETs.
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Figure 3. Multiple PDCCHs in different CORESETs scheduling the same PDSCH

Proposal 1
· In case of PDCCH repetitions using a single CORESET configuration, a repetition factor R is configured, where repetitions are mapped either into consecutive monitoring occasions or into consecutive repetitions of the CORESET for each configured monitoring occasion.
· In case of PDCCH repetitions across different CORESETs, an association rule between candidates in the CORESETs is defined
In case of repetitions, the scheduling information within a DCI for UL or DL should be interpreted with respect to the last occasion of repetitions, i.e. K0 and K2 values should be counted from the last symbol of the last repetition of PDCCH.

Proposal 2

· In case PDCCH repetitions are configured, K1 and K2 values are counted with respect to the last symbol of the last repetition
4 Randomization on Repetitions
The gain from repetitions comes not only from the energy accumulation but also from extracting additional channel and interference diversity. For that purpose, additional time-dependent control channel transmission procedures could be introduced.
First, PDCCH scrambling initialization could be defined as a function of time-domain component of PDCCH resource configuration. The time domain component may be represented by a starting symbol of a CORESET monitoring occasion counted within a slot or within a radio frame. In particular, the scrambling sequence initialization function cinit may be expanded to accommodate the starting symbol value as follows:
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Alternatively, if the nRNTI parameter is removed from the initialization function (refer to [5] for more details), then an example function that includes time-domain parameters for PDCCH scrambling can be: 
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Where 
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, is the number of symbols in a slot for a given subcarrier spacing and CP type of a given bandwidth part, 
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 is the slot number within a radio frame, 
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 equals the higher-layer parameter PDCCH-DMRS-ScramblingID. The time-dependent scrambling sequence initialization may be enabled or disabled semi-statically by UE-specific RRC (re)configuration signaling of the value nTD which may be either ‘0’ or ‘1’.
Second, PDCCH interleaving parameters may be a function of monitoring occasion, if configured. In a simple option, one or more interleaving parameters are altered from monitoring occasion to monitoring occasion based on configuration provided as part of CORESET configuration for CORESETs that are configured using UE-specific RRC signaling. For example, additional set of values {R, nshift} or only R value, or only nshift value can be configured to a UE wherein, if configured, the UE uses the additional set of interleaving parameters on odd monitoring occasions and uses the primary interleaving parameters on even monitoring occasions.
In some cases it may also be possible to define frequency hopping rules whereby different frequency domain resources are occupied by the CORESET across the repetitions. Thus, the first instance of a monitoring occasion can assume the frequency domain resources as indicated as part of the CORESET configuration with application of frequency hopping (could be realized by pre-defined or configured offsets) for the repetitions. This approach may be suitable especially if repetitions are mapped to a single monitoring occasion (i.e., “repetition of a CORESET for each monitoring occasion”).
Proposal 3
· For the case of PDCCH repetitions using the same CORESET, additional randomization of PDCCH transmission parameters in time domain is defined. These include at least:
· Monitoring occasion starting symbol dependent scrambling sequence initialization

· Monitoring occasion dependent interleaving parameters

5 Conclusions

In this contribution, we discussed some of the URLLC design aspects in application to DL control channel design, in particular the aspect of PDCCH repetitions Based on the discussion and analysis, we have the following observations and proposals:
Proposal 1
· In case of PDCCH repetitions using a single CORESET configuration, a repetition factor R is configured, where repetitions are mapped either into consecutive monitoring occasions or into consecutive repetitions of the CORESET for each configured monitoring occasion.

· In case of PDCCH repetitions across different CORESETs, an association rule between candidates in the CORESETs is defined
Proposal 2

· In case PDCCH repetitions are configured, K1 and K2 values are counted with respect to the last symbol of the last repetition
Proposal 3
· For the case of PDCCH repetitions using the same CORESET, additional randomization of PDCCH transmission parameters in time domain is defined. These include at least:
· Monitoring occasion starting symbol dependent scrambling sequence initialization

· Monitoring occasion dependent interleaving parameters
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