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Introduction
The NR study item agreed the basic DL control channel framework including definition of a control resource set and the control channel building blocks, namely the NR CCE and NR REG. Specification work for the NR-PDCCH structure is ongoing, where the outstanding aspects include CCE-to-REG mapping, PDCCH-to-CCE mapping, CCE size and DMRS design. For the first meeting of the NR WI phase some more details on the NR-PDCCH structure were agreed as follows [1],

Agreements:
· NR-PDCCH can be mapped contiguously or non-contiguously in frequency with localized or distributed mapping of REGs to a CCE (in the physical domain)
· Note: The number of contiguous REGs in the CCE needs further discussion.
· Note: Localized/distributed mapping can be achieved without/with interleaving.
· A CCE may be mapped to REGs with interleaved or non-interleaved REG indices within a CORESET
· Definition of a REG bundle: The UE may assume that the same precoder is used for the REGs in a REG bundle and that the REGs in a REG bundle are contiguous in frequency and/or time 
· REG bundling per CCE is supported for NR-PDCCH
· FFS: Whether this applies to common search space
· FFS: Whether all REGs have DMRS or not
· FFS: Whether wideband precoding is supported and the definition of a REG bundle if it is supported
· FFS: whether REG bundle size is different for mapping of NR-PDCCH with or without interleaved mapping of CCE to REGs 
· FFS on REG bundle size
· FFS whether REG bundle size is configurable
· Working assumption:
· A NR-CCE is defined as 6 REGs
· Candidate bundle sizes for distributed REG-to-CCE mapping: 2 or 3 REGs if NR-CCE is defined as 6 REGs
· FFS: impact of the NR-CCE definition on CORESET size, CCE aggregation levels, data resource allocation granularity, etc.

This contribution discuses several open issues including NR-CCE composition and NR-PDCCH mapping to physical resources.
Discussion
CCE size
In [2] we discuss possible contents of NR DCI formats. At least the following completely new fields could be added for NR DCI formats, 
· UL MIMO: TRI, SRI
· PUCCH time-frequency resource allocation (including HARQ-ACK timing)
· Timing between DL/UL grant and the corresponding data transmission
· Aperiodic IMR trigger
· HARQ Process ID for UL grant 
· Indication of reuse of DL control resources for data

Therefore, even with efficient DL signaling through optimization of information fields (e.g. combination of semi-static and dynamic signaling) it is envisioned that NR DCI payloads would be on the order of 10 or more bits larger than corresponding LTE DCI sizes. Given that for 20MHz the LTE DCI payload sizes (including CRC) already range from around 30 to roughly 80 bits, an NR-CCE size of 4 REGs with 33% DMRS overhead would require a very high coding rate for AL1. A CCE size of 8 REGs on the other hand may be over-dimensioned and would also impact NR-PDCCH capacity for small to moderate carrier bandwidths. Therefore, it is recommended to adopt 6 REGs as the CCE size.

Proposal: Confirm the working assumption that the CCE size is 6 REGs.

NR-CCE and NR-REG structure
Both localized and distributed CCE-to-REG mapping shall be supported for NR-PDCCH. The distributed mapping offers frequency diversity gain, which in our view is a major requirement as reliable delivery of DL control information cannot depend on the availability and timeliness of CSI at the gNB. Localized mapping on the other hand provides other benefits such as compact mapping in the frequency domain. This, in turn, is useful for frequency selective scheduling when timely CSI is available to the gNB. Furthermore, the compactness in the frequency domain can facilitate reuse of control resources for data transmission, and the possibility of DMRS overhead reduction when a control channel candidate is mapped across multiple OFDM symbols in a control resource set.

A second issue to decide on is whether to adopt time-first or frequency-first mapping or both under the umbrella of localized or distributed CCE-to-REG mapping. As discussed in several previous contributions (e.g. [3] - [5]) there are pros and cons to either time-first or frequency-first mapping. Figure 1 depicts localized frequency-first and time-first CCE-to-REG mapping. The REGs are indexed in numerical order starting from the lowest indexed PRB of the first symbol to the highest indexed PRB of the last symbol of the control resource set. 
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[bookmark: _Ref481797002]Figure 1 Localized CCE-to-REG mapping: (a) Frequency-first, (b) Time-first

It can be seen that frequency-first mapping may provide some latency benefits in terms of early decoding only if the transmitted candidate is mapped to the first symbol. A stronger benefit is that for frequency-first mapping of a candidate to CCEs, it supports analog beamforming where different beams are used on different symbols. Time-first mapping is beneficial for localized mapping since the CCEs can be compactly located in the frequency domain. 
For the localized mapping shown above frequency-first and time-first mapping of candidate to CCE can be implemented for frequency-first CCE-to-REG mapping. However, for the time-first CCE-to-REG mapping, only frequency-first mapping is possible. 

The distributed mapping case is shown in Figure 2. In this example the CCE-to-REG distribution is per REG bundle to reap some channel estimation gain due to bundling. An interleaver can be used to implement distributed CCE-to-REG mapping. The interleaving unit is an REG bundle which can enable time-first or frequency-first according to the interleaving function.
[image: ]
[bookmark: _Ref481801540]Figure 2 Distributed CCE-to-REG mapping: (a) Frequency-first, (b) Time-first

It can be observed from the two figures that there is a dependency between the control resource set duration and the CCE size. If the control resource set duration is not a factor of the CCE size, then multiple CCEs would share the same PRBs. This would mean that DMRS cannot readily be reused on contiguous OFDM symbols containing the same CCE. In our view the gNB has the flexibility to configure control resource set size to avid this issue. For example, given a bundle size of 2, and time-first CCE-to-REG mapping, the duration is restricted to even numbers. On the other hand odd length duration can be realized with frequency-first mapping to avoid CCEs sharing the same PRB. 

Observation: the gNB has the flexibility to configure the control resource set duration and/or the CCE-to-REG mapping such that multiple CCEs do not share the same PRB.

Proposal: the CCE-to-REG mapping can be localized or distributed and time-first or frequency-first. 

An open issue is the bundle size, where it was agreed to consider bundle sizes of 2 and 3. We provide a preliminary performance evaluation for small and large delay spreads in Figure 3 and Figure 4.  The simulation assumptions are described in Table 1 of the Appendix.
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[bookmark: _Ref481801157]Figure 3 Performance comparison of different REG bundle sizes for TDL-C DS=30ns
It can be observed in Figure 3 that when the channel frequency selectivity is low a larger bundling size is better for AL1 since the coding gain cannot compensate for the poorer channel estimation. On the other hand, for highly frequency selective channel as shown in Figure 4, larger bundling has no performance gain even for AL1 as the frequency selectivity becomes a limiting factor. Thus we have a slight preference for the smaller bundle size.
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[bookmark: _Ref481801189]Figure 4 Performance comparison of different REG bundle sizes for TDL-C DS=1000ns


Proposal: REG bundle size of 2 is sufficient for CCE-to-REG mapping

Conclusion
This contribution discussed some outstanding details regarding the NR PDCCH structure. The proposals are summarized here as follows,
· Proposal 1: Confirm the working assumption that the CCE size is 6 REGs.
· Observation: the gNB has the flexibility to configure the control resource set duration and/or the CCE-to-REG mapping such that multiple CCEs do not share the same PRB.
· Proposal 2: the CCE-to-REG mapping can be localized or distributed and time-first or frequency-first. 
· Proposal 3: REG bundle size of 2 is sufficient for CCE-to-REG mapping
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Appendix
Table 1 Simulation assumptions
	Parameters
	Value

	Carrier frequency
	4GHz

	Subcarrier spacing
	15KHz

	DS Scaling
	30ns, 1000ns

	UE speed
	3Km/h

	CCE size
	6 REG

	REG size
	1 RB in frequency and 1 OFDM symbol in time

	CCE to REG mapping
	For precoder cycling: Distributed

	DCI size
	20bits+16bits CRC

	Aggregation level
	1, 4

	Number of OFDM symbols
	1

	DMRS density
	33% (4 REs per REG)

	Control resource set size
	100 RBs

	TXD
	Precoder cycling(RB level)

	Channel estimation
	Practical: MMSE

	Channel model
	TDL-C

	Channel estimation size
	Precoder cycling:2RB/3RB

	Antenna configuration
	2 TX 2 RX

	Number of antenna port
	Precoder cycling: one antenna port

	Modulation order
	QPSK

	Channel coding
	TBCC
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(a) Localized freq-first CCE-

to-REG mapping
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(b) Localized time-first CCE-

to-REG mapping
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(b) Distributed time-first CCE-

to-REG mapping
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