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Introduction
In LTE, the downlink control channel is used for delivering system information and other common/group control signaling, and for scheduling DL assignments and UL grants. A range of payload sizes and coding rates are supported to handle different transmission modes and channel conditions respectively. Furthermore, by configuring each UE with a number of search space candidates and relying on blind decodes, the network is able to efficiently manage control channel capacity across all users served by a cell. It was readily seen by LTE Release 10 that the PDCCH was ill equipped to handle newly introduced features. For instance, while it was suited to homogeneous cellular networks consisting of macro cells, it was not well suited for heterogeneous networks with a mix of high power and low power base stations controlling macro and small cells respectively. Perhaps, more importantly, the LTE PDCCH decoding complexity scales with the number of blind decodes (BDs) and the number of aggregation levels.
As the NR system is tasked to address diverse use cases and deployment scenarios compared to LTE while keeping device complexity and energy usage to manageable levels, several aspects of the control channel design need to be carefully investigated. In addition, latency constraints such as for URLLC require further study of mechanisms that speed up both gNB and UE data/control processing. This contribution studies the construction and mapping of DCI formats with a view to minimizing the UE decoding complexity and power consumption. In Section 2 we compare and contrast several mechanisms for efficient construction and mapping of downlink control information in the NR system.

Discussion
Reference DCI formats
One proposal in NR is to simplify the DCI structure compared to LTE by defining only a small number of DCI formats (see e.g. [1]). The motivation is that since many LTE DCI formats differ by only a few bits, it is simpler for NR to introduce a select few reference payload sizes. The DCI format would contain a header field which informs the UE what information fields are conveyed in the remaining bits. Taking LTE DCI formats as an example, the implication is that the actual payload size is quantized to fit one of these reference sizes. 

Whilst this scheme can eliminate the need for padding bits and also reduce specification complexity it does not really reduce the number of BDs, which depends on the transmission modes, number of aggregation levels (ALs) and number of search spaces. For example, in LTE a UE that is not configured for NB-IoT or eMTC needs to search in the UE-specific search space (UESS) for DCI formats 0/1A and for a DL transmission mode-dependent format such as 1/1B/1D/2/2A/2B/2C/2D. Furthermore, the UE also searches for DCI format 4 if UL MIMO is configured. Since there are 16 control channel candidates in the UESS, the UE performs up to 16 * 3 = 48 BDs. Therefore, to reduce the number of BDs only one or two payload sizes should be introduced. For example, one small and one large reference payload could be introduced in NR. Note that the payload sizes also depend on the system bandwidth and if cross-cell scheduling is supported in NR, there may still be many sizes that a UE has to support. Another issue is when a UE requires a moderate payload but has to be quantized to say the large payload size. It may not be possible for the UE achieve the target BLER without power boosting compared to the case where the DCI payload size is exactly according to the configured DCI format. 

2-stage DCI
It has been proposed to introduce a 2-stage DCI scheme where a first set of information fields and a second set of information fields are independently encoded and mapped to separate regions of the time-frequency grid. The potential benefits of this scheme are enumerated in [2] and include a reduction in the number of blind decodes, improving processing timeline and enabling forward compatibility, wherein extension information fields can be mapped to the second stage. The second stage could either be mapped in the same control resource set – such as on an adjacent OFDM control symbol with respect to the first stage – or to the PDSCH region. 
There are pros and cons of both mapping options for the second stage DCI. Firstly, if the second stage is mapped to another portion of the same control resource set, an explicit indication may need to be inserted in the first DCI to indicate the location of the second DCI. Thus, for a DCI scheduling DL data, up to two resource allocation fields may be required in the first DCI, namely, one for indicating the location of the second DCI and one for PDSCH resource allocation.  Alternatively, the signaling overhead may be minimized by mapping the second part of the DCI to the PDSCH region for DCI scheduling a DL assignment. A few limitations of the 2-stage DCI are:
1) Some of the potential benefits do not apply to UL grants such as placing the second DCI in the PDSCH region. In LTE, 2 sets of BDs apply to UL (DCI formats 0/1A and 4) so we are not getting much savings for just DL assignments.
2) Different performance requirements for 2-stage decoding particularly as it is mapped to different time-frequency regions.
3) Reliability for each DCI needs to be higher to maintain same overall control channel reliability. 
4) It may not be applicable to compact DCI formats or for common/group control signaling.
It can be observed that several challenges remain unsolved for the 2-stage DCI scheme. Nevertheless, it is a good first step towards reducing the decoding complexity and ensuring forward compatibility for NR. In the next section we present some refinements to the 2-stage DCI scheme that address some of these shortcomings while achieving the stated goal of reducing decoding complexity and forward compatibility. 

2-part single stage DCI design
One of the shortcomings of the 2-stage design is the fact that each stage is mapped to different time-frequency regions and experience different channel and interference conditions. Essentially the DCI for a UE is transmitted on two NR-PDCCHs. A different solution may be envisioned where the two sets of control information are mapped to the same NR-PDCCH. Figure 1 is an illustration of a two part scheme, wherein a DCI is partitioned into a common part and an extension part. 


Figure 1 Illustration of a DCI partitioned into common and extension parts but mapped to a single NR-PDCCH
Each part is separately encoded and rate matched, and both rate matcher outputs are concatenated before QAM modulation. The concatenated and modulated output is then mapped to the time-frequency resources occupied by the NR-CCEs belonging to a control channel candidate in the UE’s search space.
Similarly to the 2-stage DCI scheme, this 2-part scheme avoids linking the number of BDs to the number of configured transmission modes. One field in the common part is a DCI type indicating what fields are mapped to the extension part. However, in contrast to the 2-stage DCI scheme, the two DCI parts are mapped to the same set of CCEs defining a specific control channel candidate.
Proposal: consider the introduction of a 2-part DCI mapped to a single NR-PDCCH 
It can be observed in Figure 1 that the two rate matching blocks must ensure that the overall coding rate is as close as possible to the target coding rate given the AL. For a more efficient utilization of ALs, it is preferable to minimize the degree of puncturing or repetition. . Towards this goal, the FEC encoder may support one or more output coding rates. The coding rate closest to the target coding rate is selected for encoding the DCI payload. If the number of coded bits is not exactly equal to the number of channel bits offered by an AL, limited repetition or puncturing may be performed. This basically allows a finer quantization to the target coding rate and potentially improves the NR-PDCCH BLER performance compared to coarse repetition/puncturing as done in LTE. To maintain the same reliability a common target coding rate is applied to both common and extension parts.
Proposal: consider multiple output code rates for the NR-PDCCH FEC encoder  

DCI contents
In a previous contribution [3] we listed proposed information fields in NR DCI formats. Here we describe how these information fields can be partitioned into the 2-part DCI. As the name implies, the common part consists of control information fields common to at least all UE-specific DCI formats. For example, the resource allocation, NDI and MCS fields could be placed in the common part. As previously mentioned a DCI type field is needed to interpret the contents of the extension field. The contents of each part would depend on whether the 2-part DCI is also used for common or group control signaling. Here we assume that it is only mapped to a UESS. Table 1 shows the common information that can be mapped to the common part. 

Table 1 Example DCI information elements mapped to a common part
	Field
	Description

	UE Identity
	Either explicit or implicit such as scrambling the CRC

	DCI format type
	Indicates how to interpret the extension field

	Information on extension part
	E.g. AL

	Resource allocation
	

	[TPC]
	

	[HARQ Process No]
	

	[MCS]
	

	[NDI]
	

	[CIF]
	



All other fields are mapped to the extension part. Compared to LTE DCI formats, some new fields are envisioned in NR. Table 2 lists some of these fields and intended usage.

Table 2 New NR DCI information elements mapped to an extension part
	Field
	Usage

	PDSCH starting index
	Indicates the starting OFDM symbol for the PDSCH in a slot or mini-slot with respect to the control resource set

	PDSCH/PUSCH duration
	Indicates the data transmission duration 

	HARQ-ACK timing
	Indicates the timing of the HARQ-ACK with respect to a DL assignment



Conclusion
In this contribution we discussed the construction of DCI formats targeting reduced complexity DCI decoding. We compared and contrasted several proposed mechanisms to reduce UE decoding effort and ensure forward compatibility of the NR DL control channel. Our proposals for RAN1 consideration are 
· Proposal 1: consider the introduction of a 2-part DCI mapped to a single NR-PDCCH
· Proposal 2: consider multiple output code rates for the NR-PDCCH FEC encoder  
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