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1. Introduction
RAN1 has decided to introduce UE/PDCCH-specific DM-RS for PDCCH reception. The related PDCCH is mainly used to enable operations like UE UL/DL shared data scheduling and may be targeted to one UE or a group of UEs. Coherent demodulation of  the control information by the UE should be supported.. Thus, the DMRS should be multiplexed into the PDCCH resources.

As RAN1 also agreed that control resource sets should be defined for each UE to mapping it PDCCH candidates, we can consider the mapping together with the DMRS in to resources set with variable size of resource in both time and frequency domain.

This contribution will discuss the mapping rules of UE/PDCCH-specific DM-RS for PDCCH reception.
2. CCE resource and DMRS
CCE should be defined to support different aggregation levels for the PDCCH. Also, a 1 symbol PDCCH resource should be supported. However, 2 and 3 OFDM symbols as PDCCH resources could be possible for longer slot and higher control overhead. To ensure relatively constant units, CCE should be defined within a restricted set of allowed OFDM symbols, e.g. 1 OFDM symbol. Besides, PDCCH should adopt that as unified CCE size. The UE/PDCCH-specific DM-RS resource(s) can be allocated within each CCE/PRB.
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Fig 1 CCE definition for same/different symbol(s)
Fig 0 
Proposal 1: A PDCCH candidate is composed by a number of CCEs. The CCE is defined in number of PRBs spanning in 1 OFDM symbol. 
1.1 CCE MappingBased on the CCE definition, each CCE can be composed by a certain number of PRBs. As the DMRS is UE specific, the increase of DMRS overhead is one of the problems for the UE/PDCCH-specific DMRS.. The worst case is shown in Fig 1 where NR-PDCCH candidates are formed by the CCEs firstly in the frequency domain and each NR-CCE has its own DRMS. In the case of FDM DMRS (as shown in Fig 2-(A)) where each NR-CCE consists of  4 PRBs and each one contains 3 DMRS REs (36 REs per CCE for DCI), the DMRS overhead is 25% when one DRMRS port is used. In the case of TDM DRMS (as shown in Fig 2-(B)) where each OFDM symbol (OS) is split into two OS with higher SCS and the first OFDM symbol is used as DMRS, DMRS overhead will be 50%. 
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Fig 2 Illustration of DMRS overhead with frequency first CCE mapping
Observation1: The overhead of UE/NR-PDCCH-specific DMRS will be much higher than in LTE (where it is 5.56% for one port when 3 OS are used), if inefficient rules for CCE mapping are applied.
If a candidate of NR-PDCCH is formed by CCEs in time-domain-first manner, then the DMRS overhead could be greatly reduced. Not all CCEs may need to accommodate DMRS, they could utilize the DMRS of an adjacent CCE (for the same NR-PDCCH candidate). With these reduction rules applied, it is shown for the case in Fig 3 that the DMRS overhead is 50% reduced compared to the one that is shown in Fig 2.
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Fig 3 Illustration of DMRS overhead with time first CCE mapping
Observation2: Mechanisms for DMRS overhead reduction should be studied for UE/NR-PDCCH-specific DMRS.
Proposal 2: Time-first CCE mapping of NR-PDCCH candidate should be supported. A CCE should not accommodate DMRS if its preceding CCE in same frequency for the same NR-PDCCH candidate contain DMRS.
1.2 DMRS PositionThe DMRS position is another issue to be studied. There are two alternatives shown in Fig 4 below (without loss of generality, we take FDM DMRS as an example): (1) the first one is self-contained DMRS which means that the DMRS is always transmitted in the CCE(s) for one PDCCH candidate. (2) another alternative is ‘first symbol DMRS’ which means that DMRS is always transmitted in the first OFDM symbol no matter which OFDM symbol the CCEs for one NR-PDCCH candidate is located in.
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Fig 4 illustration of DMRS possition
The cons of ‘first symbol DMRS’ include: 
(1). The # of available REs for DCI in the 1st OS varies depending on the # of DMRS ports for NR-PDCCH candidate in other OSs (with the same frequency position), which results in performance fluctuation of NR-PDCCH in the 1st OS. 
(2). Performance of NR-PDCCH in the 1st OS will be worse than that in other OSs. 
(3). For analog beamforming, ‘first symbol DMRS’ scheme may not be always feasible when different OSs are used for different beam direction.
(4). Signaling may be needed to indicate the DMRS overhead in the first OS.
The ‘Self-contained DMRS’ scheme avoids these drawbacks, therefore it should be supported by NR when UE/PDCCH-specific DMRS is used.
Proposal 3: The mapping scheme of the self-contained DMRS should be supported by NR when UE/PDCCH-specific DMRS is used.
.
3. Further DMRS overhead reduction
Although the idea introduced in the above sections can effectively reduce the overhead of UE/PDCCH-specific DMRS, the overhead is still much higher than that of LTE PDCCH. In the worst case where the aggregation level of all NR-PDCCH candidates is 1, such that every CCE in each OS will contain DMRS, then the overhead will be 25% under the assumption shown in Fig 2 for the case of FDM DMRS. Therefore, Further reduction of DRMS overhead should be considered when UE/PDCCH-specific DMRS is applied.
Observation3: Further reduction of DRMS overhead should be considered when UE/PDCCH-specific DMRS is applied.
One possible scheme is to support dynamic indication of the DMRS location in time domain, which means it can be dynamically indicated by the gNB that whether (1) ‘self-contained DMRS’ is used for one NR-PDCCH candidate OR (2) DMRS in the CCE belonging to another NR-PDCCH candidate. The later one means a sharing of DMRS among candidates in the same frequency location and in adjacent OSs. An example is shown in Fig 5, this idea can further reduce the DMRS overhead when two UEs share the same PMI.
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Fig 5 Example of DMRS overhead reduction
Proposal 4: NR supports dynamic indication of DMRS location in time domain in order to further reduce DMRS overhead.
.
4. OS for Search Space Definition
The following is agreed in RAN1#87[2].
	Agreements:
· when the control resource set spans multiple OFDM symbols, NR support a control channel candidate to be mapped to multiple OFDM symbols or to a single OFDM symbol

· The gNB can inform UE which control channel candidates are mapped to each subset of OFDM symbols in the control resource set. FFS: details of the signaling (implicit or explicit)


In LTE, the CCE of PDCCH is numbered based on the # of OFDM symbols in the DL control region which is indicated by PCFICH. Then, USS and CSS are defined according to available CCE in the control region. The design will be different in NR where the CCE of NR-PDCCH may be numbered based on a subset of OFDM symbols. Then USS and/or CSS are defined according to available CCEs in the subset of the control OFDM symbols (i.e. not the whole control region). Different subsets of the control OFDM symbols can work with different beam directions. It is also possible to allocate multiple search spaces for one UE in different subsets of control OFDM symbols in order to enable flexible resource allocation. An example is shown in Fig 6.
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Fig 6 Illustration of search space definition
Proposal 5: To enable multiple beam operation, NR supports mapping search space in subset of control OFDM symbols of the whole control region of a slot.
5. Conclusion
Based on the analysis given above, we have the following proposals:
Observation1: The overhead of UE/NR-PDCCH-specific DMRS will be much higher than in LTE (where it is 5.56% for one port when 3 OS are used), if inefficient rules for CCE mapping are applied.
Observation2: Mechanisms for DMRS overhead reduction should be studied for UE/NR-PDCCH-specific DMRS.
Observation3: Further reduction of DRMS overhead should be considered when UE/PDCCH-specific DMRS is applied.
Proposal 1: A PDCCH candidate is composed by a number of CCEs. The CCE is defined in number of PRBs spanning in 1 OFDM symbol. 
Proposal 2: Time-first CCE mapping of NR-PDCCH candidate should be supported. A CCE should not accommodate DMRS if its preceding CCE in same frequency for the same NR-PDCCH candidate contain DMRS.
Proposal 3: The mapping scheme of the self-contained DMRS should be supported by NR when UE/PDCCH-specific DMRS is used.
Proposal 4: NR supports dynamic indication of DMRS location in time domain in order to further reduce DMRS overhead.
Proposal 5: To enable multiple beam operation, NR supports mapping search space in subset of control OFDM symbols of the whole control region of a slot.
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