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1 Introduction
In RAN1#88 the following were agreed regarding aspects of the NR-PDCCH design [1]. 
Agreements:

· NR-PDCCH can be mapped contiguously or non-contiguously in frequency

· The following may be considered to achieve the above (in the physical domain)

· Option 1: Localized or distributed mapping of REGs to a CCE. 

· Option 2: Localized mapping of REGs to a CCE. Localized or distributed mapping of CCEs when multiple CCEs are needed for an NR-PDCCH

· Down-selection between Opt 1 and Opt 2 should be further discussed

· Companies are encouraged to perform evaluations considering aspects such as channel estimation, frequency diversity, impact of resource reuse for NR-PDSCH, etc., especially for one CCE case

Agreements:

· FFS details of mapping of NR-PDCCH in time and frequency, considering the following options:

· Frequency first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate 

· Time first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate

· Frequency first mapping of REGs to CCEs, time first mapping of CCEs to search space candidate

· Time first mapping of REGs to CCEs, frequency first mapping of CCEs to search space candidate

· Down-selection should be discussed, including of the number of supported option(s)
Agreements:

· Further study the following alternatives:

· Alt 1: For a given control resource set, there is only one CCE to REG mapping scheme

· Alt 2: For a given search space, there is only one CCE to REG mapping scheme

This contribution considers tradeoffs for each resource mapping method and the remaining FFS issues related to the resource mapping for NR-PDCCH. 

2 Resource mapping aspects for NR-PDCCH
2.1 Discussion on localized and distributed mapping
A localized NR-PDCCH transmission can be used when a favourable precoder for the UE is available and reliable. A same precoder can apply for DMRS REs and data REs in a transparent manner. For localized transmission, as for localized EPDCCH, it is desirable that a CCE is composed of localized (contiguous) REGs to maximize beamforming gain. Also, localized REGs can give better channel estimation accuracy if several REGs are bundled using same precoder. Therefore, a fully localized CCE-to-REG mapping should also be enabled in NR for localized NR-PDCCH and this is supported by both Option 1 and Option 2.
A distributed NR-PDCCH is associated with diversity, such as frequency diversity or transmission diversity schemes (e.g. precoder cycling), to provide robust transmission that has less dependence on accurate CSI feedback for link adaptation. To maximize the frequency diversity and interference diversity gain, distributed CCE-to-REG mapping is beneficial for distributed NR-PDCCH. Same principle is adopted to distribute EPDCCH supports fully distributed mapping for EREG to ECCE. However, due to reduced time duration relative to EPDCCH for NR-PDCCH, a same number of DMRS REs represents higher overhead. To enable accurate channel estimation without excessive DMRS overhead, localized mapping for a number of REGs composing, at least for aggregation levels with multiple CCEs can be further considered even for distributed NR-PDCCH as Option 2. For aggregation level of 1 CCE, whether localized mapping of some REGs can apply can depend on the number of REGs per CCE as, depending on the channel, frequency diversity provides gains over improved channel estimation at the large SINRs where an aggregation level of 1 CCE is applicable. Localized REGs can enhance the channel estimation accuracy when the frequency selectivity is low enough and the localized REGs are either non-precoded or are bundled using same precoder. As long as transmitter diversity is used, a frequency diversity order of 4 can typically capture all respective gains even for somewhat correlated antennas. Since this trade-off is affected by many parameters such as system bandwidth, channel delay spread, aggregation level, CCE size, an evaluation results for some combinations are provided in a companion contribution [2]. It is shown that localized mapping for some REGs per CCE can outperform fully distributed CCE-to-REG mapping at least for uncorrelated antennas. According to simulation results in [2], localized 3 REGs, for a CCE of 6 REGs, offers the best performance for most aggregation levels. Therefore, a combination of the localized and distributed mappings in Option 1 should be considered.

Proposal 1: Consider a combination of distributed and localized CCE-to-REG mapping for Option 1.
2.2 CCE-to-REG mapping aspects 
2.2.1 Time first mapping
For time first mapping, a number of contiguous REGs in time domain compose a CCE and consequently a CCE is mapped over multiple OFDM symbols corresponding to the control resource set (CORESET) duration as shown in Figure 1. Time-first mapping has benefits for localized NR-PDCCH since a CCE can be more compactly localized in frequency domain. This enables reliable beamforming gain as well as frequency selective scheduling gain that may not be achievable with frequency-first mapping considering for example 6 RBs per CCE or an aggregation level of multiple CCEs. 
In time first mapping, different CCEs are FDMed. Consequently, the front-loaded DMRS in the first symbol is fully utilized for demodulating the corresponding CCE without dedicated port mapping. Then, it is possible to use all DMRS REs within a CCE for channel estimation when MU-MIMO transmission is not introduced to that CCE. Further, since each CCE contains DMRS, the number of available REs to transmit a DCI is the same for every CCE. Therefore, similar performance can be expected regardless of which CCE is used for NR-PDCCH transmission. Also, a pure FDM structure among CCEs can be beneficial for multiplexing between data and control [3]. For example, candidates for the data starting position can be simplified to two options; either the 1st symbol or the (CFI+1) symbol. 

The above benefits of time first mapping depend on the number of REGs per CCE and the CORESET duration. For example, when the CORESET duration is 3 symbols and 4 REGs compose a CCE, two adjacent CCEs can be partially TDMed in frequency. If two NR-PDCCH candidates for different UEs are transmitted through the TDMed CCEs with different UE-specific beamformers, then DMRS in the first symbol cannot be fully utilized for a UE. In this case, dedicated port mapping on each CCE should be supported as in EPDCCH. Another possible solution is to ensure pure FDM between different CCEs by choosing a proper number of REGs per CCE. Assuming maximum CFI is 3 for NR, 6 REGs per CCE is a favourable choice since pure FDM between CCEs is ensured regardless of the CFI. However, further analysis is needed as due to the increased DCI format sizes in NR, the worse channel estimation than for PDCCH, and the possibility to have CORESETs with BW less than 20 MHz, three OFDM symbols may not be always sufficient.  

Observation 1: Time first mapping for CCE-to-REG has benefits such as practically enabling localized transmissions, possibility of DMRS reuse, and simplifying multiplexing between data and control. 

2.2.2 Frequency first mapping
For frequency first mapping, contiguous REGs in frequency domain compose a CCE, and a CCE can be mapped within a single OFDM symbol regardless of the control resource set duration as shown in Figure 1. Therefore multiple CCEs can be TDMed. If front loaded DMRS is assumed, CCEs in later OFDM symbols may not contain DMRS to avoid large DMRS overhead. Instead, DMRS in the first OFDM symbol should be shared for the multiple CCEs in the same frequency location. In this case, a dedicated port mapping for the consecutive CCEs in time domain is required to support UE-specific beamforming. Proper search space design can resolve this issue. For example, if CCE#1 and CCE#2 in the consecutive OFDM symbols in same frequency location are configured as a NR-PDCCH candidate of AL=2 for a UE, the DMRS in the first OFDM symbol can be fully used for that UE [4].

Frequency first mapping may be perceived to have benefits in terms of latency and frequency diversity. Since a NR-PDCCH can be transmitted through a single OFDM symbol, decoding latency may be reduced for that NR-PDCCH if the scheduler decides to use a candidate mapped only on the first OFDM symbol (latency is progressively larger for NR-PDCCHs transmitted in later symbols). In terms of frequency domain mapping structure, as a NR-PDCCH can be mapped to wider frequency band compared to the time first mapping method, more frequency diversity is achieved and frequency-first mapping can be suitable for distributed transmissions when enhanced coverage is not required.

Observation 2: Frequency first mapping for CCE-to-REG has benefits in terms of decoding latency and frequency diversity.

Therefore, similar to EPDCCH in LTE, the CCE-to-REG mapping should be configurable in NR. 
Proposal 2: NR supports configurable CCE-to-REG mapping for a search space.
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Figure 1. CCE-to-REG mapping (a) time-first mapping (b) frequency-first mapping
2.3 CCE to search space mapping aspects
2.3.1 Opt. 1) Frequency first mapping with time first mapping of CCE-to-REG 

Figure 2(a) shows frequency first CCE-to-search space mapping under time first CCE-to-REG mapping for a given CORESET duration. Since a CCE is mapped over the multiple symbols for the CORESET when time first mapping of CCE-to-REG is used, only frequency first mapping is possible for CCE-to-search space mapping. For AL = l, l CCEs consecutive in frequency domain are mapped to a search space candidate. If channel estimation reuse across aggregation levels is supported, a set of CCEs for higher aggregation level can include a subset of CCEs for lower aggregation level [2]. From PDCCH blind decoding operations, a UE needs to receive all control symbols for candidates using time first CCE-to-REG mapping. For candidates using frequency first CCE-to-REG mapping, symbol-by-symbol decoding is possible. 

Observation 3: Frequency first CCE-to-search space mapping with time first CCE-to-REG mapping is beneficial for localized transmissions. 
2.3.2 Opt. 2) Frequency first mapping with frequency first CCE-to-REG mapping

In Figure 2(b), s both CCE-to-search space and CCE-to-REG mappings follow frequency first mapping for a given CORESET duration. A NR-PDCCH candidate for a given AL is mapped to a specific OFDM symbol and wider frequency band. Therefore Option 2 is good for distributed NR-PDCCH transmission as it can maximally utilize frequency diversity gain. Also, it is possible to configure all of search spaces for a UE to be in a specific OFDM symbol. Subsets of a total search space can be located in subsets of OFDM symbols without additional search space configuration. Therefore, a UE can be dynamically configured to decode specific OFMD symbols to reduce the number of blind decoding operations. However, there exist some limitations on DMRS reuse across the multiple OFDM symbols as already discussed in subsection 2.2.2 if different beamforming is used. 
Observation 4: Frequency first CCE-to-search space mapping with frequency first CCE-to-REG mapping is beneficial for distributed transmission. There are some limitations for DMRS reuse.

2.3.3 Opt. 3) Time first mapping with frequency first mapping of CCE-to-REG
Figure 2(c) shows time first CCE-to-search space mapping under frequency first CCE-to-REG mapping for CORESET duration of 2 symbols. Each CCE is mapped within an OFDM symbol and multiple CCEs composing a NR-PDCCH candidate for AL>1 are mapped over multiple OFDM symbols. Therefore, it is possible to configure a search space for a given AL to the specific subset of OFDM symbols. For example, when the CORESET duration is 3 symbols, search space for AL=1 can be located in the first symbol, search space for AL=2 can be located over the first and second symbols, and search space for AL=4 can be located over all symbols. A UE can be configured not to decode a search space corresponding to an AL by configuring the number of OFDM symbols to be decoded. For AL>1, a NR-PDCCH is transmitted over the multiple OFDM symbols. Therefore DMRS in the first symbol can be reused for other symbols when a NR-PDCCH candidate is blindly decoded. 
Observation 5: Time first CCE-to-search space mapping with frequency first CCE-to-REG mapping is beneficial for blind decoding reduction and DMRS reuse. 

Proposal 3: NR supports configurable CCE to search space mapping for a search space.
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Figure 2. CCEs to search space mapping (a) frequency-first mapping +  time-first mapping of CCE-to-REG
(b) frequency-first mapping + frequency-first mapping of CCE-to-REG
(c) time-first mapping + frequency-first mapping of CCE-to-REG
2.4 REG-to-RE mapping

So far, RAN1 has not discussed how to map REs to an REG. There are three alternatives: 1) fixed REG-to-RE mapping, 2) cell-common REG-to-RE mapping, and 3) group/UE-specific REG-to-RE mapping. In LTE, the RE mapping to an REG is fixed in specification as frequency first mapping in order. Instead of using fixed RE mapping, different mapping orders for cells or UEs can offer useful functionalities. One example is that a UE can be aware of its own control signal by decoding NR-PDCCH with its own RE mapping order in an REG. Unlike in LTE where only the C-RNTI/CRC serves for distinguishing PDCCHs for different UEs, a UE-specific RE mapping can provide additional capability to distinguish PDCCHs for different UEs. This capability can be obtained without incurring additional overhead or requiring definition of longer CRC lengths. To get the capability explained above, one of the examples that can be considered for group/UE-specific REG-to-RE mapping is shown in Figure 3.
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(a) Fixed mapping order of RE to REG

(b) variable mapping order of RE to REG


Figure 3. RE mapping order to REG
Observation 6: Group/UE-specific RE mapping order to an REG has benefit for UE separation of control channels. 
Proposal 4: NR supports Group/UE-specific REG-to-RE mapping.

3 Conclusion

This contribution discussed remaining issues on NR-PDCCH design related to resource mapping aspects based on the agreement in the previous RAN1#88 meeting. Following observations were captured as below.
Observation 1: Time first mapping for REG to CCE has benefits such as practically enabling localized transmission, possibility of DMRS reuse, and simplifying multiplexing between data and control. 

Observation 2: Frequency first mapping for REGs to CCE has benefits in terms of decoding latency and frequency diversity.

Observation 3: Frequency first CCE-to-search space mapping with time first CCE-to-REG mapping is suitable for localized transmissions.
Observation 4: Frequency first CCE-to-search space mapping with frequency first CCE-to-REG mapping is beneficial for distributed transmission. There are some limitations for DMRS reuse.

Observation 5: Time first CCE-to-search space mapping with frequency first CCE-to-REG mapping is beneficial for blind decoding reduction and DMRS reuse. 
Observation 6: Group/UE-specific RE mapping order to an REG has benefit for UE separation of control channels.
Also, following proposals are made as below.
Proposal 1: Consider a combination of distributed and localized REG-to-CCE mapping for Option 1.
Proposal 2: NR supports configurable CCE-to-REG mapping for a search space.

Proposal 3: NR supports configurable CCE-to-search space mapping for a search space.
Proposal 4: NR supports Group/UE-specific REG-to-RE mapping.
References
[1] RAN1 Chairman’s notes, 3GPP TSG RAN WG1 #88
[2] R1-1705381, “On Hierarchical Search Space Structure”, Samsung
[3] R1-1705384, “Multiplexing between data and control”, Samsung
[4] R1-1702974, “DMRS Design Aspects”, Samsung
[5] R1-1705380, “Search Space Design”, Samsung

Page 6

[image: image1][image: image4.png]


