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1. Introduction

In LTE, physical downlink control channel (PDCCH) is transmitted in the first several OFDM symbols in a subframe and the control region spans the whole system bandwidth. In general, the UE would search for its designated PDCCH at the beginning of the subframe and depending on whether it is a DL scheduling request or an uplink grant, it will either go to decode its PDSCH or prepare for PUSCH transmission. 
In 5G NR,  due to introduction of some new application scenarios/techniques as well as the frequency bands supported, the design of DL control channel  requires some changes. One such change is the control region may not span the whole system bandwidth considering that system bandwidth in NR could be much wider than LTE and to monitor the whole system bandwidth may consume too much of UE power. On the other side the  beamforming (BF) technique could be widely used in NR especially in higher frequency band (>6 GHz) to compensate for larger path loss of smaller wavelength in mmWave and improve the coverage,  such technique could also be applied to control channel transmission.  Other than the above mentioned changes, some structures and mechanism adopted in LTE PDCCH design could still be reused or modified to maintain the consistent performance/complexity of control channel. 

In the past two meetings (RAN1-87 and RAN1 NR Ad-hoc meetings), the design of DL control channel for NR were discussed and some agreements were reached.  Among them are stated in the following: 

 (R1-87 meeting)

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)
(R1 NR Ad-hoc meeting)

Agreements:
· NR supports at least following functionalities
· At least for eMBB, in one OFDM symbol, multiple CCEs cannot be transmitted on the same PRB except for spatial multiplexing to different UEs (MU-MIMO)
· A PDCCH candidate consists of a set of CCEs. A CCE consists of a set of REGs. A REG is one RB during one OFDM symbol.
· For one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space (common or UE-specific).
· A UE assumes fixed number of RS REs per REG for control channel rate matching when the REG contains RS REs

· FFS;  if the fixed number is configurable
· Each candidate of NR DL Control channel search space is composed by K NR-CCE(s)
· A NR-CCE is defined in fixed number of REGs

· FFS: Different REGs can be in the same or different symbols depending on REG to NR-CCE mapping

· FFS: NR-CCE includes the REs assumed for UE-specific DMRS to demodulate that NR-CCE

· FFS: REG to NR-CCE mapping within a control resource set is frequency first, time first or gNB configurable
· FFS: Down selection of REG to NR-CCE mapping
· E.g. K can be 1, 2, 4, or 8, etc

In this contribution, a number of different PDCCH structures and their relevant CCE-PRB mappings are discussed and compared. In addition, some DMRS design examples for different PDCCH structures are also presented. 
2. PDCCH structure and DMRS 
2.1. On PUCCH structure and CCE-PRB mapping
From the agreements reached so far, it seems people feel that the general structure of PDCCH in LTE could still be reused, namely, a PDCCH could be transmitted on a number of control channel element (CCE) resources, and such CCE could further consist of some control resource unit (similar as REG in LTE), which is defined as one RB on one symbol. Depending on the payload and reception SNR condition, different CCE aggregation level (CCE AL) could be used. Figure 1 shows an example of such structure  
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Figure 1: PDCCH structure and CCE AL
The remaining issues that need to be resolved would be how these CCEs are arranged and mapped onto time-frequency region specified for control channel transmission (control resource set). As mentioned earlier, BF technique could bring BF gain and enhance the coverage in NR. It could also be applied to control channel transmission which is one of the most important channels that needs to be decoded correctly in the system. If analog BF is used, the same beam will be applied to the resources on the same OFDM symbol. This requires that all the CCE of a PDCCH be transmitted on the same symbol to enjoy the benefit of BF. On the other side, if BF is not applied, the CCE of a PDCCH could be located on the same PRB (or a number of contiguous PRBs) to enjoy the localized frequency selective gain, or it could be spread over the frequency/time span within the control resource set to benefit from frequency/time diversity gain. All these different kinds of benefits/gains may require a couple of PDCCH structure with different CCE mapping configurations be provided by the system.
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Figure 1: An example of CCE mapping along frequency domain
Figure 1 shows an example of a PDCCH structure  where CCE-PRB mapping is along frequency domain first. In this example, all UEs under the coverage of the same beam could share the same OFDM symbol for its PDCCH transmission. All available CCEs on a OFDM symbol within the control resource set could be arranged in ascending order. The allocation of a PDCCH candidate for a particular UE could start with some CCEs based on certain UE specific parameters such as UE ID or UE-RNTI. After the allocation of different PDCCHs is finished, the CCEs could be mapped along the frequency domain to the configured OFDM symbol(s). This would bring the beamforming gain if a directional beam is applied on the symbol. Different beams could be applied to different beams and a UE could have its PDCCH candidates assigned to different symbols and transmit on different beams. That would allow the UE to support a couple of beam pair links at the same time which would be especially beneficial during beam switching or beam fallback. The drawback of this mapping is that as all of REGs of a CCE are mapped to the same symbol, the total transmit power on the CCE will be limited.  From UE perspective, it will be configured with particular OFDM symbol(s) to receive its PDCCH and it could determine its search space (where it tries to detect all its possible PDCCH candidates) by relying on some UE specific parameters and other parameters. 
Figure 2 shows another example where CCE(s) in a PDCCH search space is mapped along the time domain first.  In this example, all the OFDM symbols in the control resource set could be configured for control channel transmission. All available CCEs are arranged in ascending order,  then the PDCCH for a particular UE would be allocated on a number of CCEs based on some UE specific parameters such as UE ID or UE RNTI. After such PDCCH allocation is done for all scheduled UE (UEs having conflicts on CCEs with previous UEs may not get scheduled), CCE(s) including their components of control resource units (REGs) are mapped along time domain first followed by the frequency domain, namely, they are mapped to fill different OFDM symbols in a PRB first before moving to the next PRB.  By such mapping, the CCEs (and relevant control resource units) of a PDCCH are allocated more on a few contiguous PRBs, and thus could benefit some localized frequency selective gain.  Such mapping could also be applied to logical RBs first, which are latter mapped onto distributed PRBs that spread across the frequency band. That could bring frequency diversity gain as well. The other benefit of mapping along time first is that as different symbols of the same PRB contain the control resources for the same control channel, some joint channel estimation could be accomplished along time direction with possible reduction of RS overhead for the control channel. 
Figure 3 shows the third example that CCE could be mapped onto both time frequency domain. It is similar as in LTE, where all REGs of CCEs are interleaved and mapped to the whole control region, which are effectively spread over time-frequency control region.   This would bring both time and frequency time at the same time. The spreading of a CCE across symbols would also allow the power boosting for a CCE across symbols. 
v
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Figure 2: An example of CCE mapping along time domain
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Figure 3: An example of CCE mapping along both time and frequency domain
In summary, various PDCCH structures and CCE mapping could be summarized in Table 1
Table 1: Comparison between various CCE mapping
	CCE mapping
	Pros 
	Cons: 

	Frequency 
	Support BF, and frequency diversity, have flexibility to support beam switching and beam fallback
	May not allow power boosting

	Time 
	Enjoy localized frequency selective gain, could also exploit frequency diversity, allow power boosting, could have some benefits in joint channel estimation and RS overhead reduction
	Does not support BF

	Time-frequency 
	Enjoy both time and frequency diversity, also allow power boosting
	Does not support BF


From the table, it can be noticed that each type of CCE mapping has its pros and cons and may find its benefits in different scenarios. However, considering that BF is a key technique introduced in 5G NR, and it is also critical for the control channel which is very keen on the coverage and robustness in performance, the CCE mapping that can be used to support BF for PDCCH shall be considered first
Proposal :  
· At least to support CCE mapping along frequency to support PDCCH BF. 
2.2. DMRS design for PDCCH
In RAN1 NR Ad-hoc meeting, it was agreed that the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space. The purpose of this is to reduce the channel estimation effort in PDCCH searching and decoding and save UE power. Such desire imposes some restrictions on DMRS design as well as structure of PDCCH candidates with different CCE AL. In general, it proposes to support a hierarchical structure for PDCCH candidates of a UE where PDCCH candidates of different CCE AL completely or partially overlap on the same sets of CCEs so that they could experience the same channel responses. It also applies some requirements on DMRS design for the PDCCH in the way that DMRS locations may not vary depending on different PDCCH candidates with different CCE AL. To cope with this, a simple and straightforward way could be to design a set of self-contained DMRS on the smallest resource unit level of the control channel, e.g., REG or PRB, so that when these units are used to form the larger resource sets such as CCEs, the DMRS pattern and density won’t vary, 
Figure 4 shows a RS design example, where in each control channel resource unit (one PRB in frequency),  4 RE(s) are used for RS and remaining 8 RE(s) are used for control channel. The RS UE(s) are divided into groups with each group containing a pair of RE(s), that is to be used for supporting 2-ports RS. CDM and FDM could be used to MUX the RS for these 2-ports on each pair of RE(s). The pair of RS UE(s) are 4 RE apart from each other as shown in the example, that makes the frequency gap between each RS port similar as that in LTE, and thus be able to achieve at least similar channel estimation accuracy as in LTE. Such RS pattern would also make the channel estimation in each control channel resource unit self-contained and can be reused for the blind decoding of different PDCCH candidates (e.g., with different CCE AL).  To avoid interference among RS for control channel from neighboring cells/beams, the relative positions of RS within a control channel resource unit could be shifted similar as CRS in LTE. The RS design example shown in Figure 4 could be used when the CCE(s) are mapped along frequency domain to one OFDM symbol. 
Figure 5 shows another RS design example where CCE and its resource unit are mapped along time domain first.  As can be seen from the figure, the RS in each OFDM symbol is similar as that shown in Figure 4, while the RS in consecutive OFDM symbols are shifted by certain offset, which will make the joint channel estimation more effective. Some designs were proposed to reduce DMRS or not transmit DMRS on the 2nd or 3rd symbol when they all belong to the same CCEs. The proposals may save some overhead of DMRS, but it will make the overall DMRS design for PDCCH more complicated as it introduces more DMRS patterns which will not only increase the efforts for specifications, but also make the channel estimation efforts at the UE more complicated. It may save some DMRS overhead and provides a bit more REs for PDCCH in a REG (PRB), however, it will also make the number of available RE for PDCCH vary over different REGs, and thus make PDCCH rate matching more complicated.   In our view, one DMRS pattern for all the REGs which is self-contained but yet considers joint channel estimation among neighboring  REGs would be a simple way to go, because it provides consistent channel estimation performance in all the circumstances and a single REG size (REs for PDCCH in a PRB) across all REGs for the convenience of PDCCH rate matching. 
Proposal
· Strive for a more uniform DMRS design for the REGs and a more uniform REG size for PDCCH (REs for PDCCH only)
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Figure 4: Example of RS design for PDCCH with frequency direction CCE mapping
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Figure 5[image: image1]: Example of RS design for PDCCH with time direction CCE mapping
3. Conclusions
It in this contribution, some aspects on PDCCH structures for 5G NR are discussed which include CCE mapping and DMRS design.  Our views can be summarized in the following proposals
Proposal :  
· At least to support CCE mapping along frequency to support PDCCH BF.
· Strive for a more uniform DMRS design for the REGs and a more uniform REG size for PDCCH (REs for PDCCH only)
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