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1 Introduction
In the RAN1 Ad Hoc meeting, some agreements were reached about the DL control channel design. REG is introduced to construct CCE.
In this contribution, we give a further analysis on the PDCCH structure design for NR, and also give some UE/PDCCH-specific DMRS discussion and simulation results on different mapping schemes.
2 Control resource set configuration
NR will allow UE configured with number of control resource sets. At least one of the control resource set will be implicit or explicitly indicated by MIB/SIB/SS. Common controls, including group common PDCCH, will be transmitted in that resource. The common control resource set will be accessible to UE whether or not the UE has done initial access. However, common control resource set will not limit to group common PDCCH. UE-specific PDCCH can be able to be configured in that resource. As shown in Figure 1, UE-specific search space can be mapped into that resource as long as there are resources left. 
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Figure 1 Common control resource set with Common SS & UE-specific SS

After RRC connection, UE-specific control resource set can be established and UE specific search space can be mapped into it. To offload PDCCH, UE-specific control resource set can also carry certain group common control. 

Common control resource set should be default with symbol duration. One OFDM symbol could be sufficient. The configuration of UE-specific control resource set should also be set with symbol duration. This will facilitate CCE/REG mapping.

For multiple-beam PDCCH operation, the control resource set can be divided into several subsets of OFDM symbols. Different subsets transmit in different beam directions. If the PDCCH region has 2 OFDM symbols, one subset can correspond to {Symbol #0} and transmits Beam #a, the other subset corresponds to {Symbol #1} and transmits Beam #b. For single-beam PDCCH operation, distinguishing different subsets is not necessary.
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Figure 2 The multiple beam operations in PDCCH region

Proposal 1: Control resource set can be configured with symbol duration to facilitate CCE/REG mapping
Proposal 2: Control resource set can be further divided into subsets of OFDM symbols to support multiple beam operation. A PDCCH candidate can be repeated in multiple subsets corresponding different beams to enhance the robustness of control. Or, different PDCCH candidates can be distributed in different subsets to allow dynamic beam selection.
In the frequency domain, one control resource set will contain several continuous or distributed PRBs. The distribution of the CCE resources will be discussed in the following section about resource mapping.
3 PDCCH resource mapping
CCE design

Ad Hoc meeting has determined the REG definition, A NR-CCE is defined in fixed number of REGs. We recommend that a CCE could be constructed by 4~6 REGs within one control resource set. Then, the mapping from CCE to REGs could be considered in both time domain and frequency domain. In time domain, a CCE could be restricted to 1 symbol or span multiple symbols. From frequency perspective, localized a distributed schemes can be considered.

There a four possibilities under study in both time and frequency domains, as illustrated in Figure 3.
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Alt1-a Freq-first & localized                                                 Alt1-b Freq-first & Distributed
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Figure 3 Scheme of CCE to REG Mapping

The time-first mapping will be more suitable for front-loaded RS and the RS overhead can be saved in following symbols. For UE blind detection, frequency-first mapping will allow symbol by symbol processing and facilitate pipeline operation. Besides, with frequency-first scheme, CCE to REG mapping will not rely on control resource set duration e, which benefits resource sharing between PDCCH and PDSCH. This is due to that the OFDM symbol(s) in control resource set can be shared with PDSCH if it is not used in a certain slot/mini-slot. For localized mapping and distributed mapping, more considerations are on channel estimation. As practice in ePDCCH, localized mapping can bring a significant performance gain under condition that it uses up-to-date and reliable channel quality information. However, distributed mapping will utilize frequency diversity for the case of unreliable channel quality indication. Localized mapping and Distributed mapping should both be supported. 
For the localized mapping method, one CCE is mapped to a number of consecutive REG/PRBs, as shown in Fig.1. The relative position between CCEs can be determined by the search space mapping rules.
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Figure 4 Localized CCE for NR-PDCCH
For the distributed mapping method, one CCE is mapped to discrete N REG/PRBs. In each PRB, all sub-carriers belong to one CCE. As shown in Fig.2, N discrete PRB distribute in the whole control resource set in frequency domain.
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Figure 5 Distributed CCE in REG/PRB level
Proposal 3: Both time first and frequency first CCE to REG mapping can be considered.
PDCCH Candidate

Considering the link adaptation of the control channel, different numbers of aggregation levels should be supported, {1, 2, 4, and 8} should be considered for NR to achieve a large range for adaptation possibilities. A PDCCH candidate should be constructed by the CCEs within one subset of control resource set. Different subset may be used for the transmission with different beam directions. 
As discussed in [2], there are two possible PDCCH candidate to CCE mapping schemes as shown in Figure 6, i.e. frequency first mapping (Figure 6-left) and time first mapping (Figure 6-right). The advantage of time first mapping over frequency mapping is DRMS overhead reduction since channel estimation in the first OFDM symbol can be reused by the CCE in the later OFDM symbols.

[image: image9.emf]One OS

(A) frequency first mapping

…

One PRB = 12 

REs 

One CCE 

= 4PRB

DMRS RE

One OS

(B) time first mapping

Aggregation level 2 Aggregation level 4 CCE w/ DMRS CCE w/o DMRS


Figure 6 illustration of Two PDCCH to CCE Mapping Schemes
Simulation is performed to evaluate the performance of different schemes. In the simulation, the aggregation level is assumed to be 4 and there are 4 REGs per CCE. For DMRS density, it is assumed to 3 REs/REG for one antenna port since DMRS based PDCCH may require higher DMRS density than LTE. As consequence, DMRS overhead of two antenna port is 50% and 25% for frequency first mapping and time first mapping respectively. Remaining simulation assumption can be found in appendix.
Channel estimation performance of is shown in Figure 7. As expected, Frequency first mapping has slightly better channel estimation performance than that of time first mapping due to the higher DMRS overhead. However, more DMRS overhead results in higher code rate and then degrade BLER performance.
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Figure 7 MSE Performance
BLER performance is shown in Figure 8. It can be seen that time first mapping scheme outperforms frequency first mapping scheme under the simulation. The gain is about 0.5dB and 1dB at 1% BLER. The channel estimation gain of frequency first mapping is out weighted by its higher DMRS overhead.
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Figure 8 BLER Performance
Although time first mapping will result in lower DMRS overhead, we think frequency first mapping scheme may also have some benefits from some perspectives. For example, frequency first mapping facilitates pipeline operation as well as PDCCH and PDSCH resource sharing due to the same reason discussed in the part of CCE design. Hence, we suggest time first mapping within subset of PDCCH resource region. Different PDCCH candidates can be located in different subset. If the subset is configured to be one OFDM symbol, then time first mapping will become frequency mapping scheme.
Proposal 4: Time first for PDCCH candidate to CCE mapping within one subset of PDCCH region is supported.
4 Conclusion

In this contribution, several aspects on DL control channel design for NR are discussed. According to the discussion, the following proposals are given:

Proposal 1: Control resource set can be configured with symbol duration to facilitate CCE/REG mapping
Proposal 2: Control resource set can be further divided into subsets of OFDM symbols to support multiple beam operation. A PDCCH candidate can be repeated in multiple subsets corresponding different beams to enhance the robustness of control. Or, different PDCCH candidates can be distributed in different subsets to allow dynamic beam selection.
Proposal 3: Both time first and frequency first CCE to REG mapping can be considered.

Proposal 4: Time first for PDCCH candidate to CCE mapping within one subset of PDCCH region is supported.
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Appendix
	Parameters
	Value

	Frequency
	4GHz

	Channel
	CDL-C, DS = 30ns, 300ns
Speed = 3kmph

	Antenna
	2*2

	Numerology
	BW = 5Mhz, SCS = 15kHz, Normal CP

	Aggregation level (AL)
	4

	CCE
	4 PRB/CCE, 12RE/PRB

	PDCCH payload
	70+16(CRC)

	coding
	TBCC

	Modulation 
	QPSK

	Receiver
	MMSE

	Channel Estimation
	2DMMSE

	Transmission scheme
	SFBC

	Antenna Configuration
	2*2

	Waveform
	CP-OFDM
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