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1 Introduction
In LTE, there are PDCCH & EPDCCH for DL control channels.  PDCCH spans full carrier bandwidth and common pilots (CRS) are used for the demodulation while the spanning bandwidth of EPDCCH is configurable and dedicated pilots (DMRS) are used for the demodulation. Each design has its pros & cons. In NR system, it is desirable to have single DL control channel design with the most pros & least cons based on the lesson learned from LTE. This paper discusses NR downlink physical control channel (NR-PDCCH) design in terms of channel structure, bandwidth and transmission scheme. 
2 Discussion
2.1 Background

In LTE system, PDCCH is used for control signalling delivery with following characteristics:

· Schedule common broadcast messages and UE-specific data
· TDM with PDSCH
· Wideband transmission by distributed over full channel bandwidth for diversity gain.
· Diversity transmission only
· CRS based demodulation, without precoding; CRS is always on.  
In LTE-R11, EPDCCH is introduced to 

· Support increased control channel capacity

· Support frequency-domain ICIC

· Achieve improved spatial reuse of control channel resource, especially for CoMP
· Support beamforming / diversity 

Then, the characteristics of EPDCCH is summarized as

· Schedule UE-specific data
· FDM with PDSCH
· Narrow band transmission

· Beamforming or diversity transmission
· Beamformed UE-specific DMRS, present if UE-specific EPDCCH exists. 
Based on current control channel characteristics, we provide some design considerations for NR DL control channel (NR-PDCCH) in following section. 

2.2 NR-PDCCH design considerations

NR-PDCCH transmission bandwidth
Some agreements are obtained in RAN1 #84bis [1] and #85 meeting [2] as
· 3GPP RAN1 #84 bis 

· Largest component carrier bandwidth not smaller than 80 MHz for at least one numerology is supported  
· 3GPP RAN1 #85
· NR should support of flexible NW and UE channel bandwidth
· The NR physical-layer design should allow for fine granularity in terms of NR carrier bandwidth 
Considering different services multiplex in one NR carrier, it will be more efficient if different control channel regions can be transmitted according to different characteristics or requirement. For example, packet size is expected smaller for mMTC UEs than eMBB UEs, and power consumption is a main consideration. Then, DCI size for mMTC is expected to be smaller, and blind decoding complexity should be also reduced. eMBB pursues higher data rate, which results in complicated transmission scheme for data channel. Then, corresponding DCI size may be larger. Therefore, a narrow band transmission of control channel should be designed to improve UE detection complexity and power efficiency, and multiple simultaneous transmission of narrow band control should be supported in a NR system to multiplex multiple control channels for different services or UE types. Here, the narrow band transmission means NR-PDCCH is located within a set of contiguous frequency resources, which is a part of a wider system bandwidth.  
Further, based on current power consumption of mobile devices, as shown in Figure 1, it will be preferred that NR-PDCCH can be transmitted by narrow band to improve power efficiency, since most power is used in control channel detection without data decoding. The main reason is larger computation under larger BW due to larger FFT size, and ADC power consumption is proportional to bandwidth.  
From this figure, power consumption for low-data-rate service (including voice service) is nearly 5 times of high-data-rate packet, based on a 1:3 probability ratio for large packet service: small packet service. Then, narrow band transmission for data packet also makes sense for power efficiency, since smaller resources is required for smaller packet under a same link quality. From this perspective, it will be intuitive that narrow band NR-PDCCH can be enabled for UE power consumption efficiency. Especially, under cross subframe/slot scheduling, power efficiency can be improved since data channel scheduling is known to UE already and there is enough time for UE to perform frequency tuning.
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Figure 1 current distribution in UE behaviour
There may be a concern that narrow band may limit diversity gain and impact on NR-PDCCH performance. Figure 2 compares control channel performance under different transmission bandwidth, wherein the simulation assumption is given in Appendix. It can be observed that
· Larger diversity gain can be obtained under less frequency selective fading channel when NR-PDCCH BW increases.

· Limited diversity gain under more frequency selective channel when NR-PDCCH BW increases.

· Diversity gain is limited when NR-PDCCH BW increases from 10MHz to 20MHz with 15KHz subcarrier spacing. 
From these observations, there is little link-level performance benefit to scale NR-PDCCH BW with carrier bandwidth when the carrier bandwidth is larger than 10MHz. Instead, configurable NR-PDCCH BW based on the needs provides good system flexibility and forward compatibility. 
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Figure 2 NR-PDCCH performance under different transmission BW

Proposal 1: NR should enable a UE to access either narrowband or wideband NR-PDCCH. 
NR-PDCCH structure
Considering low latency is one important feature for NR system, TDM based NR-PDCCH will be suitable for NR system, which is similar to PDCCH in LTE system. If NR-PDCCH is located in front of a slot, UE processing time for HARQ-ACK to downlink data or uplink data transmission can be increased. Further, to enable self-contained subframe or slot structure with varying DL/UL transmission duration, TDM based structure can ensure single NR-PDCCH design for different slot types. 

Proposal 2: NR should support TDM based structure between NR-PDCCH and NR-PDSCH.
In LTE system, PDCCH duration in time domain is indicated by PCFICH per subframe (1ms) dynamically and flexibly. Considering there are 7 OFDM symbols per slot in NR system and the processing delay requirement, we tentatively prefer that NR-PDCCH time length can be restricted, for example, up to 2 OFDM symbols, and multiple control regions can be configured for different UEs to compensate any control channel capacity if needed.
Table 2 in Appendix B summarizes control channel capacity under a CCE AL distribution as 1AL:2AL: 4AL:8AL = 1:5:3:1, wherein 12 REs per PRB and 8 out of 12 REs for NR-PDCCH per PRB is assumed.
Proposal 3: NR should support up to 2 OFDM symbol NR-PDCCH for sufficient control capacity. 

NR-PDCCH RS and transmission scheme
Different from CRS for PDCCH demodulation, which is always on in LTE system and cell-specific, DMRS for EPDCCH is UE-specific and only present when there is EPDCCH transmission. Though link-level performance of CRS-based PDCCH is always better than DMRS-based EPDCCH due to better channel estimation and larger diversity, DMRS-based EPDCCH allows beamforming transmission and reduced inter-cell interference. It’s still not clear which one can provide better performance, considering large number of transmission antennas. It is suggested to further study the trade-off.
Proposal 4: Further study dedicated or common pilots for NR-PDCCH demodulation.

In NR system, different transmission schemes will be required for NR-PDCCH in different scenarios. For example, diversity transmission in sub-6GHz and beamformed transmission scheme in higher bands. Following a principle of unified design for NR-PDCCH, we propose that different transmission schemes based on single RS pattern can be applied at least, and additional signalling or some predefined rule is provided or designed for transmission scheme and antenna port determination. 
As shown in Figure 3, a single RS pattern for NR-PDCCH is illustrated for different transmission schemse, wherein the basic assumption is 4 REs per 12 subcarriers are used for RS transmission.

· In Figure 3-(a), two antenna ports are applied for diversity transmission or single antenna transmission. If single AP is configured, the REs for another antenna port is reserved. 
· In Figure 3-(b), 4-AP based on 4-length OCC is applied for spatial multiplexing. Then, at most, 4 DCIs can be multiplexed within a same set of radio resources. In such design, one sequence with different covering code is transmitted with or without UE-specific precoding. 
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(a) 2 AP for NR-PDCCH diversity transmission
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(b) 4-AP for NR-PDCCH beamforming transmission (OCC len = 4)
Figure 3 RS pattern for NR-PDCCH 
Proposal 5: NR should support single RS pattern for NR-PDCCH demodulation using at least diversity & beamforming transmission schemes. 
3 Conclusion
In this contribution, we provided some design considerations on NR-PDCCH, the proposals are:
Proposal 1: NR should enable a UE to access either narrowband or wideband NR-PDCCH.
Proposal 2: NR should support TDM based structure between NR-PDCCH and NR-PDSCH.

Proposal 3: NR should support up to 2 OFDM symbol NR-PDCCH for sufficient control capacity.  

Proposal 4: Further study dedicated or common pilots for NR-PDCCH demodulation.
Proposal 5: NR should support single RS pattern for NR-PDCCH demodulation using at least diversity & beamforming transmission schemes. 
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Appendix
A. Simulation assumption for NR-PDCCH diversity gain evaluation

Table 1 Control channel capacity
	Parameter
	Value

	Antenna 
	2*2

	BW
	5 / 10 /20 MHz

	CRC
	16bits 

	Coding
	TBCC

	DCI 
	16bits / 42 bits

	Control region size
	1 OFDM symbol

	Channel type
	EPA5, ETU 70

	RS pattern
	4 REs/ 12 subcarrier, within 1 OFDM symbol

	Subcarrier spacing
	15KHz (normal CP)

	Simulation time
	5x10^4 subframes


B. Control channel capacity
Table 2 Control channel capacity
	Ctrl BW 
	Ctrl size 
	RE number 
	CCE number 
	Average DCI number

	25 PRB
	1 
	200 
	5.5 
	1.7

	
	2 
	500 
	13.8 
	4.5

	50 PRB
	1 
	400 
	11.11 
	3.6

	
	2 
	1000 
	27.7 
	8.9

	100 PRB 
	1 
	800 
	22.22 
	7.1

	
	2 
	2000 
	55.55 
	17.9
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