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1. Introduction

In RAN1 adhoc NR January, the following agreements about search space were made [1],
Agreements:
· 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
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).
· At least for DL data scheduled for a slot, the DL data DMRS location in time is not dynamically varying relative to the start of slot
In RAN1 #90 held in August 2017, more agreements have been made for NR PDCCH search space design [2],
Agreements:
· Supported aggregation levels for NR-PDCCH are at least 1, 2, 4, 8
· FFS 16 and 32 aggregation levels and also other numbers
Agreements:
· A PDCCH search space at an aggregation level in a CORESET is defined by a set of PDCCH candidates
· For the search space at the highest aggregation level in the CORESET, the CCEs corresponding to a PDCCH candidate are derived as following

· The first CCE index of a PDCCH candidate is identified by using at least some of the followings
· (1) UE-ID, (2) candidate number, (3) total number of CCEs for the PDCCH candidate, (4) total number of CCEs in the CORESET, and (5) randomization factor
· The other CCE indexes of the PDCCH candidate are consecutive from the first CCE index
· Searching space design for the lower aggregation level can be discussed separately
In this contribution, requirements of NR-PDCCH design for macro coverage are discussed. And then based on evaluation of demodulation performance for current NR PDCCH structure, proposals are made for larger CCE aggregation level. And then design of search space at lower aggregation level are discussed. Note that this contribution is re-submission from R1-1716054.
2. Discussion on support of large aggregation level 
2.1 Discussion on requirements of NR-PDCCH design 
NR PDCCH design should meet the coverage requirement of macro deployment, which means that UEs in the cell edge are able to receive downlink and uplink scheduling information from gNB. And from deployment perspective, it is cost effective for operators to reuse existing LTE sites for NR systems so NR PDCCH is preferred have the same coverage performance as LTE PDCCH. In practical deployment, the coverage of NR PDCCH depends on two sets of factors:
· Set-1: Factors related to NR-PDCCH demodulation performance: payload size, CCE structure, aggregation level, and transmission scheme. 

· Set-2: Factors related to deployment performance: antenna configuration, carrier frequency. 
In the following, impacts of the Set-2 are first analysed, the gap will form a performance requirement for design of the PDCCH scheme in the Set-1. 
Since 3.5 GHz is a promising candidate for NR frequency band and has attracted a lot of attentions from mobile network operators, it is taken as NR frequency for example. And as one LTE frequency, 1.9GHz is used here to compare the difference. Frequency related difference such as path loss (PL) and penetration loss, and antenna configuration related difference such as antenna gain and diversity gain are list in table.1.
Table 1 carrier frequency and antenna configuration related difference between NR and LTE
	
	1.9 GHz
8T2R for DL PDCCH
	3.5 GHz
64T4R for DL PDCCH
	Gap between 3.5 GHz and 1.9 GHz

	Frequency related PL
	-5.6 dB
	-10.9 dB
	-5.3 dB

	Penetration loss (Dense Urban/Urban)
	-13 dB
	-17 dB
	-4 dB

	Transmission Line Loss
	-0.5dB
	0
	0.5dB

	Antenna gain
	15.5 dBi
	16.5 dBi
	1 dBi

	Receive diversity
	3dB（2Rx for UE）
	6 dB（4Rx for UE）
	3 dB

	Overall gain
	-0.6dB
	-5.4dB
	-4.8 dB


Following should be noted for above table,
· For the same cell coverage, the path loss difference lies only on frequency related part. Here 38.901 UMA-NLOS is used as the channel model to calculate the frequency related path loss difference.
· Here indoor coverage is considered and penetration Loss of 17dB is supposed for 3.5G Hz, and 13dB penetration loss for 1.9GHz carrier frequency.
· For transmission line loss, there is 0.5dB loss for 1.9GHz antenna, while for 3.5GHz, there is no transmission line loss since RRU and antennas are integrated.

· For antenna gain, the values are based on commercial or pre-commercial antenna products. For LTE, one TXRU is connected to all elements in one column with the same polarization, and antenna gain is 15.5dBi for PDCCH at 1.9GHz. For 3.5GHz NR, 192 elements are supposed for massive MIMO with (M,N,P)=(12,8,2). Considering the same connection method used in LTE for NR, which means one TXRU is connected to all elements in one column with the same polarization, the antenna gain for 3.5G NR is up to 16.5dBi. 

· For the receive diversity, LTE 2Rx is the baseline, with 4Rx for 3.5GHz NR, 3dB diversity gain can be achieved.

From table 1, it can be seen that, 3.5GHz NR has a 4.8dB gap compare to 1.9GHz LTE. To ensure the same coverage performance, demodulation performance of NR-PDCCH need to compensate such gap, which means the required SNR of the largest AL for NR-PDCCH shall be 4.8dB lower than LTE. 
Base on above SNR gap requirement, demodulation performance of NR PDCCH should be 4.8dB lower than LTE. We should first determine the baseline LTE performance. In 36.101 table 8.4.2.1-1, the minimum performance requirement for PDCCH/PCFICH at 1% miss detection probability is -1.6dB for single antenna port transmission. Considering that 2 port SFBC is mainly used for LTE deployment, the baseline LTE demodulation performance is supposed to be 3dB lower, which is -4.6dB. Then the SNR requirement for NR PDCCH is -9.4dB.
Proposal 1: The design for PDCCH of NR need to meet the minimum SNR requirement of -9.4 dB.
2.2 Evaluation on the NR PDCCH demodulation performance 

In this sub-section, some link-level simulations are made to check the NR PDCCH demodulation performance. Since cell edge coverage is realized by large aggregation level (AL), only AL=8 and 16 are evaluated. Precoder cycling is used as transmission scheme, and the following two cases are compared for both 20bits and 60bits DCI, 
· Case 1: two symbol CORESET, REG bundle size =6, non-interleaved time first mapping, AL=8,16; 
· Case 2: two symbol CORESET, REG bundle size =6, interleaved time first mapping, AL =8,16;
DMRS overhead of 1/3 is supposed, simulation parameters are given in table 2. Interleaved mapping here refers to that the REG bundles are distributed mapped to the whole bandwidth.
Table 2
Simulation parameters
	Parameters
	Value

	Carrier frequency
	4GHz

	Channel model
	TDL-C, DS = 300ns
Speed = 3km/h

	Antenna port configuration
	2*2

	Bandwidth
	20MHz

	PDCCH payload
	20/60+16(CRC)

	Channel coding
	Polar

	Modulation
	QPSK

	Channel Estimation
	LMMSE 

	Transmission scheme
	precoder cycling


Table.3 Required SNR for 1% target BLER
	Required SNR
	20bit DCI
	60bit DCI

	
	2OS
	2OS

	8CCE，non-interleave
	-8
	-5.08

	8CCE, interleave
	-7.9
	-5.27

	16CCE，non-interleave
	-10.3
	-8.3

	16CCE, interleave
	-10.6
	-8.3


The required SNR for 1% target BLER for different cases are summarized in table 3. Results in above table show that no matter for 20bits or 60bits payload, AL=8 is not enough for the coverage requirement -9.4dB derived from previous section. For common search space, both beam sweeping and larger aggregation levels can be used as candidate methods to further improve demodulation performance. Compare to beam sweeping which need complicated gNB and UE operation, Larger AL is a simple way to do such demodulation improvements. For common control channel with small payload, AL=16 may be enough to satisfy the coverage requirement. Therefore, AL=16 is preferred to be supported for NR to meet the macro coverage. 
From the perspective of blind decoding complexity, the AL candidates to be monitored by UE can be configured to a subset of all aggregation levels depending on deployment scenario or UE location. And what’s more, it’s mainly the common control channel that will suffer coverage problems since it broadcast transmission, and the blind decoding complexity will not be a problem for common control channel as the monitoring ALs and candidates are restricted. 
Proposal 2: At least AL=16 needs to be supported for NR to meet the requirement of macro coverage.
3. Discussion on search space design of lower aggregation level 
3.1 Nested search space structure
As agreed in RAN1 NR AdHoc #1, 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). And in RAN1 #90, the agreement of search space at the highest aggregation level in the CORESET has been made that the CCEs corresponding to a PDCCH candidate at the highest aggregation level are consecutive from the first CCE index. Therefore, to reuse the channel estimation results, the CCEs index of PDCCH candidates at the highest aggregation level L = 8 should contain CCEs of PDCCH candidates at lower aggregation levels. The simplest nested structure is that all aggregation levels have the same starting CCE index as shown in Fig. 1, where the number of candidates are the same with LTE. 
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Fig. 1 Nested search space structure that all aggregation levels have the same starting CCE index 

In LTE UE-specific search spaces, the CCEs index of a PDCCH candidate can be different among different UEs by the hash function of UE ID and slot number to reduce the blocking probability. However, the nested search space structure of NR may increase the blocking probability because the CCEs of PDCCH candidates are overlapped among different aggregation levels. For example, if the two UEs have the same highest aggregation level CCE starting index, the CCEs corresponding to PDCCH candidates at lower aggregation levels will be the same which causes a very high blocking probability. Thus, in order to reduce the blocking probability, the CCEs index corresponding to PDCCH candidates at lower aggregation levels should be carefully designed with the nested structure.
2.2 Randomization of lower aggregation level search space
As the discussion before, the nested structure will increase the blocking probability if all the PDCCH candidates of different aggregation levels have the same starting index as in Fig. 1. To reduce the blocking probability, some randomization of lower aggregation level should be introduced at least for UE-specific search space. If the values of AL and the number of PDCCH candidates of different AL are the same as LTE, then the search space of AL=8 is composed by 16 CCEs. The basic randomization of lower aggregation level is that the m candidates are distributed among the 16 CCEs and the 16 CCEs are consecutive. There is an example of the randomization of lower aggregation levels as shown in Fig. 2.
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Fig. 2 Randomization of lower aggregation levels under nested search space structure 
This distributed PDCCH candidates pattern can relief the blocking probability but has another problem of PDCCH capacity. For example, the 16 CCEs can at most contain two PDCCH candidates at AL = 4 for two different UEs in Fig. 2 which means when 3 UEs with AL=4 happens to have the same starting CCE index for their highest ALs, the third one will be blocked due to only 2 candidates for AL 4. Therefore, the starting position of lower ALs should be further randomized to reduce blocking probability. 

The example of further randomization of AL = 4 for different UEs is shown in Fig. 3. In this PDCCH candidates randomization scheme, the CCE index corresponding to AL = 4 can have at most six different sub-patterns as sub-pattern #0 to sub-pattern #5. Each UE will correspond to one sub-pattern depending on UE specific parameters. In this case, CCE indexes for lower aggregation levels are further randomized for UEs with the same highest AL starting position. Suppose that 3 UEs with AL=4 happens to have the same starting CCE index for their highest ALs, further randomization of sub-patterns for AL=4 gives the chance that they have different subpatterns and no blocking happens. For example, UE1 transmits on candidate#0 of sub-pattern#0, UE2 transmits on candidate#0 of sub-pattern#1, and UE3 transmits on candidate#0 of sub-pattern#3. What’s more, the number of PDCCH blind decodes per slot for UE will not increase because the number of PDCCH candidates at different aggregation levels is the same as in Fig .2.
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Fig. 3 PDCCH candidate sub-pattern of aggregation level L = 4 under nested search space structure 
In addition, the randomization of other aggregation levels such as 2 and 1 can also be designed as in Fig.3, the only difference is the number of PDCCH candidates sub-patterns.

Proposal 3: At least for UE-specific search space, the CCE index patterns corresponding to PDCCH candidates at lower aggregation levels are further randomized for different UEs.

In this search space randomization scheme, the CCE index sub-pattern at lower aggregation levels can be configured to UE by these two ways:

Option1. Determined by a function of UE ID and slot number.

Similar to the [image: image4.wmf]k
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 for UE-specific search space in LTE, the CCE index sub-pattern corresponding to a PDCCH candidates can be calculated by a function of UE ID and slot number implicitly. Further discuss if the UE-ID corresponds to IMSI or C-RNTI.
Option2. Configured by gNB semi-statically.
The CCE index sub-pattern can be configured by UE-specific higher-layer signalling during the CORESET configuration semi-statically.
Proposal 4: At least for UE-specific search space, the CCE index sub-pattern at lower aggregation levels can be identified by UE-ID and slot number or be configured by UE-specific higher-layer signaling.
4. Conclusions 
In this contribution, the necessary of larger aggregation levels and search space design of lower aggregation level are discussed and the following proposals are made:
Proposal 1: The design for PDCCH of NR need to meet the minimum SNR requirement of -9.4 dB.
Proposal 2: At least AL=16 needs to be supported for NR to meet the requirement of macro coverage.
Proposal 3: At least for UE-specific search space, the CCE index pattern corresponding to PDCCH candidates at lower aggregation levels are further randomized for different UEs.

Proposal 4: At least for UE-specific search space, the CCE index sub-pattern at lower aggregation levels can be identified by UE-ID and slot number or be configured by UE-specific higher-layer signalling.
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