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1 Introduction
In the RAN1#86 meeting, it was agreed that the impact of UE DL reception energy consumption should be studied, e.g., UE decoding power consumption for DL control blind decoding in lack of grant [1]. And in the RAN1 NR Ad-Hoc#1 meeting, design of NR-PDCCH to reduce the number of blind decodings has been discussed and agreed on some aspects as follow [2]:
	Agreement: (RAN1#86)
· Impact of UE DL reception energy consumption should be studied also considering the total power consumption mainly focusing on DoU
· e.g., UE decoding power consumption in the physical layer DL control blind decoding in lack of grant
· e.g., UE decoding power consumption in the slot with the data
· e.g., UE decoding power consumption in the data reception process
· e.g., UE decoding power consumption in the measurement
· e.g., UE decoding power consumption in the SS
· UE power reduction techniques also should be studied 
Agreements: (RAN1 NR Ad-Hoc #1)
· 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
Agreements: (RAN1 NR Ad-Hoc #1)
· The UE will have the possibility to determine whether some blind decodings can be skipped based on information on a ‘group common PDCCH’ (if present).
· FFS: if the data starting position is signaled on the group common PDCCH, the UE may exploit this information to skip some blind decodings
· FFS: if the end of the control resource set is signaled on the ‘group common PDCCH’, the UE may exploit this information to skip some blind decodings
· FFS: how to handle the case when there is no ‘group common PDCCH’ in a slot
· When monitoring for a PDCCH, the UE should be able to process a detected PDCCH irrespective of whether the ‘group common PDCCH’ is received or not
Agreements: (RAN1 NR Ad-Hoc #1)
· NR supports a ‘group common PDCCH’ carrying information of e.g. the slot structure. 
· If the UE does not receive the ‘group common PDCCH’ the UE should be able to receive at least PDCCH in a slot, at least if the gNB did not transmit the ‘group common PDCCH’.
· The network will inform through RRC signalling the UE whether to decode the ‘group common PDCCH’ or not
· Common does not necessarily imply common per cell.
· Continue the discussion on the detailed content of the ‘group common PDCCH’ including usage for TDD and FDD
· The term ‘group common PDCCH’ refers to a channel (either a PDCCH or a separately designed channel) that carries information intended for the group of UEs.
Agreements: (RAN1 NR Ad-Hoc #1)
· To ensure the reliability requirement of NR-PDCCH for URLLC, at least the following aspects should be supported
· Defining a compact DCI format targeting low BLER operation 
· The highest aggregation level should target a BLER of Y for this compact DCI format
· FFS Y, Y<1% 
· FFS highest aggregation levels, e.g., 16,32
· FFS other enhancements



In this contribution, we discuss the blind decoding complexity of the DL control channel and propose an implicit indication method to reduce UE decoding power consumption for NR. In our view, rather than decoding all NR-PDCCH candidates on a search space, the implicit indication would provide the advantage of indicating which NR-PDCCH candidate is used before the decoding step.
2 Discussion on Blind Decoding of DL Control Channel for NR
For a DL control channel for NR, it needs to further consider UE power consumption reduction as agreed at the RAN1#86 meeting. The LTE UE should perform the blind decoding to detect its DL/UL scheduling information in every TTI. The unscheduled UEs should also perform the blind decoding to detect paging information in every DTX duration. Since NR targets to reduce the TTI for supporting URLLC service below 6GHz and for supporting TDMed multi-user transmission above 6GHz, it is necessary to further reduce the blind decoding complexity for NR supporting low power consumption. 
It was agreed in RAN1 NR Ad-Hoc#1 meeting that the UE will have the possibility to determine whether some blind decodings can be skipped based on information on a ‘group common PDCCH’ (if present) and NR supports a ‘group common PDCCH’ carrying information of e.g. the slot structure. For example, if the group common PDCCH indicates whether the current slot type is DL-centric or UL-centric, the UE performs the blind decoding according to its buffer state and the current slot type, i.e., if the UE has no UL data packet in the buffer, it can skip some of blind decodings in the UL-centric slot. Also, the UE does not perform unnecessary blind decoding when the current configured slot is UL-only slot. However, this approach is only applicable to some cases and there is still a large blind decoding processing burden in many scenarios. Hence, NR should further consider a method to reduce the number of the blind decodings of NR-PDCCH.
In order to reduce the number of the blind decodings, one approach is to limit the number of DCI payload sizes as small as possible [3],[4]. If some limited sizes of DCI payload are considered in NR, the blind decoding for NR-PDCCH can be significantly reduced. As a method for the limited DCI payload sizes, for example, for two DCI formats, the length of the short DCI format is extended to that of the long DCI format by attaching more information or applying channel coding. Also, the length of the long DCI format is reduced to that of the short DCI format by dropping some bits. 
The fundamental drawback of the ‘blind’ decoding is there is no way to know which NR-PDCCH candidate is used for a UE. Rather than blind manner, it would be quite helpful for a UE to recognize which NR-PDCCH candidate is allocated by monitoring the configured search space. As a method to indicate the allocated NR-PDCCH candidate, we propose to use different mask sequences on DM-RS(s) depending NR-PDCCH candidates. The proposed scheme is described in detail as follows:
In order to describe the proposed scheme, we assume that (see Fig. 1) 
· NR-REG contains at least two DMRSs
· NR-CCE contains contiguous or non-contiguous 4 NR-REGs
· Hierarchical search space on 8 contiguous or non-contiguous NR-CCEs 
· including 1 PDCCH candidate with aggregation level 8, 2 PDCCH candidates with aggregation level 4, 4 PDCCH candidates with aggregation level 2, 8 PDCCH candidates with aggregation level 1. 
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Fig. 1. Exemplary hierarchical search space

Define two DMRS masks for a NR-REG, a and b, which will be applied to DMRSs within a NR-REG. The length of the DMRS mask for a NR-REG is 2 (recall that the length of this mask is the same as the number of DMRSs in a NR-REG). When we apply the DMRS mask a=[p q], the first DMRS in a NR-REG is multiplied by p and the second DMRS in a NR-REG is multiplied by q. As an example, we can choose two orthogonal DMRS masks as a=[1 1], b=[1 -1] as shown in Figure 2. Depending on the DMRS mask selection, the second DMRS in a NR-REG is phase-rotated by . The receiver can know which DMRS mask is used by checking the phase rotation difference between two REs corresponding to two DMRSs. Note than the reliability of this DMRS mask estimation step is closely related to the channel fading state, i.e., if two REs corresponding to two DMRSs experiences a similar channel fading, this DMRS mask estimator can provide a reliable result.
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Fig. 2. DMRS masking process

Let A=[a a a a], B=[b b b b], where A and B denotes two DMRS mask for a NR-CCE. Here, the DMRS mask for NR-CCE is four repetitions of the DMRS mask for NR-REG. The DMRS masks for a NR-CCE are used to indicate the starting and ending NR-CCE for NR-PDCCH. Hence, the mask sequence allocation for PDCCH candidate can be written as
· PDCCH candidates for aggregation level 1: [A],
· PDCCH candidates for aggregation level 2: [A A],
· PDCCH candidates for aggregation level 4: [A B B A],
· PDCCH candidate for aggregation level 8: [A B B B B B B A].
The main property of this mask allocation is that the starting and ending NR-CCEs are masked by A but the intermediate NR-CCEs are masked by B. By assuming error-free detection of two masks, we can simply know which NR-CCE is used by finding the mask A (staring NR-CCE and ending NR-CCE). Table 1 shows all possible mask allocation for NR-PDCCH candidates. 
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Table 1. All possible mask allocations

In other words, without demodulation, channel decoding, and CRC check, the UE can know which NR-PDCCH candidate is allocated in the gNB. It would be beneficial to decrease the blind decodings and so to save energy consumption. Note that, since the applied mask on NR-CCE depends on the aggregation level, there is no ambiguity that which the mask is used in the channel estimator. In other words, the UE tries to decode the NR-PDCCH candidate with aggregation level 4, the mask [A B B A] can be removed before channel estimation step, just multiplying the sequence [A B B A] on REs allocated to DMRS. Note that channel estimation interpolation/extrapolation step is performed after the above proposed step so that additional complexity for channel estimation is negligible. One concern is that the UE has erroneous mask detection due to channel frequency selectivity and low received signal quality. Suppose that the UE detects [x x A x A B B A] when [- - - - A B B A] is used, where ‘-‘ denotes no PDCCH is transmitted and ‘x’ denotes no reliable mask detection. Here, the 3rd mark is error (false-alarm). In order to find the correct NR-PDCCH candidate, we can compare the possible mask sequences and the received mask sequence and determine which mask sequence is used. For example, the Hamming distance between the possible mask sequence and the received mask sequence is used as shown in Table 2. From Table 2, we can know the 15 NR-PDCCH candidates are possible to be used at the gNB.
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Table 2. All of possible mask sequence

The average number of the blind decoding of NR-PDCCH depends only on the accuracy of such an indication. If there are 15 NR-CCE candidates on hierarchical structure considering up to aggregation level 8, the average number of blind decoding is 8 when selecting NR-CCE candidates randomly. The average number of blind decoding by using proposed indication method is given by



where  denotes the conditional probability that a mask pattern r is detected at a UE when NR-CCE candidate y is transmitted and  denotes the number of blind decoding when a mask pattern r is detected and NR-CCE candidate y is transmitted and it depends on how to select the most reliable NR-CCE candidate among the NR-CCE candidates. The UE searches the most reliable NR-CCE candidate firstly and then proceeds to search for the next reliable NR-CCE candidates until a valid RNTI is checked. As shown in Figure 3, the average number of blind decoding trials with the DM-RS detection can be reduced to 2 when the UE-specific and NR-CCE allocation-specific DM-RS per a NR-CCE is successfully detected with 90% reliability. 
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Figure 3. Average number of blind detections

· Observation 1: On the hierarchical search space structure, the average number of blind decoding trials with the DM-RS detection can be reduced to 2 when the UE-specific and NR-CCE allocation-specific DM-RS per a NR-CCE is successfully detected with 90% reliability.
· Proposal 1: NR should further consider a mechanism to reduce decoding complexity for a DL control channel. 

To support such an indication, the NR-CCE should be the self-contained structure, i.e., the NR-CCE should contain at least two DMRS for differentiating two DMRS masks, as shown in Figure 4 (a). If some of NR-CCEs have no DMRS as shown in Figure 4 (b), there is no way to apply the DMRS masking on NR-CCE1. Also, to estimate two DMRS masks on the DMRS REs, the position of the DMRS REs should not be varied across different NR-PDCCH candidates. The position of the DMRS REs should be common for all NR-CCEs.

· Proposal 2: NR should support the hierarchical structure and self-contained and common NR-CCE structure.
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Figure 4. Search space design aspects

3 Conclusion
In this contribution, we discussed the search space design aspect and its impact on NR-PDCCH blind decoding. Our views are summarized as follows:
· Observation 1: On the hierarchical search space structure, the average number of blind decoding trials with the DM-RS detection can be reduced to 2 when the UE-specific and NR-CCE allocation specific DM-RS per a NR-CCE is successfully detected with 90% reliability.
· Proposal 1: NR should further consider a mechanism to reduce decoding complexity for a DL control channel. 
· Proposal 2: NR should support the hierarchical structure and self-contained and common NR-CCE structure.
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Cc’iﬁ:ffe NR-CCEO | NR-CCE1 | NR-CCE2 | NR-CCE3 | NR-CCE4 | NR-CCE5 | NR-CCE6 | NR-CCE7
0 A - - - - - - -
1 - A - - - - - -
2 - - A - - - - -
3 - - - A - - - -
4 - - - - A - - -
5 - - - - - A - -
6 - - - - - - A -
7 - - - - - - - A
8 A A - - - - - -
9 - - A A - - - -
10 - - - - A A - -
1 - - - - - - A A
12 A B B A - - - -
13 - - - - A A
14 A B B B B A
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Index NR-CCEO | NR-CCE1 | NR-CCE2 | NR-CCE3 | NR-CCE4 | NR-CCE5 | NR-CCEé | NR-CCE7 Distance
Mask
sequence X X A X A B B A N.A.
decision
0 A - - - - - - - 6
1 - A - - - - - - 6
2 - - A - - - - - 6
3 - - - A - - - - 6
4 - - - - A - - - 4
5 - - - - - A - - 5
6 - - - - - - A - 5
7 - - - - - - - A 4
8 A A - - - - - - 7
9 - - A A - - - - 5
10 - - - - A A - - 4
11 - - - - - - A A 4
12 A B B A - - - - 8
13 - - - - A B A 1
14 A B B B B B A 5
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