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Introduction
[bookmark: _Hlk510705081]In Rel-16 NR, a new study item (SI) on UE power saving has been agreed to be studied. The objective of the SI is to study a UE power saving framework taking into account latency and performance aspects as well as the corresponding impacts to a network [1]. 
In this contribution, we look at the impact of reducing PDCCH candidates to the network scheduling capability.
Discussion
According to [2] reducing the number of PDCCH blind decoding candidates is a technique to be studied further for enabling the UE to adapt to the traffic and power consumption characteristic. In [3] we evaluated the range of attainable power saving benefits from the reduced PDCCH candidates based on the power model in [2]. In the below we present the outcome of numerical analysis of the blind decoding impact on the gNB’s capability to schedule UEs – and more specifically on the probability of observing blocking when scheduling UEs.

System performance considerations for limiting the PDCCH candidates
During the study item a number of contributions have discussed the possibility of reducing the PDCCH search space. As outlined in the technical report, the power model for the PDCCH blind decoding efforts will undoubtedly provide a gain compared to having the full PDCCH blind decoding available. The evaluations carried out in [3] based on the agreed power model provided up to 22% reduction of energy consumption for the most aggressive setting of reducing the amount of decoding from 32 candidates to 2. When reducing from 32 candidates to 16, the energy consumption reduction was less than 12%. However, such energy consumption model evaluation  does not consider the impact to system performance where the gNB will have to multiplex UEs on the PDCCH which is a shared resource between multiple UEs that are available for scheduling. By reducing the PDCCH search space, two effects will happen. First, to maintain the coverage, the gNB would have to limit the blind decoding at the lower aggregation levels, meaning that the relative weight for higher aggregation levels will increase. Secondly, since there are fewer available search possibilities at the lower aggregation levels, the multiplexing capability for the gNB will reduce correspondingly.
To evaluate the impacts of these elements to the scheduling flexibility we have evaluated the PDCCH blocking probability by observing a set of UEs in a scheduling queue with the following parameters:
	Parameter
	Value(s)
	Comment

	Default PDCCH search space
	M=(6,6,2,2) for AL (1,2,4,8)
	Total blind decoding attempts: 32

	Reduced PDCCH search space
	M=(2,2,2,2) for AL (1,2,4,8)
	Total blind decoding attempts: 16

	Probability of needed aggregation level
	(0.4, 0.3, 0.2, 0.1) for AL (1,2,4,8)
	In case of no available PDCCH resource at given aggregation level, higher aggregation level is used (if available)

	CORESET size
	{24, 32, 48, 64, 96}
	Adjusts the amount of resources available for PDCCH

	Number of UEs for scheduling
	8
	All 8 with full candidate set, or 6 users with full and 2 users with limited, or 4 users with full and 4 users with limited

	Amount of UEs with reduced PDCCH search space
	{0, 2, 4}
	



The results from the evaluation are shown in Figure 1, where it is seen that when reducing the PDCCH search space for even a small pool (25%) of the UEs, the overall system performance starts being impacted by a higher blocking probability of the entire PDCCH resource (the blocking probability is defined as the average probability of one or more UEs within the available set is not scheduled in the given time instant). When increasing the amount of UEs having reduced PDCCH search space, the average PDCCH blocking probability is further increased as also shown in Figure 1. It should be noted that the increase in blocking probability may be seen as significant, as the y-axis is shown as logarithmic scale, and letting half of the UEs be operating in energy saving mode with only half the available search space for blind decoding will cause an increase in average blocking probability of up to 100% (from 3.3% to 7% at CORESET size of 48 CCEs).
[image: ]
[bookmark: _Ref1036567]Figure 1. Blocking probability with 8 users and different candidate limitations

The fact that the increased blocking probability is visible even for marginal UEs having reduced PDCCH space, combined with the fact that for this analysis the amount of PDCCH candidates is only reduced by 50%, leading to a maximum energy saving potential of 15%, care should be taken when considering PDCCH search space reduction for energy saving. By further reducing the amount of PDCCH search space candidates, this effect will increase significantly. Based on this, the following observations can be made:
Observation: Limiting PDCCH search space for UEs will increase the average blocking probability of the control channel for the gNB scheduler, even that only few UEs are having limited PDCCH search space.
Observation: An increased PDCCH blocking probability will cause some UEs to be blocked which will result in additional delays.
During the standardization work for the Rel-15 PDCCH search space definitions, several proposals were introduced for reducing the PDCCH blocking probabilities. One example is the search space design using random subband hashing which was introduced and discussed in [4]. Modifying the evaluation conditions for the above scenario such that UEs that are applying PDCCH search space reduction will also apply the random subband hashing search space definitions, it is possible to reduce or even mitigate the overall system impact, as can be seen in Figure 2, where it is seen that average blocking probability is reduced to the original level as was seen prior to reducing the search space. For these evaluations, only the UEs configured for reduced PDCCH search space would be using the random subband hashing search space definitions. It should be noted that further evaluations with wider range of blind decoding candidates would potentially be needed to have a full overview of the system impacts. Based on this, we make the following observation and proposal:
Observation: Using random subband hashing function when reducing the PDCCH search space may potentially mitigate the effects of increased blocking.
Proposal: If PDCCH search space reduction is considered as a viable energy saving technique, it should be accompanied with means to mitigate the effects of increased blocking probability.
[image: ]
[bookmark: _Ref1054932]Figure 2. Blocking probability with energy saving users applying alternative hashing function.



Conclusion
In this contribution we have discussed the impacts of reducing of the number of PDCCH blind decoding candidates to the blocking probability. Based on the results we make the following observations and proposals:-
Observation: Limiting PDCCH search space for UEs will increase the PDCCH blocking probability for the gNB scheduler, even that only few UEs are having limited search space.
Observation: An increased PDCCH blocking probability will cause some UEs to be blocked which will result in additional delays.
Observation: Using random subband hashing function when reducing the PDCCH search space may potentially mitigate the effects of increased blocking.
Proposal: If PDCCH search space reduction is considered as a viable energy saving technique, it should be accompanied with means to mitigate the effects of increased blocking probability.
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