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Introduction
A study item on complexity reduction for NR UE devices was approved at RAN#86 and was updated at RAN#88e, including the following objectives related to device power consumption [1]:
Study UE power saving and battery lifetime enhancement for reduced capability UEs in applicable use cases (e.g. delay tolerant) [RAN2, RAN1]: 
· Reduced PDCCH monitoring by smaller numbers of blind decodes and CCE limits [RAN1].
· Extended DRX for RRC Inactive and/or Idle [RAN2]
· RRM relaxation for stationary devices [RAN2]

In RAN1#101e, the following agreements were reached on power consumption reduction for Redcap devices [5]:
Agreements: 
· Study the impact of BD and CCE limits reduction on power saving and PDCCH blocking probability (quantitatively) and impacts on latency and scheduling flexibility (at least qualitatively). 
 
Agreements: 
· Reuse the power consumption models and scaling factors for FR1 and FR2 provided in TR 38.840 (sections 8.1.1, 8.1.2, 8.1.3) as appropriate. 
· For evaluation of UE power saving, for wearables, use the traffic models FTP model 3 and VoIP from TR 38.840 to characterize the wearables service types including IM, VoIP, heartbeat, etc. with proper modification of at least packet size and mean inter-arrival time. Values are FFS. 
· For evaluation of UE power saving, for industrial wireless sensor use cases, use a traffic model based on the service performance requirements for the process monitoring use case in TS 22.104 Table 5.2-2. At least 64 bytes UL message (plus headers, e.g. MAC, RLC, etc.) transmitted periodically with a periodicity 100 ms should be considered (other values are encouraged). 

This Tdoc considers how PDCCH search space reduction and PDCCH skipping affect the performance of Redcap devices.
The Tdoc also considers the impact of how current is drained from a battery on the lifetime of the battery.
Techniques to reduce PDCCH monitoring
PDCCH search space reduction
In PDCCH search space reduction [3], the number of blind decoding candidates is reduced. Reduction of the number of candidates was shown to provide a power saving gain in the region of 10-20% when the number of candidates is reduced from 32 to 16, or in the extreme from 32 to 2. If the maximum number of candidates is part of a reduced capability, the reduction in PDCCH blind decoding will directly reduce complexity in addition to saving power.
PDCCH search space reduction potentially has some negative system aspects. In [3], the following negative system impacts were observed:
· The proportion of lower aggregation level candidates will be reduced. In order to maintain coverage, the gNB will have to maintain candidates with the higher aggregation level and instead “prune” lower aggregation level candidates. Use of higher aggregation levels is less efficient.
· The multiplexing capability of the gNodeB will be reduced when there are fewer available possibilities for assigning a PDCCH to a candidate in the search space. Limitations on the multiplexing capability increase the blocking probability.

The impacts of reducing the number of blind decoding candidates on performance aspects are described qualitatively below:
Power saving. A power saving gain in the region of 10-20% has been reported [3] when the number of candidates is reduced from 32 to 16, or in the extreme from 32 to 2.
PDCCH block probability. Blocking probability is increased when there are fewer available possibilities for assigning a PDCCH to a candidate.
Latency. Latency is increased when a UE cannot be scheduled due to a reduced number of PDCCH candidates and PDCCH being assigned to another UE.
Scheduling flexibility. Scheduling flexibility is impacted when a UE cannot be scheduled because there is no available PDCCH candidate.


PDCCH skipping
There are various proposals for PDCCH skipping, but PDCCH skipping generally entails not monitoring PDCCH for a time period either by DCI signalling or via a time-out [4]. Hence the times at which PDCCH is not monitored are varied dynamically (as opposed to defining some semi-static PDCCH monitoring periodicity that does not dynamically adapt to traffic). The power saving of PDCCH skipping depends on the particular scheme being proposed and the evaluation assumptions / traffic model that are used to analyse the scheme ([2] indicates power saving gains in the range of 9%-83%). [4] reports a power saving gain of 20-30% for DCI-based and time-out-based PDCCH skipping schemes and we think that this is a reasonably realistic power saving gain for a realistically configured PDCCH-skipping scheme. 
The impacts of PDCCH skipping on performance aspects are described below:
Power saving. For the traffic models of TR38.840 [2], power saving gains of between 9-83% were reported with gains of 20-30% being typical [4].
PDCCH block probability. The number of PDCCH candidates is maintained for PDCCH skipping so we do not expect a significant impact on PDCCH blocking probability.
Latency. If data arrives while the UE is not monitoring PDCCH, there is an increase in latency. 
Scheduling flexibility. There should be little impact on scheduling flexibility if the number of PDCCH candidates is maintained. 

Impact of battery technology on battery lifetime
The Redcap SID justification section quotes some target battery lifetimes, as summarized in Table 1. 
[bookmark: _Ref47730795]Table 1 – Target battery lifetimes for Redcap use cases
	Use case
	Target battery lifetime

	IWSN
	Few years

	Video surveillance
	[assumed mains powered]

	Wearables
	Multiple days (up to 1-2 weeks)



[bookmark: _GoBack]The battery lifetime is clearly dependent on the nominal capacity of the battery (which would typically be quoted in terms of a number of ampere-hours or watt-hours) and the total charge that is taken from the battery by the modem. The following paragraphs discuss how the manner in which current is drawn from the battery also affects the battery lifetime.
Batteries typically have a maximum peak current that they are able to source. If that peak current is exceeded, the battery lifetime may be impacted. For example, the effective capacity of the battery can be reduced or the life of a rechargeable battery can be impacted (in terms of the number of times that the battery can be charged / discharged) etc. These negative effects can be mitigated by only allowing these large peak currents to be drawn for short time periods. 
The impact of battery technology on NR is considered in more detail in [7]. That document shows that battery lifetime is affected by discharge rate (higher discharge rates lead non-linearly to reduced battery capacity) and whether the battery is discharged continuously or in a pulsed manner.
Proposal: Evaluation of battery lifetime enhancement for Redcap devices considers capabilities of typical battery technology, including ability to source continuous peak currents, ability to source pulse currents and capacity backoff as a function of discharge rate. 
An example where a Redcap issue affects battery lifetime is the reduced antenna efficiency of small form factor antennas. 
A small form factor antenna has a reduced efficiency. In order to not change the UE power class, the reduced antenna efficiency can be compensated for in the uplink by applying a higher PA power and accepting the higher losses between the PA output power and the radiated power from the antenna. The losses between the battery terminals and the antenna are illustrated in Figure 1. This issue is discussed in more detail in [6].
[image: ]
[bookmark: _Ref47711335]Figure 1 – Power losses between battery terminals and antenna for small form factor device

While the approach of increasing the PA power and keeping the transmit power the same is mainly an implementation issue, there are potentially some issues that need to be addressed related to current draw from small form factor batteries so that battery lifetime is not reduced. 

Conclusion
This document has considered the impacts of PDCCH search space reduction and PDCCH skipping on power consumption and battery lifetime of Redcap devices. The document has also considered the impact of how current is drained from a battery on the lifetime of the battery.
The following proposal related to evaluation methodology is made:
Proposal: Evaluation of battery lifetime enhancement for Redcap devices considers capabilities of typical battery technology, including ability to source continuous peak currents, ability to source pulse currents and capacity backoff as a function of discharge rate. 
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