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Introduction
In RAN #83, a new work item on UE power saving was approved [1]. The objective of the new WI is:
The objective is to specify the UE power saving techniques with UE adaption in achieving UE power saving.  The power saving technique should address latency and performance in NR as well as network impact.  The objective of the UE power saving includes the following,
1) Specify power saving techniques with UE adaptation with focus in RRC_CONNECTED mode [RAN1, RAN4] 
a) Specify the power saving techniques with power saving signal/channel 
i) Specify the PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED
ii) Note: this objective shall not duplicate DRX operation and impact to DRX is studied at RAN2
iii) Note: Any change of PDCCH channel coding and payload interleaver is not in the scope
b) Specify the procedure of cross-slot scheduling power saving techniques  
i) Note: The procedure is in addition to Rel-15 cross-slot scheduling procedure
2) Evaluate the required switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers [RAN4]
a) Note: Switching on/off the RF is part of the evaluation
Note: 
· These objectives are RAN1/RAN4 focus and do not consider RAN2 impact. 
· The objectives are subject to further update in RAN#84.  The update will be based on recommendations from the completion of RAN2 study and remaining RAN1 recommendations based on the conclusion of RAN1 study.

In addition, the following were agreed in RAN1#95 [2]:

Agreements: RAN1 to study further following:
· UE switching to micro sleep after PDCCH reception 
· Cross-slot scheduling    
·  Minimum K0 > 0 and aperiodic CSI-RS triggering offset is not within the duration - UE could switch to micro sleep right away after PDCCH reception – no addition PDSCH and CSI-RS signals reception within the given duration (e.g. the same slot)
· It is known to the UE at PDCCH decoding
· Extended micro sleep time and reduce the PDCCH processing in reducing UE power consumption 
· FFS: whether minimum K2 > 0 is essential to avoid the requirements of fast PDCCH processing 

In this contribution, we discuss the design aspects of cross-slot scheduling for UE power saving.
Discussion
NR Framework
In this section, we review time domain resource allocation and aperiodic CSI-RS and aperiodic CSI reporting defined in NR. 
PDSCH time domain resource allocation
In NR, the information element (IE) PDSCH-TimeDomainResourceAllocation is used to configure a time domain relation between PDCCH and PDSCH. The PDSCH-TimeDomainResourceAllocationList contains one or more of such PDSCH-TimeDomainResourceAllocations. The network indicates in the DL assignment which of the configured time domain allocations the UE shall apply for that DL assignment [3].
The time domain resource allocation IE is given below and contains the k0 parameter which is the slot offset between the PDCCH and the scheduled PDSCH; the starting OFDM symbol of the PDSCH within the scheduled slot and the length of the PDSCH in OFDM symbols, and the mapping type. 

PDSCH-TimeDomainResourceAllocationList information element
-- ASN1START
-- TAG-PDSCH-TIMEDOMAINRESOURCEALLOCATIONLIST-START


PDSCH-TimeDomainResourceAllocationList ::=  SEQUENCE (SIZE(1..maxNrofDL-Allocations)) OF PDSCH-TimeDomainResourceAllocation

PDSCH-TimeDomainResourceAllocation ::= 	SEQUENCE {
    k0                                      INTEGER(0..32)                                                     OPTIONAL,   -- Need S
    mappingType                             ENUMERATED {typeA, typeB},
    startSymbolAndLength                    INTEGER (0..127)
}

-- TAG-PDSCH-TIMEDOMAINRESOURCEALLOCATIONLIST-STOP
-- ASN1STOP

PUSCH time domain resource allocation
Similar to the downlink, the IE PUSCH-TimeDomainResourceAllocation is used to configure a time domain relation between PDCCH and PUSCH. PUSCH-TimeDomainResourceAllocationList contains one or more of such PUSCH-TimeDomainResourceAllocations. The network indicates in the UL grant which of the configured time domain allocations the UE shall apply for that UL grant [3].
The time domain resource allocation IE is given below and contains the k2 parameter which is the slot offset between the PDCCH and the scheduled PUSCH; the starting OFDM symbol of the PUSCH within the scheduled slot and the length of the PUSCH in OFDM symbols, and the mapping type. 

PUSCH-TimeDomainResourceAllocation information element
-- ASN1START
-- TAG-PUSCH-TIMEDOMAINRESOURCEALLOCATIONLIST-START

PUSCH-TimeDomainResourceAllocationList ::= 	SEQUENCE (SIZE(1..maxNrofUL-Allocations)) OF PUSCH-TimeDomainResourceAllocation

PUSCH-TimeDomainResourceAllocation ::= 	SEQUENCE {
    k2                                      INTEGER(0..32)          OPTIONAL,   -- Need S
    mappingType                             ENUMERATED {typeA, typeB},
    startSymbolAndLength                    INTEGER (0..127)
}

-- TAG-PUSCH-TIMEDOMAINRESOURCEALLOCATIONLIST-STOP
-- ASN1STOP

Aperiodic CSI-RS and CSI reporting
In NR, the CSI-AperiodicTriggerStateList IE is used to configure the UE with a list of aperiodic trigger states. Each codepoint of the DCI field "CSI request" is associated with one trigger state. Upon reception of the value associated with a trigger state, the UE will perform measurement of CSI-RS (reference signals) and aperiodic reporting on L1 according to all entries in the associatedReportConfigInfoList for that trigger state [3]. The 

The CSI-AperiodicTriggerStateList IE is given below. 
CSI-AperiodicTriggerStateList information element
-- ASN1START
-- TAG-CSI-APERIODICTRIGGERSTATELIST-START

CSI-AperiodicTriggerStateList ::=   SEQUENCE (SIZE (1..maxNrOfCSI-AperiodicTriggers)) OF CSI-AperiodicTriggerState

CSI-AperiodicTriggerState ::=       SEQUENCE {
    associatedReportConfigInfoList      SEQUENCE (SIZE(1..maxNrofReportConfigPerAperiodicTrigger)) OF CSI-AssociatedReportConfigInfo,
    ...
}

CSI-AssociatedReportConfigInfo ::=      SEQUENCE {
    reportConfigId                      CSI-ReportConfigId,
    resourcesForChannel                 CHOICE {
        nzp-CSI-RS                          SEQUENCE {
            resourceSet                         INTEGER (1..maxNrofNZP-CSI-RS-ResourceSetsPerConfig),
            qcl-info                            SEQUENCE (SIZE(1..maxNrofAP-CSI-RS-ResourcesPerSet)) OF TCI-StateId OPTIONAL -- Cond Aperiodic
        },
        csi-SSB-ResourceSet                 INTEGER (1..maxNrofCSI-SSB-ResourceSetsPerConfig)
    },
    csi-IM-ResourcesForInterference     INTEGER(1..maxNrofCSI-IM-ResourceSetsPerConfig)         OPTIONAL, -- Cond CSI-IM-ForInterference
    nzp-CSI-RS-ResourcesForInterference INTEGER (1..maxNrofNZP-CSI-RS-ResourceSetsPerConfig)    OPTIONAL, -- Cond NZP-CSI-RS-ForInterference
    ...
}

-- TAG-CSI-APERIODICTRIGGERSTATELIST-STOP
-- ASN1STOP

The IE NZP-CSI-RS-ResourceSet is a set of Non-Zero-Power (NZP) CSI-RS resources (their IDs) and set-specific parameters. When aperiodic CSI-RS is used with aperiodic reporting, the CSI-RS offset is configured per resource set by the higher layer parameter aperiodicTriggeringOffset. The CSI-RS triggering offset has the range of 0 to 4 slots. aperiodicTriggeringOffset is the offset X between the slot containing the DCI that triggers a set of aperiodic NZP CSI-RS resources and the slot in which the CSI-RS resource set is transmitted [3][4]. Figure 2‑1 illustrates two examples of aperiodic CSI-RS triggering with an offset of zero and one slot.

-- ASN1START
-- TAG-NZP-CSI-RS-RESOURCESET-START
NZP-CSI-RS-ResourceSet ::=          SEQUENCE {
    nzp-CSI-ResourceSetId               NZP-CSI-RS-ResourceSetId,
    nzp-CSI-RS-Resources                SEQUENCE (SIZE (1..maxNrofNZP-CSI-RS-ResourcesPerSet)) OF NZP-CSI-RS-ResourceId,
    repetition                          ENUMERATED { on, off }                                                          OPTIONAL,   -- Need S
    aperiodicTriggeringOffset           INTEGER(0..6)                                                                   OPTIONAL,   -- Need S
    trs-Info                            ENUMERATED {true}                                                               OPTIONAL,   -- Need R
    ...
}

-- TAG-NZP-CSI-RS-RESOURCESET-STOP
-- ASN1STOP
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Cross-slot scheduling
Time domain resource allocation adaptation 
If the time domain resource allocation (TDRA) list contains entries with k0≥0, then the UE needs to wait until the DCI decoding is completed before entering sleep mode (left-hand side of Figure 2‑2). If the TDRA list contains entries where the value of k0 in each entry is larger than 0, i.e., only cross-slot scheduling is performed, then the UE can enter sleep mode as soon as the PDCCH is received and continue the DCI decoding in the background (right-hand side of Figure 2‑2).
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Although it is possible for the gNB to configure a TDRA list with entries containing only k0>0, this approach results in scheduling constraints and increased latency since PDSCH cannot be scheduled in the same slot as the associated PDCCH. Therefore, it is desirable to support both (i) only cross-slot scheduling and (ii) same-slot and cross-slot scheduling. The UE can be configured to be operate in one or the other mode depending on the traffic characteristics and power consumption behaviour. For example, when the UE has delay tolerant traffic, the gNB can configure the UE with a TDRA list whose entries contain k0>0 values. If the UE traffic is delay sensitive, however, the gNB can configure the UE with a TDRA list whose entries contain k0≥0 values.
In general, each UE may be associated with a power state where the state may define what type of power saving behavior the UE is going to exhibit. For example, in a PowerSaving state, the UE may be configured with a TDRA table whose entries contain only k0 > 0. In addition to this, if the UE is configured with a TDRA table containing entries with k0 = 0, then the UE may assume that the TDRA entries with k0 = 0 may be not indicated in the DCI or alternatively that the UE may ignore the TDRA entries with k0 = 0. Therefore, the UE can enter sleep mode as soon as the PDCCH is received. In a PowerDefault state, on the other hand, the UE may expect to be configured with a TDRA table whose entries may contain k0 = 0 and the UE shall not ignore such entries.
Proposal 1: The UE may ignore the TDRA entries with k0 = 0 if configured to be in a power saving state.
To achieve a desirable trade-off between latency and power savings, adaptation between the two power states can be performed using one of the following mechanisms: 
1. RRC signaling: Adaptation between the defined power states using RRC suffers from delays and large system resource consumption. Also note that TDRA re-configuration is already supported in Release 15.
2. MAC CE: MAC CE incurs smaller delay than the RRC and results in less overhead. It is reliable due to HARQ feedback.
3. L1 signaling: L1 signaling, for example PDCCH-based power saving signal, can be used to switch between different power states. L1 signaling is faster and uses less system resources. Its reliability, however, depends on the misdetection performance.
We believe that L1 signaling or MAC CE can be considered due the latency and overhead advantages over the RRC signaling.
Proposal 2: Adaptation between different power states using L1-signaling should be considered.
The minimum k0 value for PDSCH-TDRA entries in the configured PDSCH-TDRA list can also be restricted dynamically. For example, a power saving signal may indicate a threshold value for the minimum k0, and the UE may not expect to receive any DCI indicating a resource allocation with k0 below that threshold (or above depending on the design).

Aperiodic CSI reporting
If the CSI-AperiodicTriggerStateList contains CSI-RS resources with aperiodic triggering offset X = 0, then the UE cannot enter sleep mode before completing the DCI decoding since it could miss the CSI-RS arriving in the same slot as the PDCCH.
Similar to presented above, the UE power state may determine which subset of aperiodic CSI trigger state in the CSI trigger state list configured may be valid (or present) in the associated DCI for aperiodic CSI reporting. For example, if the UE is in the PowerSaving state, then it can expect that the trigger states with X smaller a threshold (e.g. 1 slot) are invalid and are going to be ignored by the UE (e.g., the UE is not expected to report the associated CSI report). Since the gNB is aware of the UE power state, it shall know that the UE is not going to be transmitting the associated CSI report.
The value of the aperiodic triggering offset can be restricted dynamically. For example, a power saving signal may indicate a threshold value for the minimum X value and the UE may ignore the CSI reporting configs (or aperiodic CSI reporting trigger states) associated with NZP-CSI-RS resource set with triggering offset value below that threshold (or above depending on the design).
k0 and X in PowerSaving state
Although k0 and X are two parameters that define two different mechanisms (TDRA and aperiodic CSI-RS triggering offset), the impact of these parameters on UE power saving is similar. Therefore, it is natural for the UE to assume the same behavior towards these parameters. Specifically:
When the UE has been indicated to operate in a power saving state and that the UE is expected to ignore k0 = 0 entries in the TDRA list, then similarly the UE can be expected to ignore CSI-AperiodicTriggerStateList entries with aperiodic triggering offset X = 0. If all entries of the TDRA list contain k0 >0, then the UE may ignore aperiodic trigger states with X = 0.
Proposal 3: The UE may ignore the aperiodic trigger states with aperiodic triggering offset X = 0 if configured to ignore TDRA entries with k0 = 0.
Summary
In this contribution, we discuss the design aspects of cross-slot scheduling for UE power saving. We have proposed:
Proposal 1: The UE may ignore the TDRA entries with k0 = 0 if configured to be in a power saving state.
Proposal 2: Adaptation between different power states using L1-signaling should be considered.
Proposal 3: The UE may ignore the aperiodic trigger states with aperiodic triggering offset X = 0 if configured to ignore TDRA entries with k0 = 0.
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