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Introduction
In RAN#80, the NR Rel-16 UE power saving SID  was agreed with the target completion date in RAN1 by RAN#83 (March 2019).   In RAN#83, the new WID for NR UE power saving [1] was approved as follows,
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.

This contribution describes design detail and the performance results of the PDCCH based power saving signal/channel.          

PDCCH based power saving signal/channel design

Triggering adaptation of UE power consumption
Power saving signal/channel is used to trigger UE whether to wake up in DRX cycle and also to indicate if UE would have DL data to receive at the upcoming DRX ON period. UE will monitor the power saving signal/channel before the DRX ON period. If the UE does not receive the positive acknowledgement from the power saving signal/channel before the DRX cycle, UE would assume that there is no data for him and will stay in the sleep without waking up. This would reduce the UE power consumption by not waking up and decoding the PDCCH during the whole DRX ON period as shown in Figure 1.

 
Figure 1: Wake up procedure with power saving signal/channel

The Power saving signal/channel could also apply to the triggering mechanism for the PDCCH monitoring.  PDCCH decoding has high power consumption. In LTE network deployment, more than 90% of the PDCCH decoding has the results of no DL grant for the UE due to robust data arrival. The PDCCH decoding without positive DL grant represents unnecessary UE power consumption. The power consumption of PDCCH decoding takes great portion of total UE power consumption in LTE.  It is expected to have similar behavior in NR with great portion of unnecessary power consumption on PDCCH decoding with the results of no DL grant. Therefore, the power saving signal/channel could be used as the indication to trigger the PDCCH decoding only when there is DL data scheduled on PDSCH. UE would get the positive acknowledgement from the power saving signal/channel before performs the PDCCH decoding. UE would skip the upcoming PDCCH decoding if there is no positive acknowledge from the power saving signal/channel.  When the DL data reception is completed, additional power saving signal/channel would trigger the UE transition to the micro sleep state as shown in Figure 2. 


Figure 2: Go to sleep procedure with power saving signal/channel
In addition to triggering for UE time domain processing adaptation, power saving signal/channel could be used for other power saving schemes triggering, such as antenna adaptation, UE processing transition, BWP switching and so on. 

PDCCH based power saving signal/channel design

PDCCH based power saving signal/channel function
The power saving signal/channel can be used to trigger UE adaptation to DRX operation, BWP/SCell operation, reducing PDCCH monitoring, and transmission of additional RS in assisting UE in performing channel/beam tracking and CSI/RRM measurements to achieve UE power consumption reduction.  Examples of power saving signal/channel function are as follows, which can be the reference of the design of DCI contents. 
· WUS and GTS indication 
To reduce the energy consumption, the power saving signal/channel can be utilized to indicate whether UE needs to wake up at the DRX ON period or not.  When no DL data are for UE to receive, go-to-sleep signaling can trigger UE to skip unnecessary PDCC monitoring and go to the sleep state. WUS and GTS indication is needed especially WUS and GTS are carried by the same DCI. 
Further consideration on DCI bit field details for WUS and GTS indication, at least 1bit could be configured. E.g., ‘0’ is used to indicate UE could go to sleep in upcoming time, ‘1’ is used to indicate UE could be waked up. 

· Trigger UE skipping PDCCH monitoring 
When UE wakes up, DL data usually arrive with dynamic gap from power saving signal/channel boundary, as shown in Figure 3. To reduce PDCCH monitoring before data arrival, PDCCH based power saving signal/channel should carry indication information of skipping N PDCCH monitoring occasions. On the other hand, UE can skip multiple monitoring occasions between two consecutive DL burst during radio on. When DL data reception is completed, additional go-to-sleep control signalling would trigger the UE stopping monitoring PDCCH and transition to the micro sleep state in the remaining DRX ON period. 
Additional physical signal in PDCCH based power saving signal/channel can indicate UE PDCCH monitoring status of skipping N PDCCH monitoring occasions, continuing monitoring PDCCH at next configured occasion as shown in Figure 4 and details can be found in our contribution [2].



Figure 3:  PDCCH reduction with MOs skipping 


Figure 4:  Power saving signal/channel used for PDCCH skipping
Further consideration on DCI bit field details for triggering to skip PDCCH monitoring, at least 1bit could be configured, which is similar as WUS and GTS function. E.g., ‘0’ is used to indicate UE could continue to monitor subsequent PDCCH and‘1’ is used to indicate UE could skip N PDCCH monitoring occasions. Where, N could be configured by RRC signalling.   If more than one bit is configured for PDCCH monitoring indication, multiple PDCCH skipping steps could be configured.   One example of 2-bit PDCCH skipping indication includes the following states
· “00” – UE continues monitoring next PDCCH occasion
· “01” – UE skips N1 PDCCH monitoring occasions
· “02” – UE skips N2 PDCCH monitoring occasions
· “03” – UE skips N3 PDCCH monitoring occasions
· Indication of the configuration of DRX for upcoming DRX ON  
For RRC_CONNECTED mode, power saving signal/channel transmitted in current DRX ON can be used for indication of UEs power consumption reduction of upcoming DRX ON cycles. For example, power saving signal/channel can be utilized for indication of DRX configuration of upcoming multiple DRX. With DRX configuration, if the gNB could know in advance that no PDCCH/PDSCH are scheduled in the following N DRX cycles, wake up signal detection before corresponding DRX ON periods can be skipped and UE will continue stay in sleep state in the next N DRX cycles for power consumption reduction purpose as shown in Figure 5.  Although UE might needs to wake up occasionally to perform measurements, such as RRM measurements, it will be UE implementation with minimizing the UE power consumption.  


Figure 5: Power saving signal/channel triggering UE skipping N DRX cycles

· Trigging fast BWP switching and Scells activation

Power saving signal/channel can be used for triggering BWP switching or dynamic activation/deactivation of SCells. The key criteria is to quick acquisition of channel state information of new BWP/carriers after dynamic switching and details can be found in our contribution [3].  If the power saving signal/channel is used for triggering the UE adaptation to the DRX operation, it could also use to trigger the BWP switching/SCell activation/deactivation when there is data arrival at the next DRX ON period.   This will allow UE performing the channel tracking and CSI/beam measurements in the preparation period before the DRX ON and switching to the desired BWP or activating a number of SCells with one triggering by the PDCCH-based power saving signal/channel.    
The number of bits in the DCI field for triggering BWP switching and SCell activation/deactivation has similar consideration as the indication of UE adaptation to the DRX operation.   At least 2 bits could be configured to indicate four states for association between the BWP and the combination of SCell or SCell grouping.  
Table 1: Bit field indication example for relationship between BWP swithching and Scell activation
	BWP and SCell indication
	BWP index
	Scell index

	00
	Configuration 0
	Configuration 0

	01
	Configuration 0
	Configuration 1

	10
	Configuration 1
	Configuration 0

	11
	Configuration 1
	Configuration 1



Proposal 1: PDCCH based power saving signal/channel can include the following information in the DCI content.
· WUS and GTS indication
·  skipping PDCCH monitoring indication
·  configuration of DRX for upcoming DRX ON
· BWP switching and SCells activation/deactivation

 PDCCH base power saving signal/channel structure
The DCI content of the PDCCH-based power saving signal/channel should be designed to have the flexibility of multiple information fields in indicating the combination of different UE power saving schemes, such as UE adaptation to the DRX operation, BWP/SCell operation, or PDCCH skipping.  Since RAN2 is still studying some aspects of power saving schemes, such as DRX, BWP/SCell operation, PDCCH skipping, MIMO layer adaptation, and RRM power consumption reduction, the DCI design of the PDCCH-based power saving signal/channel should take into consideration of the potential schemes studying in RAN2.  The PDCCH-based power saving signal/channel design should also have forward looking to consider other possible power saving schemes.   

· DCI structure
Flexibility and overhead of power saving signal/channel should be considered for supporting energy efficiency. Two approaches can be considered for the DCI design of the PDCCH-based power saving signal/channel; they are one-stage and two-stage UE-specific indications.  
Option1: using one stage DCI to indicate the possible combination of power saving schemes. Every power saving schemes could be allocated in the corresponding bit fields as shown in Figure 6. The shortcoming of this option is that it needs to reserve one code point to indicate the associated power saving scheme is OFF (not included in the indication) and more bits to support all of power saving schemes.  .


[bookmark: OLE_LINK28][bookmark: OLE_LINK29]Figure 6: One single DCI to indicate all of power saving functions
[bookmark: OLE_LINK30][bookmark: OLE_LINK31]Option2: using two stages DCI to indicate the combination of power saving schemes.  The 1st stage of the bit-map indicates the combination of power saving schemes (functions) include in the DCI.   The 2nd stage is the exact function to indicate the power saving scheme.  The 1st stage indication could provide the information whether any of the functions would be included in the DCI contents.  There is no need to have one code point in each function to address the function being “OFF”.     The 2-stage indication is flexible for varied power saving function configurations. 


Figure 7: One single DCI to indicate all of power saving functions and ‘bitmap’ indication

PDCCH based power saving signal/channel configuration
The PDCCH based power saving signal/channel configuration includes the CORESET/search space configuration, the aggregation level, the number of blind decoding required by the UE, and the transmission periodicity for UE monitoring.  

· CORESET/Search Space  configuration 
The CORESET/search space configuration of the PDCCH-based power saving signal/channel can reuse the principle and design of the Rel-15 PDCCH CORESET/search space configured by RRC signaling. UE will find the PDCCH candidates and perform PDCCH decoding from the configured CORESET/search space.  The PDCCH-based power saving signal/channel is used for triggering UE adaptation to the traffic in different power saving schemes.  The CORESET/search space configuration of the PDCCH-based power saving signal/channel could be semi-statically configured along with the target power saving scheme, such as the DRX cycles. In particular, the PDDCH-based power saving signal/channel needs to be UE-specifically configured to trigger the specific UE adaptation and not to increase the other UEs’ power consumption comparing the group-triggering power saving signal/channel.   The configuration of CORESET/search space could be simplified to have UE-specific CORESET configuration, where the CORESET is not shared with other UEs.  The UE-specific CORESET configuration would also reduce the blocking probability to zero.  The CORESET of the PDDCH-based power saving signal/channel between different UEs could be FDM (different frequency resources) or TDM (different symbols).    

Proposal 2:  The CORESET/search space configuration of PDCCH-based power saving signal/channel should be UE-specific and not shared with other UEs.  

· Aggregation level 
The aggregation level of the PDDCH-based power saving signal/channel would be determined by the designed coverage.   Multiple aggregation levels were designed for NR to allow gNB to schedule UEs in different coverage area in a given CORESET to accommodate for different channel qualities and reduce the CORESET resource overhead.   If the CORESET is UE-specifically configured and not shared with other UEs, the aggregation level configured for a UE could be simplified based on the cell coverage to minimize the number of the blind decoding.   In particular, the periodicity of the PDDCH-based power saving signal/channel is expected to much larger than that of PDCCH.  The need of different aggregation levels in reducing the power saving signal/channel overhead is small.   Thus, one aggregation level for a given CORESET is sufficient for the PDDCH-based power saving signal/channel based on the deployment scenario and the target operation point.
Proposal 3:  One aggregation level is configured for the PDDCH-based power saving signal/channel based on the deployment scenario and the operation point.  

· Number of Blind Decoding of the PDDCH-based power saving signal/channel
If the CORSET is UE-specific configured without sharing with other UEs and one aggregation level is configured, UE can decode the PDDCH-based power saving signal/channel without any blind decoding.  This will also improve the decoding performance of the PDDCH-based power saving signal/channel.   
Proposal 4:   The number of blind decoding for the PDDCH-based power saving signal/channel is one.  

· Configuration of PDDCH-based power saving signal/channel monitoring occasions 

The PDDCH-based power saving signal/channel is configured based on the power saving schemes.   For UE adaptation to the DRX operation, the PDDCH-based power saving signal/channel is used as the wakeup signal/channel to trigger UE wakeup or stay in the sleeping state before or at the DRX ON.   The periodicity of the PDDCH-based power saving signal/channel would be the same as the DRX periodicity for power saving signal/channel triggering UE adaption to the DRX operation.   For power saving signal/channel used for other power saving schemes, the monitoring occasion could vary in time.   For example, the PDDCH-based power saving signal/channel used for PDCCH skipping monitoring is shown in Figure 4.  The monitoring occasion of the PDDCH-based power saving signal/channel is not periodic and dynamically indicated by the PDCCH or the power saving signal/channel.    

Proposal 5: PDCCH based power saving signal/channel should be transmitted before or at DRX ON period.
Proposal 6: The monitoring occasion of the PDDCH-based power saving signal/channel could be dynamic indicated in the DCI field.   

· PDCCH-based power saving signal configuration and monitoring occasion in multi-beam configuration
Power saving signal/channel should be beamformed to extend the coverage before transmitting in multi-beam configuration.  UE could be covered by any one of the multiple beams at a given time.   In Rel-15, each beam is configured with one CORESET by RRC signalling.  The optimized transmission beam direction might diverge with time varying, as shown in Figure 8. UE might receive DL transmission from different beams.  Beams mismatch will degrade power saving signal/channel performance significantly.  The CORESET of the PDDCH-based power saving signal/channel should be configured with each of multiple Tx beams to provide better power saving signal/channel detection performance. 

                                                                      
Figure 8: Power saving signal/channel beamforming
Proposal 7: The CORESET of the PDDCH-based power saving signal/channel should be configured with each of multiple Tx beams to provide better power saving signal/channel detection performance.
Evaluation of PDCCH based power saving signal/channel
The PDCCH based power saving signals/channels is evaluated with target miss detection probability at 0.1%.  More specifically, PDCCH with AL=4,8,16, bundle size=6, 2 symbols CORSET are evaluated and detail simulation assumption can be found in the appendix.  Miss detection performance of PDCCH based power saving signal/channel in AWGN and fading channel is given in Figure 9-10 with the payload size of DCI being 12, 16, 32, and 80. The operation point of the PDCCH based power saving signal/channel is based on the coverage of the deployment scenario, e.g., SINR = -2 dB.   We can see that AL=8 with the payload size of DCI=12 can provide good miss detection performance. With increase of DCI size, miss detection performance of PDCCH based power saving signal/channel degrade significantly then compact DCI is preferable in DCI design.
 [image: ]
Figure 9: Miss detection of power saving signals/channels in AWGN channel
[image: ]
Figure 10: Miss detection of power saving signals/channels in fading channel
[bookmark: _GoBack]Observation 1: AL=8 and the payload size of DCI=12 can provide good miss detection performance for PDCCH based power saving signal/channel.

Conclusion: 
In this contribution, PDCCH based power saving signal/channel design and performance evaluation are discussed and analyzed.  We have the following proposals, 
Observation 1: AL=8 and the payload size of DCI=12 can provide good miss detection performance for PDCCH based power saving signal/channel.

Proposal 1: PDCCH based power saving signal/channel can include the following information in the DCI content.
· WUS and GTS indication
·  skipping PDCCH monitoring indication
·  configuration of DRX for upcoming DRX ON
· BWP switching and SCells activation/deactivation

Proposal 2:  The CORESET/search space configuration of PDCCH-based power saving signal/channel should be UE-specific and not shared with other UEs.  
Proposal 3:  One aggregation level is configured for the PDDCH-based power saving signal/channel based on the deployment scenario and the operation point.  
Proposal 4:   The number of blind decoding for the PDDCH-based power saving signal/channel is one.  
Proposal 5: PDCCH based power saving signal/channel should be transmitted before or at DRX ON period.
Proposal 6: The monitoring occasion of the PDDCH-based power saving signal/channel could be dynamic indicated in the DCI field.   
Proposal 7: The CORESET of the PDDCH-based power saving signal/channel should be configured with each of multiple Tx beams to provide better power saving signal/channel detection performance.
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Appendix
Table 2: Simulation assumption for power saving signal/channel
	Parameter
	value

	Carrier frequency
	4 GHz

	Channel model
	AWGN/TDL-C 100ns

	SCS
	15KHz

	Mobile speed/Doppler shift
	10 Hz (3 km/h)

	Antenna configuration
	{2,1}/{2,2}

	AL
	4,8,16



1

7

oleObject1.bin
DRX cycle 


Ramp up



image2.emf
Aperiodic DRX cycle 

DL data

Micro

Sleep

Go-to-

sleep 

signaling

On Duration


oleObject2.bin
Aperiodic DRX cycle 


DL data


 


 


MicroSleep



image3.emf
DRX

 c

y

c

le 

……

Sleep

DL data

Powe saving 

signal

DL data

DRX OFF

DL data

Skipping  

PDCCH MOs


oleObject3.bin
DL data



image4.emf
PDCCH without DL 

assignment

PDCCH with DL 

assignment and 

PM skipping 

indication

PDCCH based 

power saving 

signal 

skip 1

no skip

skip 1

skip 3

no skip

skip 1

skip 3 skip 3

skip 1

New 

data

New 

data

Traffic 

activity


oleObject4.bin
skip 1


skip 3


skip 3


skip 1


PDCCH without DL assignment


PDCCH with DL assignment and PM skipping indication


PDCCH based power saving signal 


skip 1


no skip


skip 1


skip 3


New data


New data


no skip


Traffic activity



image5.emf
DRX cycle 

……

PDCCH & 

PDSCH

Sleep

MAC CE

Power 

saving

signal

DRX cycle  DRX  cycle 

……

DRX cycle 

PDCCH & 

PDSCH

Skipping N DRX cycles


oleObject5.bin
DRX cycle 


……


PDCCH & PDSCH


 


 


Sleep



image6.emf
Bit field 0 Bit field 1 Bit field m Bit field M

Power saving inform. Bit field 

Function0 

Function1 

Function M

Function m


oleObject6.bin
Bit field 0



image7.emf
0 1 0 1 1 0 1 0 Bit field 0 Bit field 1 Bit field m Bit field M

M Bit map Power saving inform. Bit field 

Function0 

Function1 

Function M

Function m


oleObject7.bin
0



image8.emf
gNB 

configuredbeam

Optimized beam


oleObject8.bin
gNB 



image9.png
AWGN, 2Tx1Rx,15 kHz

81 = o1ey UONIEIAQ SSIA 1e (IS pennbay




image10.png
Required SNR(dE) at Miss Detection Rate = e-3

TDL-C 100ns, 2Tx2Rx 15 kHz

—e— DCE=12
—*— DCER2
—+— DCI=80

16




image1.emf
DRX cycle 

……

DRXcycle 

……

DRX ON

PDCCH/

PDSCH 

decoding

Ramp up

Sleep

DL data/

Paging

Power 

saving

signal

On 

demand 

RS


