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1. Introduction
In RAN1#103 e-meeting [1], the following were agreed:
Agreements
For NR idle/inactive-mode paging enhancement, paging early indication before paging occasion is supported from RAN1 perspective
· FFS: Physical layer design based on DCI, SSS or TRS/CSI-RS 
· Send LS to inform RAN2 and kindly ask RAN2 to inform RAN1 if there is anything that RAN1 should take into consideration in the physical layer design for this feature, including any other progress RAN2 has made in this WI which may has RAN1 impact
This contribution discusses techniques of paging enhancements, corresponding design aspects, and provide evaluation results on power saving gain, reliability, and resource overhead. 

2. Techniques for paging enhancement 
2.1 Idle mode wake-up signal (I-WUS) for paging early indication(PEI)

It was agreed in last meeting to support PEI for paging monitoring in idle mode. The PEI is included in a power saving signal/channel for indicating whether or not the UE needs to wake up for paging PDCCH reception in a PO. The power saving signal/channel is referred as idle mode wake-up signal (I-WUS) in this paper.  In this sub-section, we discuss two design aspects to support the PEI.

2.1.1 L1 signal/channel design
For the L1 signal/channel design of I-WUS, both PDCCH based I-WUS and sequence based I-WUS and can be considered. The comparison between PDCCH-based and sequence based I-WUS in terms of four essential design aspects are summarized in Table 1. 

Table 1: Comparison between PDCCH-based I-WUS and sequence-based I-WUS
	Design Aspects
	PDCCH-based I-WUS
	Sequence based I-WUS

	1) How to indicate  N>=1 bits of PEI
	· DCI, up to 40bits
	· N =1: detection of predetermined sequence
· N >1:
· Option 1: RE mapping pattern, e.g. reinterpretation of antenna port of CSI-RS, or different RB shift within a PRB
· Option 2: orthogonal time/frequency resources allocation
· Option 3: sequence generation methods, e.g. cyclic shift, initial condition. 

	2) Impact to synchronization performance 

	· Same synchronization overhead as Rel-16
	· I-WUS as RS for synchronization
· Skip SSB-based synchronization

	3) Reliability and impact to legacy channel/signal reception
	Target BLER = 0.1%
· Higher CCE AL or
· Smaller DCI size
· 
	Target MDR = 0.1%, FAR = 1%
· SSS-like: cross-correlation between TX sequence and RX sequence
· CSI-RS/TRS-based: coherent detection method with higher reliability, i.e. one symbol used for channel estimation. 

	4) Impact to legacy paging functionality 
	· Whether or not to use reserved bits to further indicate SI change or ETWS indication
	· No change


 

The first L1 signal/channel design aspect of I-WUS is how to carry or deliver N>=1 bits of PEI. The PEI carried in I-WUS is at least a binary bit to indicate whether or not there is a paging reception in associated PO(s). To increase indication precision, UE sub-grouping on PEI can be considered, such that the PEI is provided independently for sub-groups of UEs from a group of UEs monitoring the same PO. 

For PDCCH-based I-WUS, the PEI can be carried in DCI. A DCI payload of 12 - 40 bits is sufficient to provide PEI to multiple UE sub-groups. However, channel resources will be wasted if the PEI is less than 12 bits.  

For sequence-based I-WUS, a sequence of I-WUS can be transmitted by NW on demand if only one bit of PEI is needed. In this case, a UE wakes up for paging reception when the UE detects the sequence. Sequence-based I-WUS can also provide N>1 information bits to support UE sub-grouping of PEI. One method can be based on RE mapping pattern, such that N>1 RE mapping patterns can be mapped to N >1 bits of PEI.  For example, when CSI-RS/TRS based I-WUS is considered, only a single antenna port is needed for the transmission of sequence-based I-WUS in idle mode. Thus, the RE mappings corresponding to different antenna ports of CSI-RS resources can be reinterpreted by UEs to indicate PEI for multiple UE sub-groups. In another method, UE sub-grouping of PEI can be achieved through different time or frequency resources allocations for sequence-based I-WUS. In yet another method, N>1 bits of PEI can also be indicated based on sequence generation, such as cyclic shift or initial condition of Gold-sequence for SSS-like I-WUS. 

Observation 1: Both PDCCH-based I-WUS and sequence-based I-WUS are feasible to provide one or multiple bits of PEI.

Observation 2: It’s waste of channel resource if PEI is less than 12 bits for PDCCH-based I-WUS.

The impact to synchronization performance is another L1 signal/channel design aspect for I-WUS. For PDCCH-based I-WUS, SSBs are the only RS resources for synchronization in idle/inactive state. The number of SSBs for synchronization before I-WUS should be same as the number of SSBs for synchronization before PO in Rel-16 when there are no additional RS resources between the I-WUS and PO. Although PDCCH can be less sensitive to synchronization error than PDSCH, the number of SSBs for synchronization is determined based on synchronization requirement for paging PDSCH. 

On the other hand, sequence-based I-WUS can be considered as RS resources for synchronization directly. When sequence-based I-WUS is transmitted and can achieve the synchronization requirement for paging PDSCH, UE doesn’t need to process any SSBs for synchronization before or after I-WUS. When UE doesn’t detect any I-WUS before PO, UE can still save power by skipping SSBs for synchronization as there is no data reception in PO.

Observation 3: UE expects the same synchronization overhead as Rel-16 when PDCCH-based I-WUS is considered, while UE can skip SSBs for synchronization as sequence-based I-WUS can be used as RS resources for synchronization.

Another essential L1 signal/channel design aspect is reliability without impact to Rel-15/Rel-16 channels/signals. The reliability of I-WUS can be evaluated by detection error rate (DER) and/or miss detection rate (MDR). Since UE needs to decode I-WUS first before paging PDCCH reception, the detection error of I-WUS can impact paging PDCCH reception. The consequence of detection error depends on UE behaviour after detection error of I-WUS happens. When UE only wakes up when receives a PEI, the consequence of detection error is critical, such that UE will miss paging PDCCH receptions in PO. To avoid impact on paging PDCCH reception, it’s necessary to consider higher reliability target for I-WUS than paging PDCCH. 

Observation 4: Detection error of I-WUS will cause critical issue such that UE misses paging PDCCH/PDSCH transmitted by NW. 

For PDCCH-based I-WUS, the reliability is evaluated by BLER of PDCCH detection. The target BLER for PDCCH-based I-WUS should be 10X smaller than the target BLER for paging PDCCH to avoid impact on paging PDCCH reception. 

For sequence-based I-WUS transmitted on-demand, the reliability should be evaluated by both MDR and false alarm rate. When false alarm happens, UE follows the legacy paging mechanism and there is no critical issue. But UE will miss paging reception when miss detection happens. Therefore, the target reliability of sequence-based I-WUS is limited by MDR, a MDR 10X smaller than BLER of paging PDCCH should be considered to avoid impact on paging PDCCH reception.

Assume the target BLER for paging PDCCH is 1%, the target BLER for PDCCH-based I-WUS and MDR rate for sequence-based I-WUS should be 10X smaller, i.e. 0.1%.

Proposal 1: Support target false alarm rate of 1% and miss-detection rate of 0.1% for sequence-based I-WUS.

Proposal 2: Support target BLER of 0.1% for PDCCH-based I-WUS. 

The last L1 signal/channel design aspect of I-WUS is impact on legacy paging functionality. UE should maintain the legacy paging functionalities, including notification for SI change and ETWS indication. In practice, UE receives paging PDCCH with indication of short message only or not. Therefore, it should be clarified how UE determines the existence of paging PDCCH and paging PDSCH when I-WUS is supported. The I-WUS should at least indicate whether or not there is a PO, i.e. paging PDCCH. For PDCCH-based I-WUS, there may be reserved bits available so that the notification for SI change and ETWS indication can be included as well. In this way, UE can further reduced power consumption by skipping paging PDCCH decoding with only short message transmitted. However, NW still have to transmit the legacy paging PDCCH for connected mode UEs or UEs don’t support I-WUS. Therefore, it’s not necessary to duplicate any existing paging functionalities in I-WUS. The PEI included in I-WUS only indicate paging PDCCH reception in associated PO(s). The notification for SI change and ETWS indication should not be included in I-WUS. 

Proposal 3: I-WUS only include PEI for indicating whether or not there is a paging PDCCH in corresponding PO(s), and the legacy notification for SI change and ETWS indication should not be duplicated in the I-WUS.

2.1.2 Configurations
Configuration of I-WUS should be provided to UEs based on higher layer signaling. The content of configuration may vary depending on L1 signal/channel design. However, some configuration aspects are common regardless of the L1 signal/channel design. 

First of all, the configuration regarding I-WUS monitoring occasion is essential to achieve expected functionality and power saving gain, thus should be determined regardless of L1 signal/channel design. 

Since I-WUS is used to indicate paging reception in one or multiple PO(s), a time offset between the start of I-WUS and the start of associated PO(s), Toffset, should be provided to UE. On one hand, the Toffset should not be too small so that there can be multiple monitoring occasions for multi-beam transmission. Also, Toffset should be large enough so UE has enough time to prepare for paging PDCCH/PDSCH reception. On the other hand, Toffset should not be too large to avoid multiple wake-ups and long paging delay.  

Proposal 4: Support configuration of a time offset between the start of I-WUS and start of associated PO(s).

Another configuration aspect to determine regardless of L1 signal/channel design is multi-beam operation of I-WUS transmission. Same as other signal/channels transmitted in the idle/inactive mode, I-WUS should be transmitted over N>1 occasions, where each occasion can have a predetermined QCL assumption. Figure 1 illustrates an example of multi-beam transmissions of SSBs, I-WUS and PO in idle/inactive mode. 


Figure 1: Illustration of SSBs/I-WUS/PO transmission with multi-beam operation (N=M=8)

Proposal 5: Support a set of N>=1 I-WUS reception occasions, where each monitoring occasion has a QCL assumption.  

For PDCCH-based I-WUS, N >1 reception occasions should be QCLed SSBs as SSBs are the only TCI RS available. Similar as paging PDCCH, the number of I-WUS reception occasions equals to the number of M transmitted SSBs per burst, such that N = M.

For sequence-based I-WUS, there is more flexibility for multi-beam operation. In one method, TCI states can be provided to UE in the configuration of I-WUS, such that each I-WUS reception occasion is QCLed with a SSB. Alternatively, the RS of I-WUS can be used as TCI RS for paging PDCCH. As the detection method of sequence-based I-WUS is simple and TCI RS is not necessary. NW can configure the number of reception occasions for sequence-based I-WUS to be smaller than the number of transmitted SSBs per burst, i.e. N <= M. 

Observation 5: Sequence-based I-WUS has more flexibility than PDCCH-based I-WUS in terms of the number of monitoring occasions needed for multi-beam transmission.  

2.2 UE sub-grouping for paging monitoring 
Reducing group paging rate is another way to reduce unnecessary wake-ups for paging monitoring. A group paging rate is determined such that  where M is the number of UEs per a UE group, and  is UE-specific paging rate.  is determined based on traffic pattern. So UE sub-grouping with reduction on group size M is the only way to reduce group paging rate. 

There are many alternatives to support UE sub-grouping for paging monitoring. The performance regarding power saving gain, resource overhead, and impact to legacy paging PDCCH and I-WUS reception should be evaluated for each alternative before any down-selection. More than one alternatives can be supported if necessary.

Proposal 6: Further study UE sub-grouping for paging monitoring considering impact including
· power saving gain,
· resource overhead,
· paging PDCCH and I-WUS reception,
· PDCCH blocking.

Based on discussion in RAN1#103-e, there are many alternatives to support UE sub-grouping for paging monitoring, including
· Alt-1: based on PEI in I-WUS
· Alt-2: based on reserved bits in legacy paging PDCCH
· Alt-3: additional POs in frequency domain
· Alt-4: multiple P-RNTIs
The performance impact regarding resource overhead, paging PDCCH/I-WUS reception, and PDCCH blocking are discussed in this sub-section for each of the four alternatives.  
 
2.2.1 UE sub-grouping on PEI
For Alt-1, both sequence-based and PDCCH-based I-WUS are feasible to provide multiple bits of PEI to multiple UE sub-groups as discussed in Section 2.1.1. However, there are some drawbacks of UE sub-grouping based on PEI. For sequence-based I-WUS, additional resource overhead may occur if UE sub-grouping is achieved based on orthogonal time/frequency resource allocation of on-demand transmitted I-WUS. If the UE sub-grouping is realized based on sequence generation methods, no additional resource overhead but there will be degradation on sequence detection performance.  For PDCCH-based I-WUS, increased DCI size could also impact detection performance. 

Observation 6: UE sub-grouping based on PEI may increase resource overhead or impact the detection performance of I-WUS.

2.2.2 UE sub-grouping in legacy paging PDCCH
For Alt-2, the reserved bits in legacy paging PDCCH can be used to indicate UE sub-grouping for paging monitoring. There are 6 reserved bits in short message, and additional 8 reserved bits DCI format 0_1 with CRC scrambled by P-RNTI. So the legacy paging PDCCH can support up to 14 UE subgroups per PO without increase of resource overhead and impact to legacy signal/channel and I-WUS reception. 

Observation 7: The reserved bits in legacy paging PDCCH support up to 14 UE subgroups per PO without additional resource overhead and no impact on legacy signal/channel and I-WUS reception.

2.2.3 UE sub-grouping for paging monitoring in frequency domain
For current NR paging mechanism, UEs are distributed into multiple POs in time domain, such that there can be N>=1 paging frames (PFs) per DRX cycle, and Ns>=1 PO per PF. N is selected from {oneT, halfT, quarterT, oneEighthT, oneSixteenthT} according to higher layer parameter nAndPagingFrameOffset. When N is set to oneT, it means that every frame is a PF. Therefore, NR Rel-16 already supports high flexibility for UE grouping in the time domain. The resources for more UE groups or UE sub-grouping in the time domain is limited. 

However, there is no UE grouping or distribution for paging monitoring in the frequency domain, considering that UEs in idle/inactive mode operate only in initial DL BWP. Therefore, it’s beneficial to consider paging enhancement by UE sub-grouping in the frequency domain. For idle/inactive mode UE, the UE monitors paging PDCCH in CORESET#0 with configuration indicated in MIB. For UE sub-grouping in frequency domain, one potential solution is to divide CORESET#0 into multiple sub-CORESET#0 for at least paging PDCCH monitoring. 

Observation 8: NR Rel-16 supports UE grouping or distribution for paging monitoring in the time domain, but not in the frequency domain.

2.2.4 UE sub-grouping based on multiple P-RNTI
For Alt-4, multiple P-RNTI are considered to support paging PDCCH reception, where each UE subgroup is provided with a dedicated P-RNTI. However, the multiple UE sub-groups still share the same search space set and CORESET for paging reception. There will additional resource overhead when more than one UE sub-groups are paged. In addition, PDCCH blocking could happen when multiple paging PDCCH are transmitted while no increase of PDCCH resources in CORESET. 

Observation 9: UE sub-grouping for paging monitoring based on multiple P-RNTI will increase resource overhead and PDCCH blocking rate in Type2-PDCCH search space set.

3. Performance Evaluation 
3.1 Power saving gain 

The processing timeline for baseline when UE uses 3 SSBs for (re)synchronization every DRX cycle is illustrated in Figure 2. The UE activities considered for evaluating the average power consumption in idle/inactive mode include:
· (Re)synchronization and loop convergence based on SS/PBCH blocks
· Paging PDCCH and/or paging PDSCH reception in PO
· Serving cell RRM measurements per DRX cycle
· Intra-frequency RRM measurement with a measurement gap (MG).  

The details of UE processing timeline and corresponding power consumption on each UE activity are provided in Table 10 A/B/C in Appendix for high/medium/low SINR. 



Figure 2: Illustration of processing timeline for baseline when 

The average power consumption for baseline with respect to different number of SS/PBCH bursts,  for (re)synchronization are provided in Table 2. 
Table 2: Average power consumption for baseline
	 high SINR 
()
	 Medium SINR 
()
	 Low SINR 
()

	1.87
	2.82
	3.24



3.1.1 CSI-RS/TRS based I-WUS
The processing timeline for paging enhancement based on sequence-based I-WUS is illustrated in Figure 3. We assume the I-WUS lasts for N1=2 ms is located N2=2 ms before the start of the PO. The sequence based I-WUS can be used for synchronization, so that UE doesn’t need to receive SS/PBCH blocks for synchronization. However, UE still receives a burst of SS/PBCH blocks for serving cell RRM measurement. 



Figure 3: Illustration of the processing timeline for paging enhancement with sequence based I-WUS.
 
The micro sleep duration between I-WUS and PO is 1. The light sleep duration between SSB burst for serving cell RRM measurement and I-WUS is  and the light sleep between PO and MG for inter frequency RRM measurement is . The deep sleep duration can be calculated as without intra-frequency RRM measurement when SINR is high, and  with intra-frequency RRM measurement. 

Table 3: Power saving gain for sequence-based I-WUS
	
	 Average power
	PSG

	high SINR 
()
	1.73
	7.58%

	Medium SINR 
()
	2.31
	18.13%

	Low SINR 
()
	2.31
	28.79%




Observation 10: UE expects PSG of 15%-29% for sequence-based I-WUS.

3.1.2 PDCCH-based I-WUS
The processing timeline for paging enhancement based on PDCCH-based I-WUS is illustrated in Figure 4. We assume the PDCCH-based I-WUS lasts for N1=4 ms is located N2=4 ms before the start of the PO. The number of SSBs needed for synchronization is same as that used for baseline. 

[image: ]
Figure 4: Illustration of the processing timeline for paging enhancement with PDCCH-based I-WUS.

Table 4: Power saving gain for PDCCH-based I-WUS
	
	 Average power
	PSG

	high SINR 
()
	1.83
	2.35%

	Medium SINR 
()
	2.83
	-0.33%

	Low SINR 
()
	3.25
	-0.29%




Observation 11: UE achieve PSG of ~10% for PDCCH-based I-WUS when SINR is high. No PSG for PDCCH-based I-WUS for medium or low SINR when synchronization overhead is high.

3.1.3 UE sub-grouping 
In this sub-section, power saving gain for UE sub-grouping based on the following alternatives is evaluated.
· Alt-1: based on PEI in I-WUS
· Alt-2: based on reserved bits in legacy paging PDCCH
· Alt-3: additional POs in frequency domain
· Alt-4: multiple P-RNTIs

The baseline assumes UE paging rate . The total number of UEs, , and number of SSBs for (re)synchronization is one, i.e. . The power saving gain for different number of UE subgroups, K, is provided in Table 5. 

Table 5: Power saving gain for UE sub-grouping with 
	Alternatives
	K=1
	K=2
	K=4
	K=8
	K=16

	Alt1
	PDCCH based
	0.90%
	3.36%
	4.75%
	5.48%
	5.86%

	
	sequence-based
	6.03%
	8.49%
	9.87%
	10.61%
	10.99%

	Alt2
	0%
	1.45%
	2.26%
	2.69%
	2.92%

	Alt3
	0%
	1.45%
	2.26%
	2.69%
	2.92%

	Alt4
	0%
	1.45%
	2.26%
	2.69%
	2.92%




Table 6: Power saving gain for UE sub-grouping with 
	Alternatives
	K=1
	K=2
	K=4
	K=8
	K=16

	Alt1
	PDCCH based
	-0.68%
	3.11%
	5.52%
	6.87%
	7.59%

	
	Sequence-based
	4.33%
	8.12%
	10.53%
	11.88%
	12.60%

	Alt2
	0%
	2.23%
	3.64%
	4.44%
	4.86%

	Alt3
	0%
	2.23%
	3.64%
	4.44%
	4.86%

	Alt4
	0%
	2.23%
	3.64%
	4.44%
	4.86%



According to evaluation results in Table 5 and Table 6, we observe the following:

Observation 12: Paging enhancement of UE sub-grouping achieve about 1% - 5% power saving gain, depending on UE group size, number of UE subgroups, and UE paging rate. 

Observation 13: The power saving gain converges when number of UE subgroups is large. No need to support UE sub-grouping larger than 4.  

3.2 Reliability of I-WUS

To minimize the impact to legacy signal/channels, the required SINR to achieve target reliability of I-WUS should be no larger than the required SINR to achieve the target reliability for paging PDCCH. The detection performance for legacy paging PDCCH and I-WUS are evaluated based on LLS assumptions in Table 7.

Table 7: LLS assumptions
	Parameters
	Values

	Carrier Frequency
	4GHz (FR1)

	SCS
	30KHz

	Transmission BW
	20MHz (FR1)

	Antenna Configuration
	1/2TX 

	Residual CFO
	0.1ppm

	Channels
	TDL-C 
300 ns delay spread
100 Hz Doppler shift



[image: ]
Figure 5: BLER for paging PDCCH reception

Observation 14: the minimum required SINR to achieve target BLER of 1% for paging PDCCH is -3dB.

For PDCCH-based I-WUS, the BLER is simulated assuming 0.1ppm residual CFO and DCI payload size of 12 bits. For sequence-based I-WUS, TRS with density of ¼ is considered. The TRS has slot duration X = 1 or 2 and bandwidth in terms of number of RBs, B = 24 or 48. The residual CFO for sequence-based I-WUS is 1ppm.
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(a) PDCCH-based I-WUS                                         (b) TRS based I-WUS

Figure 6: Detection performance of I-WUS

According to simulation results in Figure 6, we observe the following:

Observation 15: PDCCH-based I-WUS achieve target BLER of 0.1% with minimum required SINR of -3dB and CCE AL of 8.

Observation 16: TRS based I-WUS achieve MDR of 0.1% at false alarm of 1% with minimum required SINR of -6dB and X = 1 slot, B = 48.

3.3 Resource overhead

Resource overhead for I-WUS without UE subgrouping can be evaluated according to required REs per PO, O, defined as
, where

· F1 is required RE number per I-WUS reception occasion ensuring no paging detection performance
· F2 is number of I-WUS reception occasions for multi-beam operation
· F3 is group paging rate per PO, e.g. 10%
· F4 is number of PO sharing the same I-WUS

Proposal 7: Evaluate the resource overhead according to required REs per PO for paging enhancement schemes. 

According to the simulation results in Figure 16, the required resource to achieve target BLER of 0.1% for PDCCH-based I-WUS is at least 8CCE at SINR of -3dB, while the required resource to achieve target MDR of 0.1% for CSI-RS/TRS-based I-WUS is about 36RBs with at SINR of -3dB. 

	
	F1
	F2
	F3
	F4
	O

	PDCCH-based
	8CCEs*6REG*12REs
= 576
	8 
	0.1
	1/2/4
	O = 460.80, 437.76, 386.17 for F4 = 1, 2, 4, respectively

	CSI-RS/TRS-based
	2OS*36RBs*12SCs*1/4 
= 216
	2/4/8
	0.1
	1
	O = 43.20, 86.40, 172.80 for F2 = 2, 4, 8, respectively


Table 8: Comparison on resource overhead between PDCCH-based and CSI-RS/TRS-based I-WUS

According to the evaluation results in Table 8, the TRS based I-WUS requires lower resource overhead than PDCCH-based I-WUS. 

Observation 17: CSI-RS/TRS-based I-WUS has about 2 to 10X less resource overhead than PDCCH-based I-WUS.

When UE subgrouping within a PO is considered, , assume , total number of UEs per PO, M = 32, number of UE subgroups K = 1 or 2, or 4. 

For CSI-RS/TRS-based I-WUS,  as the I-WUS associated with different UE sub-groups are transmitted in orthogonal resources based on different RE mapping pattern. 

The resource overhead to support UE subgrouping is provided in Table 9. 
Table 9: Resource overhead for UE sub-grouping 
	Alternatives
	K=1
	K=2
	K=4

	Alt1
	PDCCH based Note1
	1093
	634
	342

	
	CSI-RS/TRS based Note 2
	238
	257
	267

	Alt2
	0
	0
	0

	Alt3
	0
	684
	1068

	Alt4
	0
	684
	1068


Note1: assume F2 = 8, F4 = 2 for PDCCH-based I-WUS;
Note 2: assume F2 = 4, F4 = 1 for CSI-RS/TRS based I-WUS

Observation 18: UE sub-grouping based on legacy paging PDCCH (Alt2) has no resource overhead; 

Observation 19: For sub-grouping based on I-WUS, the resource overhead decreases with respect to increased number of UE subgroups for PDCCH-based solution, but the overhead is still larger than CSI-RS/TRS based solution

Observation 20: Resource overhead for Alt3 and Alt4 is high, and increase with respect to number of UE subgroups.


5. Conclusion	
This contribution considered techniques of paging enhancement for power saving in idle/inactive mode. Following proposals and observation were made:

Observation 1: Both PDCCH-based I-WUS and sequence-based I-WUS are feasible to provide one or multiple bits of PEI.

Observation 2: It’s waste of channel resource if PEI is less than 12 bits for PDCCH-based I-WUS.

Observation 3: UE expects the same synchronization overhead as Rel-16 when PDCCH-based I-WUS is considered, while UE can skip SSBs for synchronization as sequence-based I-WUS can be used as RS resources for synchronization.

Observation 4: Detection error of I-WUS will cause critical issue such that UE misses paging PDCCH/PDSCH transmitted by NW. 

Observation 5: Sequence-based I-WUS has more flexibility than PDCCH-based I-WUS in terms of the number of monitoring occasions needed for multi-beam transmission.  

Observation 6: UE sub-grouping based on PEI may increase resource overhead or impact the detection performance of I-WUS.

Observation 7: The reserved bits in legacy paging PDCCH support up to 14 UE subgroups per PO without additional resource overhead and no impact on legacy signal/channel and I-WUS reception.

Observation 8: NR Rel-16 supports UE grouping or distribution for paging monitoring in the time domain, but not in the frequency domain.

Observation 9: UE sub-grouping for paging monitoring based on multiple P-RNTI will increase resource overhead and PDCCH blocking rate in Type2-PDCCH search space set.

Observation 10: UE expects PSG of 15%-29% for sequence-based I-WUS.

Observation 11: UE achieve PSG of ~10% for PDCCH-based I-WUS when SINR is high. No PSG for PDCCH-based I-WUS for medium or low SINR when synchronization overhead is high.

Observation 12: Paging enhancement of UE sub-grouping achieve about 1% - 5% power saving gain, depending on UE group size, number of UE subgroups, and UE paging rate. 

Observation 13: The power saving gain converges when number of UE subgroups is large. No need to support UE sub-grouping larger than 4.  

Observation 14: the minimum required SINR to achieve target BLER of 1% for paging PDCCH is -3dB.

Observation 15: PDCCH-based I-WUS achieve target BLER of 0.1% with minimum required SINR of -3dB and CCE AL of 8.

Observation 16: TRS based I-WUS achieve MDR of 0.1% at false alarm of 1% with minimum required SINR of -6dB and X = 1 slot, B = 48.

Observation 17: CSI-RS/TRS-based I-WUS has about 2 to 10X less resource overhead than PDCCH-based I-WUS.

Observation 18: UE sub-grouping based on legacy paging PDCCH (Alt2) has no resource overhead; 

Observation 19: For sub-grouping based on I-WUS, the resource overhead decreases with respect to increased number of UE subgroups for PDCCH-based solution, but the overhead is still larger than CSI-RS/TRS based solution

Observation 20: Resource overhead for Alt3 and Alt4 is high, and increase with respect to number of UE subgroups.

Proposal 1: Support target false alarm rate of 1% and miss-detection rate of 0.1% for sequence-based I-WUS.

Proposal 2: Support target BLER of 0.1% for PDCCH-based I-WUS. 

Proposal 3: I-WUS only include PEI for indicating whether or not there is a paging PDCCH in corresponding PO(s), and the legacy notification for SI change and ETWS indication should not be duplicated in the I-WUS.

Proposal 4: Support configuration of a time offset between the start of I-WUS and start of associated PO(s).

Proposal 5: Support a set of N>=1 I-WUS reception occasions, where each monitoring occasion has a QCL assumption.  

Proposal 6: Further study UE sub-grouping for paging monitoring considering impact including
· power saving gain,
· resource overhead,
· paging PDCCH and I-WUS reception,
· [bookmark: _GoBack]PDCCH blocking.

Proposal 7: Evaluate the resource overhead according to required REs per PO for paging enhancement schemes. 

6. Reference
[1] RAN1 Chairman’s Note, 3GPP TSG RAN WG1 Meeting #103-e
[2] TS 38.304, “User Equipment (UE) procedures in Idle mode and RRC”
[3] R1-1714992, “Assumptions for eMTC power consumption for power saving signal/channel.”
7. Appendix
. 
Table 10A: UE power consumption for high SINR 

	UE operations in a paging cycle
	Time duration (ms)
	Energy contribution
(relative power * ms)

	SSB processing and 
intra-frequency RRM measurement
	2
	(PSSB +(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) ) ) * 0.85Note2 * 2*
(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) )  * 2 * (

	Light sleep
	8
	PLS * 8 + 100 Note3

	PO reception
	4
	(PPDCCH * (1 – RG) +
PPDCCH+PDSCH * RGNote4) * 4

	Deep sleep
	1266
	PDS * 1266 + 450Note5

	(Total)
	1280
	Total Energy 

	Average power consumption = Total Energy / 1280

	Note 1: Cell search rate for intra/inter-frequency RRM measurement 
Note 2: Scaling convention to combine two different types of UE operations as in Section 8.1.3 of TR 38.840
Note 3: Additional transition energy (relative power * ms) for light sleep as specified in Table 19 of TR 38.840
Note 4: RG is the paging rate to the UE group
Note 5: Additional transition energy (relative power * ms) for deep sleep as specified in Table 19 of TR 38.840




Table 10B: UE power consumption for medium SINR

	UE operations in a paging cycle
	Time duration (ms)
	Energy contribution
(relative power * ms)

	SSB processing 
	2*
	PSSB * 2 *

	Light sleep
	18*
	(PLS * 18 + 100 Note1) *(1/)

	SSB processing and 
intra-frequency RRM measurement
	2
	(PSSB +(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) ) ) * 0.85Note2 * 2*+
(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) )  * 2 * (1-)

	Light sleep
	8
	PLS * 8 + 100 Note1

	PO reception
	4
	(PPDCCH * (1 – RG) +
PPDCCH+PDSCH * RGNote4) * 4

	Light sleep
	6
	PLS * 6 + 100

	Switch to another frequency layer
	0.5
	PMS * 0.5

	Inter-freq. RRM measurement
	5
	(Pinter, search-only * 1/4Note2 
+ Pinter, meas-only * (1 – 1/4 Note2) ) * 5

	Switch back to serving frequency
	0.5
	PMS * 0.5

	Deep sleep
	1254 - 20* 
	PDS * (1254 - 20*)+ 450Note5

	(Total)
	1280
	Total Energy 

	Average power consumption = Total Energy / 1280

	Note 1: Additional transition energy (relative power * ms) for light sleep as specified in Table 19 of TR 38.840
Note 2: Cell search rate for intra/inter-frequency RRM measurement 
Note 3: Scaling convention to combine two different types of UE operations as in Section 8.1.3 of TR 38.840
Note 4: RG is the paging rate to the UE group
Note 5: Additional transition energy (relative power * ms) for deep sleep as specified in Table 19 of TR 38.840




Table 10C: UE processing timeline and power consumption for Low SINR 

	UE operations in a paging cycle
	Time duration (ms)
	Energy contribution
(relative power * ms)

	SSB processing 
	2*
	PSSB * 2 * 

	Light sleep
	18*
	(PLS * 18 + 100 Note1) *

	SSB processing 
	2*
	PSSB * 2 * 

	Light sleep
	18*
	(PLS * 18 + 100 Note1) *

	SSB processing and 
intra-frequency RRM measurement
	2
	(PSSB +(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) ) ) * 0.85Note2 * 2*+
(Pintra, search+meas * 1/4Note1 + Pintra, meas-only * (1 – 1/4 Note1) )  * 2 * (1-)

	Light sleep
	8
	PLS * 8 + 100 Note1

	PO reception
	4
	(PPDCCH * (1 – RG) +
PPDCCH+PDSCH * RGNote4) * 4

	Light sleep
	6
	PLS * 6 + 100

	Switch to another frequency layer
	0.5
	PMS * 0.5

	Inter-freq. RRM measurement
	5
	(Pinter, search-only * 1/4Note2 
+ Pinter, meas-only * (1 – 1/4 Note2) ) * 5

	Switch back to serving frequency
	0.5
	PMS * 0.5

	Deep sleep
	1254 - 40*
	PDS * (1254 - 40*)+ 450Note5

	(Total)
	1280
	Total Energy 

	Average power consumption = Total Energy / 1280

	Note 1: Additional transition energy (relative power * ms) for light sleep as specified in Table 19 of TR 38.840
Note 2: Cell search rate for intra/inter-frequency RRM measurement 
Note 3: Scaling convention to combine two different types of UE operations as in Section 8.1.3 of TR 38.840
Note 4: RG is the paging rate to the UE group
Note 5: Additional transition energy (relative power * ms) for deep sleep as specified in Table 19 of TR 38.840
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