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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13]In RAN1#103-e, paging enhancement was discussed, the performance of UE sub-grouping indication, paging early indication and cross-slot scheduling are summarized and it was agreed that paging early indication before paging occasion is supported from RAN1 perspective. This contribution further discusses the remaining issues of paging enhancements, including the sub-grouping information and the physical layer design of the paging early indication. The evaluation results is provided to compare different designs for paging early indications, including the power saving gains, the detection performance by LLS, and system impacts.
[bookmark: _Ref60330683] Physical layer design of paging early indication 
In RAN1#103-e, it was agreed that paging early indication (PEI) is supported from RAN1 perspective:
	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



The remaining issue is the physical layer design to carry the PEI indication. There are three candidates agreed in the last meeting regarding the physical layer design, i.e. DCI based PEI, SSS based PEI and TRS based PEI. This sections provide analysis on three candidates with respect to the paging detection performance, power saving gains etc.
Fundamental analysis on the impact of detection performance of physical layer channel carrying PEI
[bookmark: _Ref61440790]DCI based PEI
There can be three detection results of the DCI based PEI as shown in Table 1, the UE can distinguish the difference of PEI DCI not detected and PEI indicating paging not transmitted considering there are CRC bits carried by the PEI DCI. The behavior for different detection results of PEI can be defined as in the following Table 1, where Procedure A and B represents different UE behavior. As an example, Figure 1 shows the difference between procedure A and procedure B.
Table 1. [bookmark: _Ref61629977]UE behavior for different detection results of PEI-DCI
	 
	Detection results of PEI DCI
	Corresponding UE procedures

	Case 1
	PEI DCI not detected
	Procedure B, i.e. receiving paging

	Case 2
	PEI DCI detected with the corresponding PEI bit(s) indicates paging message not transmitted;
	Procedure A, i.e. skip paging reception 

	Case 3
	PEI DCI detected with the corresponding PEI bit(s) indicates paging message transmitted;
	Procedure B, i.e. receiving paging
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Figure 1. [bookmark: _Ref61878550]Illustration of Procedure A and Procedure B for UE assuming 1 SS burst for T/F synchronization
Paging detection performance
In case of a paging message needs to be received by the UE, the gNB should transmit a PEI DCI indicating the UE receive the PO. According to the behavior in Table 1, even though the PEI DCI is missed by the UE, the UE procedure can be the same as the PEI indicating paging message transmitted, in which case the UE shall still receive the PO. Therefore, the miss-detection rate of PEI DCI shall not impact the paging reception performance. 
However, if gNB decides not to transmit the PEI DCI to make the UE receive all the associated PO by default. It is possible that a PEI DCI would be falsely detected and the corresponding bit of the UE is unfortunately set to the state indicating no paging message, in this case the UE may miss the paging DCI. Therefore, the miss detection rate of paging DCI when PEI-DCI is introduced can be expressed as: 

where   represents the probability that the gNB shall transmit DCI for PEI, and  is the false alarm rate of the PEI DCI. Since only 1 bit is required for PEI indication for a given UE, there are 50% probability that the false alarmed PEI-DCI bit indicating paging message not transmitted for the UE, which makes the idle/inactive mode UE missed the following paging reception.
There are 24bits CRC for each DCI in NR, therefore the DCI detection shall have very good performance on FAR rate, i.e. for each PDCCH candidate the false alarm rate to detect a DCI is as small as 2-21. Therefore, if a PEI DCI is not transmitted, it can be reliably detected with negligible false detection rate .
Considering the  is negligible when DCI format including 24bits CRC, the formula above can be simplified as , which shows that the detection performance PEI-DCI does not impact the paging reception.
Observation 1. DCI-based PEI shall not impact the paging reception performance of paging DCI and paging PDSCH.
Power saving gain
The power consumption when PEI-based paging enhancement solution is deployed can be represented as:

Where  represents the ratio that UE uses the procedure A, i.e. skips paging reception which can save power.  and  denote the energy consumptions of the corresponding procedures respectively. Assuming the power consumption of Rel-16 idle/inactive mode UE is , the power saving gain can be represented as:

 For different physical layer design, R shall be different which shall have significant impact on the final power consumption.
For DCI-based PEI, according to the behavior of UE in Table 1, the ratio  can be represented as:

where   represents the probability that the gNB shall transmit DCI for PEI, and  is the group paging rate corresponding to the paging occasion/sub-group of the UE. Considering the false alarm rate of DCI is very low, the second part shall be very small. The  can be simplified as:

It is observed that the miss detection rate of PEI and the paging rate of the sub-group shall impact the power saving gain of DCI based PEI, and the FAR performance of PEI DCI has negligible impact on the power saving gain.
Observation 2. The miss detection rate of PEI DCI and the paging rate of the sub-group shall impact the power saving gain of DCI based PEI, and the FAR of PEI DCI has negligible impact on the power saving gain.
SSS-based PEI
For SSS-based PEI, since the sequence cannot carry parity bits, the SSS sequence detection just has two results, detected or not detected, which can represent no paging and paging transmitted respectively, as in Table 2:
Table 2. [bookmark: _Ref61439448]UE behavior for different detection results of SSS-based PEI
	 
	Detection results of PEI-SSS
	Corresponding UE procedures

	Case 1
	PEI-SSS not detected
	Procedure A

	Case 2
	PEI-SSS detected
	Procedure B



When considering the detection performance, the miss detection rate of paging DCI when SSS-based PEI is introduced can be expressed as:

In order to avoid the impact on the paging DCI detection, the miss-detection performance target of the SSS-based PEI should be at least 0.1%. Otherwise, the paging detection performance of paging DCI shall be impacted. 
Observation 3. To avoid the impact on the paging detection performance, 0.1% miss-detection rate target is required for the SSS-based PEI.
Power saving gain
For power saving gain, similar calculation formula for DCI based PEI can be reused for power saving gain, with the only difference on the ratio of procedure A. For SSS-based PEI, the ratio  can be represented as:

As we discussed for observation 3, the miss-detection rate of SSS needs to be low enough to guarantee the paging DCI detection performance. Therefore, we have the observation 4.
Observation 4. False alarm rate of the SSS based PEI shall mainly impact the power saving gain considering the MDR of the PEI needs to be small enough to minimize the impact on paging reception performance.
TRS/CSI-RS based PEI
TRS/CSI-RS based PEI uses pre-configured/defined CSI-RS/TRS resources for PEI transmission. As the TRS/CSI-RS based PEI is also a sequence based signal, it would suffer the same false alarm problem as the SSS-based PEI.
Besides the paging performance, another issue for TRS/CSI-RS based PEI is that, the maximum frequency density for legacy TRS/CSI-RS patterns is 3 RE/Port/PRB according to [2], which means CSI-RS/TRS PEI requires 4 times of bandwidth compared to PEI-DCI and SSS-based PEI if the same resources are occupied by PEI. In our opinion, allocating large bandwidth to transmit PEI is not friendly for idle/inactive mode UE power saving. This is because that, the PEI is expected to be transmitted close to SS burst, the UE usually just uses narrow bandwidth to just receive SS burst and related PEI. A wider bandwidth PEI is not good for the power consumption of IDLE mode UE. 
Observation 5. Legacy CSI-RS/TRS pattern requires larger bandwidth compared to DCI-based PEI and SSS-based PEI, which consumes more power consumption for the IDLE mode UE.

[bookmark: _Ref60770620][bookmark: _Ref61442036]Evaluation on paging reception performance
1) DCI-based PEI
In this section, the detection performance of DCI-based PEI is evaluated. The payload size of DCI-based PEI is assumed as 12 bit. To minimize the UE power consumption in idle/inactive mode, the CORESET for PEI DCI is considered to be configured as 2 symbols, and the bandwidth for the search space set is 24RB, which is a little larger than the bandwidth of SS burst. So UE can use the similar bandwidth to receive both SS burst and PEI. As two options, the PEI can be transmitted in the unused symbols in the SS burst slot as shown in Figure 2.
 [image: ]
Figure 2. [bookmark: _Ref61878676] DCI-based PEI embedded in SS burst slot
The link level simulation results of DCI-based PEI with different residual frequency error are shown in Figure 3. It can be observed that the performance DCI-based PEI with AL8 for 2T2R UE and AL4 for 2T4R UE is quite robust with respect to the residual frequency error up to 0.5ppm (2000Hz when 4GHz carrier) in SNR -6dB. For 2T2R UE, the BLER of DCI-based PEI with AL4 reaches around 8%, however as analyzed in Section 2.1.1, the BLER does not impact the paging reception performance and the influence on power saving gain will be discussed in Section 2.3.
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Figure 3. [bookmark: _Ref60322164] Link level evaluation results for DCI-based PEI (DCI size 12bits + CRC 24bits).
Observation 6. DCI-based PEI with AL8 for 2T2R UE and AL4 for 2T4R UE does not degrade with up to 0.5ppm residual frequency error.
As a further investigation, the link level evaluation results for T/F tracking performance based on SS bursts are shown in Figure 3. It can be observed that with initial frequency error as large as 0.5ppm, only one SS burst can ensure that the residual frequency error is lower than 0.3ppm for both 2T2R and 2T4R UE. Therefore, no matter how many SS bursts are needed for Paging PDSCH reception, the PEI-DCI only requires one SS burst for time/frequency tracking for most UEs. So the PEI-DCI can locate near the first SS burst that UE needs to receive. It should be also noticed that UE needs at least use one SS burst for the serving cell measurement. When the PEI-DCI indicates no paging, UE can skip the following SS bursts and paging occasion and immediately transit to sleep mode to save the power consumption.
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(a) Results for 2T4R 
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(b) Results for 2T2R 


Figure 4. [bookmark: _Ref60768383]  Link level evaluation results for T/F tracking performance.
Observation 7. DCI-based PEI requires only one SS burst for time/frequency tracking for both 2T2R and 2T4R UE, which shall be anyway received by the UE considering the UE needs to use at least the one SS burst for serving cell measurement.
2) SSS-based PEI
The SSS-based PEI is considered PEI is transmitted using the same 127 length pseudo-random sequence as the SSS of the camped Cell. 1, 2 and 4 symbols can be used for SSS-based PEI.
In Figure 5, the link level simulation results for SSS-based PEI performance is provided. It can be observed that one symbol SSS sequence is not enough for paging indication. When two consecutive symbol of SSS sequence is applied, the false alarm rate is quite good for 2T4R UE to maintain 0.1% miss detection rate. However the 2T2R UE will suffer a large amount of false alarm for that MDR when UE locates in bad coverage (SNR lower than -3 dB). The bad false alarm rate will actually impact the power saving gain that SSS-based PEI can provide, which is discussed in Section 2.3. 
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Figure 5. [bookmark: _Ref61596275][bookmark: _Ref61441363][bookmark: _Ref60837172] Link level evaluation results for SSS-based PEI 
Observation 8. To maintain the false alarm rate lower than 1% in bad coverage, two symbol of SSS-based PEI sequence is required for 2T4R UE and four symbols of SSS-based PEI sequence is required for 2T2R UE.
[bookmark: _Ref61440858]Evaluations on power saving gain 
Based on the analysis in section 2.1 and 2.2, we have evaluated the power saving gain of two different cases and the time offset between PO and the start of the nearest SS burst is assumed to be 10ms. 
The first case assumed that the PEI is transmitted in the corresponding SS burst, and each DCI-based PEI is associated with three paging frame, and each paging frame is configured with 4 paging occasion, while the SSS-based PEI is PO specific. The power saving gain considering the detection performance based on the link level simulation results in Section 2.2 is shown in Figure 6. It can observed that in high SINR (>-3dB), the power saving gain is almost the same for both DCI-based PEI and SSS-based PEI with -some more power saving gain comes from DCI-based-PEI. However for low SNR, DCI-based PEI outperforms SSS-based PEI, while in SINR around and below -9dB, negative power saving gain is observed for SSS-based, which is mainly due to high false alarm rate for sequence method in that scenario. 
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a) Assuming one SS burst for PDSCH time/frequency tracking
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b) Assuming two SS bursts for PDSCH time/frequency tracking
 [image: ]
c) Assuming three SS bursts for PDSCH time/frequency tracking
	N
	128

	Ns
	4

	Paging cycle length(ms)
	1280

	PO number per PEI DCI
	12

	PO paging rate
	10.47%

	UE paging rate
	1.00%

	UE per PO
	11.00 

	group per PO
	1 

	UE receiver
	2T2R


d) Evaluation assumptions
Figure 6. [bookmark: _Ref60911705] evaluation results of power saving gain in paging case 1
In Figure 7, another case with less POs in time domain but with more UEs in one PO is evaluated. In this case, we assumed that the SSS-based PEI is also sub-group specified transmitted. The results are similar to the case 1.
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a) Assuming one SS burst for PDSCH time/frequency tracking
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b) Assuming two SS bursts for PDSCH time/frequency tracking
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c) Assuming tree SS bursts for PDSCH time/frequency tracking
	N
	8

	Ns
	4

	Paging cycle length(ms)
	1280

	PO number per PEI DCI
	4

	PO paging rate
	39.50%

	UE paging rate
	1.00%

	UE per PO
	50.00 

	group per PO
	3 

	UE receiver
	2T2R


d) Paging related assumptions
Figure 7. [bookmark: _Ref60998806] evaluation results of power saving gain in paging case 2



The results of Section 2.3 are summarized in Table 3.
Table 3. [bookmark: _Ref61633270]Analysis on power saving gain for candidate PEI designs (compared with R16 baseline)
	
	
	Power saving gain(Case 1, SNR-9dB~0dB)
	Power saving gain(Case 2, SNR-9dB~0dB)

	DCI-based PEI
	For UEs using 1 SS bursts for T/F tracking;
	6~16%
	8~18%

	
	For UEs using 2 SS bursts for T/F tracking;
	15%~30%
	16%~30%

	
	For UEs using 3 SS bursts for T/F tracking;
	21%~39%
	21%~38%

	SSS-based PEI
	For UEs using 1 SS bursts for T/F tracking;
	-7~16%
	-4~18%

	
	For UEs using 2 SS bursts for T/F tracking;
	-4%~30%
	-2%~30%

	
	For UEs using 3 SS bursts for T/F tracking;
	-2%~39%
	0%~38%



Observation 9. DCI-based PEI outperforms SSS-based PEI in low SINR scenarios due to the high false alarm rate for SSS-based PEI and TRS-based PEI.

Evaluations on resource overhead
The resource overhead is calculated by  , where  is the required RE number ensuring no paging detection performance impact,  is the PEI transmission probability and  is the number of PO sharing the same PEI signal/channel. The last two parameters  and  represent the number of REs of the whole system and the resource utilization rate if there is only IDLE mode UEs in the cell respectively. Obviously, the resource overhead will fluctuate with the DRX configuration in the Cell and the PEI transmission strategies by gNB. Here the resource overhead of the two cases in Section 2.2 are provided in Table 4. 
It can be observed that for case 1, both DCI-based PEI and SSS-based PEI require similar resources if SSS-based PEI is transmitted in 2 symbol. For case 2, the DCI-based PEI consumes less resources compared to other PEI designs.
Table 4. [bookmark: _Ref60330501]Analyses on resource overhead proposed solutions
a) Resource overhead for paging configuration case 1
	　
	DCI-based PEI
	SSS-based PEI

	Resource used for a CCE(REs)
	72
	

	Aggregation level
	4
	　

	Sequence length
	　
	127

	symbol #
	　
	2

	Total resource for one PEI (RE)
	288
	254

	PEI transmit probability
	100.00%
	10.47%

	# PO shares the same PEI
	12
	1

	Resource overhead per PO(RE)
	24
	26.6

	Resource overhead over the system overhead when there is only IDLE mode UEs
	2.09%
	2.32%


b) Resource overhead for paging configuration case 1
	　
	DCI-based PEI
	SSS-based PEI

	Resource used for a CCE(REs)
	72
	

	Aggregation level
	4
	　

	Sequence length #
	　
	127

	symbol #
	　
	2

	Total resource for one PEI (RE)
	288
	254

	PEI trans probability
	100.00%
	14.85%

	# PO shares the same PEI
	4
	0.333

	Resource overhead per PO(RE)
	72.0
	113.2

	Resource overhead over the system overhead when there is only IDLE mode UEs
	0.39%
	0.62%



Other consideration on PEI
Coexistence with legacy UEs and physical layer channel/signal
There are also some other problems for SSS-based PEI. The first is that the SSS-based PEI might impact the legacy cell search procedure. As shown in Figure 8, if the SSS-based PEI is transmitted in the same frequency range as the SSS, a legacy UE which does not support PEI identifies the PEI as a SSS signal, and if two neighbor cells share the same PSS (as the Cell_A and Cell_B in Figure 8) sequence, the legacy UE might identify the combination of PSS from Cell_B and PEI from Cell_A, which will be recognized as a new cell, however does not exist.
[image: ]
Figure 8. [bookmark: _Ref61617655] SSS-based PEI might impact the legacy cell search procedure
Observation 10. The SSS-based PEI might impact the legacy cell search procedure. 
Impact on other functionalities
When considering cooperative deployment with other functionalities, for DCI-based PEI, besides the paging indication, the short message to inform SI change and/or ETWS information can be also informed in one PEI DCI. However, if SSS-based and TRS-based PEI are deployed, multiple PEIs would be required to convey the short message, otherwise in order to get the SI change and/or ETWS information, the UE shall always shall always receive paging DCI no matter what is indicated in the PEI. Then there is no obvious power saving gain. Furthermore, other power saving related indication such as sub-grouping information and the availability indication for assistance RS, can also be transmitted in one PEI DCI, which is analyzed in our companion paper [3].
Observation 11. Sequence-based PEI signals cannot carry too much information for the short message, and other power related information, e.g. sub-grouping information and assistance TRS availability indication, meanwhile one DCI-based PEI can carry these information.
Power saving gain with respect to different paging occasion location
In Figure 9, the power saving gain with respect to different paging occasion location is illustrated. Therein, zero gap, middle gap and largest gap mean that the time offset between PO and the start of the nearest SS burst are 2, 10 and 20ms respectively and the PEI is transmitted in the first SS burst slot for each case which is already discussed in Section 2.2.  “High SINR” means that inter-frequency measurement is not performed according to S-criterion, and “Low SINR” means that inter-frequency measurement is performed. In Figure 9, 10% group paging rate is assumed.
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Figure 9. [bookmark: _Ref61448846] Power saving gain with respect to different paging occasion location
Based on the evaluations, it can be observed wherever paging occasion is located, significant power saving gain can be obtained if PEI is introduced. The larger the gap between SS burst and paging occasion is, the more power saving gain is.
Observation 12. Significant power saving gain can be obtained if PEI is introduced wherever paging occasion is located.
Summary and proposals based on study
According to the evaluations summarized in Table 3, DCI-based PEI provides significant power saving gain for IDLE mode UE in both cell edge and cell center area assuming per PO group paging rate are 10% in case 1, where UEs may use 1 SS burst, 2 SS burst or 3 SS bursts for time/frequency tracking before the PO. The power saving gain is larger if the UE needs to use more SS bursts before the reception of PO, where PEI can reduce more power consumption caused by more light sleep transitions. When the paging load becomes larger in a PO, as in case 2, the power saving gain of DCI-based PEI still performs very well. However, SSS-based PEI performs almost the same in cell center area, while the power saving gain reduced rapidly for cell edge area.
Regarding the paging detection performance, the DCI-based PEI would not impact the paging reception performance according to the evaluations and analysis in Section 2.1.1 due to the parity bits. For SSS-based PEI, 4 symbol SSS sequence would be required for 2T2R UE in bad coverage to guarantee the paging performance not be impacted. It should also be noted that, we use ideal decision to distinguish the PEI sequence and noise/interference for SSS-based in the link level simulation in Section 2.2. However in the real world, it would be unrealistic to determine an ideal threshold for different scenarios for sequence based methods, so the detection performance might be even worse. 
Regarding the resource overhead, both the DCI-based and SSS-based consume negligible resources compared to the total resource used for idle/inactive mode UEs in the cell. And in some scenarios like case 2 in Section 2.3, the DCI-based PEI requires less resource than SSS-based PEI.
Regarding the impact on other legacy functionalities, the one DCI-based PEI can carry paging short messages (ETWS/SI change) and other power saving related information such as sub-grouping indication and availability indication for assistance RS. However, the SSS-based or TRS based PEI cannot
Based on the above summary and observation, we propose to agree the following proposals.
Proposal 1: Adopt DCI carried by PDCCH as the physical layer channel for PEI indication in Rel-17.
[bookmark: _Ref129681832]UE Sub-grouping information by Paging early indication and paging DCI. 
In RAN2#112-e, UE sub-grouping is confirmed as a candidate of paging enhancements for UE power saving and an LS is received from RAN2 [1] regarding UE subgrouping methods:
	1. Overall Description:
In RAN2#112-e, RAN2 discussed UE grouping for paging enhancement in Rel-17 UE power saving WI. RAN2 confirmed that UE grouping is considered as a candidate of paging enhancements for UE power saving. Regarding paging for UE subgroups, RAN2 has discussed and considered the following methods: 
· Paging indication for UE subgroups using paging DCI, with either same-slot or cross-slot scheduling;
· Paging early indication (PEI) / wake-up signal (WUS) for UE subgroups;
· UE subgroup indication by using multiple P-RNTIs;
· Paging for UE subgroups using different time/frequency resources.
From RAN2 perspective, the last two methods are de-prioritized. Notice that these methods are not mutually exclusive.

2. Actions:
To RAN1:
RAN2 respectfully asks RAN1 to take the above information into consideration and provide information on the feasibility and limitations of carrying subgroup information with their recommended solution.



And RAN1#103-e, the power saving gain of UE sub-grouping is provided by many companies as follows:
	Agreements:
Observation: For NR idle/inactive-mode UEs, UE sub-grouping indication within a PO can provide the following power saving gains w.r.t. Rel-16:
· If the original group paging rate is 10%: 
· [0.3%] - [1.1%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [0.4%] - [0.8%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [0.3%] - [1.0%] where the baseline assumes 3 SS bursts for synchronization before PO reception
· Some sources also evaluated performance if the original group paging rate is in the range between 20% and 80% and showed following results:  
· [0.7%] - [7.6%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [0.8%] - [3.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [0.5%] - [4.7%] where the baseline assumes 3 SS bursts for synchronization before PO reception
The number of UE sub-groups evaluated ranges from 2 to 16.
Some companies show concern on assuming group paging rate larger than 60%.
Note: It is FFS in RAN1 another group paging rate > 10% for the evaluation of Rel-17 paging enhancement.
 
Agreements:
[bookmark: _GoBack]Observation: For NR idle/inactive-mode UEs, UE sub-grouping indication carried in paging early indication can provide the following power saving gains w.r.t Rel-16:
· If the original group paging rate is 10%: 
· [10.6%] –[19.1%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [16.0%] –[36.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [14.3%] –[46.0%] where the baseline assumes 3 SS bursts for synchronization before PO reception
· Some sources also evaluated performance if the original group paging rate is in the range between 20% and 60% and showed following results:  
· [8.0%] –[19.1%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [18.1%] –[34.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [20.6%] –[42.0%] where the baseline assumes 3 SS bursts for synchronization before PO reception
The additional power saving gains w.r.t. paging early indication without UE sub-grouping are given as follows:
· If the original group paging rate is 10%: 
· [0.6%] –[2.7%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [0.6%] –[4.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [0.6%] –[4.7%] where the baseline assumes 3 SS bursts for synchronization before PO reception
· Some sources also evaluated performance if the original group paging rate is in the range between 20% and 60% and showed following results:  
· [1.3%] –[8.0%] where the baseline assumes 1 SS burst for synchronization before PO reception
· [2.1%] –[13.0%] where the baseline assumes 2 SS bursts for synchronization before PO reception
· [3.3%] –[16.1%] where the baseline assumes 3 SS bursts for synchronization before PO reception
The number of UE sub-groups evaluated ranges from 2 to 16.
The power saving gains are dependent on the assumptions about placement of PEI and PO relative to SSB.
Note: It is FFS in RAN1 another group paging rate > 10% for the evaluation of Rel-17 paging enhancement.
Note: Not all sources providing results for paging early indication without UE sub-grouping also provide results for paging early indication with UE sub-grouping.




As the power saving gain has already been observed by RAN1, the remaining question is what method should be used to provide UE the sub-grouping information and what configuration should be applied to the method. In this section, evaluation results for sub-grouping information with different methods for different scenarios are provided, including sub-grouping indicated by paging early indication and paging DCI, number of sub-groups, and location of paging occasion. And based on the evaluations, the most feasible method for sub-grouping and configuration parameters are proposed.
Paging sub-grouping indication
The power saving gain of PEI is mainly obtained from the cases when there is no paging message transmitted to the UE, where the UE can be informed by PEI not to do subsequent processing on SS Burst reception, light sleep transitions and PDCCH/PDSCH reception. However, idle UEs shares the paging occasion with other UEs, and a single bit PEI indication can only reduce the probability of UE procedures with paging messages to the paging rate per PO.
If the UE that shares the same PO can be further sub-grouped, and sub-grouping information can be carried in the early transmitted paging information, the probability that UE goes into an simplified procedure not to do subsequent processing on SSB reception, light sleep transitions and PDCCH/PDSCH reception, can be increased. Therefore, the power saving gain of early transmitted paging indication can be maximized if sub-grouping in PEI is supported. 
Furthermore, the sub-grouping indication can be also used in legacy paging procedure, where only the UEs in the sub-group(s) being indicated need to receive paging message. The UE procedure is 1) wake up before its PO to get everything ready, 2) detect paging DCI to check whether the sub-group it belongs to is being paged or not, 3) If not, the UE can sleep directly and skip corresponding PDSCH reception, otherwise, the UE needs to decode the message on PDSCH. In this way, power consumption for PDSCH reception can be saved based on UE sub-grouping. 
Furthermore, considering the overhead and coverage issue, the number of bits in the PEI may be limited so that the sub-group information may not be fully carried by the early transmitted paging DCI. It would be also possible and would be helpful to carry part of the sub-group information in the PEI and the remaining part in the paging DCI.
 [image: ]
Figure 10. [bookmark: _Ref60317498][bookmark: _Ref60320908][bookmark: _Ref60321271]Sub-grouping indication for idle/inactive UE (use the UE assuming 2 SS bursts for T/F tracking as an example)
Evaluations on power saving gain for sub-grouping indication
The power saving gains for sub-grouping are shown in Table 5 for UE using one, two and three SS burst for T/F tracking respectively. 10% group paging rate and 1% UE paging rate are assumed. 
PEI DCI in Table 5 represent that the sub-grouping indication is transmitted in PEI DCI, and the PEI locates in the SS burst slot. When UE needs 2 or more SS bursts for T/F tracking, we assumed that the PEI containing sub-grouping indication follows the first SS burst, as illustrated in Figure 10. Paging DCI means that the sub-grouping indication is always transmitted in the paging PDCCH.






Table 5. [bookmark: _Ref60321210][bookmark: _Ref60307813]Power saving gain for sub-grouping indication in both PEI and paging DCI
	[bookmark: _Ref60305632]Sub-group Numbers per PEI DCI(Assuming 4 POs associated with one PEI DCI)
	4
	8
	16
	32

	Sub-group Numbers per PO
	1
	2
	4
	8

	GPR(Group Paging rate)
	10.00%
	5.00%
	2.50%
	1.25%

	1SSB for T/F tracking
	PEI DCI
	w/o inter-frequency measurement
	16.80%
	18.32%
	19.08%
	19.46%

	
	
	with inter-frequency measurement
	6.46%
	7.28%
	7.68%
	7.89%

	
	Paging DCI
	w/o inter-frequency measurement
	0.00%
	0.58%
	0.88%
	1.02%

	
	
	with inter-frequency measurement
	0.00%
	0.46%
	0.69%
	0.80%

	2SSBs for T/F tracking
	PEI DCI
	w/o inter-frequency measurement
	30.25%
	32.41%
	33.49%
	34.02%

	
	
	with inter-frequency measurement
	18.97%
	20.42%
	21.14%
	21.50%

	
	Paging DCI
	w/o inter-frequency measurement
	0.00%
	0.48%
	0.71%
	0.83%

	
	
	with inter-frequency measurement
	0.00%
	0.39%
	0.58%
	0.68%

	3SSBs for T/F tracking
	PEI DCI
	w/o inter-frequency measurement
	39.52%
	42.12%
	43.42%
	44.07%

	
	
	with inter-frequency measurement
	28.23%
	30.13%
	31.09%
	31.56%

	
	Paging DCI
	w/o inter-frequency measurement
	0.00%
	0.40%
	0.60%
	0.70%

	
	
	with inter-frequency measurement
	0.00%
	0.34%
	0.51%
	0.59%



With the number of sub-group per PO is increased, the power saving gain is increased.  Actually, a PEI DCI can provide at least 12 bits for PEI indication of sub-groups, which may be used for multiple associated POs and further sub-grouping within a PO. Depending on gNB configuration, if fewer POs are configured in time domain, more UEs will share a single PO and there are more bits available for the sub-group indication per PO. If gNB configures more POs, fewer UE share the same PO, but the number of PO associated with one PEI DCI will be increased.

Observation 13. Power saving gain is increased if sub-groups per PO indicated by a PEI DCI is increased.

Based on the above summary and observation, we propose to agree as follows:
Proposal 2: Support UE sub-grouping information in Rel-17 to reduce the power consumption of idle/inactive mode UE and send LS back to RAN2.
Conclusions
In this contribution, we discuss the paging procedure enhancement. Based on the analysis, we have the following observations and proposals:
Observation 1. DCI-based PEI shall not impact the paging reception performance of paging DCI and paging PDSCH.
Observation 2. The miss detection rate of PEI DCI and the paging rate of the sub-group shall impact the power saving gain of DCI based PEI, and the FAR of PEI DCI has negligible impact on the power saving gain.
Observation 3. To avoid the impact on the paging detection performance, 0.1% miss-detection rate target is required for the SSS-based PEI.
Observation 4. False alarm rate of the SSS based PEI shall mainly impact the power saving gain considering the MDR of the PEI needs to be small enough to minimize the impact on paging reception performance.
Observation 5. Legacy CSI-RS/TRS pattern requires larger bandwidth compared to DCI-based PEI and SSS-based PEI, which may not be suitable for transmitting PEI in idle/inactive mode.
Observation 6. DCI-based PEI with AL8 for 2T2R UE and AL4 for 2T4R UE does not degrade with up to 0.5ppm residual frequency error.
Observation 7. DCI-based PEI requires only one SS burst for time/frequency tracking for both 2T2R and 2T4R UE, which shall be anyway received by the UE considering the UE needs to use at least the one SS burst for serving cell measurement.
Observation 8. To maintain the false alarm rate lower than 1% in bad coverage, two symbol of SSS-based PEI sequence is required for 2T4R UE and four symbols of SSS-based PEI sequence is required for 2T2R UE.
Observation 9. DCI-based PEI outperforms SSS-based PEI and TRS-based PEI in low SINR scenarios due to the high false alarm rate for SSS-based PEI and TRS-based PEI.
Observation 10. The SSS-based PEI might impact the legacy cell search procedure. 
Observation 11. Sequence-based PEI signals cannot carry too much information for the short message, and other power related information, e.g. sub-grouping information and assistance TRS availability indication, meanwhile one DCI-based PEI can carry these information.
Observation 12. Significant power saving gain can be obtained if PEI is introduced wherever paging occasion is located.
Proposal 1: Adopt DCI carried by PDCCH as the physical layer channel for PEI indication in Rel-17.
Observation 13. Power saving gain is increased if sub-groups per PO indicated by a PEI DCI is increased.
Proposal 2: Support UE sub-grouping information in Rel-17 to reduce the power consumption of idle/inactive mode UE and send LS back to RAN2.
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Appendix A: Simulation assumptions
Table 6. Simulation assumptions for PEI
	Carrier Frequency
	4GHz

	SNR group
	[-10, -9, -8, -7, -6, -5, -4]dB

	Channel Model
	TDL-C, 300ns delay spread

	Subcarrier spacing
	30kHz

	Transmission BW
	20MHz

	UE speed
	3km/h

	Antenna configuration
	2TX and [2, 4]RX

	Frequency error
	 [0, 0.5, 1]ppm

	PDCCH configuration
	AL8, 12 info + 24 CRC bits, REG bundle size 6

	SSS configuration
	127 length SSS sequence, 1 or 2 consecutive symbols
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