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1 Introduction
In this contribution, we discuss power saving aspects related to DRX cycle length (T) for monitoring paging message. 

2 Discussion
2.1 DRX cycle length for paging message reception
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Figure 1

In the current design [1], default paging DRX cycle and UE specific paging DRX cycle is configured. The length of DRX cycle can be one of rf32, rf64, rf128, rf256. UE monitors PO every paging DRX cycle where DRX cycle length = min (default paging DRX cycle and UE specific paging DRX cycle).

Figure 1 illustrates various paging DRX cycles configured by network and monitoring of paging DRX cycle by UE in RRC_IDLE. Figure 1(a) shows the paging occasions of UE corresponding to default paging DRX cycle. Figure 1(b) shows the paging occasions of UE corresponding to UE specific paging DRX cycle. UE specific paging DRX cycle is negotiated between UE and network. Figure 1(c) shows the actual monitored paging DRX cycle according to current specification [1].
UE may negotiate a longer DRX cycle for power saving. If the UE specific paging DRX cycle is longer than default paging DRX cycle, UE may unnecessarily decode DL TB for paging message in several paging occasions (circled in red in figure 1); UE may unnecessarily acquire SSBs (according to RAN1 power consumption model upto 3SSB bursts needs to be acquired) to decode DL TB for paging message before several paging occasions (circled in red in figure 1). 
Note that this (i.e. decoding DL TB for paging message in paging occasions circled in red) was needed in LTE as SI update/emergency notifications were included in paging message. However, in NR, SI update/emergency notifications are included in short message and not in paging message. Receiving and decoding DL TB and acquiring additional SSB bursts to decode DL TB leads to increased wakeup time and hence increased power consumption.
One can argue that paging message can be transmitted for the UE in paging occasions circled in red and hence can reduce paging latency. However, given that UE and network has negotiated UE specific paging DRX cycle, monitoring paging message more frequently is not essential and not good for UE’s power consumption.
In case early paging indication is supported, UE may also have to unnecessarily acquire SSBs (according to RAN1 power consumption model upto 3SSB bursts needs to be acquired) to decode DL TB for paging message in several paging occasions (circled in red in figure 1).
Observation:   UE may unnecessarily receive and decode paging message in several paging occasions when UE specific DRX cycle is longer than default DRX cycle.
So we propose that, if UE specific DRX cycle is greater than default DRX cycle, UE monitors PDCCH addressed to P-RNTI for paging message according to UE specific DRX cycle. Note that there is no change to short message monitoring. To be more specific:
If UE specific DRX cycle is greater than default DRX cycle: 

·  UE monitors PDCCH addressed to P-RNTI for Short message in its PO with respect to PF which satisfies (SFN + PF_offset) mod T = (T div N) * (UE_ID mod N), where T = Min (Default DRX Cycle, UE specific DRX cycle); This is same as the current behavior for short message monitoring. 
·  UE monitors PDCCH addressed to P-RNTI for Paging message in its PO with respect to PF which satisfies (SFN + PF_offset) mod T = (T div N) *(UE_ID mod N), where T = UE specific DRX cycle. 
Otherwise,
·  UE monitors PDCCH addressed to P-RNTI for short message and paging message in its PO with respect to PF which satisfies (SFN + PF_offset) mod T = (T div N) * (UE_ID mod N), where T = Min (Default DRX Cycle, UE specific DRX cycle). This is the current behavior.

Note that, if multiple UE specific DRX cycles are configured, UE specific DRX cycle is minimum of all of them in the above description.
The proposed approach is promising in reducing UE's power consumption. The evaluation details and results are provided in appendix.
Proposal:  If UE specific DRX cycle is greater than default DRX cycle:

· UE monitors PDCCH addressed to P-RNTI for Paging message in its PO with respect to PF which satisfies (SFN + PF_offset) mod T = (T div N) *(UE_ID mod N), where T = UE specific DRX cycle.
3 Conclusion

Based on the above, RAN2 is requested to discuss and agree on the following proposals:
Proposal:  If UE specific DRX cycle is greater than default DRX cycle:

· UE monitors PDCCH addressed to P-RNTI for Paging message in its PO with respect to PF which satisfies (SFN + PF_offset) mod T = (T div N) *(UE_ID mod N), where T = UE specific DRX cycle.
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5 Appendix – Evaluation of Proposed Scheme
The power model and various parameters used in evaluation are listed in Table 1 and Table 2.
Table 1 Power model
	Power State
	Relative Power compared to DS

	PDCCH processing, 𝑃PDCCH
	50

	PDCCH+PDSCH processing, 𝑃PDSCH
	120

	SSB Processing, 𝑃𝑆𝑆𝐵
	50

	Light sleep, 𝑃𝐿𝑆
	20

	Deep sleep, 𝑃D𝑆
	1

	Energy Consumption in Light sleep transition, 𝐸𝐿𝑆 
	100

	Energy Consumption in Deep sleep transition 𝐸𝐷𝑆
	450


Table 2 Parameters

	Parameters
	Values

	𝑇𝑆𝑆𝐵 = SS burst duration
	0.5ms

	SSB period
	20ms

	𝑇𝑃𝑂 = PO duration
	1ms

	Paging rate (p)
	10 %


5.1 Without early paging indication
Figure 2 illustrates paging monitoring in UE specific DRX cycle according to the proposed approach. UE specific DRX cycle consists of multiple default DRX cycles. According to the proposal, UE monitors for paging message only once per UE specific DRX cycle i.e. in one of the default DRX cycles in figure 2. UE measures multiple SSB bursts in first default DRX cycle and one SSB burst in other default DRX cycle(s). Multiple SSB bursts are needed in first default DRX cycle as the UE receives PDSCH for paging message in first default DRX cycle and PDSCH reception is more sensitive to synchronization [2][3].
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Figure 2
Power consumption in the proposed approach = P1 =
[𝑃𝑆𝑆𝐵 × 𝑇𝑆𝑆𝐵 × (𝑁𝑆𝑆𝐵 + k1 – 1)] +𝑃𝑃𝑂×𝑇𝑃𝑂 + 𝑃𝐿𝑆×𝑇𝐿𝑆 + 𝑃𝐷𝑆×𝑇𝐷𝑆 + (𝑁𝑆𝑆𝐵 + k1 – 1) × 𝐸𝐿𝑆 + k1×𝐸𝐷𝑆] / T

𝑃𝑃𝑂 = power consumption in first default DRX cycle + power consumption in second default DRX cycle 
= (1-p) × PPDCCH + p × PPDSCH + PPDCCH × (k1 – 1)
𝑇𝐿𝑆 = (SSB period – TSSB) × 𝑁𝑆𝑆𝐵 + (SSB period – TSSB) × (k1 – 1)
𝑇𝐷𝑆 = T – (𝑁𝑆𝑆𝐵 + k1 – 1) × 𝑇𝑆𝑆𝐵 – 𝑇𝐿𝑆 – 𝑇𝑃𝑂× k1
k1 = (UE specific DRX cycle length/Default DRX cycle length)
Figure 3 illustrates paging monitoring in UE specific DRX cycle according to existing approach.
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Figure 3
Power consumption in the existing approach = P2
[(𝑃𝑆𝑆𝐵×𝑇𝑆𝑆𝐵×𝑁𝑆𝑆𝐵 + 𝑃𝑃𝑂×𝑇𝑃𝑂 + 𝑃𝐿𝑆×𝑇𝐿𝑆 + 𝑃𝐷𝑆×𝑇𝐷𝑆 + 𝑁𝑆𝑆𝐵×𝐸𝐿𝑆 + 𝐸𝐷𝑆) × k1] / T

𝑃𝑃𝑂 = (1- p) × PPDCCH + p × PPDSCH
𝑇𝐿𝑆 = (SSB period – TSSB) × 𝑁𝑆𝑆𝐵
𝑇𝐷𝑆 = T – 𝑁𝑆𝑆𝐵×𝑇𝑆𝑆𝐵 – 𝑇𝐿𝑆 – 𝑇𝑃𝑂
k1 = (UE specific DRX cycle length/Default DRX cycle length)
% reduction in power consumption = [100 × (P2 – P1) / P2]

The table 3 lists the % reduction in power consumption for various values of k1 (i.e. UE specific DRX cycle length/Default DRX cycle length) and 𝑁𝑆𝑆𝐵
Table 3

	𝑁𝑆𝑆𝐵 = 3
	𝑁𝑆𝑆𝐵 = 2

	k1
	% reduction in power consumption
	k1
	% reduction in power consumption

	2
	21.57
	2
	13.82

	4
	32.35
	4
	20.73

	8
	37.74
	8
	24.18


5.2 With early paging indication
Figure 4 illustrates a paging monitoring in UE specific DRX cycle according to the proposed approach together with early paging indication (PI). UE specific DRX cycle consists of multiple default DRX cycles. According to the proposal, UE monitors for paging message only once per UE specific DRX cycle i.e. in one of the default DRX cycles in figure 4. In first default DRX cycle, UE monitors one SSB burst before PI and additional SSB bursts if PI indicates paging message. In the other default DRX cycle UE does not monitor PI.
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Figure 4

Power Consumption in the proposed approach together with PI = P3 =
[𝑃𝑆𝑆𝐵×𝑇𝑆𝑆𝐵× k1] +𝑃𝑆𝑆𝐵×𝑇𝑆𝑆𝐵× (𝑁𝑆𝑆𝐵 - 1) × p + 𝑃𝑃I×𝑇𝑃I + 𝑃𝑃𝑂×𝑇𝑃𝑂 + 𝑃𝐿𝑆×𝑇𝐿𝑆 + 𝑃𝐷𝑆×𝑇𝐷𝑆 + (k1 + 𝑁𝑆𝑆𝐵 × p) × 𝐸𝐿𝑆 + k1 × 𝐸𝐷𝑆] / T

𝑃𝑃𝑂 = power consumption in first default DRX cycle + power consumption in remaining default DRX cycles 
= p × PPDSCH + PPDCCH × (k1 – 1)
𝑇𝐿𝑆 = (SSB period – TSSB) × k1 + (SSB period – TPI) × p + (SSB period – TSSB) × (𝑁𝑆𝑆𝐵 - 1) × p
𝑇𝐷𝑆 = T – 𝑇𝑆𝑆𝐵× k1– (𝑇𝑆𝑆𝐵× (𝑁𝑆𝑆𝐵 - 1) × p) – 𝑇𝐿𝑆 – 𝑇𝑃𝑂× p –  𝑇𝑃𝑂 × (k1 – 1) – 𝑇𝑃I
k1 = (UE specific DRX cycle length/Default DRX cycle length)
TPI is assumed to have same length as TPO.

Power consumption for PI (𝑃𝑃I) is assumed to be same as PPDCCH.
Figure 5 illustrates paging monitoring in UE specific DRX cycle according to existing approach together with early paging indication.


[image: image5.emf]S

S

B

S

S

B

P

D

C

C

H

P

D

S

C

H

T

Default DRX

SSB Period SSB Period

LS LS DS

SSB Period

T

Default DRX

T

 UE Specific DRX

S

S

B

LS

SSB Period

LS

P

I

SSB Period

S

S

B

S

S

B

SSB Period

LS

P

I

S

S

B

P

D

C

C

H

P

D

S

C

H

DS LS

SSB Period SSB Period

LS LS

PO monitoring for short message 

and paging message

PO monitoring for short message 

and paging message


Figure 5

Power consumption in the existing approach together with PI = P4 = 
[(𝑃𝑆𝑆𝐵×𝑇𝑆𝑆𝐵 + 𝑃𝑆𝑆𝐵×𝑇𝑆𝑆𝐵× (𝑁𝑆𝑆𝐵 - 1) × p + 𝑃𝑃I×𝑇𝑃I + 𝑃𝑃𝑂×𝑇𝑃𝑂 + 𝑃𝐿𝑆×𝑇𝐿𝑆 + 𝑃𝐷𝑆×𝑇𝐷𝑆 + (1+ 𝑁𝑆𝑆𝐵 × p) × 𝐸𝐿𝑆 + 𝐸𝐷𝑆) × k1] / T

𝑃𝑃𝑂 = p × PPDSCH

𝑇𝐿𝑆 = (SSB period – TSSB) × 1 + (SSB period – TPI) × p + (SSB period – TSSB) × (𝑁𝑆𝑆𝐵 - 1) × p
𝑇𝐷𝑆 = T – 𝑇𝑆𝑆𝐵 – (𝑇𝑆𝑆𝐵× (𝑁𝑆𝑆𝐵 - 1) × p) – 𝑇𝐿𝑆 – 𝑇𝑃𝑂× p – 𝑇𝑃I
% reduction in power consumption = [100 × (P4 – P3) / P4]

The table 3 lists the % reduction in power consumption for various values of k1 (i.e. UE specific DRX cycle length/Default DRX cycle length) and p (i.e. paging rate).
Table 4
	k = 2
	k = 4
	k = 8

	p
	% reduction in power consumption
	p
	% reduction in power consumption
	p
	% reduction in power consumption

	10 %
	5.33
	10 %
	8.00
	10 %
	9.33

	20 %
	9.64
	20 %
	14.65
	20 %
	16.87

	30 %
	13.2
	30 %
	19.78
	30 %
	23.08
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Default Paging Cycle
(T1)
UE Specific Paging Cycle (T2)
Monitored Paging 
Cycle (T3)
PO: PDCCH addressed to P-RNTI; Paging message in PDSCH;
PO: PDCCH addressed to P-RNTI; Short message in DCI;
PO: UE monitors PDCCH addressed to P-RNTI. UE processes received short message in DCI. UE also decodes scheduled DL TB.
Monitored Paging Cycle (T3) = Min (Default Paging Cycle(T1), UE specific Paging Cycle (T2))
In NR, UE unnecessarily decodes DL TB in these paging occasions. Note that this was needed in LTE as SI update/emergency notifications were included in Paging message.
(a)
(b)
(c)



