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1 Introduction
In this paper, we investigate the PDCCH monitoring adaptations in the following aspects.

· Triggering PDCCH monitoring adaptation before data arrival 
· Triggering PDCCH monitoring adaptation during data arrival
Before data arrival, the dummy PDCCH monitoring of non-scheduled DRX cycles can be eliminated by power saving signal. We also show that the power saving of power saving signal can be maximized when it is aggregated with period activities and around SSB burst. During data arrival, the DCI signaling and time-out mechanism can further trigger PDCCH monitoring adaptation and hence improves power saving.
The power saving gains evaluated by SLS are provided. Additionally, the detection performance of power saving signal based on different sequence candidates are provided in this paper.  
2 Triggering PDCCH monitoring adaptation before data arrival
2.1 Necessity of power saving signal for wake-up
PDCCH-only occupies a large portion in UE power consumption. To reduce the unnecessary PDCCH monitoring of non-scheduled DRX cycles, power saving signal can be configured as the indication along the DRX configuration to wake up UE from sleep state. It is illustrated in Figure 1. The power saving signal is transmitted before DRX on-duration. UE detects its presence to decide whether to monitor UE-specific PDCCH in the upcoming on-duration. On the other hand, PDCCH monitoring reduction can also be realized by adapting the PDCCH monitoring periodicity. As shown in Figure 2, before data arrival, UE monitors PDCCH with longer periodicity, e.g., 4 slots. Upon receiving PDCCH, UE monitors PDCCH with short periodicity, e.g., 1 slot.
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Figure 1. Illustration of power saving signal for PDCCH monitoring reduction
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Figure 2. Illustration of triggering adaptation of PDCCH monitoring periodicity
We compare the UE power consumptions for the following schemes by SLS. The simulation assumptions are provided in [1].
· Baseline: it is legacy behaviour, i.e., UE monitors PDCCH in each slot of DRX active state.

· Scheme 1: as depicted in Figure 1, UE monitors PDCCH in the upcoming on-duration only when there is traffic for it.
· Scheme 2 ([4]): as shown in Figure 2, in each on-duration, UE monitors PDCCH every 4 slots before data arrival. The monitoring periodicity is adapted to 1 slot upon receiving PDCCH.
Table 1 shows the results of power saving gain achieved by Scheme 1 and Scheme 2. The gains of Scheme 1 are 7.94%, 20.47% and 5.02% for VoIP, IM and video, respectively. And the gains for Scheme 2 are 5.74%, 13.13% and 6.32% for VoIP, IM and video, respectively. We observe that the power saving gains are more significant in IM than in VoIP and video. Moreover, Scheme 1 can achieve additional 7.34% of UE power saving when compared with Scheme 2 in IM. The traffic characteristics of IM are: mean of inter-arrival time is 2 sec; DRX cycle length is 320 ms. It is useful to apply power saving signal to eliminate dummy PDCCH monitoring in IM because the ratio of non-scheduled DRX cycle is high.  
Table 1. Power saving gain of difference schemes
	
	Scheme 1
(w/ power saving signal)
	Scheme 2
(PDCCH monitoring adaptation w/o power saving signal)
	Additional gain achieved by Scheme 1

	VoIP
	7.94 %
	5.74 %
	2.20 %

	IM
	20.47 %
	13.13 %
	7.34 %

	FTP/Video
	5.02 %
	6.32 %
	-1.30 %


Observation 1: Power saving signal is useful when the DRX configurations are not matched to the data inter-arrival time. Compared with baseline, the UE power saving can reach 20.47% and 7.94% for IM and VoIP, respectively.
To further enlarge the benefits of power saving signal, it can be aggregated with background activity window including a number of period activities, and locate them around the SSB burst to allow to reduce total wake-up time and hence improves the power saving – see Figure 3.
Table 2 shows the UE power saving of aggregating power saving signal and period activities – denoted as Scheme 1’. The additional gains achieved by having period activities and power saving signal around SSB is 9.00%, 9.92% and 4.38% for VoIP, IM and video, respectively. More details about background activity window are provided in [2].
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Figure 3. Illustration of background activity window
Table 2. Power saving gain when considering background activity window
	
	Scheme 1
(w/o BA window)
	Scheme 1’
(w/ BA window)
	Additional gain achieved by Scheme 1’

	VoIP
	7.94 %
	16.94 %
	9.00 %

	IM
	20.47 %
	30.39 %
	9.92 %

	FTP/Video
	5.02 %
	9.40 %
	4.38 %


Observation 2: Aggregation of power saving signal and background period activities around SSB burst achieves the largest power saving gain. The additional gains are 9.00%, 9.92% and 4.38% for VoIP, IM and video, respectively.
Proposal 1: The power saving signal should be around SSB burst and period activities.
Link performance of power saving signal
We further provide our views on design of power saving signal. We evaluate the performance of existence detection of power saving signal. The detection performances for the signal/channel candidates in cases of single and multiple UEs are provided. Since the penalty of missing the power saving signal for UE wakeup is large, the miss detection rate should be lower than that of PDCCH BLER at SNR value -6 dB. Hence, in the simulations, the target miss detection rate and false alarm rate at -6 dB are 0.1% and 10%, respectively. The link level evaluation assumptions are provided in Appendix.

2.1.1 Power saving signal for single UE
The following 3 candidates are considered. All candidates are UE-specific.
· TRS: 52 PRBs in frequency domain and 2 symbols in time domain. The total RE number is 312.

· SSS-like: 127 continuous REs in frequency.

· UE-specific PDCCH: the RE number is AL*54, where AL is the configured aggregation level. The CORESET has 1 symbol in time domain and the REG bundle size is 6. 

In the evaluations, we use simple correlator as a low-powered receiver for signal detection. When the output of correlator is not smaller than the threshold which is aimed for 10% of false alarm rate, the power saving signal exists. Otherwise, the power saving signal does not exist. For PDCCH, the signal generation at network side is the same as normal PDCCH. However, at UE side, instead of using complicated PDCCH decoding process, e.g. including channel estimation and polar decoding, UE just uses the correlator to detect the signal existence based on the uniqueness of DCI sequence.

Figure 4 shows the miss detection rates of different sequences at 10% of false alarm rate. The channel type is TDL-C with delay spread 30ns, and the speed is 3km/hr. It can be observed that the detection performance increases with the increase of available detection resources. That is, the miss detection rate is lower for sequence with longer length. However, the benefits of more detection resources decreases as the increase of resources. For example, for DCI sequences, the gain from AL1 to AL2 to meet 0.1% of miss detection rate is around 3dB. While the gain from AL8 to AL16 is about 1dB. Additionally, to have efficient resource usage at network side, it is better to have adjustable resource number of power saving signal. Since the power saving signal is transmitted to CONNECTED UE, the CSI reporting is available, network can adjust the resource number of power saving signal based on channel condition of UE. Based on the analysis, DCI sequence is a good candidate of power saving signal. Because the design of R15 NR-PDCCH can be reused and the spec effort for power saving signal will be small.
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Figure 4. Miss detection rates for TRS, SSS-like and DCI sequences at 10% of false alarm rate
According to the discussions, we have observations and proposals as follows.
Observation 3: The detection rate increases with the increase of available resource number, e.g., sequence length, of detection. For example, to achieve 0.1 % of miss detection rate, the SNR values for AL1 and AL2 are 2.9 dB and -0.4 dB, respectively.
Observation 4: The performance enhancement by further increasing the detection resources to meet the same miss detection rate decreases with the increase of resources. For example, for DCI sequences, the gain from AL1 to AL2 to meet 0.1% of miss detection rate is about 3dB. While the gain from AL8 to AL16 is about 1dB.

Proposal 2: Link adaptation should be supported for power saving signal to enable efficient resource usage at network side.
Proposal 3: Further study DCI sequence as the candidate of UE-specific power saving signal with more channel types.
2.1.2 Power saving signal for multiple UEs
In this section, we further discuss the candidates of power saving signal when the gNB should wake up a lot of UEs at a time. The candidates including
· TRS: the link performance is same as in Section 2.2.1 because sequences for different UEs are multiplexed in time or frequency domain.
· SSS-like: the sequences for different UEs are CDMed. The power is evenly split among the sequences on the same resources.

· UE-specific PDCCH: the link performance is same as in Section 2.2.1 because sequences for different UEs are multiplexed in time or frequency domain.
· GC-PDCCH: it is group-UE-specific power saving signal. The RE number is AL*54, where AL is the configured aggregation level. We assume 2 bits are needed for each UE, therefore, the payload size is determined by the UE number in the same group.
We suppose there are M UEs need to be waken up at a time. So, the required resources for TRS and UE-specific PDCCH are M times the size of single sequence (note: if link adaptation is not considered). The resource overhead would not be acceptable if M is large. When the required number of power saving signal is large at a time, to save signaling overhead and keep the scheduling flexibility at network side, it is better to have CDMed UE-specific signals or group-UE-specific signal/channel. But if M is not large, as proposed in Proposal 3, the DCI sequence can be considered.
In the following, we compare the detection performance for SSS-like UE-specific power saving signal and GC-PDCCH-like group-UE-specific power saving signal. Again, the target miss detection rate (or BLER for GC-PDCCH) is 0.001 at SNR value -6dB. Assume M is 6, therefore, the power for each sequence is 1/6 for SSS-like signal and the DCI payload size is 12 for GC-PDCCH.
Figure 5 shows that the detection performance for multiplexing 6 sequences is bad. Its performance is worse than GC-PDCCH with AL2 especially in high SNR region even though it occupies more REs. In high SNR region, the interference dominates its performance, but this is not the case for GC-PDCCH-like power saving signal. Compared with the case without sequence multiplexing, the degradation comes from the power split and interference of co-existed sequences. Figure 5 (b) provides the detection performance for TDL-C RS 300ns. It shows that the performance for SSS-like signal with simple correlator is worse in more frequency-selective channel because the low cross-correlation property is further ruined by the fading channel.
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Figure 5. Miss detection rate for SSS-like and GC-PDCCH for (a) TDL-C RS30ns (b) TDL-C RS300ns
Observation 5: Compared with the performance without CDM, the sequence detection performance has significant degradation because the power split and interference from co-existed sequences.
Observation 6: Considering the resource overhead and the detection performance, GC-PDCCH is a good candidate of power saving signal when the gNB needs to wake up a group of UEs at a time.
Proposal 4: Considering both resource overhead and scheduling flexibility at network side, both UE-specific and group-UE-specific power saving signals should be supported.
Proposal 5: Further study GC-PDCCH as the candidate of group-UE-specific power saving signal.
3 Triggering PDCCH monitoring adaptation during data arrival
Our companion paper [3] proposes to realize the PDCCH monitoring adaptation during data arrival by defining a power profile on top of BWP configurations. A power profile consists of a set of BWP parameters that changing their values will not cause data interruption. Each BWP can be configured with multiple power profiles and one of them is the default settings. When UE switches to new active BWP, the power profile with default settings are used in the beginning. 

In a BWP, the power profiles can be switched fast by L1 based signaling. For example, when there is no further traffic for UE during DRX on-duration, the L1 signaling can switch the power profile corresponding to longer PDCCH monitoring periodicity to save power. It can achieve the similar effect as go-to-sleep signal. In our view, the false alarm rate is more critical than miss detection rate for this L1 signaling, therefore, it is better to use DCI signaling because its property of good false alarm rate. It can add/or borrow 1-2 bits in legacy DCI format without introducing large resource overhead. 

The power profiles can also be switched by time-out mechanism which is depicted in Figure 6. The BWP timer is reused with introducing T1. When there is no data arrival for a period of time and thus BWP timer reaches T1, the active power profile, e.g., power profile #A in BWP #1, switches to another power profile, e.g., power profile #B, for power saving. If data arrives between T1 and BWP time-out, the BWP timer resets and the power profile switches to default settings.
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Figure 6. Mechanism of time-based adaptation triggering
Table 3 provides the power saving gain of introducing the timer-out mechanism during data arrival – denoted as Scheme 1’’. In evaluations, UE monitors PDCCH every 1 slot and 4 slots before and after T1, respectively. Additional 11.94% and 19.68% of power saving gain can be reached for IM and video, respectively. For VoIP, the inactivity timer is 10 ms, so there is no impact on it.

Table 3: Power saving gain for PDCCH monitoring adaptation during data arrival
	
	Scheme 1’

(w/o time-out)
	Scheme 1’’

(w/ time-out)
	Additional gain achieved by Scheme 1’’

	VoIP
	16.94 %
	16.94 %
	0.00 %

	IM
	30.39 %
	42.33 %
	11.94 %

	FTP/Video
	9.40 %
	29.08 %
	19.68 %


Observation 7: Compared with the scheme of power saving signal for wake-up, 11.94% and 19.68% of power saving gain can be further achieved for IM and video, respectively, by further adapting PDCCH monitoring during data arrival.
Proposal 6: Support DCI signaling and timer based triggering for PDCCH monitoring adaptation during data arrival. 

4 Conclusions

In this paper, we provide our views on the PDCCH monitoring adaptations in the following aspects.
· PDCCH monitoring adaptation before data arrival – triggered by power saving signal.

· PDCCH monitoring adaptation during data arrival – triggered by DCI and/or time-out.

Based on the discussions and evaluation results by both SLS and LLS, we have the following observations and proposals.
Observation 1: Power saving signal is useful when the DRX configurations are not matched to the data inter-arrival time. Compared with baseline, the UE power saving can reach 20.47% and 7.94% for IM and VoIP, respectively.
Observation 2: Aggregation of power saving signal and background period activities around SSB burst achieves the largest power saving gain. The additional gains are 9.00%, 9.92% and 4.38% for VoIP, IM and video, respectively.
Observation 3: The detection rate increases with the increase of available resource number, e.g., sequence length, of detection. For example, to achieve 0.1 % of miss detection rate, the SNR values for AL1 and AL2 are 2.9 dB and -0.4 dB, respectively.
Observation 4: The performance enhancement by further increasing the detection resources to meet the same miss detection rate decreases with the increase of resources. For example, for DCI sequences, the gain from AL1 to AL2 to meet 0.1% of miss detection rate is about 3dB. While the gain from AL8 to AL16 is about 1dB.

Observation 5: Compared with the performance without CDM, the sequence detection performance has significant degradation because the power split and interference from co-existed sequences.
Observation 6: Considering the resource overhead and the detection performance, GC-PDCCH is a good candidate of power saving signal when the gNB needs to wake up a group of UEs at a time.
Observation 7: Compared with the scheme of power saving signal for wake-up, 11.94% and 19.68% of power saving gain can be further achieved for IM and video, respectively, by further adapting PDCCH monitoring during data arrival.
Proposal 1: The power saving signal should be around SSB burst and period activities.

Proposal 2: Link adaptation should be supported for power saving signal to enable efficient resource usage at network side.

Proposal 3: Further study DCI sequence as the candidate of UE-specific power saving signal with more channel types.
Proposal 4: Considering both resource overhead and scheduling flexibility at network side, both UE-specific and group-UE-specific power saving signals should be supported.

Proposal 5: Further study GC-PDCCH as the candidate of group-UE-specific power saving signal.
Proposal 6: Support DCI signaling and timer based triggering for PDCCH monitoring adaptation during data arrival. 
5 Appendix
SLS simulation assumptions can refer to [1]. The following lists the LLS simulation assumptions.

Table A.1. Evaluation settings in LLS
	Parameters
	SSS-like
	TRS
	PDCCH

	Simulation time
	10000 slots

	Antenna configurations
	2TX2RX

	SCS
	15 kHz

	Bandwidth
	20 MHz

	Speed
	3 km/hr

	Fading channel
	TDL-C RS 30ns

	RE number
	Continuous 127 REs
	312 REs
	54 - 864 REs for AL1 to AL16

	Frequency error
	No

	Timing error
	No

	Target false alarm rate
	10%
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