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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
One of the objectives of the Rel-16 work item on additional enhancements for NB-IoT [1] is to improve DL transmission efficiency and/or UE power consumption:
	Improved DL transmission efficiency and/or UE power consumption:
· Specify support for mobile-terminated (MT) early data transmission (EDT) [RAN2, RAN3]
· [bookmark: _Hlk515907437]Specify support for UE-group wake-up signal (WUS) [RAN1, RAN2, RAN4]


In RAN1#95 [2], the following agreements were made with respect to UE-group WUS.
	Agreement
UE group ID is used as a parameter to generate WUS UE group sequence(s)

Agreement
One group WUS is designed as a single sequence

[bookmark: _Toc529800363]Agreement 
Further study false detection (cross/auto correlation) performance properties for the following designs:
· [bookmark: _Toc529800364]legacy WUS + cover codes,
· [bookmark: _Toc529800365]legacy WUS + shifted scrambling codes,
· [bookmark: _Toc529800366]legacy WUS + phase shift + cover code + scrambling bits
· Including combinations of phase shift, cover code, and/or scrambling bits
[bookmark: _Toc529800367]Other designs are not precluded.

Agreement 
[bookmark: _Toc529800358]The number of UE groups is configurable and broadcasted in SIB.
· [bookmark: _Toc529800359]FFS: Further details on the number of UE groups. For example, whether it is per PO or per gap configuration of a PO.

Agreement
Multiplexing of Rel-16 UE groups is down-selected among
· Single sequence CDM is supported
· Single sequence CDM is supported and TDM can be additionally applied
· FFS: Configurability of CDM and/or TDM

[bookmark: _Toc529800342]Agreement
A common WUS is used to wake up all group WUS UEs monitoring the same WUS (time-frequency) resource if more than one UE group occupies the WUS resource.
· FFS: Whether the above is also applicable for Rel-15 WUS UEs
· FFS: Whether to support waking up a subset of all WUS UE groups

[bookmark: _Toc529980151]Agreement
For multiplexing between Rel-16 UE-group WUS and Rel-15 legacy WUS within the same carrier, further evaluate and down select among the following options
· [bookmark: _Toc529980152]TDM
· [bookmark: _Toc529980154]single-seq. CDM
· [bookmark: _Toc529980155]single-seq. CDM+TDM
[bookmark: _Toc529980156]FFS whether legacy WUS is the common WUS for all new UEs or only a part of new UEs.

[bookmark: _Toc529980160]Agreement
Rel-16 group WUS uses the same gap configurations as for Rel-15 legacy WUS except for differences from possible TDM.
· No new gap higher layer signaling will be introduced for TDM


In this paper, we give a detailed analysis on several aspects of UE-group WUS.
Multiplexing and common WUS
2.1 Multiplexing of Rel-15/Rel-16 UE groups
In RAN1#95 [2], the following agreements were made with respect to multiplexing of Rel-16 UE-groups WUS, and multiplexing between Rel-15 and Rel-16 UE groups.
	Agreement
Multiplexing of Rel-16 UE groups is down-selected among
· Single sequence CDM is supported
· Single sequence CDM is supported and TDM can be additionally applied
· FFS: Configurability of CDM and/or TDM

Agreement
For multiplexing between Rel-16 UE-group WUS and Rel-15 legacy WUS within the same carrier, further evaluate and down select among the following options
· TDM
· single-seq. CDM
· single-seq. CDM+TDM
FFS whether legacy WUS is the common WUS for all new UEs or only a part of new UEs.


For multiplexing between Rel-16 UE-group WUS and Rel-15 legacy WUS within the same carrier, three options are listed, i.e., TDM, single-seq. CDM, and single-seq. CDM + TDM. The first two options, i.e., TDM and single-seq. CDM, are analyzed in detail in our previous paper [10] and summarized below.
· Option 1 (TDM)
The main advantage of TDM is the eNB can page all Rel-15 UEs and all Rel-16 UEs simultaneously by sending R15 WUS and R16 common WUS, which is useful in some cases such as SI change. On the contrary, the main disadvantages of TDM are as follows: resource overhead and resource fragmentation, inaccurate time synchronization, and increased UE power consumption.
· Option 2 (single-seq. CDM)
Since R15 WUS and R16 UE groups WUS coexist in the same time window, there is no significant overhead for the R16 UEs to monitor R15 WUS. In that sense, it is meaningful that R15 WUS can be reused as the group-specific WUS for one of the UE groups or the R16 common WUS. 
If R15 WUS is reused as group-specific WUS (e.g., for group#1), then the eNB can use R15 WUS to wake up both legacy UEs (R15 UEs) and part of R16 UEs (i.e. the UEs in group#1). However, the main drawback of this multiplexing scheme is that the eNB can not page all R15 UEs and all R16 UEs simultaneously.
If R15 WUS is reused as the R16 common WUS, then the eNB can page all Rel-15 UEs and all Rel-16 UEs simultaneously by sending R15 WUS. However, the main drawback is the false alarm between R15 UEs and R16 UEs. For example, when the eNB sends R15 WUS to page a R15 UE, then all the R16 UEs will be false alarmed. And when the eNB sends R15 WUS to page multiple R16 UE groups, then all the R15 UEs will be false alarmed.
· Option 3 (single-seq. CDM + TDM)
The third option, i.e., single-seq. CDM + TDM, is illustrated in Figure 1. In this option, R16 UE group WUS are divided into two parts, some R16 UE group WUS are multiplexed with R15 WUS in a single-seq. CDM manner, and the others are multiplexed with R15 WUS in a TDM manner. For the convenience of description, we call the time location where R15 legacy WUS is as “legacy WUS location”, and the other time location as “new WUS location”. 


Figure 1 Illustration of single-seq. CDM + TDM
Let  denote the total number of R16 UE groups corresponding to a gap configuration of a PO, and let  denote the number of R16 UE groups at the legacy WUS location. Then  is the number of R16 UE groups at the new WUS location.
One key advantage of Option 3 is that depending on the percentage of R16/R15 UEs, the eNB can flexibly adjust the number of R16 UE groups at the legacy/new WUS location by choosing a proper value of, and thus better utilizing network resource.
For example, in the short term, the number of R15 UEs are much larger than the number of R16 UEs, then the eNB can configure very few ( is small), or even zero (), R16 UE groups at the legacy WUS location to avoid negative impact on R15 UEs. When the amount of R16 UEs increases, the eNB can configure more R16 UE groups at the legacy WUS location (by increasing ) to achieve better load balancing.
In summary, when , Option 3 becomes  Option 1 (TDM); and when , Option 3 becomes Option 2 (single-seq. CDM). Thus, Option 3 provides a flexible framework for multiplexing of Rel-15/Rel-16 UE groups. The pros and cons of Options 1~3 are summarized in Table 1.

[bookmark: _Ref536804414]Table 1 Multiplexing between Rel-15 and Rel-16 UE groups: Pros and Cons of different alternatives
	Multiplexing scheme between Rel-15 WUS and Rel-16 UE groups WUS
	Pros
	Cons

	Option 1: TDM
	The eNB can page all Rel-15 UEs and all Rel-16 UEs simultaneously, which makes sense for SI update.
	More resource overhead, and resource fragmentation, UE power consumption

	Option 2: Single-seq. DCM
	Single-seq. CDM (reuse R15 WUS as one group-specific WUS)
	Less resource overhead,  resource fragmentation and UE power consumption
	The eNB can not page all R15 UEs and all R16 UEs simultaneously.

	
	Single-seq. CDM (reuse R15 WUS as R16 common WUS)
	Less resource overhead,  resource fragmentation and UE power consumption
	False alarm between R15 UEs and R16 UEs

	Option 3: Single-seq. CDM+TDM
	Flexible: the eNB can flexibly adjust the number of R16 UE groups at the legacy/new WUS location to better utilize network resource
	See above summary under different configurations


Observation 1: One key advantage of Option 3 (single-seq. CDM + TDM) is that depending on the penetration percentage of R16 UEs, the eNB can flexibly adjust the number of R16 UE groups at the legacy/new WUS location by choosing a proper value of, and thus better utilizing network resource.
· When , Option 3 becomes to Option 1 (TDM); 
· When , Option 3 falls back to Option 2 (single-seq. CDM).
Proposal 1: Adopt single-seq. CDM+TDM for multiplexing between Rel-16 UE-group WUS and Rel-15 legacy WUS within the same carrier.
The existence of R15 WUS has no impact on the multiplexing of Rel-16 UE-groups.
Proposal 2: For multiplexing of Rel-16 UE-groups, single sequence CDM is supported and TDM can be additionally applied.
2.2 Common WUS
In RAN1#95 [2], the following agreements were made with respect to common WUS.
	Agreement
A common WUS is used to wake up all group WUS UEs monitoring the same WUS (time-frequency) resource if more than one UE group occupies the WUS resource.
· FFS: Whether the above is also applicable for Rel-15 WUS UEs
· FFS: Whether to support waking up a subset of all WUS UE groups


As shown in Figure 1, in the legacy WUS location, we can reuse the R15 WUS as the common WUS. In the new WUS location, a new sequence is required as the common WUS.
As for waking up a subset of all WUS UE groups monitoring the same WUS (time-frequency) resource, the benefit is to further reduce false alarm rate, but at the cost of increasing UE power consumption since the UE needs to monitor more sequences. Since UE power consumption is quite important for LPWA use cases, we propose not to support waking up a subset of all WUS UE groups.
Proposal 3: In the legacy WUS location, reuse the R15 WUS as the common WUS. In the new WUS location, a new sequence is required as the common WUS.
Observation 2: Waking up a subset of all WUS UE groups has the benefit of further reducing false alarm rate at the cost of increasing UE power consumption since the UE needs to monitor more sequences.
Proposal 4: Do not to support waking up a subset of all WUS UE groups monitoring the same WUS (time-frequency) resource.
UE grouping
In RAN1#94bis [2], it has been agreed that from a RAN1, perspective, UE grouping is based on at least UE ID or some function of UE ID.
UE-ID-based grouping is a straightforward way of grouping, which is quite similar to the determination of PO. Other rules, such as service-based grouping, can also be considered. For example, UEs with the same or similar paging traffic pattern can be grouped together to further reduce the false alarm probability. 
Since the number of UEs within each cell may vary from time to time, it is possible that the load of each UE group becomes unbalanced. So it might be necessary for the eNB to control the load of each group to achieve load balancing. Similar issue also exists for NB-IoT paging carrier selection, and the mechanism to achieve load balancing among paging carriers is that the weight for each NB-IoT paging carrier is broadcasted and the UE selects the paging carrier based on its UE_ID and the weights. The details are given in 3GPP TS 36.304 [9] and are copied to Annex B for reference. In summary, mechanisms similar to NB-IoT paging carrier selection can be considered to control the load of each UE group.
Generally, how to group UE is a RAN2 issue, and RAN2 has already initiated an email discussion on this [11]. So RAN1 can wait for the conclusion of the corresponding RAN2 discussion, and discuss RAN1 impact and load balancing among UE groups as needed.
Proposal 5: RAN1 waits for the outcome of the RAN2 discussion on UE grouping.
Total number of UE-group WUS
In RAN1#95 [2], it has been agreed that the number of UE groups is configurable and broadcasted in SIB, and FFS: Further details on the number of UE groups. For example, whether it is per PO or per gap configuration of a PO.
The number of UE-groups have an impact on the false alarm probability. When the number of groups increases, the false alarm probability within one group is expected to be reduced since the number of UEs in the same group decreases. However, when the number of groups increases, the probability of paging more than one UE group increases, therefore the paging false alarm probability between groups increases. Besides, for CDM based solution, the cross-correlation performance of the WUS sequences may be degraded if more WUS sequences are used to differentiate UE groups.
Since the maximum number of groups may be impacted by the WUS sequence design, the exact number of UE groups can be decided after evaluating the WUS sequence.
Observation 3: When the number of groups increases, the paging false alarm probability within one group is expected to be reduced since the number of UEs in the same group decreases.
Observation 4: When the number of groups increases, the paging false alarm probability between groups increases since the probability of paging more than one UE group increases.
Observation 5: For single sequence CDM based solution, the cross-correlation performance of the WUS sequences may be degraded if more WUS sequences are used to differentiate UE groups.
Observation 6: RAN1 may first study the WUS sequence design, and then decide the maximum number of UE groups.
As described in Section 3, it is possible that UEs are grouped based on service. For example, all street lights belong to one UE group, and all water meters belong to another UE group. Therefore, the maximum number of UE groups needs to be large to accommodate different service types. In that sense, we propose at least 8 UE groups are supported.
Proposal 6: The number of UE-groups is at least 8.
· FFS the maximum number of UE-groups depending on the evaluation of the WUS sequence.
WUS sequence design
In RAN1#95 [2], the following agreements were made with respect to WUS sequence design.
	Agreement
UE group ID is used as a parameter to generate WUS UE group sequence(s)

Agreement
One group WUS is designed as a single sequence

Agreement 
Further study false detection (cross/auto correlation) performance properties for the following designs:
· legacy WUS + cover codes,
· legacy WUS + shifted scrambling codes,
· legacy WUS + phase shift + cover code + scrambling bits
· Including combinations of phase shift, cover code, and/or scrambling bits
Other designs are not precluded.


In NB-IoT Rel-15, the WUS sequence is designed as a combination of a RE-level scrambling sequence and a ZC sequence [6] (see Annex A). The necessary information, i.e., cell ID (to reduce inter-cell interference and for cell confirmation) and timing information of the first frame of the first PO (to avoid false alarm among multiple POs), are conveyed through the ZC root index  and the initialization seed  of the scrambling sequence. During the course of NB-IoT Rel-15 discussion, the phase shift , as shown below, is also considered to convey some information:

Since all the necessary information are well conveyed through the ZC root index  and the initialization seed , finally the phase shift  is not used to convey any information, i.e. =0, in Rel-15 [7][8].
In RAN1#94bis [3], it has been agreed that group WUS is based on at least legacy WUS and UE-group ID. Therefore, in Rel-16, extra information such as UE group ID will also be conveyed by the WUS sequence. Two bits in the initialization seed  of R15 WUS are reserved.So some information can be conveyed by those spare states of the initialization seed . Additionally, phase shift  and cover code (e.g. RE-level, symbol level) can also be considered to convey information if necessary.
It is worth noting that a totally new WUS sequence design clearly has disadvantages. For example, it is expected that there may be UEs with specialized hardware for WUS detection to highly optimize reliability and power consumption. A new WUS sequence design implies hardware changes, and prevents grouping of legacy UEs, whereas sequence content adjustments can be done by firmware upgrade. Also new RAN4 requirements would be needed for a new WUS sequence design. Therefore, for the Rel-16 WUS sequence design, it is advantageous to keep the compatibility and strive for commonality of Rel-16 WUS sequence design with Rel-15 WUS sequence.
Observation 7: A new WUS sequence design clearly has disadvantages in terms of hardware changes, preventing grouping of legacy UEs, new RAN4 requirements, etc.
Before presenting simulation results, RAN1 may first discuss the simulation assumptions. The simulation assumptions discussed in Rel-15 [5] can be taken as a reference, and are summarized in Table 2.
Proposal 7: Agree the simulation assumptions, which can take the evaluation assumption in Rel-15 [5] as a reference, and are summarized in Table 2.
Table 2 Link level simulation assumption for group WUS evaluation
	Parameter
	Value

	BS TX antenna configuration
	1Tx for standalone, 2 Tx for in-band/guard-band

	BS power
	43 dBm for stand-alone, 35 dBm for in-band/guard-band

	System BW
	180 kHz

	Band
	900 MHz

	Channel model 
	TU 1

	Doppler spread 
	1 Hz

	LO XO frequency drift, when not relying on DL synchronization (light sleep)
	±0.05 ppm/s

	LO XO maximum frequency error, when not relying on DL synchronization (light sleep)
	±5 ppm

	LO XO frequency error, when relying on DL synchronization (receive)
	±50 Hz 

	RTC maximum frequency error (deep sleep)
	±20 ppm

	UE RX antenna configuration
	1 Rx

	UE NF
	5 dB, 9 dB

	Coupling loss
	144, 154, 164 dB



Conclusion
The contribution discusses the design of group WUS. Some observations and proposals based on the analysis in the contribution are summarized as following.
Proposal 1: Adopt single-seq. CDM+TDM for multiplexing between Rel-16 UE-group WUS and Rel-15 legacy WUS within the same carrier.
Proposal 2: For multiplexing of Rel-16 UE-groups, single sequence CDM is supported and TDM can be additionally applied.
Proposal 3: In the legacy WUS location, reuse the R15 WUS as the common WUS. In the new WUS location, a new sequence is required as the common WUS.
Proposal 4: Do not to support waking up a subset of all WUS UE groups monitoring the same WUS (time-frequency) resource.
Proposal 5: RAN1 waits for the outcome of the RAN2 discussion on UE grouping.
Proposal 6: The number of UE-groups is at least 8.
· FFS the maximum number of UE-groups depending on the evaluation of the WUS sequence.
Proposal 7: Agree the simulation assumptions, which can take the evaluation assumption in Rel-15 [5] as a reference, and are summarized in Table 2.
Table 2 Link level simulation assumption for group WUS evaluation
	Parameter
	Value

	BS TX antenna configuration
	1Tx for standalone, 2 Tx for in-band/guard-band

	BS power
	43 dBm for stand-alone, 35 dBm for in-band/guard-band

	System BW
	180 kHz

	Band
	900 MHz

	Channel model 
	TU 1

	Doppler spread 
	1 Hz

	LO XO frequency drift, when not relying on DL synchronization (light sleep)
	±0.05 ppm/s

	LO XO maximum frequency error, when not relying on DL synchronization (light sleep)
	±5 ppm

	LO XO frequency error, when relying on DL synchronization (receive)
	±50 Hz 

	RTC maximum frequency error (deep sleep)
	±20 ppm

	UE RX antenna configuration
	1 Rx

	UE NF
	5 dB, 9 dB

	Coupling loss
	144, 154, 164 dB


Observation 1: One key advantage of Option 3 (single-seq. CDM + TDM) is that depending on the penetration percentage of R16 UEs, the eNB can flexibly adjust the number of R16 UE groups at the legacy/new WUS location by choosing a proper value of, and thus better utilizing network resource.
· When , Option 3 becomes to Option 1 (TDM); 
· When , Option 3 falls back to Option 2 (single-seq. CDM).
Observation 2: Waking up a subset of all WUS UE groups has the benefit of further reducing false alarm rate, but at the cost of increasing UE power consumption since the UE needs to monitor more sequences.
Observation 3: When the number of groups increases, the paging false alarm probability within one group is expected to be reduced since the number of UEs in the same group decreases.
Observation 4: When the number of groups increases, the paging false alarm probability between groups increases since the probability of paging more than one UE group increases.
Observation 5: For single sequence CDM based solution, the cross-correlation performance of the WUS sequences may be degraded if more WUS sequences are used to differentiate UE groups.
Observation 6: RAN1 may first study the WUS sequence design, and then decide the maximum number of UE groups.
Observation 7: A new WUS sequence design clearly has disadvantages in terms of hardware changes, preventing grouping of legacy UEs, new RAN4 requirements, etc.
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Annex A. WUS sequence design in NB-IoT Rel-15
	Extracted from Section 10.2.6B of TS 36.211 [6]

10.2.6B	Narrowband wake up signal (NWUS)
10.2.6B.1	Sequence generation

The NWUS sequence  in subframe  is defined by 
	
	
	
	
	
	
where  is the actual duration of NWUS as defined in [4]. 
The scrambling sequence  is given by clause 7.2, and shall be initialized at the start of the NWUS with
	
where  is the first frame of the first PO to which the NWUS is associated, and  is the first slot of the first PO to which the NWUS is associated.



Annex B. Paging carrier selection
	Extracted from Section 7.1 of TS 36.304 [9]
If P-RNTI is monitored on NPDCCH and the UE supports paging on a non-anchor carrier, and if paging configuration for non-anchor carrier is provided in system information, then the paging carrier is determined by the paging carrier with smallest index n (0 ≤ n ≤ Nn-1) fulfilling the following equation:
floor(UE_ID/(N*Ns)) mod W < W(0) + W(1) + … + W(n)
…
-	W(i): Weight for NB-IoT paging carrier i.
-	W: Total weight of all NB-IoT paging carriers, i.e. W = W(0) + W(1) + … + W(Nn-1).
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