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Introduction
A new RAN1-led Working Item on Rel-16 enhancements for NB-IoT was approved at RAN Plenary #80 [1].  In particular, a RAN1 objective aims to study the enhancement on UE-group WUS as shown below
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]

RAN2#101 made the following agreements
· In eDRX, from the UE perspective, the default UE configuration is a one-to-one mapping between WUS and PO.
· In eDRX, from the UE perspective, an optional UE configuration is a 1-to-N mapping between WUS and PO.
· Note: The WUS design and configuration for eDRX must allow the network to reach a UE within a PTW.
RAN2#101bis made the following agreements
· If UE detects WUS the UE shall monitor the following N PO(s) (N≥1), unless paged.

In this contribution, aspects of UE group Wake up Signal are further discussed.
[bookmark: _Ref481671177]
UE-Group Paging and UE-Group WUS 
There can be several 100,000 UEs with same UE_ID sharing same configuration for  Paging Frame (PF) / Paging Opportunities (PO) in the same network depending on paging parameters - i.e. nB broadcast on SIB2, paging cycle length. Only practical numbers of UEs can be paged at any given time in PF / PO due to finite physical resources for NPDCCH (2NCCEs per RB in CSS Type 1) and NPDSCH. Several RBs will be needed for NPDCCH / NPDSCH to transmit paging message depending on level of repetitions. 
Grouping of UEs is used in real-life networks to page smaller number of UEs per PO. This is done in two ways:
· MME level: Tracking Area (TA) across several eNBs as indicated in Tracking Area List (TAL), Tracking Area Code (TAC)
· RAN level: Paging messages scheduled by eNB
Observation 1: Grouping of UEs at MME-level and RAN-level is used in real-life networks to page small number of UEs per PO. 
MME-level UE grouping for paging:
Figure 1 illustrates the MME-level UE grouping for paging within a Tracking Area (TA). MME provides the UE with a list of tracking area codes (TAC)  where the UE registration is valid. When the MME pages a UE, a paging message is sent to all eNBs in the TA list (TAL). Tracking area updates occur periodically, and when a UE enters a cell with a TAC not in the current TA list. MME/RAN first try to send paging in last eNB where paging was successfully received, then try other eNBs with TACs in TAL. UEs try to detect paging in the associated PO. 
Observation 2: Grouping of UEs for paging at MME level depends on the tracking area configuration. 
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Figure 1 MME level UE grouping for paging.
RAN-level UE grouping for paging:
Figure 2 illustrates the RAN-level UE grouping for paging. Each UE is identified by its UE_ID at RAN level. The UE_ID is linked to the UE IMSI, where UE_ID=IMSI mod 4096. 
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Figure 2 Example of RAN level UE grouping for paging.
The PF is linked to System Frame Number (SFN) and UE_ID as follows
PF=SFN mod T= (T div N)*(UE_ID mod N)
Where, 
· T is DRX cycle, typically set to DefaultPagingCycle=128, 256, 512, 1024 radio frames (10ms) 
· N=min (T, nB), where nB: 4T, 2T, T, T/2, T/4, T/8, T/16, T/32, T/64, T/128, T/256, T/512, T/1024
A PF is one Radio Frame and may contain one or multiple POs. When DRX is used the UE needs only to monitor one PO per DRX cycle. The number of POs in a PF is determined by Ns: max(1,nB/T). Index i_s pointing to PO from subframe pattern defined as:
i_s = floor(UE_ID/N) mod Ns
If paging configuration for non-anchor carrier is provided in system information, the paging carrier is determined as the smallest index n (0 ≤ n ≤ Nn-1) fulfilling the following equation:
floor(UE_ID/(N*Ns)) mod W < W(0) + W(1) + … + W(n)
where
· Nn : number of paging narrowbands (for P-RNTI monitored on MPDCCH) or paging carriers (for P-RNTI monitored on NPDCCH) provided in system information
· 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).
The minimum number UE groups for paging in a DRX cycle is 1. This corresponds to 1 paging carrier, 1 PF in a paging cycle and 1 PO in a PF. The maximum possible number of UE groups for paging is N*Ns*Nn. This corresponds to Nn paging carriers, N PFs in a paging cycle and Ns PO in a PF.
The UE may need to receive NPDCCH in Common Search Space Type 1 and associated NPDSCH for paging with many repetitions depending on CE mode. Further, NPDCCH cannot be transmitted in DL invalid subframes. Thus, the interval between two POs should be large enough to accommodate PDCCH and PDSCH with repetitions. In case there is WUS associated with a PO, the interval between two POs should also take into account the WUS repetition level, too. Figure 3 illustrates an example of PO configuration that although there are 4 PO candidates in a PF, only 1 PO can be configured by the network due to repetitions of NPDCCH.


Figure 3 Example of PO configuration with 16 repetitions for NPDCCH

Consider as an example the paging configuration with Paging cycle T =256, nB=T/8=256/8=32. We have N=min(T, nB)=32 , and Ns= max(1,nB/T)=1. With this configuration, a paging cycle is 2560 ms, and there are 32 PFs in the paging cycle and 1 PO in a PF. The interval between two POs is 80ms. If one paging carrier is configured in the network, the total number of PO in a paging cycle is 32. Assuming there are 720,000 UEs in the tracking area with uniformly random UE_ID, then in average there are 22500 UEs associated in a PO. Once a UE in the PO has been paged, all other UEs in the same PO need to decode the paging message. In case there are Ns=4 POs per PF, there are 5625 UEs associated in a PO and interval between two POs is 20ms. In case UEs are stationary devices such as smart meters and only paged once per day, the probability of unnecessarily waking up a device will be small (i.e. 0.166=5625 *2.56 / (24*3600)). 
Observation 3: The maximum number of POs and corresponding UE groups for paging need to allow repetitions for WUS and associated NPDCCH / NPDSCH.  
Observation 4: There can be a minimum of 1 UE group and a maximum N*Ns*Nn UE groups linked to UEs sharing same UE_ID, where N=min(T, nB), Ns: max(1,nB/T), and Nn is the number of paging carriers. 

It is proposed that the UE-group WUS reuse the same UE-group paging as the baseline. This can be done in straightforward way with UE-group WUS re-using paging configuration for UE-group paging without any change to the legacy paging procedure. An example of UE grouping for paging is given in the Appendix.
Proposal 1: Paging configuration with UE groups linked to UE_ID and RRC DRX configuration is baseline for UE-group WUS.

Enhancement of UE-Group WUS
In previous section, it was proposed that paging configuration with N UE groups linked to UE_ID and RRC DRX configuration is baseline for UE-group WUS. The baseline already allows more manageable number of UEs that require WUS with grouping at MME level and RAN level. However, as addressed in the previous section, the interval between POs should be large enough to accommodate the possible repetition of NPDCCH, NPDSCH for paging and the WUS so that the PO might be configured in a sparse way. It may be desirable to have finer granularity for grouping UEs for WUS. A UE that is in a UE-group for paging may need to wake up if another UE in the same group is paged following detection of associated WUS. In case UE in paging group detects WUS because other UEs in same paging group are paged, the UE will need to wake up and detect NPDCCH / NPDSCH  to receive paging message. In worst case, where there is excessive paging load, the UE may need to wake up most of the times. A finer granularity for WUS UE Grouping compare to paging grouping allows further power consumption reduction. 
A number of UE-group WUS solutions that can be supported via RRC configuration without any change to physical layer are considered below with some proposals:
Solution 1: UE-group WUS within Paging Occasion
UE-group WUS can be further done within a PO. For example, similar mechanism to PF, PO determination can be applied to determine WUS group. Assume there are Nw WUS signals allocated in a PO, the UEs associated with same PO can be further divided into Nw WUS groups. Hence, only the UEs in a PO that are associated to the same WUS signal need to wake up whenever any of the UE in the same paging group has been paged. The number of WUS group in a PO can be signalled by RRC configuration. 
In the example in previous section, the probability of unnecessarily waking up a UE can be reduced. For example, with Nw=5 WUS signals associated to a PO, in average 1125 (=5625/5) UEs will be associated to the same WUS. In case UEs are stationary devices such as smart meters and only paged once per day, the probability of unnecessarily waking up a device will be smaller (i.e. 0.033=1125 *2.56 / (24*3600). 
Proposal 2: UE-group WUS is supported within PO via RRC configuration to reduce power consumption.

Solution 2: Drop paging message in PF/PO
Higher UE grouping granularity within PO can reduce power consumption. To further reduce power consumption, eNB can postpone paging or drop paging in configured PO if no associated WUS configured before the PO, and prioritize paging to UE for PO when associated WUS resource is configured. The WUS periodicity is a multiple of DRX cycle. This solution has more flexibility than increasing DRX cycle for paging and transmit WUS before each PO. The eNB can configure different periodicity for the WUS configuration of UEs. It is up to the eNB scheduler to ensure that paging is only scheduled in a cell when WUS is also scheduled for a given UE.  In worst case, eNB may postpone scheduling paging until corresponding WUS is scheduled. It may be reasonable to miss some paging messages as this is not very likely to happen. 
Proposal 3: eNB can configure WUS with periodicity that is a multiple of DRX periodicity and drop paging in configured PO if no associated WUS resource is configured.

The above solutions can be extended to eDRX where the UE monitors N PO(s) (N≥1) within Paging Time Window (PTW), unless paged.

Conclusion
In this contribution, we discussed design aspects for NB-IoT coexistence with NR and made the following observations and proposals.
Observation 1: Grouping of UEs at MME-level and RAN-level is used in real-life networks to page small number of UEs per PO. 
Observation 2: Grouping of UEs for paging at MME level depends on the tracking area configuration. 
Observation 3: The maximum number of POs and corresponding UE groups for paging need to allow repetitions for WUS and associated NPDCCH / NPDSCH.  
Observation 4: There can be a minimum of 1 UE group and a maximum N*Ns*Nn UE groups linked to UEs sharing same UE_ID, where N=min(T, nB), Ns: max(1,nB/T), and Nn is the number of paging carriers. 
Proposal 1: Paging configuration with UE groups linked to UE_ID and RRC DRX configuration is baseline for UE-group WUS.
Proposal 2: UE-group WUS is supported within PO via RRC configuration to reduce power consumption.
Proposal 3: eNB can configure WUS with periodicity that is a multiple of DRX periodicity and drop paging in configured PO if no associated WUS resource is configured.

Appendix
Example of UE grouping for paging:
Consider example of 720,000 UEs in cells associated with a given TAC or 36000 per eNB cell assuming 20 eNBs per TAC (720,000/20). MME sends TAL to each UE listing TAC1, TAC3
Further consider example with DRX cycle  T=256, paging parameter nB=T/8=32. This gives N=min(T, NB)=32
There are 1024/T PFs for each value of rightmost term, D in formula PF=SFN mod T= (T div N)*(UE_ID mod N). We have D=(T div N)*(UE_ID mod N) = (256 div 32)*( UE_ID mod 32)=8*(UE_ID mod 32)
where 
· UE_ID=IMSI mod 4096 
· D = 0, 8, 16, .., 248
This gives N=32 UE groups for paging. Each UE group has a configured PF. The N=32 PFs corresponding to SFN mod 256 = D denoted by {PF0, PF1, PF2, PF3, .., PF31}are as follows
· UE_ID mod 32 = 0,  D=  0,     PF0=[   0, 256,  512,  768] 
· UE_ID mod 32 = 1,  D=  8,     PF1=[ 32, 288,  544,  800]
· UE_ID mod 32 = 1,  D=  8,     PF2=[ 64, 320,  576,  832]
· ……
· UE_ID mod 32 = 31, D=248, PF31=[248, 504, 760, 1016]
There are 4 PFs per DRX cycle per UE group for paging in this example. Each UE group is linked to UE_ID=IMSI mod 4096=0, 1, 2, …, 31. There are 2.44 106 (=1010/4096) UEs sharing same UE_ID based on 10-digit IMSI per UE group, or 7.63 104 UEs per paging group. 
Up to 4 POs per PF (based on Ns parameter) and 16 paging records per PO. There are 8192 (=4*4*16*32) UEs that can be paged in 2.56s (256*10ms), or 2400 paging messages per second (8192/2.56). This allows 720000 UEs in TAC to be paged at least once per 5 minutes (300=720000/2400)
Assuming paging is scheduled over about 20 eNB cells in TAC, and paged UEs uniformly distributed across the 20 eNB cells, about 120 UEs will need to access cell via random access procedure on receiving paging. There seems to be no paging bottleneck with the considered paging configuration. There may be a bottleneck for data assuming a maximum of about  64 UEs with 1 data TB per second can be supported including  paging procedure overhead (Msg3, Msg4 in RA) and 1 or 2 repetitions.
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