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1	Introduction
In RAN 2 Adhoc meeting [1], the following high-level agreements related to paging monitoring have been made:
Agreements:
1: UE in RRC_IDLE and RRC_INACTVE state monitors paging/notification every DRX cycle. 
2: UE monitors one paging occasion per DRX cycle. Paging occasion is the time interval over which a paging message is transmitted by gNB. 
3: The length of DRX cycle is configurable. A default DRX cycle length is provided in system information. Additionally, a UE specific DRX cycle length can also be provided to UE in dedicated signalling.
4: The number of paging occasions in the DRX cycle is configurable and provided in system information.
5: If multiple paging occasions are configured by network in the DRX cycle then UEs can be distributed to these paging occasions based on UE ID.
6: RAN2 understanding is that paging can be transmitted at least using beam sweeping (content of paging may be a paging indicator or the paging message, FFS)
7: Paging occasion can consist of multiple time slots (e.g. subframe or OFDM symbol). (Multiple time slots enable transmission of paging using a different set of DL TX beam(s) in each time slot, or could enable repetition - RAN1 decision).
8: The number of time slots in a paging occasion is provided in system information.
Meanwhile, RAN 1 has progressed on paging design in NR and made the following agreements in RAN1 #90bis [2]:

Agreements:
· At least Option 1 (Paging scheduling DCI followed by Paging Message) is supported
· From RAN1 perspective, paging scheduling DCI and Paging Message are sent at least in the same slot
· From RAN1 perspective, NR supports LTE-like UE grouping where UE is specifically configured of its PO/slot. This is considered part of Option 1.
· Details of UE grouping are up to RAN2 
· LS to RAN2 to inform the above agreements – Teck (Huawei) (R1-1718926), which is endorsed in R1-1719164 with the following updates:
· Update the note to “Note that in RAN1#86bis, the following agreements were made:
· NR supports at least same-slot and cross-slot scheduling for DL.”

Agreements:
· At least some parameters for Paging Occasions are explicitly signaled. 
· RAN1 understands this includes at least periodicity for the UE to monitor the paging scheduling DCI.
· Up to RAN2 to decide whether the above such information is in RMSI or OSI
· FFS: whether to support FDM of Paging Occasions and its configuration 


Agreement:
· UE may assume QCL between SS Blocks, Paging DCIs and Paging Messages
· FFS: The details on the associations between SS blocks and possible subsets of Paging DCI/Messages.
In this contribution, we discuss the design of paging monitoring in NR and the options for determining the Paging Frame (PF) and the Paging Occasion (PO) for a UE.
2	Paging Occasion 
According to the output of RAN 2 email discussion [3], the definition of PO in NR follows LTE design and corresponds to the time occasion where there may be a P-RNTI transmission on PDCCH scheduling the paging message on PDSCH. In multi-beam system, beam sweeping is applied for transmitting PDCCH in different directions. As agreed in RAN1, the UE may assume Quasi Co-Location (QCL) between the Synchronization Signal Blocks (SSBs) containing the SS and the Physical Broadcast Channel (PBCH), paging PDCCH and PDCH. The NR paging message can be transmitted in the same PO or after the PO. These two options are depicted in Fig. 1.
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a) Paging message is scheduled on PDSCH directly after receiving PDCCH in the same slot.
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b) Paging message is scheduled on PDSCH after completing the beam sweeping of PDCCH.
Figure 1: Two options for scheduling the paging message on PDSCH.
In the first option of Fig. 1a), the paging message is scheduled directly after receiving PDCCH in the same slot whereas in the second option of Fig. 1b) it is scheduled after completing the beam sweeping of PDCCH. The PO duration in Option 1 is higher than that of Option 2 because the transmission of PDCCH is interleaved with PDSCH. Higher PO duration may cause some issues related to having a PO duration spanning more than one Radio Frame (RF).
Observation 1: Having the paging scheduling information and paging message in the same slot increases the duration of a PO and may lead to a PO spanning more than a RF. 
In both options, the UE is expected to monitor only the PDCCH and PDSCH that are QCL with the SS block. As a result, the monitoring time duration for paging is irrespective of the PO duration. 
Observation 2: Due to QCL assumption with SS blocks, the monitoring time duration for paging is irrespective of the PO duration.
The PO duration is estimated in the following for the two options. In LTE, the PO duration is one subframe of 1 ms. However, the duration of a PO in NR varies depending on the subcarrier spacing and the number of SS/PBCH blocks. 
Observation 3: The duration of PO in NR varies depending on the subcarrier spacing and number of SS/PBCH blocks.
Table 1 summarizes the time duration required to perform a full beam sweep of SS/PBCH blocks with two SS blocks/PBCH per slot. In addition, it shows the PO duration for Option 1 of Fig. 1 under the assumption that one slot of 14 OFDM symbols (worst-case) is used to transmit the paging scheduling information (PDCCH) and paging message (PDSCH) in one direction, i.e., QCL with one SS/PBCH block. For code rate of 1/6 and a bandwidth of 35 MHz, a PDSCH of 12 OFDM symbols can carry roughly a paging message of 1200 bits [4] which is high enough to cover even the case when all UEs are paged with their IMSIs. As for Option 2, it is assumed that it can follow in the worst case the transmission structure used for SS block sweeping with two PDCCHs transmitted per slot
Table 1: Duration of SS block beam sweeping and PO for different carrier frequencies.
	Sub-carrier spacing
	15 kHz
	30 kHz
	120 kHz

	Slot duration of 14 OFDM symbols
	1 ms
	0.5 ms
	0.125 ms

	Number L of SS/PBCH blocks
	4 / 8
	4 / 8
	64

	[bookmark: _GoBack]Beam sweeping duration of SS blocks/ PO duration for Option 2
= slot duration * (L/2)
	2 ms/ 4 ms
	1 ms/ 2 ms
	4 ms

	PO duration for Option 1
= slot duration * L
	4 ms/ 8 ms
	2 ms/ 4 ms
	8 ms



For Option 1, the PO duration is always less or equal to 4 and fits in a RF even when time division multiplexed with SS block sweep, i.e., 4 ms for SS block sweep and 4 ms for PO resulting in 8 ms which is less than 10 ms.
Observation 4: The PO can fit in a RF when PDSCH for paging is not transmitted in the same PO.
As for Option 2, the total durations of SS block beam sweep and PO may exceed the duration of the RF for some configurations, e.g., sub-carrier spacing of 120 kHz, if they are time division multiplexed in the same RF, i.e., 4 ms + 8 ms > 10 ms. 
Observation 5: The PO may span more than one RF when PDSCH for paging is transmitted in the same PO.
To overcome this issue, the PO can be, for instance, frequency division multiplexed with SS block if they occur in the same RF. As the procedures for determining the PO and PF for each UE depend on whether a PO can span more than one RF, it would be useful if RAN 1 can provide first a feedback on this matter. 
Proposal 1: RAN 1 is asked whether a PO could be restricted to a RF such it does not span more than a RF even when time division multiplexed with an SS block. 
3	Distribution of Paging Frame and Occasions
Performing beam sweeping for paging increases the power consumption of the base station. Hence, it would be beneficial to investigate different options for distributing the POs in a DRX cycle such that the base station can have the opportunity to enter in sleep mode operation
In LTE, the POs are distributed uniformly over the DRX cycle. An example is shown in Fig. 2 where it is assumed that one PO occurs every second RF, i.e., the number nB of POs in a DRX cycle T is  T/2, and the periodicity of SS blocks is 40 ms.
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Figure 2: POs are distributed uniformly over the DRX cycle.
If we follow this approach for NR system, the base station may not be able to stay for long time in sleep mode, i.e., many overhead transitions to wake up from a sleep state and vice-versa. This is because the sleep opportunities are spread over the DRX cycle and have short time durations of 10 ms in this example. 
Observation 6: Distributing the POs uniformly over the DRX cycle do not always offer long sleep opportunities for the base station to reduce its power consumption.
To allow for longer sleep durations, it is proposed that the POs are consolidated either at the beginning of the DRX cycle (Option 1) or uniformly after each of the SS block sweep (Option 1). These two options are shown in Fig. 3 for the same assumption parameters taken for Fig. 2.
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a) Option 1: POs are consolidated at the beginning of each DRX cycle.
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b) Option 2: POs are consolidated uniformly after each SS block sweep in a DRX cycle.
Figure 3: Two options for consolidating the POs in a DRX cycle.
In option 1, each sleep opportunity spans four RFs of 40 ms (between to SSB sweeps) whereas in the second option it spans two RFs of 20 ms. In both options, the duration of the sleep opportunity is higher than 10 ms of the distributed approach.
Observation 7: Consolidating the POs provides longer sleep opportunities for the base station.
Among the two options, Option 1 provides longer sleep opportunities at the expense of more restricted data scheduling as the network may not be able to schedule any data before transmitting the paging message. 
Observation 8: Consolidating the POs at the beginning of each DRX cycle provides long sleep opportunities at the expense of a more restricted user data scheduling.
As such, Option 2 is preferred over Option 1 as it offers both sleep opportunities and more flexibility in user data scheduling.
Proposal 2: The POs are consolidated uniformly after each SS block sweep in a DRX cycle.
Note that in all options of Fig. 2 and Fig. 3,  the UE synchronization using SS blocks, may not hold anymore for receiving paging PDCCH and PDSCH if the periodicity of SS block is high, e.g., 160 ms. For instance, consider the example of having one PO per each RF, i.e., nB = T. In this case, there would be some POs that are located away from the SS block by more than 80 ms when the periodicity of the SS block is 160 ms. 
Observation 9: The UE synchronization using SS blocks may no longer hold for receiving paging PDCCH and PDSCH if the periodicity of SS block is high, e.g., 160 ms.
To overcome this issue in Option 2, the number of POs in a DRX cycle can be restricted to nB ≤ T/2. For Option 1, the number of POs that can be allocated after the first SS block sweep should be furthermore restricted to eight. For SS periodicity of 160 ms, the distribution of POs over the DRX cycle would be the same for Option 1 and 2.
Proposal 3: To ensure that UE synchronization using SS blocks still holds for receiving paging, the number of POs after each SS/PBCH block can be restricted. 
Under the assumption that the PO duration does not span more than one RF, the PF for each UE can be computed for Option 1 as follows
SFN mod T = (UE_ID mod N) + offset, 
where UE_ID = IMSI mod 1024 and N = min(T, nB) [5]. The offset is needed to ensure that UE synchronization holds by scheduling no more than, e.g.,eight PFs after each SS block sweep: The offset is set to 0 for an SS periodicity that is less than 160 ms and to floor ( (UE_ID mod N) / 8 )* 8 for SS periodicity that is equal to 160 ms.
For illustration, Fig. 4 shows the index of the PF following Option 1 as a function of the UE_ID for a DRX cycle T of 320 ms with the SS periodicity and nB as parameters.
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               a) SS periodicity = 40 ms and nB = T/4.                           b) SS periodicity = 160 ms and nB = T/2.
Figure 4: The index of the PF following Option 1 as a function of the UE_ID for a DRX cycle T of 320 ms with the SS periodicity and nB as parameters.
In Fig. 4a), the PFs are consolidated consecutively at the beginning of the DRX cycle with index 0 to 7. In Fig. 4b), only eight PFs are allowed after each SS block sweep when the SS periodicity is 160 ms, i.e., eight PFs after the first SS block sweep in RF 0 and another eight RFs after the second SS block sweep in RF 16.
For option 2, the PF is computed as 
SFN mod T = (T/N’)*(UE_ID’ mod N’) + floor(UE_ID’/N’)
where UE_ID’ = UE_ID mod N, 
           N’ = min (T, T/SSp) where SSp is the periodicity of the SS blocks expressed in RFs. 

For illustration, Fig. 5 shows the index of the PF following Option 2 as a function of the UE_ID for a DRX cycle T of 320 ms with the SS periodicity and nB as parameters.
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               a) SS periodicity = 40 ms and nB = T/4.                           b) SS periodicity = 40 ms and nB = T/2.
Figure 5: The index of the PF following Option 2 as a function of the UE_ID for a DRX cycle T of 320 ms with the SS periodicity and nB as parameters.
In Fig. 5a), eight PFs are co-located with the RFs containing the SS block sweeps that are 40 ms apart. In Fig. 5b), 16 PFs in one DRX cycle are distributed such that two PFs are located after each SS block sweep, i.e., PFs 0 and 1 after the first SS block sweep, 5 and 6 after the second block sweep, and so on.
The index i_s pointing to PO within the PF can follow the same formula used in LTE [5], i.e., i_s = floor(UE_ID/N) mod Ns where Ns = max(1, nB/T).
4	Conclusion
In this paper, we have analysed the design of paging monitoring in NR. The observations and proposals are summarized in the following.
Observation 1: Having the paging scheduling information and paging message in the same slot increases the duration of a PO and may lead to a PO spanning more than a RF.
Observation 2: Due to QCL assumption with SS blocks, the monitoring time duration for paging is irrespective of the PO duration.
Observation 3: The duration of PO in NR varies depending on the subcarrier spacing and number of SS/PBCH blocks.
Observation 4: The PO can fit in a RF when PDSCH for paging is not transmitted in the same PO.
Observation 5: The PO may span more than one RF when PDSCH for paging is transmitted in the same PO.
Observation 6: Distributing the POs uniformly over the DRX cycle do not always offer long sleep opportunities for the base station to reduce its power consumption.
Observation 7: Consolidating the POs provides longer sleep opportunities for the base station.
Observation 8: Consolidating the POs at the beginning of each DRX cycle provides long sleep opportunities at the expense of a more restricted user data scheduling.
Observation 9: The UE synchronization using SS blocks may no longer hold for receiving paging PDCCH and PDSCH if the periodicity of SS block is high, e.g., 160 ms.
Proposal 1: RAN 1 is asked whether a PO could be restricted to a RF such it does not span more than a RF even when time division multiplexed with an SS block. 
Proposal 2: The POs are consolidated uniformly after each SS block sweep in a DRX cycle.
Proposal 3: To ensure that UE synchronization using SS blocks still holds for receiving paging, the number of POs after each SS/PBCH block can be restricted. 
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