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1. Introduction

RAN2#101bis reached the following agreement on the association between SSB and paging:

Agreements of PO/PF calculation:

1
As a baseline, the association between SSB and monitoring window of PDCCH containing Paging DCI will be same as that between SSB index and its RMSI monitoring window (as defined in TS 38.213). It means the same monitoring window of PDCCH containing Paging DCI and RMSI monitoring window.

An email discussion was launched (summarised in [1]) to establish the details of the PO/PF calculation and to determine the associated paging capacity.  This document addresses some issues related to the PO and PF calculation.

2. Discussion
2.1. Paging frame calculation

Under the default association that was agreed upon as a baseline, the SSB and the corresponding PO can be time-multiplexed, or (in FR2 only) frequency-multiplexed in two different ways depending on numerology, as shown in Figure 1.
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Figure 1: Multiplexing of SSB and paging (from [2])

For patterns 2 and 3, the periodicity of the CORESET and PDSCH (paging/RMSI) matches that of the SSB, while for pattern 1 the periodicity of the PDSCH is always 20 ms.  As a consequence, in FR1 and in case the SSB periodicity in FR2 is 20 ms or more, not every radio frame can contain paging.  In addition, it could be possible in pattern 1 not to configure paging on every 20-ms occasion; for instance, if the SSB periodicity is longer than 20 ms, it might not be productive to configure paging occasions at 20-ms intervals that are located away from the SSB occasions.  This is discussed further below, but we assume the network has flexibility even in pattern 1 to configure only a subset of the possible paging occasions.
Observation 1: In FR1 and for some cases in FR2, not every radio frame is a paging frame.

On the other hand, the only case in which more than one instance of paging can occur in a radio frame is in FR2 with SSB periodicity of 5 ms, allowing two paging occasions per radio frame (and in this case every radio frame would be a paging frame).

Observation 2: The number of potential paging instances per radio frame varies from 1/16 (pattern 2 or 3 with 160 ms SSB periodicity) to 2 (pattern 2 or 3 with 5 ms SSB periodicity).

We suggest that this situation can be modelled similarly to LTE, with certain frames considered as paging frames (in this case, it would be either every frame or every second frame) and one or more paging occasions concentrated in the paging frames (in this case, either 1 or 2 paging occasions per paging frame).

Proposal 1: Reuse the paging frame concept from LTE, in which certain radio frames are identified as paging frames and the UE hashes to a paging frame within the length of the DRX cycle.

In LTE, the paging frame calculation depends on the DRX cycle length T and a value N that reflects the density of paging frames (there are nB paging occasions per DRX cycle, and N=min(T,nB), so that every (T div N)’th frame is a paging frame).  These parameters can be kept in NR, but in line with Observation 2 above, the range of N changes compared to LTE.

Proposal 2: The relationship between T, N, and nB is maintained from LTE.
In LTE, N can be as low as T/256, i.e., one paging frame occurs every 256 radio frames.  In NR, with the RMSI association for paging, a paging occasion can occur

· every 2nth for n=1..4 frame (pattern 1, or pattern 2/3 with longer SSB periodicity);

· every frame (patterns 2/3 with SSB periodicity 10 ms);

· twice per frame (patterns 2/3 with SSB periodicity 5 ms);

· or less often, depending on system configuration (but with at least one PO per DRX cycle).

In terms of the LTE PF formula, the first three options correspond to nB=T/2n, nB=T, and nB=2T respectively, which implies that N would be either T/2n or T.  If paging is not configured at every opportunity, smaller values of nB could be used, potentially down to nB=1 (e.g., nB=T/16 with a 16-frame DRX cycle), with correspondingly smaller values of N.
Proposal 3: The maximum value of nB is 2T.

Proposal 3a: For FR1, the maximum value of nB is T/2.
As discussed above, the network might not want to configure every possible paging occasion; for example, if the SSB periodicity is longer than 20 ms, it might be desirable to configure a lower value of nB to align the paging occasions with the SSB transmissions.

Proposal 4: The network can configure nB to result in a number of paging occasions that is less than the maximum number of occasions offered by the default association.
Proposal 5: The minimum value of nB is T/K, where K is the maximum paging DRX cycle length.

Proposal 6: It is left to network implementation to configure T and nB properly, such that nB has a value consistent with the SSB periodicity, frequency range, and multiplexing pattern, and at least one paging frame occurs per DRX cycle.

2.2. Paging occasion calculation

The baseline paging occasion computation would have each paging occasion associated with an SSB.  Within the paging frame, there can be either 1 or 2 paging occasions (2 only in case the SSB periodicity is 5 ms), but in any case, the paging occasion uniquely corresponds to a particular SSB.  Thus, similar to the conditions for monitoring RMSI, the UE only needs to determine what slot corresponds to the relation between SSB and paging.
For this paper, we confine attention to the baseline calculation.  However, if there is a need for greater paging capacity, it might be necessary to multiplex different paging occasions together in correspondence with the same SSB; see [3] for some related analysis.

The correspondence between SSB and paging is the same as that between SSB and RMSI in TS 38.213.  For RMSI, in case of multiplexing pattern 1, the slot for (the start of) monitoring within the frame is defined by 
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, where O and M are defined by tables in 38.213 and i is the SSB index. In case nB ≤ T, i.e. there is only one paging occasion in a paging frame, this formula can be reused as it is.

Proposal 7: For multiplexing pattern 1, the formula for the start of paging monitoring reuses the formula from 38.213 for RMSI monitoring; that is, monitoring for the paging occasion starts at slot number 
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 within the paging frame, where O and M are defined by the tables in 38.213 and i is the SSB index.

For multiplexing patterns 2 and 3, the monitoring slot is given directly by Tables 13-13 to 13-15 of TS 38.213 (always aligned with the SSB, except for the case of multiplexing pattern 2 when the SSB occurs at the beginning of the slot).  It should be straightforward to maintain this relationship for paging.
Proposal 8: For multiplexing patterns 2 and 3, monitoring for the paging occasion starts at the slot number indicated in Tables 13-13 to 13-15 of TS 38.213.
A complication arises for the case of nB=2T, i.e. multiplexing pattern 2 or 3 with an SSB periodicity of 5 ms.  In this case there are two paging occasions within the frame, spaced 5 ms apart, and UEs can hash to one of the two paging occasions.  This can be achieved by an offset, such that the monitored paging occasion is offset by 5 ms (modulo the frame length) based on the parity of (UE ID div N).
Proposal 9: In case nB=2T, the UE applies an offset of 5 ms to the indicated slot number if (UE ID div N) is odd.
2.3. Alignment with SMTC window

If the full flexibility of the default association is used to maximise paging capacity, some configurations may result in the UE needing to wake up twice per paging cycle, once to take RRM measurements of neighbour cells and once to receive paging.  From the UE power saving standpoint this is quite costly and should be avoided; it would be better to concentrate paging occasions close to the SMTC measurement window, which may be more restrictive than just concentrating them close to the SSB.

A possible way to enable paging frame match SMTC window is to add an offset to the SFN calculated by the LTE framework for PF. In addition, the range of nB can be limited according to SMTC periodicity so that paging frame periodicity is multiples of SMTC periodicity; e.g., if the SMTC periodicity is 40 ms, nB could be chosen so that paging occasions occur only every 40 ms.  However, reducing the number of paging occasions has obvious capacity costs.  In this section, we discuss an approach to align larger numbers of paging occasions close to the SMTC window.

To align the PF with the SMTC window, PF can be given by the following equation:
SFN mod T= ((T div N)*(UE_ID mod N) + Offset_SMTC + Offset_SSBIndex) mod T, 
where Offset_SMTC can be determined by the location of the first SMTC window after SFN #0, and Offset_SSBIndex = [image: image5.png][(0-2# + i - M])/NIE™* |mod 2



 for multiplexing pattern 1 and Offset_SSBIndex = 0 for multiplexing pattern 2 and 3, where O and M are defined by the tables in 38.213 and i is the SSB index. For pattern 2 and 3, Offset_SMTC is the SFN of the first SMTC window after SFN #0. For pattern 1, since the monitoring occasion occurs every two frames, Offset_SMTC should be the nearest even frame to the first SMTC window after SFN #0. For example, Offset_SMTC = ceil(SFN_SMTC/2)*2, where SFN_SMTC is the SFN of the first SMTC window after SFN #0.

This formula has the effect of aligning the paging frames with the SMTC windows as shown in Figure 2.
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Figure 2: Alignment of paging occasions with SMTC windows
Proposal 10: Apply an offset to align the paging frame with the SMTC window.
2.4. Offset based on UE ID

Note that Proposal 10 remains within the default association.  According to the above PF formula, the paging frames are aligned with SMTC window. For pattern 1, it is possible to further distribute different UEs to several frames close to the SMTC window. To enable this, the PF formula can be improved as follows. 

SFN mod T= ((T div N)*(UE_ID mod N) + Offset_SMTC + Offset_SSBIndex + Offset_UEID) mod T, 
where Offset_UEID is an additional offset from the paging frame to the frame of the SMTC window based on UE_ID. For example, Offset_UEID = 2*(floor(UE_ID/N) mod NPF_Cluster), where NPF_Cluster is the number of paging frames considered “adequately close” to the SMTC window (determined by network implementation). When NPF_Cluster equals 1, Offset_UEID = 0. NPF_Cluster can be configured by network.

This offset causes a “cluster” of paging frames close to the SMTC occasion, instead of spacing the paging frames evenly across the DRX cycle.  The resulting alignment is as shown in Figure 3.
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Figure 3: Clustering of paging frames by UE ID
Proposal 11: Adopt the following calculation for SFN of PF:
SFN mod T= ((T div N)*(UE_ID mod N) + Offset_SMTC + Offset_SSBIndex + Offset_UEID) mod T 

T: DRX cycle of the UE. 

nB: 2T, T, T/2, T/4, T/8, T/16, T/32, T/64, T/128, and T/256.
N: min(T,nB)

UE_ID: IMSI mod 1024
Offset_SMTC : ceil(SFN_SMTC/2)*2 for pattern 1, SFN_SMTC for pattern 2 and 3, where SFN_SMTC is the SFN of the first SMTC window after SFN #0.

Offset_SSBIndex : [image: image9.png][(0-2# + i - M])/NIE™* |mod 2



 for pattern 1, 0 for pattern 2 and 3, where O and M are defined by the tables in 38.213 and i is the SSB index.
Offset_UEID = 2*(floor(UE_ID/N) mod NPF_Cluster)
3. Conclusion

Proposal 1: Reuse the paging frame concept from LTE, in which certain radio frames are identified as paging frames and the UE hashes to a paging frame within the length of the DRX cycle.

Proposal 2: The relationship between T, N, and nB is maintained from LTE.
Proposal 3: The maximum value of nB is 2T.

Proposal 3a: For FR1, the maximum value of nB is T/2.
Proposal 4: The network can configure nB to result in a number of paging occasions that is less than the maximum number of occasions offered by the default association.
Proposal 5: The minimum value of nB is T/K, where K is the maximum paging DRX cycle length.

Proposal 6: It is left to network implementation to configure T and nB properly, such that nB has a value consistent with the SSB periodicity, frequency range, and multiplexing pattern, and at least one paging frame occurs per DRX cycle.

Proposal 7: For multiplexing pattern 1, the formula for the start of paging monitoring reuses the formula from 38.213 for RMSI monitoring; that is, monitoring for the paging occasion starts at slot number 
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 within the paging frame, where O and M are defined by the tables in 38.213 and i is the SSB index.

Proposal 8: For multiplexing patterns 2 and 3, monitoring for the paging occasion starts at the slot number indicated in Tables 13-13 to 13-15 of TS 38.213.
Proposal 9: In case nB=2T, the UE applies an offset of 5 ms to the indicated slot number if (UE ID div N) is odd.
Proposal 10: Apply an offset to align the paging frame with the SMTC window.

Proposal 11: Adopt the following calculation for SFN of PF:
SFN mod T= ((T div N)*(UE_ID mod N) + Offset_SMTC + Offset_SSBIndex + Offset_UEID) mod T 

T: DRX cycle of the UE. 

nB: 2T, T, T/2, T/4, T/8, T/16, T/32, T/64, T/128, and T/256.
N: min(T,nB)

UE_ID: IMSI mod 1024
Offset_SMTC : ceil(SFN_SMTC/2)*2 for pattern 1, SFN_SMTC for pattern 2 and 3, where SFN_SMTC is the SFN of the first SMTC window after SFN #0.

Offset_SSBIndex : [image: image12.png][(0-2# + i - M])/NIE™* |mod 2



 for pattern 1, 0 for pattern 2 and 3, where O and M are defined by the tables in 38.213 and i is the SSB index.
Offset_UEID = 2*(floor(UE_ID/N) mod NPF_Cluster)
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5. Text Proposal
7.1
Discontinuous Reception for paging
The UE may use Discontinuous Reception (DRX) in RRC_IDLE and RRC_INACTIVE state in order to reduce power consumption. The UE monitors one paging occasion (PO) per DRX cycle and one PO can consist of multiple time slots (e.g. subframe or OFDM symbol) where paging DCI can be sent [4]. In multi-beam operations, the length of one PO is one period of beam sweeping and the UE can assume that the same paging message is repeated in all beams of the sweeping pattern. The paging message is same for both RAN initiated paging and CN initiated paging.
One Paging Frame (PF) is one Radio Frame, which may contain one or multiple Paging Occasion(s). 
PF is given by following equation:

SFN mod T= ((T div N)*(UE_ID mod N) + Offset_SMTC + Offset_SSBIndex + Offset_UEID) mod T, 
The following Parameters are used for the calculation of the PF:

-
T: DRX cycle of the UE, as determined by the shortest of the UE specific DRX value, if allocated by upper layers, and a default DRX value broadcast in system information. If UE specific DRX is not configured by upper layers, the default value is applied.

-
nB: 2T, T, T/2, T/4, T/8, T/16, T/32, T/64, T/128, and T/256.

-
N: min(T,nB).
-
UE_ID: IMSI mod 1024.
-
Offset_SMTC : ceil(SFN_SMTC/2)*2 for pattern 1, SFN_SMTC for pattern 2 and 3, where SFN_SMTC is the SFN of the first SMTC window after SFN #0.

-
Offset_SSBIndex : [image: image14.png][(0-2# + i - M])/NIE™* |mod 2



 for pattern 1, 0 for pattern 2 and 3, where O and M are defined by the tables in 38.213 and i is the SSB index.
-
Offset_UEID = 2*(floor(UE_ID/N) mod NPF_Cluster)
-
A: network configured value controlling the distance of paging frames from the SMTC window
Within the paging frame, the UE monitors two consecutive slots starting at slot n0 for paging DCI, where for multiplexing pattern 1, 
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, where O and M are determined by Tables 13-11 and 13-12 of TS 38.213; and for multiplexing patterns 2 and 3, n0 is determined by Tables 13-13 to 13-15 of TS 38.213. In case nB=2T, the UE applies an offset of 5 ms to the indicated slot number if (UE ID div N) is odd.
The UE initiates RRC Connection Resume procedure upon receiving RAN paging. If the UE receives a CN initiated paging in RRC_INACTIVE state, the UE moves to RRC_IDLE and informs NAS.
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