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Paging discussions in NR have involved multiple schemes, from transmitting the paging message on all beams (“direct paging”), to group-based paging with or without UE response, to some purely L1 methods, and to the LF assisted (HF or beamformed) NR paging as proposed before. This document discusses more carefully below the LF assisted paging scheme in comparison to the HF beamforming based schemes.
The following are a summary of the main approaches that have been proposed to overcome the limitations of paging at high frequencies:
1. Direct paging based on DL narrow beam sweeping [TR38.802]: 
DL beams are swept by network for all directions, each with identical DL page information and signals:
0. It is agreed in RAN1 with remaining discussions mainly about the PF/PO structure (definition of slots, or pattern of slots, PO/PF structure for beam sweeping, etc.), and about the association between SSB  and paging.
1. L1 Repetition [4]:
1. It works for both narrow beam sweeping, and omni-directional / wide beam transmission, particularly given L1 coding repetition and combining at the cell edge.
1. It is costly due to the prelonged transmission and reception periods from L1 repetition.
1. L1_multi-point coordination [4]
2. Similar to LTE’s SFN, it requires multiple base stations to transmit (paging) to the same UE with coordination and UE-side combining.
2. It is costly to the network side for coordination and longer CP, and costly to the UE side for requiring a coherent combination capability.
1. Group or Response-driven Paging [1] 
It is also considered a 2-step paging approach, where a group paging indicator is broadcasted explicitly and then followed by a UE paging response (pre-associated preambles to the group ID), or alternatively configured and broadcasted as a bitmap of group identification (e.g., a P-RNTI) against which each UE may hash its S-TMSI without response, e.g., with implicit or explicit UE beam reporting). Finally the network may send UE-specific paging based on the response. 
1. LF assisted (HF or beamformed) NR paging in NSA (EN-DC) or SA (NR-NR DC) scenarios: 
This scheme was proposed in [5, 6] but largely ignored despite the high priority of NSA NR scenarios. Our proposal utilizes the more efficient (quasi) omni-directional LF broadcasted paging to either replace or assist the less efficient beam-sweeping based paging, as in scheme 1 or 4, particularly for HF deployments. We believe that this approach can be implemented with minimal standard impact, and so we will describe it below in more detail than [5, 6].
Due to limited space we only focus on discussing method 1, 4, and 5 only. In particular the conceptual explanations of scheme 5, and refer those interested to [7] for a detailed numerical analysis of scheme 1 vs. 4.
Discussion
In RAN1 NR Ad Hoc#3, Sept. 2017, the following options for NR paging operation were identified:
· For paging, RAN1 to down-select from the following options
· Option 1: Paging DCI followed by Paging Message
· Note: These do not imply that they are consecutive
· Option 2: Paging group indicator triggering UE feedback and Paging DCI followed by Paging Message
· Option 3: Paging group indicator and Paging DCI followed by Paging Message
· Option 4: Paging DCI indicates use of Option 1 or 2. 
RAN1 to send LS to RAN2 on whether Paging DCI and Paging Message can be in the same or different POs, including the above options. So far Option 1 has been agreed. As analyzed in [3], Huawei supports Option 3, but also proposed optimization techniques for Option 1 in [2, 3].
Later on in RAN1#90bis, the following about paging design is agreed:
· 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
· 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 it’s configuration 
· UE may assume QCL between SS Blocks, Paging DCIs and Paging Messages
· FFS: The details on the associations between SS/PBCH blocks and possible subsets of Paging DCI/Messages.
· NR supports both slot and non slot based PDSCH transmissions for Paging delivery
· For the non-slot based transmission, 2, 4 and 7 OFDM-symbol duration for the Paging PDSCH is supported
· FFS: Support of non-slot for PDCCH for Paging delivery
Direct paging based on beam sweeping
Direct paging here refers to Option 1, which is agreed to be supported by RAN 1 and RAN2. 
The agreements at NR Ad Hoc, Jan 2017, include the basic design of Option 1 about beam sweeping based paging, paging slot, paging occasion, and DRX cycle.
	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 consists of multiple time slots (e.g. subframe or OFDM symbol). (Multiple time slots enables 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.



Later on the agreements at RAN1#91 below include basic considerations for paging CORSET and related parameter configuration towards the UE:
· For paging,
· The following parameters for paging are explicitly signaled in the corresponding OSI/RMSI.
· It is up to RAN2 where the paging configuration is provided
· Paging occasion configuration, e.g., time offset, duration, periodicity
· [It is up to RAN2 how to configure the paging occasion.]
· PDCCH configuration which gives search space configuration including monitoring occasions within the paging occasion.
· For paging CORESET configuration, reuse the same configuration for RMSI CORESET as indicated in PBCH.
In a short summary, an example of paging DRX cycle and paging occasion defined based on beam sweeping period is given in Figure 1.


[bookmark: _Ref470683585]Figure 1. Illustration of paging DRX cycle/occasion based on beam sweeping period (Option 1)
However, it is well known that beam sweeping based paging has high overhead [5~7], due to the loading effects of beam sweeping, and it is difficult or complex to define an efficient scheme to properly align the transmission opportunities of paging occasion (PO), paging frame (PF), radio frame, and slot structure in each PO with the associated beam sweeping pattern. 
At least to partially improve the efficiency of direct paging, Huawei has the following optimization proposal [2, 3] as shown in Figure 2, which per RAN1 #90bis is “FFS: whether to support FDM of Paging Occasions and it’s configuration”. 


[image: ]
[bookmark: _Ref470688815]Figure 2. Examples for the proposed frequency multiplexing to optimize the direct paging (Option 1)
As shown in Figure 2, 
· One optimization approach is to frequency multiplex multiple POs (each PO may have multiple slots and carries paging DCIs) over the same duration to share the same spatial direction (i.e., same transmission beam). 
· Another approach is to frequency multiplex QCL-ed SS/PBCH blocks with POs. (Note that RAN1 #90bis has agreed that “UE may assume QCL between SS Blocks, Paging DCIs and Paging Messages.”) 
Different beam directions are TDM-ed within one paging frame for transmitting the FDM-ed POs and SS/PBCH blocks. A properly configured time-frequency multiplexing mechanism allows more compact transmission of QCL-ed SS/PBCH blocks and POs with paging CORESET (i.e., paging DCI). While such optimizations may greatly improve the efficiency, it comes at the cost of higher UE-side capability or complexity. 
Despite the optimization proposals, when the CN pages an idle UE for MT data or voice connections, it still has to notify (e.g., by S1 or NG-C backhaul message) a potentially large number of (HF) gNBs to page the UE by beam sweeping and repeat the NR-SS/PBCH plus the paging message in all directions, and then wait for the UE response for beam align, etc. In this process, the power consumption of the UE and the signalling cost at the network side are both high.
Observation 1: The beam-sweeping based NR paging schemes are limited to NR SA scenarios, see high beam sweeping and signalling overhead, and do not cover the NSA (EN-DC) or SA (NR-NR) scenario where the (wide-beam or LF) paging in a main cell may assist the (narrow-beam or HF) paging design in a secondary cell.
Group or response-driven paging
The Option 2 of group paging requires UE response [1] as shown in Figure 1, where some form of short group paging indicator is sent on all beams, and UEs that match with the indicator send a response to the network to request delivery of the actual paging message. 
Multiple UEs in the area or PO are assigned a common group ID and the short paging group indicator is used to page the common groups. If a common group ID is alerted, all the UEs assigned to the group need to send the random access request. Different random access preambles can be used to associate to different group ID. The paging message delivered to UEs only contains the UE IDs of paging group corresponding to the received preambles in each beam, as shown in Figure 3. Thus, the paging message content can be reduced.
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Figure 3: Response-based group paging procedure (Option 2) with paging group indicator
In the response-based group paging as the Option 2 [1], the UE trades off the UL response messages with DL paging granularity, and may consume more power than direct paging when required UL responses costs more than the saved DL paging wakeups or false alarms. On the other hand, compared to direct paging, the group paging saves power at least for the UEs not in the group to be paged. In fact, gain or loss depends on concrete NR paging area (in a TA or RNA), density of UEs to be paged, efficiency of DL vs. UL beam alignment, and UE’s RRC states. Regardless of Option 2 or 3, they have the same problem of possibly frequent beam sweeping or tracking, i.e., the costly spatial beam alignment process each time when the UE has to wake up for the scheduled paging opportunities or slots to receive paging  signals or to transmit the page response or RACH. It remains true regardless of UE being in RRC_IDLE or RRC_Inactive, and only deteriorates further when the UE moves around or wakes up more frequently.
Observation 2: A beam-sweeping based NR paging scheme, be it direct paging or group paging, cannot avoid the high overhead of beam sweeping or beam alignment when a paged UE has to receive the paging signals or has to transmit the UL response or RACH.
LF assisted (HF or beamformed) NR paging
Compared to the mainstream beamforming based NR paging for SA NR systems, it seems more natural to have LF and HF cells in a deployment collaborate, taking advantage of wide LF coverage for efficient paging and beamformed data connection setup in HF for fast data transmission. This idea applies to both intra-NR (NR-LF + NR-HF) and inter-RAT (LTE-LF + NR-HF) DC scenarios, e.g. utilizing the LF cell as the master and paging/RRC entity and known HF cells in its coverage as the slave. For non-standalone HF cells, based on the previous discussions and observations, it should be less of a concern that their system and paging information would be more efficiently broadcasted by the master cell of the LF layer. However, we still need to clarify the potential gain of LF assisted paging when compared to the “paging” or “connection setup” scheme in a baseline DC system. Below we analyze the message flows of the two systems side-by-side to demonstrate how an idle UE may be more efficiently paged by a MgNB (MN) and/or HF SgNB(s) (SN) than the conventional DC connection setup.

Take Figure 4 for example, where we compare current connection setup for LF + HF DC with our proposed approach. Suppose resume or re-establish a high-speed data DRB for an inactive (or idle) UE is the purpose, and we want this to happen quickly (due to mobility-incurred uncertainty), power efficiently (due to HF beam sweeping), and with low signalling overhead (over Uu or network interfaces). The Figure 4, Subplot (1) follows TS37.340 to reflect a conventional DC-based paging, and “if the measurement is configured to the UE in preparation for the Secondary Node Addition procedure described in sub-clause 10.2, the Master node should configure the measurement to the UE.” Subplot (2) is the message flow if our proposal of LF assisted HF scheme is adopted, where red text highlights the difference with subplot (1). It is very intuitive by comparing the two plots that 
· Given the LF assisted paging and HF DRB setup in (2), the HF beam alignment is more accurate and timely despite potential UE mobility, because the time gaps between the UE’s initial HF measurement, HF beam/cell selection, and HF RACH or paging response is much reduced compared to (1). Hence (2) will avoid more paging misses due to obsolete HF alignments caused by the latency from LF reports, SgNB addition, and LF RRC Connection messaging, etc., 
· The number of signalling messages involved in (2) is also much less than in (1) for both the network side and the UE side (Uu).



(1)


(2)

Figure 4. (1) “Conventional” paging of an (inactive) UE in a previously DC connected (HF + LF) systems. (2)  LF assisted (HF) paging, i.e., sped-up HF alignment and reduced LF signaling

To better understand our proposal in Figure 4), subplot (2), please refer to the four steps in Figure 5, which matches roughly the labelled four messaging steps in (2). In general, 
1. In Step 1, the LF layer may help to broadcast HF layer needed SI, etc. By doing so, the HF paging overhead for an idle/inactive UE can be significantly lowered if some system information for neighbouring HF cells are broadcasted by LF SIs without the necessity of LF RRC connection setup, or signalled over a pre-existing UE-specific LF RRC connection. For example, the HF MSI may be broadcasted or uniquely RRC signalled by the LF to the UE, while on-demand SI or high-speed data may be transmitted by designated beam pairs (DRBs) in HF. It saves UE a lot of power that could be consumed to blindly scan and beam-sweep the near-by HF SN’s, if any. 
2. The LF connection setup may be avoided if the sole purpose is to transfer UE out of Inactive/Idle and set up a high-speed HF data connection. However, the LF RRC connection can help better coordinate the UE and HF cells to find and sync-up with each other. Using the LF RRC connection, the LF layer may help coordinate between the UE and its neighbourhood HF cells to achieve the HF synchronization (in time, frequency, or beam domain) during its (HF) paging process. 
3. The LF MN may notify the UE in the paging message over Uu interface about the geo-location of specific HF SN(s), and notify the HF SN(s) over an Xn interface about the idle/inactive UE’s HF paging occasions and RACH opportunities. Then the UE based on its own geo-location and the received LF paging message may determine the HF nodes’ proximity and narrow down the target HF SgNB(s)/TRP(s), the HF spatial directions, and the time/frequency opportunities to RACH to, while the specific target HF SgNB(s)/TRP(s) may be prepared for UE’s RACH or UL paging response. By doing so, it avoids triggering a large number of HF SNs to broadcast repetitively the same paging information to the UE.
4. In this step, the HF layer beamforming-based temporal/frequency/spatial alignments can be used by the UE to quickly RACH or send back HF paging response, or to set up a HF beamformed high-speed data connection. Any HF RRC state transitions (if split SRB is to be supported in the DC) or the HF data connection setup can entail quickly and power-efficiently. 
As more clearly shown in Figure 4 (2), message 2, the LF paging by the MgNB may precede any HF actions, i.e., the LF may schedule the HF NR-SS/PBCH block, and the associated PF/PO/slot, and the coordinated HF alignment/synchronization/paging information as discussed earlier. This enables the UE to have a faster and more power-saving HF wakeup, e.g., by skipping the DL HF synchronization to many unknown HF SgNBs, and jump directly to UL HF RACH to specific SgNBs at specific moments or directions.
5. The DL LF paging and HF paging (UL response, RACH) may even be opportunistically or sequentially mixed together. This is actually a mixed LF (DL) paging and HF (UL) paging (response), as shown in Figure 5 Step 4 and 5, or Figure 4 (2). Refer to Figure 5 for example, the LF DL paging is UL responded by the paged UE through a HF SgNB/TRP, so that the necessity of HF layer DL beam sweeping is minimized or DL-UL beam alignment sped up over the entire LF cell coverage. The HF paging response can then be relayed to MN (gNB) by the SN (TRP B), which may acknowledge the LF paging, or even help any needed LF connection setup.

  Figure 5. Main (LF) assisted DL paging in secondary (HF) cell for LF assisted (HF) paging or DBR setup




Based on the above, we can have the following proposals:
Observation 3. A wide-beam (or LF) paging and connection setup may replace the blind beam-sweeping and DL synchronization associated with standalone (HF) paging and data connection setup paths in a DC-capable system.
Observation 4. DL paging and UL paging response may be paired and carried opportunistically over different (LF or HF) channels and carriers, or through asymmetric (DL vs. UL) paths in a DC-capable system. 
Proposal: RAN2 should study how wide-beam (or LF) paging can be used to enable more efficient paging and connection setup to a narrow-beam (or HF) carrier.
Conclusion
This document makes the following observations and proposals:
Observation 1: The beam-sweeping based NR paging schemes are limited to NR SA scenario, see high beam sweeping and signalling overhead, and do not cover the NSA (EN-DC) or SA (NR-NR) scenario where the (wide-beam or LF) paging in a main cell may assist the (narrow-beam or HF) paging design in a secondary cell.
Observation 2: A beam-sweeping based NR paging scheme, be it direct paging or group paging, cannot avoid the high overhead of beam sweeping or beam alignment when a being-paged UE has to receive the paging signals or has to transmit the UL response or RACH.
Observation 3: A wide-beam (or LF) paging and connection setup may replace the blind beam-sweeping and DL synchronization associated with standalone (HF) paging and data connection setup paths in a DC-capable system.
Observation 4: DL paging and UL paging response may be paired and carried opportunistically over different (LF or HF) channels and carriers, or through asymmetric (DL vs. UL) paths in a DC-capable system. 

Proposal: RAN2 should study how wide-beam (or LF) paging can be used to enable more efficient paging and connection setup to a narrow-beam (or HF) carrier.
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