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1. 	Introduction
This contribution discusses multi-beam paging design. The following agreements were made in the previous RAN1 meeting [1], [2]:
	Agreements:
· Support the paging channel design at least for RRC idle mode as follows:
· Paging message is scheduled by DCI carried by NR-PDCCH and is transmitted in the associated NR-PDSCH
· FFS: 
· Paging indication triggers UE beam reporting (if supported) 
· Opt-1: paging indication is in DCI
· Opt-2: paging indication is in non-scheduled physical channel
· How to indicate SI update if it is supported in paging

Agreements:
· The maximum number of SS-blocks, L, within SS burst set may be carrier frequency dependent
· For frequency range category #A (e.g., 0 ~ 6 GHz), the number  (L) is TBD within L ≤ [16]
· For frequency range category #B (e.g., 6 ~ 60GHz), the number is TBD within L ≤ [128]
· FFS: L for additional frequency range category
· The position(s) of actual transmitted SS-blocks can be informed for helping CONNECTED/IDLE mode measurement, for helping CONNECTED mode UE to receive DL data/control in unused SS-blocks and potentially for helping IDLE mode UE to receive DL data/control in unused SS-blocks
· FFS whether this information is available only in CONNECTED mode or in both modes
· FFS how to signal the position(s)





In the last meeting [1], a proposal on the DL resource consumption for beam-swept paging in multi-beam scenarios was discussed [2]. Further, a proposal on indicator-based paging was discussed as a potential remedy for the high DL resource consumption [4]. 
It was suggested that indicator-paging needs to consider the impact on UL resource usage. 
In this document, we propose an efficient index-based paging mechanisms, which significantly reduces DL resource usage while having only a small impact on UL resource usage.

2. Overhead of Paging in NR over-6 GHz Band
Table 1 shows the parameters that we use in our analysis. 
Table 1
	Parameters
	Explanation

	Number of SS blocks per SS burst Set 
	Number of SS blocks denote the ratio of the number of DL TX beams and gNB antenna arrays [2] that the gNB use to transmit SYNC and paging signal. 

	UE ID Size (U)
	Paging message includes UE ID. We assume 40 bit in our analysis.

	Paging Rate (P)
	Number of UEs paged per second

	Spectral efficiency (E)
	Expressed in bps/Hz. Focus on cell edge spectral efficiency in this analysis. 

	Carrier Bandwidth (B)
	Expressed in Hz



Based on the above parameters, DL paging overhead can be calculated as follows [2]:


In LTE, each SS burst set contains only one SS block. However, in millimetre wave band (MMW), each SS burst set can have as many as 128 SS blocks.
On the other hand, LTE has 20 MHz bandwidth whereas a component carrier of MMW can have 100 MHz bandwidth. Besides, the cell edge spectral efficiency of LTE is 0.1 bps/Hz. Cell edge spectral efficiency is targeted to be 0.3 bps/Hz in millimetre wave [2]. Although, simulation results suggest that we might be able to only achieve 0.225 bps/Hz at the cell edge [3].
Based on these numbers and assuming cell edge spectral efficiency of MMW to be 0.3 bps/Hz, the DL paging overhead for LTE and MMW are shown in Figure 1
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Figure 1: Comparison of paging overhead between LTE and MMW networks
Figure 1 shows that LTE consumes a paging overhead of approximately 15% when it has to page 7000 UEs per second. MMW networks, on the other hand, will consume a significant paging overhead because paging message needs to be beam swept towards all directions of the cell. If paging message needs to be beam swept to 128 directions, paging overhead exceeds 100%! Also, these simulations were obtained while assuming 0.3 bps/Hz cell edge spectral efficiency. If we had assumed 0.225 bps/Hz spectral we find achievable through evaluation results, DL paging overhead would have been close to 200%.
Observation 1: DL paging overhead in MMW networks is very high since the gNB needs to sweep paging message to multiple directions. 
3. Indication Based Paging Mechanism
Due to excessive overhead of paging in MMW networks, base stations can put UEs into different groups and broadcast indication of the group. Our proposed indication based paging mechanism is shown in Figure 2.
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Figure 2: Indication based Paging Mechanism

3.1. Grouping of UEs into Multiple Groups
If too many UEs are put into one group, then the probability of false positive increases, i.e., a UE mistakenly assumes that the paging information is intended for itself. Hence, it is important to select group ID size to reduce the probability of false positive.
Figure 3 shows that, if total number of UEs is less than 8000, the number of UEs per group can be made sufficiently small by having 10-13 bit group ID. 
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Figure 3: UEs per group for different group ID size

3.2 DL overhead of Indication Based Paging 
According to Figure 1, the first step of indication based paging mechanism involves broadcasting the group ID of UEs. The overhead of this broadcast signal is the following:

     (1)
After UEs transmit paging response in the uplink, gNB transmits paging message to the set of directions from where it received paging response. The number of beam sweeping direction for each paging message can be approximated as the minimum of the number of UEs per group and the number of SS blocks per SS burst set. Hence, DL overhead of step 3 of Figure 2 is equal to the following:

   (2)
The total DL paging overhead is equal to the overhead shown in equation (1) and (2). Figure 3 compares the DL paging overhead with different levels of group ID size and an LTE like paging mechanism where the whole paging message is beam swept to all directions. In this simulation, we assumed that the total number of UEs to be equal to the paging rate.  
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Figure 4: DL paging overhead for different levels of group ID size (1 bit and 4 bit group ID lead to same overhead as LTE type broadcast paging)
Figure 4 shows that 1 bit group ID leads to same DL overhead as LTE like paging mechanism. The reason is if all UEs are split into only two groups, i.e., UE group ID has 1 bit, then all UEs that wake up together will assume that the paging message is intended for them. All these UEs will transmit paging response and base station will have to transmit the paging message to all directions. A similar scenario occurs with 4 bit group IDs. 
Figure 4 suggests that 10 bits of group ID reduce DL paging overhead significantly. Since the number of UEs in a coverage area will be orders of magnitude smaller than 2^40, it is not useful to beam sweep 40 bits of UE ID.
Observation 1: Since the number of UEs in a coverage area will be orders of magnitude smaller than 2^40, it is not useful to beam sweep 40 bits of UE ID. 
Observation 2: 10 bits of group ID and group indication based paging mechanism significantly reduce DL paging overhead.

3.3. Overhead of UL Beam Reporting which is Triggers by Paging Indication
UL beam reporting, i.e., response to paging indication, can be similar to random access preamble transmission since UEs that require paging message might be unsynchronized with the base stations. Since RAN1 is still discussing the RACH design [5], we use our RAN1 contribution to discuss the overhead of uplink paging response, i.e., the overhead of uplink beam reporting which is triggered by paging indication.
Our PRACH design [6] consists of a Zadoff Chu sequence of length 139 with 30 kHz tone spacing. Hence, PRACH consumes roughly 4.32 MHz bandwidth. Assuming 100 MHz bandwidth for NR high frequency band, there can be 23 different responses. This suggests that each PRACH occasion can accommodate 12788 (23 * 139 * 4) preambles. Hence, 10 bit group ID for paging indication consumes roughly 8% overhead (210/ 12788) of one PRACH occasion.

There will be multiple PRACH occasions in each second. If each group of UE gets the complete flexibility to pick any PRACH occasion to transmit paging response, the overhead of paging response will be 8% of the total PRACH overhead. This will allow UEs from one group to retransmit paging response in the next slot without colliding UEs from another group.  
However, if we restrict the paging response of each group of UE to one occasion, the overhead of paging response will be much smaller. Assuming 40 ms PRACH periodicity and 25 PRACH occasions, total paging overhead in this case will be roughly 0.3% of PRACH overhead.  The tradeoff between UL overhead and UE’s flexibility to transmit paging response can be further investigated.

Observation 3: 10 bits of group ID keeps UL overhead of paging response to a small value.
3.4 Overall Analysis of Indication based Paging Mechanism
The previous sections suggest that a judicial selection of group ID size allows indication based paging mechanism to significantly reduce DL overhead while slightly increasing UL overhead.

However, with the presence of high number of UEs, index based paging mechanism triggers many UEs to transmit paging response. After transmitting paging response UEs find that if the paging message is really intended for itself. This might lead to more power consumption at UEs. Hence, NR should further investigate the advantages and disadvantages of index based paging mechanism.
Proposal 1: NR should further consider indication based paging mechanism where false positives can be reduced by appropriately selecting group ID sizes. 
Proposal 2: NR should further consider the triggering of UE beam reporting based on the transmission of paging indication. 
4. Multiplexing of Paging and Synchronization Signals
As mentioned throughout the article, paging information needs to be beam swept to all directions of the cell. Synchronization signal needs to be beam swept as well. Hence, frequency division multiplexing of synchronization signal and paging may reduce the total number of beam sweeps. However, there are some potential drawbacks of frequency division multiplexing of paging and synchronization signal.
1. The bandwidth of synchronization signal in sub-6 GHz may become close to 5 MHz. The carrier bandwidth for some operators is also 5 MHz. If paging is FDMed with synchronization signal, UEs of these operators might not be able to receive paging and synchronization signal simultaneously.

2. In millimetre wave band, further investigation is necessary if synchronization signal should be frequency division multiplexed with any other signal. By avoiding FDM, PAPR advantage could be provided to PSS signal which might be very beneficial in MMW band where path loss is high.
Due to these considerations, we propose the multiplexing between paging and synchronization signal to be kept for further study.
Proposal 3: It should be FFS whether paging will be frequency division multiplexed with synchronization signals. Decision should be taken after designing SYNC channel.

5. Conclusion
Observation 1: Since the number of UEs in a coverage area will be orders of magnitude smaller than 2^40, it is not useful to beam sweep 40 bits of UE ID. 
Observation 2: 10 bits of group ID and group indication based paging mechanism significantly reduce DL paging overhead.
Observation 3: 10 bits of group ID keeps UL overhead of paging response to a small value.
Proposal 1: NR should further consider indication based paging mechanism where false positives can be reduced by appropriately selecting group ID sizes. 
Proposal 2: NR should further consider the triggering of UE beam reporting based on the transmission of paging indication. 
Proposal 3: It should be FFS whether paging will be frequency division multiplexed with synchronization signals. Decision should be taken after designing SYNC channel.
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