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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 transmission of SS blocks within SS burst set is confined to a 5 ms window regardless of SS burst set periodicity
· Within this 5 ms window, number of possible candidate SS block locations is L
· The maximum number of SS-blocks within SS burst set, L, for different frequency ranges are
· For frequency range up to 3 GHz, L is 4
· For frequency range from 3 GHz to 6 GHz, L is 8
· For frequency range from 6 GHz to 52.6 GHz, L is 64
· Note that RAN1 assumes minimum number of SS blocks transmitted within each SS burst set is one to define performance requirements

Agreements:
· RAN1 assumes at least SSS is used for SS block RSRP
· Note that NR-PBCH DMRS can also be used for SS block RSRP if UE can know the power offset of NR-PBCH DMRS and NR-SSS





2. Overhead of Paging in HF Band
In multi-beam scenarios, broadcast transmissions such as used for the delivery of paging messages have to be conducted via beam sweep. Due to the large number of beams on gNB side, broadcast becomes very inefficient. We estimate the DL capacity overhead associated with paging for multi-beam systems and compare it to that of LTE.
The paging overhead in multi-beam scenarios, e.g. using HF bands, depends on the ratio of the number of beam directions that the gNB has to sweep and the number of gNB antenna arrays [3]. Number of SS blocks in an SS burst set can be considered as an equivalent term to this ratio because gNB decides the number of SS blocks based on the number of directions it has to sweep and its number of antenna arrays. Hence, we use the number of SS blocks, instead of the number of beam directions and the number of antenna arrays, to analyse DL paging overhead.
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 [3] that the gNB use to transmit SYNC and paging signal. 

	UE ID Size (U)
	Paging message includes UE ID. We assume 40bits 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 64 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. Simulation results suggest that we might be able to achieve 0.225 bps/Hz at the cell edge for NR [4]. Based on these numbers, 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 compares LTE- and MMW-capacity demand for paging. LTE consumes approximately 13% of DL capacity at maximum paging rate of 6400 UEs per second. In MMW networks, the DL capacity demand for the same paging rate is substantially higher, and it can reach up to 73% of DL capacity for 64 SS blocks. This is 5-6 times higher than the corresponding DL capacity demand for paging in LTE networks. 
Observation 1: DL paging overhead in MMW networks is very high since the gNB needs to sweep paging message to multiple directions. 
3. Paging Index Broadcast and Size Selection
3.1 Reduction of DL Overhead through Compression of Paging Records 

The size of the paging broadcast can be reduced via compression of paging records. Such compression can be based on a hash applied to the UE ID, such as an S-TMSI or IMSI, contained in the paging record, for instance. It may also be based on a truncation of the UE ID. It may be based on replacing the UE ID with a group ID, assuming the UE has been associated with such a group before. Other compression methods are possible. The compressed form of a UE ID is referred to as a paging index. The paging broadcast only contains paging indexes.
After compression, the gNB broadcasts a paging index of X bits instead of a UE-ID of (say) 40bits length, which reduces DL paging overhead by a factor of 40/X. For example, if X = 14 bits, the broadcast overhead is reduced by a factor of almost three.
Observation 2: Index-based paging significantly reduces the overhead of DL paging broadcast. 



3.1. Determination of Index Size
To obtain sufficiently large resource gains in broadcast paging, lossy compression needs to be applied. Such lossy compression may lead to false paging alerts since a paging index may map to multiple UE IDs, among which only one or a subset ought to be paged. Here, false alert occurs due to the many to one mapping of the paging index. In other words, by false alert, we focus on the scenario where a UE receives the paging index bits correctly from gNB; assumes that the index is intended for itself because the mapping function maps its UE ID to the same paging index that is transmitted by gNB; but the paging index is intended for another UE.
False paging alert due to index based paging mechanism can be reduced by appropriately selecting the index size. For example, LTE transmits at most 16 paging messages in each paging occasion and the paging occasion occurs four times in every 10ms. For an index size of X bits, the probability to receive a false alert amounts to roughly 16 * 2-X. Assuming X = 14 bits, the probability of a false alert becomes less than 10-3, which translates into one false alert in more than 1000 x 320ms = 5 ½ min. This is a worst-case scenario. In more realistic scenarios, the false-alert rate would be much lower. 
Observation 3: Appropriate selection of the paging index size can reduce false alerts to low probability.
Proposal 1: NR should support index-based paging mechanism while allowing for appropriate index size that sufficiently reduces the probability of false alerts.
Our companion contribution in RAN2 describes index based paging methods in details [6].
4. Same Set of Antenna Ports to Transmit Paging and Synchronization Signals
In a multi-beam scenario, UE will have to sweep its RX beams to receive a signal from gNB if it does not know its appropriate beam by that time. If gNB has to transmit paging signal to 64 directions and if UE has to sweep 4 RX beams, then gNB should transmit paging signal 256 times in total, four times towards each of the 64 directions. Thus, it is beneficial for the antenna ports used to transmit paging and synchronization signals to be same. In this procedure, UE should wake up slightly before receiving paging signals. The UE should find its appropriate RX beam from the reception of synchronization signals and use a suitable RX beam to receive paging signal. The same antenna ports that are used to transmit paging and synchronization signals should be defined in the spec.
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Figure 2: UE’s determination of RX beams to receive paging signal based on its SS reception
Figure 2 shows that the UE wakes up before receiving paging signal. It tries its different RX beams to receive synchronization signals and finds a suitable RX beam to receive SS blocks. Our contribution in [7] describes, in details, the suitability of UE RX beam search based on synchronization signals. gNB ensures that the antenna ports used to transmit paging and synchronization signals are same. UE uses the same RX beam to receive paging signal that it used to receive SS blocks. 
Proposal 2: gNB uses the same set of antenna ports to transmit paging and synchronization signals.
5. Multiplexing of Paging and Synchronization Signals
As mentioned previously, 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 will reduce the total number of beam sweeps. This overhead reduction might be especially important in over-6 GHz network where gNB might not be able to multiplex regular DL data and paging/synchronization signals in the frequency domain due to analog beamforming constraint.
Observation 4: Frequency division multiplexing of synchronization and paging signals reduce total beam sweeping overhead in multi-beam scenario, especially in over-6 GHz networks.
However, there are some potential drawbacks of frequency division multiplexing of paging and synchronization signal.
1. Based on the latest agreement, the bandwidth of PBCH in sub-6 GHz will be 4.32 MHz. The carrier bandwidth for some operators is 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 millimeter wave band, frequency division multiplexing of data and synchronization signal may not be feasible due to analog beamforming constraints at gNB. By avoiding FDM, PAPR advantage could be provided to PSS signal which might be very beneficial in MMW band where path loss is high.

3. Time division multiplexing of paging and synchronization signals allow UE to wake up slightly before the paging occasion and train based on SSS and the DMRS of PBCH. This will reduce UE’s total wake up time if it needs to receive paging signal in a beamformed manner to meet link budget.

4.  Tone spacing of paging and synchronization signals may be different. Frequency division multiplexing of paging and synchronization signal will force UE to simultaneously process signals with different tone spacings. 
.
Observation 5: Frequency division multiplexing of synchronization and paging signals may impact the UEs whose minimum bandwidth is small.
Observation 6: Frequency division multiplexing of synchronization and paging signals may prohibit gNBs from obtaining PAPR advantage and performing power boosting to meet link budget of synchronization signals.
Observation 7: Time division multiplexing of paging and synchronization signals allow UE to wake up slightly before receiving paging signal; train its RX beams during SYNC reception and find the best RX beam to receive paging signal.
Observation 8: Tone spacing of paging and synchronization signals may be different. Frequency division multiplexing of paging and synchronization signal will force UEs to simultaneously process signals with different tone spacing.
Based on these pros and cons, NR should limit frequency division multiplexing of paging and synchronization signals to over-6 GHz band only. Besides, even in over-6 GHz band, paging occasion of a UE should be frequency division multiplexed with SS blocks only if the UE has the capability to receive signal outside of the SSS bandwidth and if paging and synchronization signal are transmitted with the same tone spacing (e.g. 120 kHz);
Proposal 3: In over-6 GHz, gNB can configure frequency division multiplexing of paging and synchronization signal based on: 1) UE capability; i.e., if UE can receive signal in bandwidth outside of SS block; 2) Selected tone spacings; i.e. paging and synchronization signals are transmitted with same tone spacing.
6. Conclusion
Observation 1: DL paging overhead in MMW networks is very high since the gNB needs to sweep paging message to multiple directions. 
Observation 2: Index-based paging significantly reduces the overhead of DL paging broadcast. 
Observation 3: Appropriate selection of the paging index size can reduce false alerts to low probability.
Observation 4: Frequency division multiplexing of synchronization and paging signals reduce total beam sweeping overhead in multi-beam scenario, especially in over-6 GHz networks.
Observation 5: Frequency division multiplexing of synchronization and paging signals may impact the UEs whose minimum bandwidth is small.
Observation 6: Frequency division multiplexing of synchronization and paging signals may prohibit gNBs from obtaining PAPR advantage and performing power boosting to meet link budget of synchronization signals.
Observation 7: Time division multiplexing of paging and synchronization signals allow UE to wake up slightly before receiving paging signal; train its RX beams during SYNC reception and find the best RX beam to receive paging signal.
Observation 8: Tone spacing of paging and synchronization signals may be different. Frequency division multiplexing of paging and synchronization signal will force UE to simultaneously process signals with different tone spacing.
Proposal 1: NR should support index-based paging mechanism while allowing for appropriate index size that sufficiently reduces the probability of false alerts.
Proposal 2: gNB uses the same set of antenna ports to transmit paging and synchronization signals.
Proposal 3: In over-6 GHz, gNB can configure frequency division multiplexing of paging and synchronization signal based on: 1) UE capability; i.e., if UE can receive signal in bandwidth outside of SS block; 2) Selected tone spacing; i.e. if paging and synchronization signals are transmitted with the same tone spacing.
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