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1. Introduction
The first part of this contribution discusses possible relationship between SSB index and monitoring window within the paging occasion in paging frames. Thereafter, it focuses on the need for group index based paging mechanism and shows how currently agreed paging mechanism can achieve this.
2. Relationship between SSB Index and Paging Occasion, Paging Frame and Monitoring Window within the Paging Occasion
In LTE, UE’s wake up time location is determined by paging occasion and paging frame. Paging frame and occasion point to the specific radio frame and slot where UE should wake up. 
In a multi-beam scenario of NR, gNB has to transmit both synchronization signals and other broadcast signals like remaining minimum system information and paging signal in a sweeping manner. Hence, unlike LTE, paging occasion for a particular UE has to be beam swept over multiple slots. Since UE will be able to detect only a subset of those beams or perhaps only one beam in many scenarios, remaining awake for the entire duration of paging occasion will increase UE’s power consumption.
Observation 1: In a multi-beam scenario of NR, paging occasion for a particular UE has to be beam swept over multiple slots. Remaining awake for the entire duration of paging occasion increase UE’s power consumption.
Hence, it makes sense to generate a timing relationship between SS blocks and paging grants signals. This will allow UE to detect just one SS block and find the timing location of the corresponding paging signal from the detected SS block index. Hence, UE will not have to remain awake during all slots of the paging occasion where gNB transmits broadcast channels through different sweeping beams.
Hence, NR should introduce a term ‘monitoring widow within the paging occasion’ that allows UE to wake up at a specific slot to receive paging grant in a multi-beam system.
Note that, NR has already defined the relationship between SS block index and corresponding RMSI grant location through the following agreement:
	
Working assumption (RAN1 91 bis) [11]
· When the SS/PBCH blocks and corresponding RMSI search space sets occur for pattern 1 NR supports the configuration where the RMSI CORESET monitoring window associated with the SS/PBCH block SSB_i in a burst set is defined as follows:
· The RMSI CORESET monitoring window duration with RMSI numerology is 2 slots;
· The first slot index of the monitoring window of SSB_i 
· The first slot index S with RMSI numerology for a monitoring window of SSB_i, with respect to the SFN boundary, is determined by
· S = mod(X*n +  f(i), number of slots per frame in RMSI numerology)
· SFN index: 
· When floor((X*n +  f(i))/(number of slots per frame)) = 0, the SFN to carry the RMSI monitoring window is determined by mod(SFN,2)=0
· When floor((X*n +  f(i))/(number of slots per frame)) = 1, the SFN to carry the RMSI monitoring window is determined by mod(SFN-1,2)=0
· Note that this is an update of the previous agreements: mod(SFN,2)=0 applies to all the CORESETs
· Here:
· n = (RMSI SCS)/(15 kHz)
· X can be configured as {0, 2, 5, 7} when SSB SCS is 15kHz or 30kHz; and configured as {0, 2.5, 5, 7.5} when SSB SCS is 120kHz or 240kHz for pattern 1
·  f(i) = floor(i*M)
· M equals 1/2, if N=2 and X belongs to {0,2,5,7} 
· M = 1, if N=1 and X belongs to {0,2,5,7}
· M = 2, if N=1 and X belongs to {0,5}
· i is the SSB index of SSB_i 
· N is the number of search space sets per slot, which can be configured as {1, 2}
· The starting symbol index R for the RMSI CORESET monitoring window is determined as follows
· when N = 1, R = 0, l={1,2,3}, where l is the CORESET duration
· when N = 2, R is obtained with one of the following options, which will be selected in different use cases:
· R={0,l} for sub6GHz where l={1,[2],[3]} is the CORESET duration
· If SSB index is even, 0; if odd, l
· R={0,7} & {0,l} for over6GHz
· If SSB index is even, 0; if odd, 7
· At least for the 30kHz SSB SCS/15kHz RMSI SCS LTE-NR coexistence case, R = 1, or 2 should be supported
· The number of RMSI search space sets to monitor is at most one per SSB within duration of 14 symbols with RMSI numerology.




Following a similar argument, monitoring window within the paging occasion should be associated with an SSB index of an SS burst set. Note that, NR has already defined spatial QCL relationship between SS block and synchronization signals through the following agreement:
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	Agreements:
· UE may assume QCL between SS Blocks, Paging DCIs and Paging Messages.
UE is not required to soft combine multiple Paging DCIs within one PO



Hence, if NR associates a monitoring window within the paging occasion for each SS block, UE can select its specific wake up time based on the SS block index and use the same RX beam to receive paging grant that it used to receive the corresponding SS block.
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Figure 1: SS burst set, paging frame, occasion and monitoring window in a NR multi-beam system
Figure 1 shows an NR multi-beam system where gNB sweeps through three beams. Paging frames occur in every other radio frames. Each paging frame has two paging occasions. Gnb transmits paging grants through three beams in each paging occasion. Hence, there are three monitoring windows, corresponding to each SS block in the SS burst set, within each paging occasion.
Proposal 1: In a multi-beam system, NR uses the following terms to define the specific time of UE’s wake up:
· Paging occasion: The set of slots that contain possible paging grants for a UE
· Paging frame: A radio frame that contains one or more paging occasions
· Monitoring window within the paging occasion: The specific slot within the paging occasion, containing paging grant for an UE, which is associated with an SS block index 
Proposal 2: Each SSB in an SS burst set is associated with a monitoring window within a paging occasion.
2. 1 Signalling of association between SSB index and monitoring window within paging occasion

gNB should have the flexibility to associate SSB index with the monitoring window within the paging occasion. Since paging has to work in idle mode, this association needs to be transmitted in a broadcast manner.
If the association is transmitted through broadcast OSI, UE will have to decode both RMSI and broadcast RMSI before it can receive paging signal. This will increase UE’s power consumption. Hence, the association should be transmitted through RMSI 
Proposal 3: Association between SSB index and UE index, and paging frame, paging occasion and monitoring window within a paging occasion can be configured via RMSI.

2.2 Default association between SSB index and monitoring window within paging occasion

This section focuses on the default association between SSB index, UE index and paging frame, occasion and monitoring window within the paging occasion. At first, we show how LTE associates UE index with paging occasion and frame in LTE. Thereafter, we motivate our proposal for default association.
2.2.1 Association between UE ID and paging occasion and frame in LTE

In LTE, the paging frame and occasion are given by the following equation [12]:
PF is given by following equation:
SFN mod T= (T div N)*(UE_ID mod N)
Index i_s pointing to the paging occasion (PO) from subframe pattern defined in Table 1 is derived from following calculation:
i_s = floor(UE_ID/N) mod Ns
where
T: DRX cycle of the UE. 
-	nB: 4T, 2T, T, T/2, T/4, T/8, T/16, T/32, T/64, T/128, and T/256,.
-	N: min(T,nB)
-	Ns: max(1,nB/T)
-	UE_ID: IMSI mod 1024, 
				Table 1: Paging occasion calculation in LTE
	Ns
	PO when i_s=0
	PO when i_s=1
	PO when i_s=2
	PO when i_s=3

	1
	9
	N/A
	N/A
	N/A

	2
	4
	9
	N/A
	N/A

	4
	0
	4
	5
	9



2.2.2 Motivation of default association between SSB index, UE index and paging frame, occasion and monitoring window within the paging occasion

gNB has to beam sweep both remaining minimum system information and paging signals. Transmitting RMSI and paging signal simultaneously will reduce total beam sweep overhead. 
Observation 2: Since gNB has to beam sweep both remaining minimum system information and paging signals, transmitting RMSI and paging signal simultaneously reduce total beam sweep overhead
It was previously shown that NR has already defined the association between SS block index and the corresponding RMSI monitoring window. Since LTE has designed association between UE ID and paging frame/occasion, one can ensure the default association by harnessing LTE’s paging solution with NR’s RMSI grant location solution.
 Now, the RMSI monitoring window spreads over two radio frames. Hence, by ensuring that paging for different groups of UEs occur at different alternative radio frame and each paging radio frame contains only one paging occasion, the association between SS block index and RMSI can be jointly shared with that between SS block index and paging grant. 
One possible example is shown below:
· Paging frame is given by following equation:
· SFN = SFNBar + 
· Where, SFNBar mod T= (T div N)*(UE_ID mod N)
· Default i_s pointing to paging occasion is 0.
· The monitoring window within the paging occasion can be derived from following calculation:
· i_s = , number of slots per frame in RMSI numerology)

·  can be configured as {0, 2, 5, 7} when SSB SCS is 15kHz or 30kHz; and configured as {0, 2.5, 5, 7.5} when SSB SCS is 120kHz or 240kHz for pattern 1

· , where =1/2, if  and , , if  and , , if  and , i is the SSB index of SSBi 

·  is the number of search space sets per slot, which can be configured as 

· T: DRX cycle of the UE. 

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


· Unlike LTE, nB = T, 2T and 4T are not used. This ensures that paging frames occur in alternative radio frames and there is only one paging occasion within each radio frame.

· N: min(T,nB), Ns: max(1,nB/T), UE_ID: IMSI mod 1024,

Proposal 4: The default association between SS block index and monitoring window within paging occasion is same as that between SS block index and RMSI monitoring window.
Observation 3: Proposal 4 can possibly be achieved by ensuring that paging frames occur in alternative radio frames and there is only one paging occasion within each radio frame. One possible example is shown below:
· Paging frame is given by following equation:
· SFN = SFNBar + 
· Where, SFNBar mod T= (T div N)*(UE_ID mod N)
· Default i_s pointing to paging occasion is 0.
· The monitoring window within the paging occasion can be derived from following calculation:
· i_s = , number of slots per frame in RMSI numerology)

·  can be configured as {0, 2, 5, 7} when SSB SCS is 15kHz or 30kHz; and configured as {0, 2.5, 5, 7.5} when SSB SCS is 120kHz or 240kHz for pattern 1

· , where =1/2, if  and , , if  and , , if  and , i is the SSB index of SSBi 

·  is the number of search space sets per slot, which can be configured as 

· T: DRX cycle of the UE. 

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


· Unlike LTE, nB = T, 2T and 4T are not used. This ensures that paging frames occur in alternative radio frames and there is only one paging occasion within each radio frame.

· N: min(T,nB), Ns: max(1,nB/T), UE_ID: IMSI mod 1024,

3. Overhead of Paging in High Frequency Bands
RAN1 initially considered several paging mechanisms for NR and then down-selected one mechanism in Rel-15.
	
Agreements: [10]
· 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.”
R1-1721535	Offline summary for Al 7.1.3 on Paging	[11]
Conclusion:
· No additional paging mechanism is supported in Rel-15 




In the next few sections, we will show how option 1 can be utilized in designing paging mechanism in high frequency band. We first illustrate the overhead of paging in high frequency bands.
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 2: Comparison of paging overhead between LTE and MMW networks
Figure 2 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 4: DL paging overhead in MMW networks is very high since gNB needs to sweep paging message to multiple directions. 

4. Paging Index Broadcast and Size Reduction
4.1. 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 5: Index-based paging significantly reduces the overhead of DL paging broadcast. 
4.2 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 6: Appropriate selection of the paging index size can reduce false alerts to low probability.
Proposal 5: NR supports index-based paging mechanism while allowing for appropriate index size that sufficiently reduces the probability of false alerts.

5. Resource-efficient index based Paging Methods 
In previous sections, we demonstrated the usefulness of index based paging mechanism and showed why false alert resolution is important to save UE power. In this section, we show how the paging mechanism that got agreed in NR can resolve false alerts.
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Figure 3: Index-based paging with alert verification during RRC connection establishment procedure 
When the UE receives an index-based paging alert, it attempts to establish an RRC connection to the gNB to retrieve the data waiting for it on the network. 
Since the UE includes its UE-ID in the RRC Connection Request, the network can verify if this UE-ID matches an entry on the paging record list. In case such a match is found, the network accepts the RRC Connection Request. Therefore, no additional overhead is introduced for genuine alerts. 
In the opposite case, where no match is found, the network concludes that a false paging alert has occurred and consequently, it rejects the RRC Connection Request. The RRC Connection Reject message may include the reason for the rejection. The overhead associated with the unsuccessful connection establishment attempt remains as small as the false-page alert probability. This can be set by the degree of compression applied to the paging message, i.e. the index size, as discussed above.
The network should apply the matching operation only for connection establishment attempts that occur in response to a paging broadcast. To distinguish paging-based connection establishment attempts from those of other nature, the UE includes a Paging Response Indication when requesting connection establishment. The gNB applies the matching operation only if this indication is included.
In this method, index based paging alert can be conveyed through the PDSCH of the paging message, , which is preceded by paging scheduling DCI. Compared to current LTE’s paging mechanism, this will still reduce paging overhead since paging information for each UE will only contain paging index, whose size is smaller than 40 bits.
Proposal 6: NR considers index-based paging, conveyed through PDSCH of paging message and preceded by paging scheduling DCI, with false-alert resolutions in the RRC connection establishment procedure. 
5.1 Time Hashing of Paging Index

Previous section shows how false alert can be resolved during RRC connection procedure or random-access process procedure. All UEs that fall in the paging group, but don’t have any actual paging message in reality, have to remain awake till false alert is resolved through RRC connection or random access process. 
If two UEs fall in the same group but the actual paging message is frequent for only one of these two UEs, then the “relatively inactive” UE will have to wake up till RRC connection or random access procedure because it gets falsely alerted through the paging index. Time hashing of paging index can solve this issue. It randomizes UEs formation into different groups. That means, each group index can consists different sets of UEs at different times. 
Observation 7: If two UEs fall in the same paging group but the actual paging message is frequent for only one of these two UEs, the “relatively inactive” UE frequently wakes up till RRC connection or random access procedure because it gets falsely alerted through the paging index.
Observation 8: Time hashing paging indices, i.e., putting UEs into different paging groups at different times, randomize false alert events of a UE.
Proposal 7: NR supports time hashing of paging index, i.e., a UE falls into different paging groups at different times.
6. Conclusion
Observation 1: In a multi-beam scenario of NR, paging occasion for a particular UE has to be beam swept over multiple slots. Remaining awake for the entire duration of paging occasion will increase UE’s power consumption.
Observation 2: Since gNB has to beam sweep both remaining minimum system information and paging signals. transmitting RMSI and paging signal simultaneously reduce total beam sweep overhead.
Observation 3: Proposal 4 can possibly be achieved by ensuring that paging frames occur in alternative radio frames and there is only one paging occasion within each radio frame. One possible example is shown below:
· Paging frame is given by following equation:
· SFN = SFNBar + 
· Where, SFNBar mod T= (T div N)*(UE_ID mod N)
· Default i_s pointing to paging occasion is 0.
· The monitoring window within the paging occasion can be derived from following calculation:
· i_s = , number of slots per frame in RMSI numerology)

·  can be configured as {0, 2, 5, 7} when SSB SCS is 15kHz or 30kHz; and configured as {0, 2.5, 5, 7.5} when SSB SCS is 120kHz or 240kHz for pattern 1

· , where =1/2, if  and , , if  and , , if  and , i is the SSB index of SSBi 

·  is the number of search space sets per slot, which can be configured as 

· T: DRX cycle of the UE. 

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


· Unlike LTE, nB = T, 2T and 4T are not used. This ensures that paging frames occur in alternative radio frames and there is only one paging occasion within each radio frame.

· N: min(T,nB), Ns: max(1,nB/T), UE_ID: IMSI mod 1024,
Observation 4: DL paging overhead in MMW networks is very high since gNB needs to sweep paging message to multiple directions. 
Observation 5: Index-based paging significantly reduces the overhead of DL paging broadcast. 
Observation 6: Appropriate selection of the paging index size can reduce false alerts to low probability.
Observation 7: If two UEs fall in the same paging group but the actual paging message is frequent for only one of these two UEs, the “relatively inactive” UE frequently wakes up till RRC connection or random access procedure because it gets falsely alerted through the paging index.
Observation 8: Time hashing paging indices, i.e., putting UEs into different paging groups at different times, randomize false alert events of a UE.

Proposal 1: In a multi-beam system, NR uses the following terms to define the specific time of UE’s wake up:
· Paging occasion: The set of slots that contain possible paging grants for a UE
· Paging frame: A radio frame that contains one or more paging occasions
· Monitoring window within the paging occasion: The specific slot within the paging occasion, containing paging grant for an UE, which is associated with an SS block index 
Proposal 2: Each SSB in an SS burst set is associated with a monitoring window within a paging occasion.
Proposal 3: Association between SSB index and UE index and paging frame, paging occasion and monitoring window within a paging occasion can be configured via RMSI.

Proposal 4: The default association between SS block index and monitoring window within paging occasion is same as that between SS block index and RMSI monitoring window.
Proposal 5: NR supports index-based paging mechanism while allowing for appropriate index size that sufficiently reduces the probability of false alerts.
Proposal 6: NR considers index-based paging, conveyed through PDSCH of paging message and preceded by paging scheduling DCI, with false-alert resolutions in the RRC connection establishment procedure. 
Proposal 7: NR supports time hashing of paging index, i.e., a UE falls into different paging groups at different times.
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