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1 Introduction

In the approved work item (WI) on Rel-14 enhancements for NB-IoT [1] one of the WI objectives is the following:

Non- Anchor PRB enhancements
· Support transmission of NPRACH on a non-anchor NB-IoT PRB [RAN2,RAN4] 

· Support transmission of paging on a non-anchor NB-IoT PRB [RAN2, RAN1,RAN3]

For paging, most issues have been resolved and the biggest remaining open issue is to agree on the details related to the following agreements [2][3]:
· Uneven paging load distribution between anchor and non-anchor carriers is supported. Weighted distribution between all carriers (Option d)
· The maximum of paging carriers is 16.
· FFS whether the weights should be signalled as a separate list, which could be made optional meaning ‘equal probability’, or with the configuration parameters of each paging carrier as proposed in the example.

This contribution will discuss this issues and the details of weighted UE distribution over all carriers. This is also the topic of an ongoing email discussion [4].
2 Discussion
2.1 Uneven distribution of UEs over paging carriers

It has been agreed to support uneven distribution of UEs over paging carriers using weights [2]:

· Uneven paging load distribution between anchor and non-anchor carriers is supported. Weighted distribution between all carriers (Option d)

What remains to be determined is the detailed solution of how to achieve this in practice. By most companies it has been proposed to reuse the eMTC expression for the PNB (paging narrowband) for the determination of the NB-IoT paging carrier. As suggested in [5], weights can naturally be introduced if UEs use this expression to select a virtual paging carrier:
VC = floor(UE_ID/(N*Ns)) mod Nv,
where VC is the virtual paging carrier (index starting at 0) and Nv the sum of the weights for the Nn actual paging carriers, i.e. Nv =Σwi. The actual paging carrier a UE shall monitor for paging will be derived from a number of virtual carriers. These virtual carriers correspond to the weights of the carriers. This is illustrated in Figure 2, where the anchor carrier has weight w2=1 and the non-anchor carriers have weights w1=3 and w3=2, respectively. In this example, there would be a mapping vector [0,0,0,1,2,2] such that all UEs that are mapped to virtual carriers 0, 1, and 2 are mapped to paging carrier 1, all UEs mapped to virtual carrier 3 to carrier 2, and all UEs mapped to virtual carrier 4 and 5 to carrier 3. 
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For a specific UE this would mean that the UE’s assigned paging carrier is the paging carrier with smallest index j which fulfils the following equation:
floor(UE_ID/(N*Ns)) mod Σwi  < w1 + w2 + … + wj
This fully captures the previous more illustrative description but is a more condensed expression and it is therefore suggested to be used for the specification text. That is, if the virtual carrier VC (i.e. left side of the above expression) is 0, 1, or 2, the above equation will be fulfilled already for j=1 and the UE shall use paging carrier 1. If the virtual carrier VC is 3, the above equation will be fulfilled for j=2 and the UE shall use paging carrier 2. If the virtual carrier VC is 4 or 5, the above equation will be fulfilled for j=3 and the UE shall use paging carrier 3. We propose to use this formulation for the determination of the UEs paging carrier.
Proposal 1 A UE’s paging carrier is determined by the smallest carrier index j which fulfil the following equation: floor(UE_ID/(N*Ns)) mod Nv  < w1 + w2 + … + wj
2.2 Relative vs. absolute weights
In our proposal above relative weights are used, that is, the weight of only a single carrier can be changed and as a result the load on each carrier will adapt and change. Some other companies seem to prefer the use of absolute weights. The benefit of absolute weights it that the load on a certain paging carrier can be directly seen from the value of the weight, i.e. w2=12.5% means that the load should be very close to 12.5%. Using relative weights this requires the additional step of normalizing with the total sum of all the weights, i.e. load=w2/Σwi. In our view this is not at all cumbersome and a small price to pay to avoid the drawbacks of using absolute weights. These drawbacks are for example:

· If one absolute weight is updated other weights must also be updated to ensure to total sum is still 100%.

· It is more problematic to configure equal load over carriers using absolute weights. It has by some proposed that the absence of distribution weights could be interpreted as ‘equal load’, but this does not for example solve the case where it is desired to have equal load on all carriers but one.

· Because of the condition under bullet one above, the granularity of the absolute weights is more restrictive. If six different weights are used in both cases, e.g. relative weights {0, 1, 2, 3, 4, 5} and absolute weights {0, 20%, 40%, 60%, 80%, 100%}, the smallest achievable difference between two carriers is 40%-60% load in the absolute case whereas 44%-56% load distribution can be achieved by using relative weights 4 and 5.  
Proposal 2 Use relative weights for the distribution of paging load over carriers.
2.3 Range of weights
The remaining question is the range and granularity for the carrier weights. For the lower range, w=0 should be supported for the anchor carrier in order to be able not to have any paging at all, but w=1 is sufficient for non-anchor carriers (see further discussion below). For the upper range, the weight difference between two carriers should be able to compensate for the following factors: DL power boosting differences, available REs between in-band and guard-band deployments, and anchor to non-anchor differences (resources from NPSS/NSSS, NPBCH and SI, and the amount of Rel-13 UEs). Among these it is the power boosting difference that will have the greatest impact and the nrs-PowerOffsetNonAnchor is in Rel-13 in the range -12 dB to +3 dB. Since approximately 3 dB corresponds to a doubling of the number of repetitions for paging on NPDCCH and NPDSCH, it would be of interest to be able to put approximately 16 times as much paging load on one carrier compared to another one. 
In terms of granularity, a linear range of weights {w1, w2, w3, …., w16} should be more than sufficient. E.g. using relative carrier weights w1=15 and w2=14 for two carriers would result in a paging load distribution of 52%-48% as shown in Figure 2 below (see Appendix for more details). With more than two carriers the granularity could be made even smaller.
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Figure 2: Example of load granularity with relative weights w1=15 and w2=14.
With regards largest possible granularity for this range of weights, carrier weights w1=15 and w2=1 for two carriers would result in a paging load distribution of 94%-6% as seen in Figure 3 below. Note however that the granularity would decrease using more than two paging carriers, which is an additional argument, on top of the DL power boosting, not to have too few values for the weights.
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Figure 3: Example of load granularity with relative weights w1=15 and w2=1.
In summary, to be able to compensate for the DL power boosting it is a good design principle to have the largest value of the weight being x16 of the smallest. However, the granularity may be unnecessarily large using relative weights and possibly a non-linear range could be used, but in our view it would be acceptable using 4 bits instead of 3 bits for this purpose.
Proposal 3 The value range for the paging carrier weights are {w1, w2, w3, w4, w5, w6, w7, w8, w9, w10, w11, w12, w13, w14, w15, w16}, where w3 stands for a relative weight of 3 and so on.
Further note that w0 is not needed for non-anchor carriers since they would simply not be configured as paging carriers if not intended to be used for paging. It is, however, good to be able to set the weight to zero for the anchor carrier such that it is not used for paging, and we propose to solve this by interpreting the optional absence of the anchor paging weight as w0 (for details see our accompanying contribution [7]).
Proposal 4 Weight zero, w0, can be configured for the anchor carrier.
2.4 UE identity
The remaining issue for UE_ID is how to expand it to avoid correlation between the paging occasion and the paging carrier. In Rel-13 the NB-IoT UE_ID=IMSI mod 4096 and the supported range of DRX cycles is defaultPagingCycle={rf128, rf256, rf512, rf1024}. To spread paging over 16 paging carriers taking carrier weights into account, and to avoid this correlation between POs and carriers, additional bits from the IMSI would be required. The problem is that providing too many IMSI bits to RAN can be a potential security threat [6]. However, in Rel-13 eMTC supports paging over up to 16 narrowbands, uses UE_ID=IMSI mod 16384, and defaultPagingCycle={rf32, rf64, rf128, rf256}. Therefore, using UE_ID=IMSI mod 16384 should be a viable option also for NB-IoT in Rel-14. The problem is that for some configurations using 14 bits from the IMSI (i.e. corresponding to mod 16384) is not sufficient for spreading the UEs evenly over all (addressable) paging resources (carriers/POs/PFSs) on all carriers. This is since spreading over one paging carrier as in Rel-13 requires 12 bits (i.e. mod 4096), and in Rel-14 spreading over 16 carriers with weights up to w16 would require an additional 4+8 bits, that is 24 bits of IMSI in total. There are two options to solve this problem:

· Base UE_ID on S-TMSI as for eDRX.

· Use UE_ID=IMSI mod 16384 with restrictive paging configuration.

In the first alternative, S-TMSI is 40 bits long and it should be straight forward to use 24 bits for paging UE_ID if needed. S-TMSI can also be periodically updated and there are no security issues associated with the use.
In the second alternative, 14 bits from IMSI could be used but restrict the possible configurations somewhat. That is, with the condition N*Ns*Σwi ≤16384 the error in paging load distribution is no worse than in Rel-13. In practice this would mean that some nB values (=N*Ns) would be “invalid” as shown below in the example for Σwi=6 in Table 1.
Table 1: Configuration restriction example for Rel-14 NB-IoT paging.

	T:
	rf1024
	rf512
	rf256
	rf128

	Invalid nB:
	T, 2T, 4T
	2T, 4T
	none
	none


In cases where Σwi is not close to its maximum value, the above restriction is synonymous with that Ns>1, that is multiple paging occasions within the paging frame, should not be used in combination with a long paging cycle (i.e. T > rf256in the above example). In our opinion it is acceptable not to have multiple POs in the same PF for very long paging cycles. The use of Ns>1 will especially be questionable with the spreading of transport blocks over several resource units (RUs)/subframes and the use of coverage enhancements.

Proposal 5 Use UE_ID=IMSI mod 16384 for paging over non-anchor carriers and restrict paging configuration such that nB*Σwi ≤ 16384.

3 Conclusion

Based on the discussion in section 2 we propose the following:
Proposal 1
A UE’s paging carrier is determined by the smallest carrier index j which fulfil the following equation: floor(UE_ID/(N*Ns)) mod Nv  < w1 + w2 + … + wj
Proposal 2
Use relative weights for the distribution of paging load over carriers.
Proposal 3
The value range for the paging carrier weights are {w1, w2, w3, w4, w5, w6, w7, w8, w9, w10, w11, w12, w13, w14, w15, w16}, where w3 stands for a relative weight of 3 and so on.
Proposal 4
Weight zero, w0, can be configured for the anchor carrier.
Proposal 5
Use UE_ID=IMSI mod 16384 for paging over non-anchor carriers and restrict paging configuration such that nB*Σwi ≤ 16384.
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5 Appendix

To ensure that the expression in this contribution properly distributes the paging load both according to the weights and over all possible POs in all carriers some test calculations were performed in MATLAB. In the below example 1e7 UEs are distributed over three paging carriers with relative weights w1=3, w2=1 and w3=2 and further T=512 and nB=4*T:
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Figure 4: Resulting uneven distribution of UEs over paging carriers with weights w1=3, w2=1, and w3=2.

Figure � SEQ Figure \* ARABIC �2�: Schematic illustration of applying distribution weights by the use of virtual carriers.
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