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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]

So far it has for paging been agreed to [2]:
· NB-IoT system information includes a list of carriers which can be used for paging.

· RAN2 assumes that the existing paging frame and subframe calculations in 36.304 are reused.

· The paging procedure for Rel-14 is the same as for Rel-13, i.e. the paging message on NPDSCH is scheduled by NPDCCH.
· When paging is done on non-anchor carriers both the NPDCCH and the NPDSCH is received on the same non-anchor carrier.

· In order for the eNB to know if a UE can be paged on a non-anchor carrier some information needs to be provided from the MME as part of the paging message. 

Since these agreements were made there has also been an email discussion [7] on the topic and this contribution will discuss the open issues therein and the remaining details on how to support paging on non-anchor PRBs.
2 Discussion
2.1 Capability indication

In order for the eNB to know whether it should page a UE on the anchor carrier (Rel-13 UE) or possibly on a non-anchor carrier (Rel-14 UE) the following agreement was made:

· In order for the eNB to know if a UE can be paged on a non-anchor carrier some information needs to be provided from the MME as part of the paging message. 

What remains to be determined is the format of this indication in the paging message from MME to eNB. Since there will only be significant gains from distributing the paging load also over non-anchor carriers if it is supported by a majority of the UEs (and additionally there is no associated complexity increase for the UEs), it could be of interest to have this capability mandatory for all Rel-14 UEs. In this case the indication could be based on the UEs accessStratumRelease information. However, it can be challenging and restrictive to have the feature mandatory and instead having it as a UE capability would relax implementation and testing. In this case the indication could be based on the UE-RadioPagingInfo-NB. As a third alternative the non-anchor paging feature could be mandatory but an IOT-bit introduced such that it would not have to be implemented immediately. We propose to go for the third alternative since it in time will ensure the paging capacity gains this feature is being designed for.
Proposal 1 The UE capability to be paged on non-anchor carriers is mandatory for Rel-14 UEs and an indication of the support, based on the UEs accessStratumRelease information, is introduced in the paging message from MME to eNB.

Proposal 2 Introduce an IOT capability bit for the UE capability to be paged on a non-anchor carrier.
2.2 Uneven distribution of UEs over paging carriers

Unlike eMTC, where paging narrowbands have equal properties, NB-IoT carriers might have quite different properties why it could be of interest to support an uneven distribution of UEs over the paging carriers. The anchor carrier contains NPBCH/NPSS/NSSS/SI which is not present on non-anchor carriers so the (DL) capacity of an anchor carrier is smaller compared to a non-anchor carrier. In addition, all 3GPP Rel-13 NB-IoT UEs will receive paging (NPDCCH/NPDSCH) and Msg2/Msg4 on the anchor carrier. Different scheduling strategies for unicast traffic on different non-anchor carriers may also be of interest for NB-IoT, e.g. scheduling UEs in high CE in a certain non-anchor carrier and UEs in good coverage on another one. Because of these reasons, supporting only an even distribution of UEs over the paging carriers would be restrictive and clearly non-optimal. Therefore, unlike for eMTC, an uneven paging distribution is desirable and beneficial for NB-IoT.

Some companies prefer a simple on/off-solution in which either the anchor carrier can be used also for paging Rel-14 UEs or not. In our opinion this solution does not provide sufficient granularity and cannot in a flexible way account for the ratio of Rel-13 UEs, non-anchor paging capable Rel-14 UEs, and non-anchor paging incapable Rel-14 UEs.
Further, there would be a need for having uneven and flexible load distribution also between different non-anchor carriers due to the following differences:

· The non-anchor carriers could have different amounts of power boosting.

· The network could be configured to have unicast transmissions of different amounts of Coverage Enhancements on different non-anchors for better UE multiplexing. Hence the amount of free resources on these non-anchor carriers will differ.

· One non-anchor carrier could be stand-alone and another in-band.
One possible simple solution to achieve uneven paging load distribution in a controlled way is to apply weights on the carriers (broadcasted on SI). This is illustrated in the following example where we assume that the anchor carrier is assigned a weight of 1 and that there is one non-anchor carrier that is assigned a weight of 2. In this example, the paging load from the Rel-14 UEs would be distributed according to: 1/(1+2)=1/3 on the anchor carrier and 2/(1+2)=2/3 on the non-anchor carrier. A calculation using these weights on two carriers and the parameters T=512, nB=4T and 107 random UE IMSIs was done [6]. The result is shown in Figure 1 below where ‘Carrier 1’ (red curve) is the anchor carrier with weight 1 and ‘Carrier 2’ (yellow curve) is the non-anchor carrier with weight 2. 
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Figure 1: Example of uneven paging load distribution on two carriers using weights 1 and 2.
There seem to be a consensus among companies to, as a baseline, use the eMTC expression for calculating the paging carriers of UEs based on UE_ID: 
PNB = floor(UE_ID/(N*Ns)) mod Nn

, where PNB is the paging narrowband, the UE_ID is IMSI mod 16384, Ns the subframe indication, N is min(T,nB), where T is the default paging cycle and nB gives to number of POs/PFs with within T, and finally Nn is the total number of narrowbands.
Since according to the above it would be beneficial to be able to flexibly distribute the paging load for Rel-14 UEs unevenly over the available anchor/non-anchor carriers in a cell, we propose to support this by the use of weights per carrier using the eMTC expression. Since there is no increase in complexity we further propose to have the weights per carrier and not only between anchor and non-anchor carriers (likely it will even be less complex to have a common treatment on a per carrier basis).
Proposal 3 Weights per carrier are used for the eMTC expression for calculating a UE’s paging carrier to support uneven load distribution of UEs over paging carriers.

2.3 UE unfairness

There was a concern from one company [3], [7] that paging might become unfair among UEs since the NB-IoT carriers have different properties. That is, a UE with a certain IMSI might in a given cell always have to monitor paging on an unfavourable carrier. Some companies proposed solutions to this problem, e.g. in [4], but in our opinion this is not a severe problem and complex solutions are not motivated. We instead propose a simpler solution, which is to use S-TMSI rather than IMSI as a UE_ID for the paging carrier calculation. S-TMSI is allocated at initial attach and can be re-allocated at every TAU. This since S-TMSI can (and should) periodically be updated and thereby a long-term fairness among UEs is achieved. (Note that since this is to address UE power consumption there is no point in having frequent rotation of paging carrier).
Proposal 4 Base UE_ID on S-TMSI in the calculation of the paging carrier.

Unlike for IMSI there are no security issues related to revealing too many bits of S-TMSI. However, a concern might be that S-TMSI is not sufficiently randomized to obtain good spreading of UEs over all possible POs. This problem was recently solved for the determination of the PTW start position of eDRX where a hash function is applied to S-TMSI before it is used [5]. In this case the CRC32 check sum was used and the same could for example be applied here for the calculation of the NB-IoT paging carrier. (However, since we do not want to create any dependencies to the eDRX hyper-frame/PTW-start positioning, which uses the 12 most significant bits of the hashed ID, the NB-IoT paging carrier calculation would likely be better be based on something like the n least significant bits of the hashed ID or the bits subsequent to the 12 above).
2.4 CE-level differentiated paging carrier selection

The next open issue is whether or not paging carrier selection should be CE-level differentiated. That is, since UEs in the highest CE-level require quite many DL resources it could potentially be of interest to collect them in a non-anchor carrier. However, the drawbacks are quite severe, most importantly the eNB will not know in which carrier a certain UE is monitoring paging at a given time. This means that the eNB must “search” for the UE and page the UE with different numbers of repetitions in different carriers. If the UE meanwhile has changed CE-level, and hence paging carrier, there is no way for the eNB to conclude whether the UE is in the cell or not. If instead the UE always resides in a known paging carrier, the eNB could ensure that the UE is reached if it uses the maximum number of repetitions for NPDCCH.
If it however is desired to put UEs in the highest CE-level in e.g. a power boosted DL to consume less system resources and improve battery life for these UEs, it could equally well be achieved by dedicated RRC re-configuration. That is, UEs are assigned a certain paging carrier based on UE_ID upon entering the cell but can later be re-configured to another paging carrier by the eNB. This could for example be in Msg4 or upon RRC Connection Release (in a manner similar to re-direct). The dedicated paging carrier could be valid in the same cell and upon cell re-selection the UE would again select a paging carrier based on UE_ID. 
A comparison of these two alternatives providing CE-level differentiated paging over NB-IoT carriers is given below (not providing any means at all is not discussed here since one can always choose not to apply dedicated re-configuration):
Dedicated RRC re-configuration

· Pros:

· eNB always knows which carrier a UE is monitoring paging in, if it remains in the same cell, and can (in principle) always reach it by paging with the maximum number of configured repetitions.

· Simple add-on to UE_ID based distribution giving the benefits of individual configuration.

· Solution only used if needed or desired.

· Provides full network control if the paging distribution needs to be done on other basis than CE-level. (i.e. future needs or unforeseen use-cases).
· Cons:

· Not applicable before the first RRC Connected session in a cell (however this should have negligible impact on battery life for stationary UEs).

· Paging in all CE-levels must be supported on all carriers. However, unlike NPRACH, paging only uses time- and frequency-resources when UEs are actually paged. Paging load is not a problem since it can be controlled by setting the appropriate weights. (Furthermore, UEs in high CE-levels can quickly be re-configured to another carrier if desired.)
SI-based UE distribution

· Pros:

· Applicable already upon entering a cell.

· Paging in all CE-levels does not have to be supported on all carriers.

· Cons:

· More complex solution (unclear how paging selection should be done when not based on UE_ID).
· eNB does not know in which carrier a UE is in and locating it may require a search process over carriers. => more difficult to conclude on whether the UE is located in the cell or not.
· Unnecessarily might introduce unforeseen problems since it is more different from the legacy procedure (e.g. if the UE changes CE-level during paging etc.)

Given the above pros and cons, and the fact that through the use of weights we can already solve the problem of configuring the paging load per carrier load as desired, we propose not to have CE-level differentiated paging carrier selection but instead have the possibility to override the selection based on UE_ID through RRC re-configuration if needed.
Proposal 5 Dedicated RRC configuration is introduced to allow the eNB to assign a UE to another paging carrier than that selected based on UE_ID.
Further note that this proposal is in line with the RAN1 agreement made that “A Rel-14 UE chooses the PRB based on UE_ID”, yet it can provide the gains of CE-level differentiation. Therefore, this solution can provide a compromise since companies’ preferences are different in this matter. 
2.5 Common paging configuration on carriers

Given that UEs can be allocated to any paging carrier based on UE_ID, it makes sense to support the same default DRX cycle, T, on all carriers. Given the possible power boosting difference between carriers, it would be meaningful to allow for different amounts of repetitions and to have the maximum number of repetitions configured per carrier. Further, the parameter nB is related to the number of NPDCCH repetitions since it controls the distance between POs. One argument for having nB configurable per carrier is to avoid that paging in one PO overlaps with the next PO. However, we do not see why such overlaps necessarily have to be avoided. What matters is the paging capacity (i.e. the number of paging requests per time unit that can be supported), and it seems the choice of nB only has small effect on this. Therefore, we propose the following:
Proposal 6 The default DRX cycle, T, and the parameter nB is commonly configured for all paging carriers, whereas the repetition number is configured per carrier.

2.6 Physical layer parameters
Assuming all measurements (e.g. RSRP) are performed by the UE on the anchor carrier, no additional parameters are then needed for the UE to calculate/estimate the number of NPDCCH repetitions it needs to decode during a paging occasion if the same eNB output power is used for a paging non-anchor carrier as for the anchor carrier. However, if a different eNB output power is used for a paging non-anchor carrier additional parameters likely needs to be broadcasted for those carriers in order for the UE to correctly calculate/estimate the NPDCCH repetitions needed. One such additional parameter could be the output power difference between the anchor carrier and the paging non-anchor carrier. That is, a power-diff parameter with a value range of e.g. {-12dB, -9dB, -6dB, 0dB, 3dB, 6dB, 9dB, 12dB}. An alternative could be a repetition compensation factor that should be applied by the UE to the number of repetitions compared to the estimated/calculated repetitions if the NPDCCH would have been received on the anchor carrier. E.g. a repetition-compensation parameter with a value range of {¼, ½, ¾, 1, 2, 4}.  These and/or other parameters could potentially be needed but need to be defined by RAN1 and therefore it is proposed to send an LS to RAN1 and ask which parameters that are needed to be broadcasted if different eNB output power is used for non-anchor paging carriers. 

Proposal 7 Send an LS to RAN1 to ask what parameters that are needed if paging is supported on non-anchor carriers that have a different output power compared to the anchor carrier.
2.7 ASN.1 text proposal
An ASN.1 text proposal on how the paging configuration in this contribution could be captured is provided in the accompanying contribution [8].
3 Conclusion

Based on the discussion in section 2 we propose the following:
Proposal 1
The UE capability to be paged on non-anchor carriers is mandatory for Rel-14 UEs and an indication of the support, based on the UEs accessStratumRelease information, is introduced in the paging message from MME to eNB.
Proposal 2
Introduce an IOT capability bit for the UE capability to be paged on a non-anchor carrier.
Proposal 3
Weights per carrier are used for the eMTC expression for calculating a UE’s paging carrier to support uneven load distribution of UEs over paging carriers.
Proposal 4
Base UE_ID on S-TMSI in the calculation of the paging carrier.
Proposal 5
Dedicated RRC configuration is introduced to allow the eNB to assign a UE to another paging carrier than that selected based on UE_ID.
Proposal 6
The default DRX cycle, T, and the parameter nB is commonly configured for all paging carriers, whereas the repetition number is configured per carrier.
Proposal 7
Send an LS to RAN1 to ask what parameters that are needed if paging is supported on non-anchor carriers that have a different output power compared to the anchor carrier.
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