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Discussion and Decision
1. Introduction
The possibility of using extra IMSI bits to construct a second UE_ID was already discussed. This second UE_ID would be used for the paging hyperframes calculation (PH) and optionally also for the PTW start calculation. However the LS response from SA3 [1] indicates that there is a concern over revealing these extra bits to the eNB (over S1AP). SA3 suggests that a specific random ID is provided by the MME to both the UE and eNB.
In this document, we look at different options for UE_ID structure and compare the UE distribution performance of those options.

2. Discussion
Current solution in TS 36.304 involves correlation between the fields of legacy SFN parameters, on one hand, and eDRX parameters on the other, since both are calculated using the UE_ID obtained from the IMSI LSBs, as depicted in the figure below. The exact correlation depends mainly on the choice of DRX and eDRX cycle lengths.


[image: image23.png]IMSI LSB IMSI MSB >

Narrowbands
calculation

(up to 4 bits)

Subframe calculation
(up to 2 bits)

SFN calculation
(up to 8 bits)

H-SFN calculation
(up to 8 bits)

PTW start calculation
(2 bits)





Figure-1: Bit order within UE_ID

Obviously the optimum solution does involve a new UE_ID2 which is fully uncorrelated from the current UE_ID (either via new signalling, or use of extra IMSI bits, or bits from the S-TMSI). 
However, if no new UE_ID can be defined, we should avoid or minimize at least the main problem of the legacy calculation, i.e., the gross correlation between the different outputs, as shown in the diagram above. In what follows two strategies are followed to achieve this: the first is simply to reverse the bit order of the UE_ID used in the eDRX calculations (option 5, see below). The second uses a CRC calculation, where the input is the existing UE_ID, and the CRC bits correspond to the UE_ID to be used for the eDRX calculations (option 4).
In what follows the following terminology is used:

· Option 1:
Existing calculation based on TS 36.304

· Option 2:
Existing calculation based on TS 36.304 for all legacy paging parameters, and PTW_start; uncorrelated ID used for PH calculation (note this could be obtained from extra IMSI bits, S-TMSI, or a new signalled ID).
· Option 3:
Same as option 2, except that PTW_start is also calculated using uncorrelated bits.
· Option 4:
Existing calculation based on TS 36.304 for all legacy paging parameters. A 10-bit CRC is used to derive a new 10-bit UE_ID, from which PH and PTW_start are calculated. The input to the CRC computation is the legacy 14 bit UE_ID (i.e. the extended UE_ID, IMSI mod 16384, for monitoring on MPDCCH, assuming this could be generalized for use in eDRX, since already supported by signalling). 
· Option 5:
Existing calculation based on TS 36.304 for all legacy paging parameters. For eDRX parameters, a new UE_ID is generated which is simply a reversed bit order version of the extended UE_ID, IMSI mod 16384 (similarly to option 4).

2.1. PF vs FH distribution

A simple way to check the basic performance of the different options is to plot PF vs FH. This does not give a full picture since other parameters are ignored, but can be used to shown the gross correlation problem mentioned above.

The following show this relationship for the case of nB=T, TeDRX,H = 8 (hyperframes), and DRX cycle = 128 (frames).
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Figure-2: PF vs FH (nB=T, TeDRX,H = 8, DRX cycle = 128)
In this case, the PH bits are exactly the same as the LSBs of the PF in the legacy calculation (option 1). So each PH can only be associated with 16 SFN values. Note that the legacy situation may even be worse since the PTW_start will also be correlated with the PF. Options 2/3 (equivalent for this plot) obviously show no correlation (all 128 PF values are possible for each PH), and this is also the case for options 4 and 5.
For comparison, we take a different example with nB=T/4, TeDRX,H = 256 (hyperframes), and DRX cycle = 128 (frames).
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Figure-3: PF vs FH (nB=T/4, TeDRX,H = 256, DRX cycle = 128)
Here we can see that, for option 1, each PH corresponds to a single PF only, which is clearly quite limiting. Options 2 and 3 show again no correlation (note the plot is limited by the number of UEs used), while Option 4 still shows some improvement while revealing a correlation pattern. Note that only a portion of the full plot is shown to improve clarity.
Option 5 appears to have no PF/PH correlation in this case. The PH is based on the bits 6-13 (reversed order) of the 14-bit UE_ID, and the PF is based on bits 0-4 (due to the value of nB). Note however that there will be some direct correlation between PF and PTW_start, as well as between the PO and the PH.
2.2. PF utilization
The above graphs suggest that not all options use all PFs due to PH/PF correlation, but it misses additional factors such as the additional correlation between PF and the PTW_start. The performance of the different options can be best understood by estimating the ratio of unused PFs for each. This was obtained using a UE population of up to 400,000, and the results are depicted in the figure below as a function of the eDRX cycle (TeDRX,H), for a specific case with parameters nB=T, DRX cycle = 128 (frames), and PTW = 256 frames.
As expected, option 1 only uses a small fraction of the PFs in all cases.
Option 2 uses 25% of the PFs for low values of TeDRX,H. This is because the PTW_start is correlated with the SFN in this case; as the TeDRX,H cycle increases, the legacy PTW_start calculation becomes independent of SFN and eventually all PFs are usable. Note that of course the situation could be improved by using MSB’s of the legacy UE_ID for the PTW_start calculation, and so option 2 is a clear improvement on option 1 (but requires up to 8 new independent bits).
Option 3 shows no unused PFs except at the highest eDRX cycle value, and this is caused by sampling noise since the number of events becomes quite small (each UE has only two PFs in 256k frames). Once all the paging parameters are calculated independently, all combinations of PF, PH and PTW_Start are possible, and therefore it follows that all paging frames will be used. This options requires up to 10 new independent bits.
Option 4 shows full use of all PFs up to and including TeDRX,H of 16 hyperframes. Since this option supports a maximum number of 16,384 input combinations as the CRC is based on IMSI mod 16384, it follows that 1024 out of each 16,384 IMSIs will fall on a particular PH. Out of these, 256 IMSIs are linked to a particular PTW_start, and by inspection we find that there are 128 different values of SFN (i.e. there is still some correlation as two IMSIs with the same bits 0-7 give rise to a CRC which has the same bits in positions 0-5). Nevertheless even for the highest TeDRX,H value, Option 4 is much better than option 1, without requiring extra bits.
Option 5 extends the full use of PFs up to TeDRX,H of 32 hyperframes. This is as expected since in this case the PH uses bits 9-13, the PTW_start bits 7-8, and the PF uses bits 0-6. This option is superior to option 4, although it will have dependence between other parameters (e.g. paging subframes vs PH).
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Figure-4: PF utilization
The results above show that ideally a fully independent UE_ID should be used for the calculation of eDRX parameters in order to maximize the spread of the usable paging frames for eDRX. The legacy calculation implies heavy concentration on certain frames, particularly for large values of TeDRX,H.

On the other hand, it is possible to apply some randomization to the legacy UE_ID before calculation of the eDRX parameters, such that the correlation between legacy paging parameters and the eDRX parameters becomes much less pronounced, at least for low values of TeDRX,H. The simplest approach (bit reversal, option 5) is in fact quite effective, although we expect some limitations for other fields e.g. bits that determine paging narrowbands or paging subframe pattern. Option 4 matches a fully independent ID up to TeDRX,H = 16, is still much better than legacy in all cases, and is likely to provide less correlation for the other DRX parameter fields.
It should also be noted that the absolute number of paging opportunities is in fact smaller for large values of the eDRX cycle. If we assumed that the distribution of the eDRX cycle is uniform across the UE population, about 3% of the paging opportunities would be due to eDRX cycles greater than 16, and 1.4% greater than 32. This would mean for the option 4 and option 5 that the fact that the distribution of PFs is not very good for large eDRX cycles is not particularly bad from eNB perspective, because most other UEs (most PFs) are well distributed.
2.3. Impact of PTW
The distribution of paging frames can be traded off with the absolute number of paging occasions for each UE. Note that the above results were obtained for a scenario with DRX cycle of 128, and a fixed short PTW (where adjacent PTWs never overlap). The graph below shows the results for option 4 with TeDRX,H = 128: the overall PF utilization is shown to improve significantly for larger PTW values. This is due to the fact that uncorrelated SFN selections now spread and overlap across different portions of the hyperframe.
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Figure-5: Impact of PTW length
Obviously the option of using higher values of eDRX cycle in NB-IOT will further reduce the proportion of used paging frames for both options 4 and 5. For example, results show that the fraction of unused PFs reaches about 0.97 for TeDRX,H =1024 (with DRX cycle=128 and PTW = 256 frames).  Even in this extreme case, a reduction in DRX cycle and/or an increase in PTW will improve the situation (e.g. with Options 4 and 5 with DRX cycle = 32 and PTW = 1024, the fraction of unused PFs drops to 0.50).
3. Conclusion
We looked at different options for UE_ID randomization in order to obtain decorrelation between the calculation of legacy paging occasions and the calculation of eDRX paging occasions. RAN2 is requested to take the analysis into account to come to final solution.
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