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[bookmark: _GoBack]Impacts of Unsynchronized Cells in a Routing Area on Paging with eDRX 
1.	Introduction: 
Extension of DRX cycles are being considered to increase the device power saving in the packet idle state for cellular IoT (CIoT). Extended DRX (eDRX) cycles can be upto several minutes which may bring challenges/issues for efficient handling of paging mechanism, especially when devices are mobile.  Usually CIoT use cases assume low mobility devices; however, there might be high mobility use cases such as fleet management and parcel tracking. DRX cycles are in the range of a few seconds in the legacy system, which reduces the chance of device moving to new cell in a time interval equal to legacy DRX cycle. Since DRX cycles are of several minutes (may be upto ~54 mins) in eDRX, it is highly likely that even low mobile device may move to one or more new cells in a time interval equal to eDRX cycle.  

2.	Issues with Paging due to Unsynchronized Cells in a Routing Area:
The paging occasion (PO) is calculated in terms of TDMA frame numbers. If different cells in a routing area (RA) are not synchronized in frame timing (i.e., if they have different Frame Numbers at a time instant), the POs in the cells occur at various time instants to transmit a paging message in response to a paging request from core network (CN)/SGSN. The maximum time difference between POs in cells of a RA can be equal to eDRX cycle. Figure 1 illustrates example of two paging issues with eDRX in a RA with unsynchronized cells. The following are some of the major issues with paging procedure for eDRX due to cells in a routing area being not synchronized:

Problem 1: Missed Paging: As shown in Fig. 1a, a moving device may miss receiving paging as it moves from cell to cell. In this example, the device moves out of a cell before PO in that cell occurs; or it enters a cell after PO has already occurred in that cell. The missing of paging reception for mobile device is highly probable due to farther separation of POs in time (upto several minutes) in unsynchronized cells of a RA when we use longer DRX cycle as also identified in [1].

Observation 1: The missing of paging reception for mobile device is highly probable due to farther separation of POs in unsynchronized cells of a RA when eDRX cycle is used.



Figure 1: Typical examples showing selected paging issues due to unsynchronized cells in a Routing Area.

 Problem 2: Multiple/Duplicate receptions of a paging message: A moving device may receive the same paging message multiple times in different cells as it moves from cell to cell as shown in Fig. 1b. The device may receive a paging for say DL data notification, connect to the network, receive the DL data and go back to packet Idle state. Then the device moves to a new cell before the PO occurs in the new cell. As a result, device receives the paging for same DL packet which it has already received. Such a duplicate reception of paging may occur 1 or more time(s) in different cells. If device connects to the network in response to each paging reception, there will be significant wastage of radio resources and increased signalling overhead in the system.


Observation 2: A moving device may receive the same paging message multiple times in different cells as it moves from cell to cell due to farther separation of POs in unsynchronized cells of a RA when eDRX cycle is used.

Problem 3: Moving to New RA: When a device moves to a cell in a new RA, the device sends a RAU message to the core network. Let us assume that CN or SGSN has already sent paging request to the cells in the current RA. The POs in cells of current RA are distributed farther in time (say by upto several minutes) due to eDRX. Even after RAU from device, paging message may be continued to be broadcasted in the cells of current RA assuming that there is no mechanism to cancel the paging request. It may result in significant wastage of paging resources especially in case of coverage enhancement (CE). If the cells in the current RA are synchronized or nearly synchronized, CN/SGSN may send the paging request right before POs of cells to minimize such cases of resource wastage. 

Observation 3: When a device moves to a new RA after CN sends paging request to the cells in current RA, paging in some of the cells of current RA may continue even after RAU due to farther separation of POs in unsynchronized cells of the current RA when eDRX cycle is used.

3.	Possible Solution directions:
As discussed above, the paging mechanism will be impacted due to eDRx in case of unsynchronized cells in a RA. In this section, we explore some potential solutions to address these issues. 
Solutions for Problem 1 (Missed Paging due to unsynchronized cells):
· If the cells of a RA (or paging area) are synchronized or nearly synchronized, POs in all cells of a RA are close in time. The probability of missing POs due to mobility decreases significantly (in case of nearly synchronized cells) or becomes zero (in case of perfectly synchronized cells). Therefore, one solution for Problem 1 is to make the cells in a RA synchronized or nearly synchronized.
· In synchronized or nearly synchronized cases, the SGSN may store the paging initiation/trigger. SGSN then sends the paging trigger right before PO(s) in the cells of the RA. 
· It has a benefit of avoiding storage of paging request at BSSs of the RA i.e. at RAN side. Otherwise, BSSs require storing the paging request for a long time (until the next PO of the device which may be 10s of minutes away).
· The main drawback of this approach is that SGSN needs frame timing information of all cells in the routing area and the UE eDRX cycle value. A feedback from BSS to SGSN can be sent for sending frame timing. This provision increases signalling overhead between BSS and SGSN. 
· RA can be divided into various sets of synchronized/nearly synchronized cells. The SGSN then sends paging request to a synchronized/nearly synchronized set of cells right before the PO of the set. This partition of cells into sets of synchronized cells solves the problem partially.
· A legacy paging performance level for missed paged (i.e., the performance level that exists with legacy DRX cycles assuming unsynchronized cells in legacy system) can be achieved for eDRX case by making the POs in different cells in the RA nearly synchronized with maximum separation between POs being less than or equal to the maximum legacy DRX cycle length (i.e. a few seconds).
· In this approach device wakes up periodically every eDRX cycle to check for paging. On wake up, device monitors one or more legacy PO(s) before moving back to eDRX sleep. SGSN/CN sends the paging trigger to BSSs at/right before the device’s eDRX wake up. 
· The start of first eDRX cycle can be made at specific reference time or specific event known to device and SGSN/CN. For example, at time of Network Attach/RAU accept, SGSN/CN can send a reference time to start the eDRX. Reference time can be an absolute clock time such as UTC (coordinated universal time) may be sent over air interface in say SI message.
· If absolute clock time cannot be sent as reference time, a specific event can be considered, to start/restart the eDRX cycle. For example,   Network Attach/RAU accept can be a reference event to start/restart the eDRX cycle.
· Once eDRX cycle is started, it will continue periodically irrespective of device’s GMM/RR states (Ready/Standby). 
· BSS does need much change in its behaviour compared to its legacy behaviour for paging. To increase the paging reception reliability, SGSN/CN may ask BSS to repeat paging say in two or more consecutive POs on device’s eDRX wake up. In this case there is changes in the BSS behaviour compared to its legacy behaviour.
· The main drawback of this approach is that device needs to maintain both eDRX and legacy DRX configurations.
· Another solution to ensure the paging reception or DL data arrival notification to the device in a RA with unsynchronized cells is to broadcast the paging request in each cell of the RA only once. That is SGSN/CN does not go for retransmission of paging initiation/trigger. If device does not respond to the first paging trigger, SGSN should store the paging request/trigger for a period upto periodic RAU timer value. The device always contacts the network within this period for at least periodic RAU. CN should then indicate the device about failed paging attempt or DL packet notification e.g., in RAU accept message.  This approach is simpler and also has less overhead on BSS-SGSN interface. The main drawback is increased latency for DL packet which may be acceptable in case of IoT.

Solution/Proposal 1: Making cells in a RA synchronized can address (or at least can greatly simplify the solutions for) all the issues identified in Problem 1 (missing paging), Problem 2 (multiple receptions of same paging message) and Problem 3 (resource wastage due to device moving to new RA).

Solution/Proposal 2: Another solution (to address all 3 identified Problems 1, 2 and 3) is that the start of eDRX cycle can be made at specific reference time or specific event known to device and SGSN/CN. Device wakes up periodically every eDRX cycle to check for paging when it monitors one or more legacy PO(s) before moving back to eDRX sleep. SGSN/CN sends the paging trigger to BSSs at/right before the device’s eDRX wake up.

Solution/Proposal 3: To address missing of paging message issue in a RA with unsynchronized cells, SGSN may store the paging request/trigger for a period upto periodic RAU timer value.  Since the device always contacts network within this period for at least periodic RAU, CN can indicate the device about failed paging attempt or DL packet notification e.g., in RAU accept message.




Solution for Problem 2 (Multiple receptions of same paging message):
· Solution/Proposal 1 addresses the issue identified in Problem 2 as well. If the cells of a RA are synchronized or nearly synchronized, POs in all cells of a RA are close in time. As a result, device reads the paging message once in only one cell. The probability of receiving a paging message multiple times due to device mobility decreases significantly (in case of nearly synchronized cells) or becomes zero (in case of perfectly synchronized cells). 	The SGSN may store the paging initiation/trigger. SGSN then sends the paging trigger right before PO(s) in the cells of the RA.
· Solution/Proposal 2 addresses the issue identified in Problem 2 as well.
· Another Solution for Problem 2: A duplicate-check field can be added to the paging message over air-interface as an alternate solution for problem 2. This approach does not require cells of a RA to be synchronized. A short temporary paging sequence number (TPSN) per device can be included in the paging message. The device checks duplicate-check field. If the TPSN is same as previous paging TPSN stored at device, it ignores the paging and does not try to connect to the network. This solution requires SGSN and device to store the TPSN at least for an eDRX cycle period. Whenever, device receives a paging in a cell, it stores the TPSN for a eDRX period. If the device now moves to new cell and gets the paging with same TPSN in new cell, the device can detect duplicate reception. 
· Whenever a BSS gets paging request with a new TPSN from CN/SGSN while previous paging for the same device is pending (i.e. waiting for next PO), the BSS cancels pending paging and transmits paging message with new TPSN over the air-interface. This allows defining TPSN of size 1 bit as described below. 
· We propose to define TPSN of 1 bit, so possible values of TPSN are 0, 1. The TPSN values will roll over after 2 values such as 0, 1, 0, 1, 0, …, in case  CN/SGSN needs to make more than two paging requests during an eDRX cycle. Let us say DL packet arrives for a device, CN/SGSN then sends paging request with TPSN = 0. The device responds to this paging request say after getting paging from a cell with nearest PO. The device connects to network, receives the DL packet and moves back to packet Idle in a time less than an eDRX cycle. Note that other cells in the RA may send paging with TPSN=0 as POs for those cells are still to come. 
· Now next packet arrives at CN before eDRX cycle passed since paging request with TPSN = 0 was sent. Paging process with TPSN = 0 is already completed for CN/SGSN, although some cells in the RA will continue to send paging with TPSN = 0.  CN/SGSN now sends paging request with TPSN =1. All BSSs will now schedule transmission of new paging message with TPSN =1. If some cells still have paging with TPSN =0 pending, they will cancel it and schedule paging with TPSN =1. Since the device has stored TPSN =0, it will know that this paging (with TPSN =1) is a new paging initiation from CN/SGSN and hence responds to this paging to receive the DL packet. 
· The device checks duplicate-check field upon receiving a paging message. If the TPSN in duplicate-check field is same as previous paging TPSN stored at device, it ignores the paging and does not try to connect to the network.
· If device has no stored TPSN, it considers the received paging as a new paging and stores the TPSN received in the paging.
· Storing and Clearing TPSN:
· If a device needs to be paged e.g. in case of DL packet arrival, SGSN generates a TPSN for that device to be included in the paging trigger/request sent to the BSSs. The SGSN then stores this newly assigned TPSN for the device. 
· SGSN keeps the stored TPSN for at least (eDRX cycle + Tdelta), where Tdelta represents a small time lapse between generation of paging trigger at SGSN and reception of the paging trigger by the BSSs. 
· If there is no new paging initiation/trigger for that device/UE for a period of (eDRX cycle + Tdelta), SGSN clears any stored TPSN.
· If device moves to a new RA (as can be identified at CN upon reception of non-periodic RAU message from device), SGSN clears any stored TPSN for the device immediately. 
· Similarly, whenever device receives a paging in a cell with a new TPSN, it stores the TPSN for the period of an eDRX cycle. 
· If UE does not receive a new paging for an eDRX cycle period, it clears the stored TPSN.
· If device moves to a new RA, it clears the stored TPSN immediately.
· 

Solution/Proposal 4: To avoid a device responding multiple times to the same paging due to duplicate receptions of a paging message, a short temporary paging sequence number (TPSN) per device can be included in the paging message as duplicate-check field.

Solution for Problem 3 (Resource Wastage due to Device Moving to New RA):
· Solution/Proposal 1 addresses the issue identified in Problem 3 too. If the cells in the RA are synchronized or nearly synchronized, CN/SGSN sends the paging request right before PO of cells in the RA. It minimizes the cases where device moves to a cell in new RA after paging trigger has been sent to cells of current RA from CN/SGSN and before paging message has been broadcasted over air-interface in all cells of the current RA.
·  Solution/Proposal 2 addresses the issue identified in Problem 3 as well. 
· Another Solution: If the cells in a RA are not synchronized, paging cancellation indication from SGSN to the cells/BSSs of current RA can be another potential solution to minimize paging resource wastage. If device moves to a cell in a new RA after paging trigger has been sent to cells of the current RA from CN/SGSN and before paging message has been broadcasted over air-interface, the current SGSN sends a paging cancellation to the BSSs in the current RA. A BSS-SGSN message needs to be defined for this purpose. The BSSs cancels scheduled paging in cells where POs are still to come. Paging cancellation may be more beneficial and critical for coverage enhancement case.

Solution/Proposal 5: If the cells in current RA are not synchronized, paging cancellation indication from SGSN to the cells/BSSs of current RA can minimize paging resource wastage significantly when device moves to a new RA after paging trigger has been sent to cells of the current RA. 
4.	Conclusions:
Extended DRX (eDRX) brings major challenges in the legacy paging mechanism for mobile devices especially when cells in a routing area are not synchronized. Based on the above discussion, we identified 3 major issues - missing paging, multiple receptions of same paging message, and paging resource wastage. Making the cells in a routing area synchronized or nearly synchronized simplifies addressing these paging issues. We have also discussed potential solutions to address these issues for the case when cells in a routing area are not synchronized.  
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