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1. Introduction

In this contribution, we focus on downlink data transfer, and we attempt to clarify the definitions of SDU and PDU level outer ARQ context transfer during inter-eNodeB handover and discuss their implications on reordering and duplication avoidance. We also study the number of SDUs that needs to be transmitted over the air again after handover due to SDU level context transfer.  
2. Context transfer options


2.1 Scheme 1 – SDU level context transfer from the oldest SDU not acknowledged

In this scheme, during an inter-eNodeB active mode handover, the source eNodeB transfers to the target eNodeB all downlink SDUs in its buffer starting from the SDU, say SDU# (N+2) (referring to Figure 1), corresponding to the oldest PDU for which it has not received an ACK.  As a consequence, the source eNodeB transfers even those SDUs that were transmitted later than SDU# (N+2), whose corresponding PDUs were completely ACKed by the UE and received by the source eNodeB.  The target eNodeB will start transmitting to the UE from the first SDU sent by the source eNodeB. This scheme is illustrated in Figure 1.
Implications:
This mechanism will incur transmission of duplicate SDUs/PDUs over the air resulting in inefficient use of air interface bandwidth. After the handover, the UE will flush all the remaining PDUs in its buffer and will continue to treat the new PDUs from the target eNodeB as part of new SDUs.  It is possible that duplicate copies of SDUs may be sent by the RLC of the UE to the upper layers.  This will require a duplication avoidance mechanism in the upper layers.  It is to be noted that a reordering mechanism based on SDU sequence number is also necessary to provide in-sequence delivery to the PDCP layer.
2.2 Scheme 2 – SDU level context transfer without transferring successfully delivered SDUs
According to this scheme, the source eNodeB will transfer to the target eNodeB, each SDU in its buffer if it has not been completely acknowledged. This may be due to one or more PDUs of that SDU neither being ACKed or NACKed, or need to be retransmitted because of the reception of a NACK. In other words, the source eNodeB will not transfer those SDUs whose corresponding PDUs have all been successfully ACKed by the UE.  The source eNodeB will also transfer the SDUs that were never transmitted over the air.  Upon reception, the target eNodeB will start transmitting to the UE from the first SDU sent by the source eNodeB.  This scheme is also shown in Figure 1.
Implications:
This solution eliminates duplicate over-the-air transmission of SDUs for which the source eNodeB has received ACKs for all the corresponding PDUs from the UE.  But individual PDUs that would have been successfully received by the UE may still be duplicated over the air.  The UE, after the handover, will flush all the remaining PDUs in its buffer and will treat the new PDUs as part of new SDUs.  Even in this scheme, duplication avoidance and reordering mechanism based on SDU sequence number is required at the UE.
Comparing scheme 1 and scheme 2, we note that scheme 1 does not provide any benefits over scheme 2.  Scheme 2 however eliminates duplicate transmission of completely ACKed SDUs over the air.  Hence, we recommend that, if SDU level context transfer is chosen, we adopt scheme 2 instead of scheme 1.
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Figure 1: Illustration of scheme 1 and scheme 2
2.3 Scheme 3 – PDU level context transfer

The PDU level context transfer involves the source eNodeB sending to the target eNodeB, all PDUs which were sent over the air at least once for which there have no been no ACK.  In addition, the source eNodeB also forwards from its buffer, all SDUs and fragments of SDUs that were never sent over the air.  
Implications:
This scheme eliminates the retransmission of individual PDUs that have been successfully received by the UE.  Hence, there is no need for duplication avoidance mechanism at the UE. However, a reordering mechanism based on SDU sequence numbering is still required.   
3. Comparison of SDU vs. PDU level context transfer


For the purpose of this paper, we consider an implementation of outer ARQ for the downlink where the eNodeB sends a poll message to obtain the STATUS PDU from the UE once every poll period, P.  This will inform the eNodeB of the current status of the PDUs sent to the UE.  We realize that other implementations are possible and the results in this paper will still hold qualitatively for them also.
3.1 Impact of the time of handover 

We attempt to determine the best case and worst case scenarios for SDU level context transfer based on the time of handover. Based on Figure 2, we infer that 1 RTT will be the duration between sending a poll message and receiving the STATUS PDU. The best case scenario will occur when the handover happens just after the reception of the STATUS PDU, e.g. time instant t_5.  The source eNodeB, in this case, will have to just forward the SDUs corresponding to the PDUs sent between t_3 and t_5, assuming that all the PDUs sent before t_3 are ACKed by the STATUS PDU received at t_4.    
Therefore, the best case scenario for SDU context transfer involves transferring SDUs corresponding to 1 RTT worth of PDUs and these will be retransmitted over the air from the target eNodeB.
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Figure 2: A typical implementation of outer ARQ

The worst scenario occurs when a handover happens just before the eNodeB receives a STATUS PDU. For example, when the handover happens at time instant t_7 i.e., just before receiving the STATUS PDU, the source eNodeB will have to transfer all the SDUs corresponding to the PDUs sent between t_3 and t_7.  
Therefore, the worst case scenario for SDU context transfer involves transferring SDUs corresponding to 1 RTT + 1 poll period (P) worth of PDUs and these will be retransmitted over the air from the target eNodeB.

A measure of average performance can be obtained if we consider handover occurring exactly half the poll period after receiving the STATUS PDU. 

Therefore, on the average, SDU context transfer involves transferring SDUs corresponding to 1 RTT + (½) poll period (P) worth of PDUs and these will be retransmitted over the air from the target eNodeB.

Note that we have not considered the scenario where the earlier PDUs may have been delivered in error and hence require retransmissions.  In those cases, SDU level context transfer may involve transferring those SDUs corresponding to the erroneous PDUs also. In addition, we have also not considered the scenarios where the poll messages and/or STATUS PDUs are lost.
The following analysis quantifies the number of SDUs retransmitted over the air from the target eNodeB due to SDU level context transfer.
Let 

SDU size = N bytes
RTT = rtt seconds

TTI = tti seconds

Average data rate over the air = R kbps.

Therefore,

Number of bits transmitted per TTI = 1000*R*tti bits

Number of TTIs needed to transmit one SDU = (8*N/(1000*R*tti))
Number of TTIs in 1 RTT = rtt/tti
Number of TTIs in (1 poll period + 1 RTT) = (P + rtt)/tti
Best case: 
Number of SDUs that needs to be retransmitted over the air from target eNodeB = 1000*R*rtt/(8*N)
Worst case: 
Number of SDUs that needs to be retransmitted over the air from target eNodeB = 1000R(P + rtt)/(8*N)
Average performance: 
Number of SDUs that needs to be retransmitted over the air from target eNodeB = 1000R((P/2) + rtt)/(8*N)
For example, let 


SDU size, N = 1500 bytes


RTT, rtt = 10 ms = 0.01 seconds


TTI, tti = 2 ms = 0.002 seconds

Poll period, P = 20*rtt = 0.2 seconds


Average data rate, R = 10000 kbps.

Best case: Number of SDUs that needs to be retransmitted over the air from target eNodeB = 9
Worst case: Number of SDUs that needs to be retransmitted over the air from target eNodeB = 175
Average: Number of SDUs that needs to be retransmitted over the air from target eNodeB = 92
In the target eNodeB, all these transferred SDUs will be transmitted over the air again to the UE.  In case of PDU level context transfer, none of these needs to be retransmitted because the target eNodeB will obtain STATUS PDU from the UE for all earlier transmissions. We would like to reiterate that SDU level context transfer will involve more duplication over the air if we consider channel errors.
3.2 Impact of handover rate

Let the handover rate be m handovers per hour. The average cell residence time will then be (3600/m) seconds. In the following, we determine the percentage of time that is spent on retransmitting the SDUs (received from the source eNodeB) that were already received successfully received by the UE.

Best case:  Fraction of time spent on retransmission of SDUs = rtt/(3600/m)
Worst case: Fraction of time spent on retransmission of SDUs = (P+rtt)/(3600/m)
Average: Fraction of time spent on retransmission of SDUs = ((P/2)+rtt)/(3600/m)
Table 1 shows the percentage of time spent on retransmission of SDUs for different speeds of the UE and different poll periods.  We assume a cell diameter of 3 km and the UE traverses along the diameter of the cell at all times. Therefore, the handover rates corresponding to the speeds considered, namely 30, 100, and 300 kmph, are 10, 33.3, and 100 handovers per hour. Although the table indicates that smaller poll periods are better, we should take in to account the overhead due to the STATUS PDUs sent by the UE.  We observe that longer poll periods and higher speeds result in a higher fraction of time being spent on retransmission of SDUs.
	                              Speed
Poll period, P
	30 kmph
	100 kmph
	300 kmph

	10 rtt = 0.1 s
	0.017
	0.056
	0.167

	20 rtt = 0.2 s
	0.031
	0.102
	0.306

	50 rtt = 0.5 s
	0.072
	0.241
	0.722


Table 1: Percentage of time spent on retransmission of SDUs
4. Conclusions

It is proposed to agree in principle that SDU level context transfer refers to the definition in section 2.2 (and not that in section 2.1) and also take the discussions in section 3 in to account for making a decision on the SDU vs. PDU level outer ARQ context transfer mechanism. 
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