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1. Introduction
In this contribution we will look at how, at inter-ENB handover, the UL data is best handled. A similar document for the DL is provided in [1].
In section 2 we will discuss the need for UL re-ordering: do we need to re-order IP packets before they arrive at the PDCP entity ? Section 2 will conclude that re-ordering is required in case of UE mobility.

Section 3 will then discuss the different solutions that were (already) identified for realising this re-ordering and section 4 proposes a way forward.

2. Need for re-ordering in the UL
2.1. ROHC

ROHC is not really that suitable for handling serious out of sequence delivery of packets. Two things can go wrong:

1) Incorrect Sequence Number derivation
If the used sequence number is to small, the “p” will be small and the decompressor will incorrectly interprete the sequence number. 
· For ROHC RTP, e.g. the most typically used UO-0 has a 4-bit SN with p=1, allowing 1 packet out of sequence delivery, and protects against 14 subsequent losses.
Thus if more than 1 packet is received out of order, ROHC may not be able to detect the correct SN.
· For ROHC TCP, a fixed “p” value of “4” is specified. As a result, ROHC TCP can never handle more than 4 packets out of sequence.

2) Inappropriate ROHC context
Even if the SN is determined correctly, if a later transmitted packet2 is received before an earlier transmitted packet1, and packet2 updates the ROHC decompressor context for a field that is not addressed by the compressed packet header of packet1, the decompression of packet1 will fail.
·  Out of sequence handling capabilities of ROHC are very limited.

2.2. UL out of sequence delivery in LTE: no mobility

During RAN2#52 in Athens, RAN2 agreed that RLC will support in sequency delivery. This means that any out of sequence delivery due to HARQ/ARQ over the radio interface will be corrected before the packets (RLC SDU’s) are sent over the S1. 

As a result, any re-ordering in packets received by PDCP will be caused by the S1 interface. Assuming this is a “normal” IP interface, re-ordering should be relatively limited.

· Probably limited/no re-ordering is needed for correct ROHC operation when the UE does not change ENB.

2.3. UL out of sequence delivery in LTE: mobility
How much out of sequence delivery will be caused by UE mobility depends on how we handle this mobility in the network.

Figure 1 shows an example scheme named “ARQ continuation; SDU Tx from sourceENB to aGW”.
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Figure 1: ARQ continuation; SDU Tx from sourceENB to aGW (Scheme 1)
So in scheme 1, 

1) the ARQ entity (e.g. sequence numbers, acknowledgement status,…) continues operation in the new ENB

2) all SDU’s completely received in the source NB are immediately sent to the aGW by the source ENB

3) all received PDU’s which are not fully used yet (contain parts of SDU’s not sent to the aGW) are forwarded to the target ENB.

In such a scheme, if we assume equal transmission delay between sourceENB->aGW and targetENB->aGW, the maximum reordering for packet delivery to the aGW can be as big as the maximum HARQ/ARQ out of sequence delivery:
E.g. Example 1:


- TTI = 0.5ms

- 8 HARQ processes

- 3 HARQ transmissions

- RLC-UM

· for a “VOIP RB” sending one packet every 20ms, the HARQ delay variation of (2 * 8 * 0.5=) 8ms will just cause a packet jitter of 8ms, no out of sequence delivery.
E.g. Example 2:


- TTI = 0.5ms

- 8 HARQ processes



- 3 HARQ transmissions



- RLC-AM


- RLC-NACK delay of 20ms

- 3 ARQ transmissions
 

=> for a “TCP RB” sending 4 packets every 0.5ms, the HARQ/ARQ delay variation of  (((0.5+2*8*0.5)+20) *2=) 57ms may cause 228 maximum sized TCP packets to be delivered out of sequence.
· It should be clear that the scheme 1 does not meet the ROHC limitations indicated in section 2.1. Therefore a different mobility handling scheme will have to be considered. 
In section 3 we describe several alternative possibilities.
3. Different alternatives

In this section we will look at several alternatives for handling UE mobility in the network . Each of these alternatives reduces the amount of out of sequence delivery of packets to ROHC compared to scheme 1.
3.1. Accept loss at inter-ENB mobility
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One approach is to just accept some loss at inter-ENB handover. Such an approach would allow a simpler implementation, even not requiring to continue the ARQ. This is scheme 2 shown in figure 2.
Figure 2: ARQ restart; with loss (Scheme 2)

In scheme 2, the UE is told to continue from SDU 70:

1) the ARQ entity is restarted;

2) all SDU’s completely received in the source NB are immediately sent to the aGW by the source ENB;

Unless SA4 has a very clear opposite opinion, our assumption currently is that we should design a solution which does not cause loss at intra-LTE inter-ENB handover.
3.2. No forwarding, UE retransmits all SDU’s
Another simple solution (at least from the network point of view) can be realised if the UE starts retransmissions from the first non-subsequent received SDU. This is shown in scheme 3 below.
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Figure 3: UE retransmits from start of gap (Scheme 3)

In scheme 3, the UE is told to continue from SDU 65:

1) the ARQ entity may / may not be restarted (most logical would be ARQ restart)
2) all SDU’s completely received in the source NB after a gap are discarded;

Note that the fact that the UE has to be able to continue from SDU65 does complicate things a little: it means that even though PDU’s 1006-1008 might have been acknowledged by the source ENB, still the UE cannot remove SDU’s 68/69 from its transmission buffer.

Our assumption is that this type of scheme will cause to much UL retransmissions and therefore harm the radio efficiency to much (the amount of retransmission is larger than in scheme 4, which we also assume to be unacceptable).

3.3. SDU forwarding, UE retransmits missing SDU’s
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Yet another solution is realised if the UE starts retransmissions for all SDU’s not received by the network so far. This is shown in scheme 4 below.
Figure 4: SDU forwarding, UE retransmits missing SDU’s (Scheme 4)

In scheme 3, the UE is told to continue from SDU 65,66,67,70,…:

1) the ARQ entity is restarted;
2) all SDU’s completely received in the source NB after a gap forwarded to the target ENB;

Although this type of scheme is more efficient than scheme 3 it is still questionable whether this type of scheme provides sufficient efficiency both in terms of UE cell edge rate and total cell edge capacity. This we try to analyse in the following two sections:
UE cell edge rate
In the typical case, the UE would be busy with transmitting one IP packet, and the transmission for this packet needs to be restarted:

· assuming a packet size of 12000 bits, the UE on average has transmitted 6000 bits and this 6000 bits will have to be retransmitted;
· RAN1 currently assumes an LTE cell edge rate of around 64kbps-100kbps for a 5Mhz system. The limitation in UL cell edge rate is normally mainly determined by UE power limitations and will thus be roughly the same regardless of the system BW;
The actual reduction in UE cell edge rate will depend on how frequently the UE will perform an inter-ENB handover. Some examples are shown in table 1:
	Inter-ENB Handovers/second
	0.1
	0.5
	1

	UE Cell edge rate reduction
	0.93%
	4.7%
	9.3%


Table 1: UE cell edge rate reduction

Thus e.g. a UE present on the boarder between two cells belonging to two different ENB’s and performing a inter-ENB handover once per second, will experience a rate reduction of around 10%.
Cell Edge Capacity

We assume that the UL cell edge bitrate will normally be determined by UE power limitations and will thus not be so much dependent on the system BW or the allocated number of RU’s. In appendix A we show that a cell edge UE having an UL rate of around 64kbps would probably be allocated 2 or 3 RU’s/subframe. 
Example: Let’s assume that 3RU’s are used to provide 64kbps for cell edge UE’s in a 1.25Mhz system. In this case 10% of the cell edge capacity is lost when on average one UE present in the cell performs an inter-ENB handover/second.
Based on similar reasoning, tables 2 show the results for several example cases:
	Cell BW
	1.25
	5
	10
	20

	# parallel UE's at cell edge
	1.5
	6
	12
	24

	# UE's in LTE_ACTIVE
	50
	200
	400
	400

	# Inter-ENB handovers/sec
	0.83
	3.33
	6.67
	6.67

	Cell edge capacity reduction
	5%
	5%
	5%
	3%


Table 2.1: Cell edge throughput reduction (2RU’s per cell edge UE, average handover rate 1/60 seconds)

	Cell BW
	1.25
	5
	10
	20

	# parallel UE's at cell edge
	1
	4
	8
	16

	# UE's in LTE_ACTIVE
	50
	200
	400
	400

	# Inter-ENB handovers/sec
	1.67
	6.67
	13.33
	13.33

	Cell edge capacity reduction
	16%
	16%
	16%
	8%


Table 2.2: Cell edge throughput reduction (3RU’s per cell edge UE, average handover rate 1/30 seconds)
Note 1:
The cell edge capacity reduction is calculated as follows: ( #Inter-ENB handovers/sec * (6000/64000) ) / (# parallel UE’s).
The indicated figures are very optimistic for two reasons:

1. They assume that the full subcarrier space is available at the cell edge for each cell. However for interference reasons, a re-use factor > 1 might be used at the cell edge.

2. They assume that all cell resources are available for the cell edge users. This will of course not be the case. E.g. maybe only 1/4th or less of the resources might be available to cell edge UE’s.

We realise that it is possible to debate the assumptions used in table 2 and we agree that this is only a very rough estimate. However we think the figures do show that this solution results in a serious cell edge capacity reduction.
3.4. ARQ continuation, no SDU Tx from sourceENB to aGW
Yet another solution was proposed by Motorola during RAN2#52 and is shown in figure 5. In this solution the full ARQ context is moved to the tENB.
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Figure 5: ARQ continuation, no SDU Tx from sourceENB to aGW (Scheme 5)

In scheme 5, the UE continues ARQ operation normally:

1) the ARQ entity is not restarted;

2) all SDU’s completely received in the source NB after a gap are not transmitted to the aGW;

3) all PDU’s containing SDU’s which are not delivered to the aGW yet, are forwarded to the target eNB.

From a Uu efficiency point of view this seems an almost optimal solution (only continuing HARQ would increase the efficiency further).
One drawback of this proposal is that SDU’s 68/69 are in principle unnecessarily passed via the target ENB which might cause some additional delay in their transport to the aGW.

3.5. Re-ordering in aGW

A last solution we want to describe is to rely on re-ordering in the aGW. This is shown in figure 6.
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Figure 6: Re-ordering in aGW (Scheme 6)

Scheme 6 is the same as scheme 1, except that the aGW now has a re-ordering later which ensures that ROHC receives packets in sequence. 

Scheme 6 has the same Uu efficiency as scheme 5, but has some delay benefit for delivering packets like SDU68 and SDU69 to ROHC.

4. Proposal
Table 1 shows a comparison of the different schemes, assuming that in case of loss TCP will have to perform the retransmissions:

	
	
	Out of Order delivery at handover to aGW
	Packet Loss
	Radio effiency
	Packet transfer delay at handover
	Complexity

	1
	ARQ continuation; SDU Tx from sENB to aGW (section 2.3)
	--
	+
	+
	+
	-

	2
	ARQ restart; with loss (section 3.1)
	+
	--
	---
	---
	+

	3
	UE retransmits from start of gap (section 3.2)
	+
	+
	--
	--
	+

	4
	SDU forwarding, UE retransmits missing SDU’s (section 3.3) 
	+
	+
	-
	-
	-

	5
	ARQ continuation, no SDU Tx from sENB to aGW (section 3.4)
	+
	+
	+
	o
	-

	6
	Re-ordering at aGW (section 3.5)
	+
	+
	+
	+
	--


Table 1: Comparison

Looking at the different schemes, only schemes 5 and 6 seem realistic to us if we look at radio efficiency and re-ordering. 
The performance drawback of scheme 5 compared to scheme 6 seems relatively minor:

· E.g. in our proposal, if SDU 68 would experience a larger delay (compared to surrounding SDU’s) on S1, it would have been advantageous to sent it from the sENB .

Scheme 5 has the following benefits compared to scheme 6:

· Simpler for the eNB since ENB ARQ can continue normally at all times (no special forwarding, no reporting to tENB of which SDU’s are already delivered out of sequence);

· Simpler for the aGW since scheme 5 reduces the out of sequence delivery to the aGW;
Therefore the following conclusion is proposed:

Proposed conclusion:
When ARQ is configured with in sequence delivery, UL ARQ continues “normally” during intra-LTE inter-ENB handovers:  the complete UL ARQ context is moved to the target-ENB and packet forwarding to the aGW has to take place after re-ordering at all times.
It remains to be seen whether any additional re-ordering is required for S1, or whether out-of-sequence delivery is expected to be sufficiently limited over S1. If re-ordering is needed, it remains to be decided whether this should be a TNL function or a PDCP function. 
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Appendix A: Number of RU’s for a 64kbps cell edge UE
We assume that a cell edge user power limited to 64kbps could be using the following configuration:

· number of average HARQ transmission: e.g. 5 (4 retransmissions)

· average 2% ARQ retransmission

This will result in:

· required bits / subframe: (64kbps * 1.02) / (2000/5)= 163 bits

If we allocate 2 RU’s / subframe:

· 2RU’s => 250 QPSK symbols

· 163 bits in 250 symbols means a coding rate of 163/(250*2) = 0.325 (around 1/3rd)

If we allocate 3 RU’s / subframe:

· 3RU’s => 375 QPSK symbols

· 163 bits in 375 symbols means a coding rate of 163/(375*2) = 0.217 (close to 1/5th)

We assume that it does not bring any significant gains to go to even lower coding rates and therefore it is sufficient to allocate 2 or 3 RU’s/subframe to the cell edge UE.
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